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ABSTRACT

[T e

From a 400K picture sample of an cxposure of 4 GeV/e
7 mesonp in deaterium, the 1two chsuncls

atq pspﬁff,

and ata - g it
are exomined both by mass cut techmiques and by a sitotistical
cluster searching technioue in the full %n-5b dimensional
kinematic space defined by the number of final state particles
(n).

The clustering technique is skhouwn ic reproduce the diste
ributions Found by masc cvh methodg with some sharpening of
the angular distrihatlons and an iwcreuse in the stetlstics
of the resunonce signnlye aveileble for analysin,

The method de tesbed by gpplying it to a Monte Cesrlo
sinulesed experinent and the cosults ars shown Lo give o
hlgh cdegreo of meparstion ot Lhe various sub-channels,

+

The yeaction 574 » p_pn

153

"y With & ¢ross-section of
2,10 £ VLT nb, in ssen o be dominated by lhe production of

O and f° mesons

the p° and 2% wesons., The ragpions of the o
are exemined, aud ibeir epia structures determined by density
matrix eleument anolyges, These show that at Low t values
there are substantisl S and S+P wave components under the
o® and 19 respectively., The o® meson data are shown to be
compatible with >90% pure pion exchsnge at low values of t.
For the coherent reaction #'d - dﬂ+ﬂ+w", which is domi~
rated by & projuction and the a* effect, the crcss section is
ween to be 0,316 + 0,025 mb. The @ * effect is shown to be
compa tinie with the production of an intermediai=s A state, the
subseouent decey of which lesves an Intaci deuteron in the

finuanl state.



But it is also a world of great mystery and beauty, reflected

in those fantastic photographs of events in the bubble~chamber,
which show the trajectories of unimaginably small particles,
moving at unimaginable speeds in curves and spirals, colliding,
recoiling or exploding and giving birth to other particles or
wavicles. The actors in this pageant are invisible, but they
leave trails, rows of tiny bubbles in a liquid, loosely c;m-
pavrable to the condensation trails of high~flying jet planes -
except that these tracks are sharp, thin lines whose length,
angles and curvatures can be measured with sufficient exactitude
to determine a particle's energy, speed, electric charge, and so
“on. This technique enaules the physicist to observe the unthinkable -
the transformation of mass into energy and of energy into mass. When
a photon, a concentrated "package of light", without rest-mass, flies
past an atomic nucleus, the photon is converted into an electron and

a positron, both of which have mass, or even into two pairs of them. -
Vice versa, when an electron and a positron meet they destroy each
other, converting their joint masses into high-energy gamma rays.

To have penetrated to this depth below the world of appearances is

one of the greatest triumphs of human ingenuity. Though the
physicists themselves keep warning us that the ghosts we find down
there elude the grasp of our understanding, at least we can measure

their footprints in the bubble-chamber.

Extract from "The Roots of Coincidence" by Arthur Koestler
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Introduction

This thesis is an account of the work carcied out by
the author whilst at Durham University and contains a
descripiion of the investigations made into, and the analysis
of, the interaciions of pi-mesons with devterons. The expori-
ment from which the data come, an oxpesure of 4 GeV/c -
mesong in deuterium, was undertaken by ihe Uigh bnergy
Nuclear Fhysics Group 8t Durham in collsboration with
similar groups from the University of Birmingham and the
Rutherford High Energy Laborstory.

During the lost decade or so, the construetion ol high
energy beams of pions, kaons and protons lLias enzadbled {he
strong interzctions ¢f matter to be investigated, ond the
bubble chamber hay proved to be a paxticularly useful
instrvment in this line of resesrcu, There investbigations
have resulted in the discovery of many short--lived rcesoprance
states which subsequently decay into two or more relalively
stable particles. 1t is ihe determination of the wmethods of
production and the properties of these resonances which in
more receunt times has been a topic of considerable interest.
Meny means of analysis have bheen devised to Jetermine the
properties of the short--lived resonances, in order to
formulate a theory of the strong ioteraction, but to daile
there appears to be no theory which satisfaclinrily explains
all of the features,

Since, in eny given reactioa chgnnel; 4 resonant partiele
is not produced in every evenlt, one of the goals of av

/

analysis is to egsperate the resonance from the hackground
S “wv,r‘m.r.:vf,.%

1 2 JUN1975
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which is present in the dats. Some techniques have been
recently exsmined which attempt ss far as possible to do
this. 1t is one of the points of this thesis to compare

and contrast a method of event sepsration developed at
Durham, based upon n-~dimensional statistical searching
techniques, with the standard methods used in bubble chamber
film analysis.

In Chapter 1 the problems agsociatled with the use of
deuterium as a target are discussed, together with the
general problems inherent in the bubkble chamber technigue,
This is followed in Chapter 2 with a description of the
4 GeV/e =t experiment and the analysis system associated
with it. Chapter 3, after a veview of graphical display
methods, introduces the stotistical searching technique and
the results of the use of the melhod to separsle 3 svb-
channels from a set of Monte-Carlo simulated events oxe
presented. The channel ﬂ+d>pspn+w" is discussged in Chapters
4 and 5 where ihe resonant periicles pO and £° are ¢xawined
in detail, This channel is basicslly the %-body final stste
pn+n", and the statistical searching, or clustering, tech-
nique btakes place in o 4-dimensionsl space. As an example
of the use of the clustering technique in a higher numver of
dimensions, the 4-body final state of the coherent chaanel
atdsd r ot r™ is examined in Chapter 6 where a T-dimensional

space is required., Again in this chepler, as in general in

Chapter 4, the channel is examined firstly by standard methods

and then by the clustering tzchnique,
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Chapter 1 General Couments on Deuterium Interactions and

Bubble Chambers

1.1 Introduction

The main parts of this thesis are concerned with the
interactions of 4 GeV/c Tmesons with neutrons. Because it
is not possible to produce targets of free neutrons, these
have to be provided by coumplexr nuclei and in bubble chauber
experiments the neutron targets are supplied by the deuterons
in deuterium. The deuleron is a very loosely bound system of
a proton and a neutron within a potential well of depth 425 MeV
with & binding energy of 2.2 MeV, To a good approximation,
therefore, the neutron is free.

The inteructions of wh

mesons in deuteriuvm bagically
divide into two kinds: those where the incident plon intex-
acts with either the prolon or the nsutron within the devterorn
and those, the so~called coherent processes, where tho r tmeson
does not resolve the deuteron as two sepsrate nucleons enl ihe
interaction is one wiibh the deuteron as a whole. At the
incident momcntum of 4 GeV/c the occurrence of coherent inter~
actions is small, accounting for only some 5-~6% of the toial
number of events. For those events where the = meson intor-~
acts with the neutron in the deuteron, the reaction is ’
treated in the lmpulse approximation (see Appendix B) ss if
the proton had taken no part in the interaciion and remained
throughout the process as a spectator nucleon,

Despite this simplification there avre a number of

problems essociated with the use of deuwterium bLeccoss the

neutron is not g truly free target. In this chapter, vinriews



aggociated with the use of deuterium s » source of neutrous
will be discussed and methods of overcoming these diflicultles
will be described. This will be followed by a summary of the
technical problems sssociated with the bubble chamber ileclmigue

insofsr s they affect the accuracy of the experiuent.

1.2 Problems Associated with Deuterium Taryets

Because the neutron targel iy confined to the dimensiony
of the deuteron both it and the accompanying proton vwill have
Permi momenta of the order of 100 MeV/c. As far as the inter-
action on the neutron is concerned the initial momentum of the
neutron will lead to variations in the centre of mass encrgy
and the flux of neutron targets, which will depend upon whether
the struck nucleon was moving towards or ewsy from the prumary
perticle. The eccompanying, speciator, proton cmerges f{rom
the interaction with its Fermi momeutum and it therxefore slso
contribvtes to the overall enexgetics of the iuteraction,

Also, since the neutron and proton are fairly close
together in ihe Qeutcron each may shadow the other from the
primery particle, Finally, when an interaction of the kind
that is being considered does occur, where the target neutron
charge exchanges t0 a proton, Psuli exclusion effects involv-
ing the recoil proton and the spectator proton are espected.
These problems are now discussed in some detail.

l.2.1 The Spectator Proton

In the inelastic charge exchange process:
o - pn+n” .
the finel state proton, or recoil proton, may teke un a
variety of final statc momenta and, if the interaciron weve

one involving a trvly frroe nautron, would in general be casily
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recognised. In deutevrium interactions however, the ecqgulivalent
reaction is written as

g - pspn"‘ﬂ"

or

1r+ (gs) > gs 1r+1r
where Py represents the spectator proton. According to the
Hulthen distribution of nucleon momenta within the deuteron
(see Appendix B), in mzﬁiof the cases the spectator proton
will have a momentum less than 90 leV/c, which in the bubble
chamber will produce a track 1co short to be seen. Horeover,
in 99% of the cases the spectator proton will have a momenlbum
of less than 300 MeV/c. Experimentally, this leads to & sit-
uation where in gome 20% of the .ovenis both of the final
state protons have a momentum legs than %00 WeV/c and hence
there is an ambiguity in 1dentityving the spectator proton.
Throughout the analysis this awbiguity is handled by 8rbie
trarily assigning that proton with the lower momentum, in the
laboratory reference frame, to be thelspectator proton, This
method is supported by FAKE calculations which show that this
assignment will be incorrect only in 3% of the total number
of interactions. It is also supported by the experimertal
spectator momentwa distribution in the interaction n+d+pspn+w”,
which agrees very well with that predicted from the Hulthen
distribution, a fact that will be returned to in Chapter 4.
From this agreement it is also concluded that the impulse
approximation is an adeguate description of the pion-neuiron

interaction within the deuteron.



l.2.2 Centre of Mass Energy Variation

Tf the pion interaction takes place upon & stationary
neutron target then smsll variations of centre of mass energy
from one interaction to another would arise from the, usually
very small, momentum bite of the beam. However, since the
neutron is not stationary within the devteron there is a much
larger varistion in the mn centlre of mass energy. For 4 GeV/e
7td interactions the mean value of the n1'n ceabre of mses
energy is 2.9 GeV and, for the possible mouentum variation of
up 1o 300 MeV/c for the neutron, a variation of 10% in the
mean centre of mess energy will result., One consequenée of
this is that there will he no single Dsglitz plot boundary or
Van Hove plot boundary to contain the dasa,

1,2.3 Flux Factor

Since, according to the Hulthen womentun distridbution,

the target nucleon has a non-zero momenbtum, an asymmetry

exists in the Fflux of target nucleous depending uron whether
the nucleons are moving towards or away {rom the beam particle.
If the interaction cross~-section were indepcndent of centrs
of mass energy then this asymmetry in the flux wovld result
in a higher number of events where the target neutron moves
towards the beam than where the target neutron moves away
from the beam particle.

The flux F is %efinid bys

F= |8y = 8l (1.1)

where By and B, are the velocities (V/C) of the beam and
target particles respectively. 'The experimental distribu~

tion of I for the resction ﬂkd'*pspﬂhru is shown in Wig, 1.1,
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I+ has been assumed therc that the target neutron in this
reaction has & veloclty equal and opposite to that of the
spectator proton. Tn this figure the values of F below 1,0
result from those events where the target neutrons were
tiravelling along the beam direction (and heuce the spectator
nucleon travelling towards the beam) snd the values of ¥ above
1.0 arise from the reverse case, Defining the nuubér of
events in which the flux F is geeater then L.0 as f and the
number with F<1,0 as b, the experimental ratio £/v is found

to Dbe

&) = 0,977 x 0.009
e

For the case of a cross-section constant with energy, this
ratio is calculaied 1o be

1 -
("“) = 1005
b C

where it has been assumed that the Hulthen di§tribution may
be parameterised by ihe function Hmp2 exp(« Rg) dp, and the
effective turn-over point (a) in the momentu; distribution
is 45 MeV/ec. It is clear that the experimental distribution
is not in agreement with that expceted for the case of
constant cross-sectiun with energy. This therefore implies
that the interaction cross-section decreascs with increasing
centre of mass energy, since b>f, which is found to be the
case experimentally where resorance production cross-~

n

sections are found to vary with beam momentum p as p .

1.2.4 Shadowing LEffect

At 4 GeV/c the n+p and wn toial vross-sections arve

27,5 and 34,1 mb respectively, whorcus the total xtd eross-
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section of ~57 mb is smaller than the sum of these two
individual cross-sections, The difference of spproximately
5 mb is due to each of the two nucleons shadowing the bbher'
from thc beam particle, preventing an interaction in soume
cases, The effective pion-dcuteron total cross~section can

be writien in terms of the individual nucleon cross-section

as

o(rd) = olxn) + alap) = °§r:n2r§(>w) 1.0

2 . . C o
where <r~> denotes the mean square separation of the indi-

vidual nucleons. Inserting the cross—~section values quoted
above into Eq. 1.% yields a value of 15 (Fermj)g fur~<?2>,
which is consistent with the observed size of the decuteromn,

1.2.,5 Yeuli bxclusion Principle

ne deuteron is a epin 1 nucleus, the two nuclcons of
which are largely in the 331 ctate (96%) and 1o a lesser
extent in the 3D1 state (49), where the triplet Fferwion
system has an overall symmetric wave function, Takelfor
example a strong interaction where inelastic charge exchange
is involved, such as in the interaction r+d+pspn+n", and
assume that the spin of the initial neutron is not Llipped.
As the four-momentum transfer squared, t, to the nucleon
tends to zero, 1hen the f{inal p-p state tends to a system
of identical fermions in the same symmetric configurstion
as the initial state. The Fauli exclusion principle, which
slates thal a symmetric wave function for a system of two
identical fermions is not allowed, will therefore lead 10 &
depletion of the nuwber of events et low t for interactions

which do not involve spin flip, When theve is spin flin “e
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the Lnteractions may also be affected by the Pauli exclusion
principle; for reasons explained below.

The triplet spin wave functions for the deuteron may be

written
V(LD = G D) 1.3
0 = L{G0) v heB) 6 v h) )] 1
b (Lm1) = ¥ () ¥ (Fyd) 1.5

where the subscripts indicate the two different nucleons ound
wherce the notation (S,SZ) is uged., It is noted that the spin
configurations indicated by Egs., 1.3, 1.4 and 1.% are symnetric.
For the Final state di-proton system, which by the Pauli
exclusion principle must be in an overall antisymmetzie
state, the above triplet spin gtate can only ovecur in con-
junction with an aniisyrretric orbltal sngular momentum sizte
for “the two protons, that is with an odd L orbital aagulser
momenium system. For a symmetric (even I) orbital angvlar
momentum system then by the Pauli exclusion principle, the
spin wave function of the di-proton must be in the anvisym-
metric singlet state:

¥(0,0) = f-?; (g (308) vo(d,=3) = v (3,-3) v, (3,4) ) 1.6

Considering, firstly, interections which do not involve
spin flip of the neutron then the final siate p-p system
remeing in the triplet spin state of Mgs., 1.3, l.4 and 1.5
(but with the ¥, replaced by wp,)u The Pauli exclusion
principle will then forbid those states with even L,

oecondly, for intersctions which involve spin flip, then

the trsusition of the state w(l 0) into eiluer of the states
$

$(1,1) or ¥(L,~1) is ferbidden unless i1 is accompanicd by &
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change of orbital angular momentum into sn odd T value. The
states ¥(1,1) and ¥(1,~1l) mey proceed via spin flip into
either of the states ¥(1,0) or ¥(0,0) only if the transition
into ¥(1,0) is accompanied by o change into an odd L systenm
and the transition into the state ¥(0,0) leaves the p-p
state in an even L orbital angular momentun stiate.

The deuteron differential coross section mey be expressed
in terms of the partisl {lip end non-flip cross—~scetiong by

do _ [1._gj_ﬁ]g& . l:}.»H(q )‘l do 1.7
at gop 5 14d% 1daF
on
f1lip

where I(q) is the deuteron form factor cxpressed in loros

i

of the three momentum transfer ¢ (q= ¥%) as

H(g) = 4 [¢2(r) fia}ﬁil IP dr 1.8

and ¢(r) is the deuteron spatial wave function, (See Apperdix R).
By evaluating the deuleron form factor fromw Tq. L.8, and sub~
stituting into Bq. 1.7, the correction terms necessory to apply
to the observed differential cross~scction at varying values

of 4, because of the effect of the Psuli eweclusion principle,

may be obtained. Shown in Fig. 1.2 is 8 plot of T(q), the
deuteron form factor, against t, the four momeniuw transfer
squared.

Table 1,1 below lists the variation of the cross-section
correction factors obtained from Bq. 1.7 for both pure spine
£lip and pure spin non-f1lip reactions. As can be seen from
this 1lable; the effecls of ihe Pauli exclusion principle sre
small except at very emall values of momeuntum transfer, 1,

t0 the nucleon



Fig, 1.2

e o e a8 et
% 4

o5
DEUTERON FORM FACTOR -t (GeV/c) 2

3

Solid curve is the Deuteron Form Factor ovaluated from the
Hulthen Potential for the Deuteron. Dashed curve is for a
Gaussian Deuteron spacial wave function giving a Form Factor
of exp({-17t).
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Tabhle 1.1 Iiffect of the Pauli Ixclusion Principle

v = toartiog
[

Momentum Tranggér « q = /% B Correotion Factors

-t (GeV/e)? GeV/c Pure Flip | Pure non--fiip
0,02 0,141 |  1.13 1.82 |
0.04 0,200 1.1l 1..40
0.06 0.245 1.07 1.25
0,08 0,283 1,05 1.18
0.10 0.4946 ‘ 1.04 1.14
0.12 0.340 1.03 1.1
0,14 : C.374 1.03 1.09
0.16 0,400 1.02 1.08
0.18 0.424 1.02 1.06
0,20 O.447 1.0 1,08

1.2.6 Event Losc due to Invecraction Tovolesy

Another loss of evenits occurs st small velucs of momentum
transfer when neither of the final stutc nucleons, say in the
reaction m'd > pspn+w—, is visible in 1he chember, The event
then appesrs as a ilwo-pronged interaction with no protons in
the final etate and, because of the acceptauace criteria that
two-pronged events must have two ldentifinble protons, is thus
rejected at ihe scanning tsble. Fakk calculations have shown
thol this loss of events is wmall, sccounting for less than
2% of the events with t<0.1(GeV/C)2. Here “t is asuumed that
a uniform depopulation of eveunts in ihis t region resulte
from the Tauli exclusion principle. Ihe losse o) ovents due to
interactiorn topology is Lherefore conzidersd neglisible with
respect .to the accumulated ¢fllerive of <tativtical erroes and

the Pauli exclvgion prineciple,


http://princ.ip.lc

-12 -

1.3 Problems associated with the Bubble Chamber Technigue

The bubble chember is an isolropic detector eflficient
over 4r steradians, which permits the trajeclories ol charged
tracks within an event, and the ionization of their paths,
to be determined. The deuterium bubble chamber is also a
detector wiih spacial resolution of the order of & milli-
metre or less. This is important with respecl to the follow-
ing points:

(a) For the study of complex events in which short-
lived hyperons or kaons are produced., Hyperons or
kaons decaying within a few millimetres of their
production point can be identified and analysed.
This is particulsrly imporisnt at low energics
where the time dilotion factors for the particles
in quesiion are small.

(b) TFor the study of peripheral inferactions in which
the recoiling nucleon is of short range. This is
important at all energies since it is the nomentum
transfer which governs the momentum of the recoil
particle, not the beam momentum. -

(e) Tor the study of interactions upon the neutrouns of
deuterium it is necessary to see und identify the
spectator proton or, if it is not seen in the chamber,
to know that its momentum is smsll. This, also, is
important at all energies.

The bubble clismber is essenlially a siuple device whose col-
tiguration and data retrieval sirang.momts do nol change, no

natter bow complicated are the events being snalysed. The
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momenta oi the charged particles can be determined to an
accuracy of 8 few percent in existing chambers and measure-
ments of angles can be made to within 2-3 millirsdians. This
yields a resclution in effective mass calculations between
groups of [inal stale particles of 10-20 MeV/cz.

1.3.1 Limitations of the Technique

The limitations of the bubble chambers which are in use
at the present can be broken down into 3 groups; stotistical
limitatlions, limitailions on precision and the lack of effective

y-ray conversion. These will be set out in the sections which

follow.

(a) Statistical Limitations

For & rarc reaction chanuel the low cycling crate of present
day chombers, a marimum of ~1 pieture per second, leads 1o
a small final sample of events, For evample, sn experi-
mental run of % million pictures with 10 metres of tlrack
per picture would be reguired to produce 1000 events at

the 10ub cross-section level. Experiments based on 500K
pictures often yicld only ~100 events in a resonance peak
whichk is sufficient only to note the existence of the
resonance but insuificient to allow its quantum numbers

to be determined,

(b) Llimited Trecision

¥rrors on the determination of momenta of charged particles

from their curvature in the magnetic field of the chamber

lead to two possible fundamental limitations of the snalysis.

(1) Ijmitstions on the elffective mass resolution of
10-20 MeV/02 lead to su experimentel situmtion in which

the natural width of meny oi the seen resonsnt states is



smaller than the resolution of the experiment. Speci-
fically, the examination of possible fire struclure in
resonance peaks is handicapped by the resolution, fven
for @ resonance broad in comperison with the experimental
resolution, large statistics may rot give accurate muss
values unless a check is made that there are no systematic
shifts ~ a check which is litself hampered by the cxperi-
mental resolution,

(ii) ZPoor event identificmation in an experiment leadc to
a situation where it is not possinle to obtain unbrasced
samples of events from & resction wilhout a background of
incorrectly assigned cvents from other channcls, For
exampie, 4 particularly well kncown ambiguity is that
betweon the 1C and £° hyperons which eusin at all
energies, riging from “10% ot 1.5 GeV/e to ~&0% ot

3 GeY¥/c.

(¢) ~y-conversion

The large radiation length in a deuterium bubble chamber
of 8,2 wetres leads to & lack of effeclive gumma ray
conversion in these chambers, This prevents the predence

of a u°

in an interaction to be directly recognised and
thus eveuts with more then one missing neutral particle
cannot be analysed except by quite complicsted tech-

niques (Ref, 1.1),

1.4 ZExpcrimental Xrrors on Track Neasuremeunt -

There are many different sources of exror which contri-
bute to the overall error »Ff determinetion of particle traje

ectories, but broadly they can be divided into two group.:.
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Pirstly, therc are those errors which are intrinsic in the
chamber, for example thermsl convectlon, turbulence and
uultiple coulomb scattering, Secondly, there are those
crrors due to optical distortion, inaccuracies in the know-
ledge ol the magnetic field, snd errors of wecasvrement, Of
these two categories of eriors, the dominent contributions
are those of coulomb scatiering and measurement error.

Le4e1 Coulomh Scaticring Error

Multiple coulomb scattering gives rise to a spurious
curvature of the track, which is interpreted as an error in

ihe momentum of the track., The effective error Ap on the

‘momentum p of a track from coulomb scattering is proporiionel

to 1/ /T whore L is the track length, and is given by (fef. 1.2)

(.A.p.) . L.exof 1.9
\p ¢ YT Hp

where B 1s the velocity (%) of the particle, H is the
magnetic field in gaves, and ¢ is the radiatioa length of

the liquid, Wor a btrack of length 50 cm at a velocity g=1 in
a magnetic field of 17.5 K gauss, this error is (%R) = 0.5%,

¢
l.4.2 Thermal Effecls

Temperature differences within the budbble chamber liquid
give rise to convection currents of velocity approximately
% em/sec. Por a growth time of 1 millisecond for the bubbles
velove photography, the bubble will have moved 3Oum from its
original position. This produces an unceriainty in the true
bubble position iir the chamber which, although smaller than
the apparent size of ihe bubble in chsuber space (the gize

of the Alrcy dige is v250um), conlribitcs o the overall errot.
¥ ?
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Another uncertainty of some 30 ulcrons arises from the
"{winkling" e(fect in which the bubble eppears to move because
of lhe variations of refractive index in the liquid due o
thermal turbulence,

1.4.%3 MWeasurement Brror

The measurement error on a trsck of length L c¢m is pro--

2

portional to T “ and can be writlen in terms of the mupgnetic

field H gauss and momentum p MeV/c as

(AB) = wkalL—"-— 1,10
m 3.75%x107°L°H

where I, is the typical measuvement error in chamber gpace
on any one poinl, and is approximetely 50um fTor a track
measured on an suiomatic messuring mschine such as the Hogh
Powell Device (IIPL). For & track of woumentum 1 GoV/e cvéd of
length 50 cm 1n & wmasgnetic Tield of 17.5 K guuss; the ecrov

calculated from Eq. L,10 is
& ) = 0.25%
( P/n

In the 4 GeV/c n'd experiment therefove, where typical
values for p and L are those used to evaluste Fas, 1.9 aad
1.10, the meesurement errocrs on the lracks are limited by

the coulomb error term of Eg. 1.9,

1.5 2nc Aims of the Fxperiment

The experiment was designed primarily to study, with
high statictics and accuracy, the neutral meson systems in

the resction
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with an incident pion momentum of 4 GeV/c giving a2 cenire of
mass energy of 2.9 GeV., This ylelda fox £° a variation of
invariant masses up 1o a waximum of approxinately ? GeV/ca,
a mass high enough vo encowmpass all of the well knovn mewson
resonsnces. In the above reaction XU represents any neutral
mesou system which, in order that a suvcecesiul kiunematic fi%
may be obtained, must not contein more then one ncutrel
particle.

(a) 3° = a dipion sysbtem (Specifically m+1™)

o0

Por a 7 17 gystem reaction 1 renders a fully coustrained

kinematic fit and, despite the faoct that the umre of @
deuteriua nucleus to provide the target neutron impcses some
slight uncertainty in 1he centre of mans cuargy, thio is
preferable to tha case of the partially constrained kinematic
fit offered by thn chorge conjugate remctiow v wme¥r™,
Thevofore the study of the 02 and £° mesons wilh the nighest
stallelicy then svailable in & bubble chewber cxperlment vias
of intercst. The examination of the spin structurcs of these
well established resonances was to0 become an important part |

of the experiment.

(b) X = o tripion system (specificslly r 1 u°)

In & bublble chamber the study of a wtn ™ n® system
produced by n' interactions can only be performed with &
neutron target, heing inaccessible in {the charge symmetiric
reaction n“p»nx° gince this contains two neutral particles
in the final state (sce section 2.7.4). At the time of the
proposal of the expeviment there were many problems assocciated

with & 7« & state and only zertain exampleos are given hers,
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(1) A, splitting

Suggestions of a possible doubls structurc in the
A, mass region (~+13%00 MeV/cz) had been made for the
charged modes of the A2 meson, bui no Ag splitting had
been meen and it was thought dosirable to confirm (or
not) the A, splitting in tihe non~charged mode.
(ii) vw=p interforence

Although the exchanges are in principle the snnme
in tN-N(w,o ) as in 7¥+A{w,p) it wus thoughi luleresting
to ensure that the nature of w-p interference is the
same in the two cases., In ;rder to study this intex-
ference the normal ™ «° decay wusi also be giundied,
ond this is rot poseible in vp collisions for reasony
explained above,
{111) v n-po

The production properties of the v meseon in this
reaction were to be studied in order to compare with
previous results which indicated that wmore than simple
p exchange was involved.

(¢) Coherent interasctiong

It was also proposed 1o gtudy lhe so.-called coherent
deuteron reaction w'd+dX" since much interest was then being
shown in this reaction, posaible a* and Al production being -
the pointe of interest.

Of the above effects, those conslidered in this thecis

are the p° ana £° gpin strmctures and $the erhorens deuteron
interactions,
All of these cffecis requlre very high etatinticr wn ofudy

end thus U sypeviameni wan preponed sp o VUK plovure QRLOLUYS,
]
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The film was digitized vusing H.P.D. autometic measuring
machines for speed, sccuracy and because of the jonization

information thus aveilable,
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Chapter 2 General Experimental and Anslysis Consideratdons

Introduction

Bvery bubble chaumber experiment musi pass from its inceptiion
ihrough various stages, not the least of which are those of
exposure ard measurement, before ony dsia analysis can occurl anc
jn this chapter a description of these important parts of the
4 GeV/c A experiment will be given, The bheam line aud chamber
operation will be discussed and the processing of the filwm from
thg'seanning of an event to its inserxtion onto a data summary
tape (DST) will be traced, Finally an examination of lhe pre-
cision of mass determinations of combinations of final state
particles for both charged and charged/neutral configuralions
will be medc, followed by & discussion of cross-sections ss o
prelude to the calculation of partisl cross--sections in Jailer

chapters of 1his thesis.

2,1 The Ixposure

The exposure was conducted at CERN and took place in twe
perts: +the first was during lete August and early Septewmber
1870 aad the second in December 1972. These two expwsurces
were of approximetely equal size, being 450K and 400K pictures
respectively, Analysis of the film from the first{ run has
almost been completed by the t@ree collaborating laboratories:
Birningham University, the Rutherford High Fnergy ILaboraltory
(RHEL) and Durhem University., The second bateh of film is
now in the procsss of beitg analysed, and is rnearing comple-

tion,



The experiment was performed using 4 GeV/c «t mesons which
were produced when the extracted proton beam from the CHERN
proton syuchrotron was allowed to impinge on a copper target
in the U5 beam line., From the numerous pariicles thus produced
the =" mesons were momentum anslysed, separaled, and directed
into the 2-metre deuterium bubble chember (2-m DBC), In order
that a ressonable number of beam tracks werc present on each
frame, so as to give definite vertical seperation, ithe Llux of

pions was reduced to (12 + %) per pulse before entering the

2..m DRC,

2,2 The Beam Iiine and Bubble Chamber

Shown schematically in Fig. 2.1 is the CERN U5 beam line
(Ref, 2.1) which is an up-datled version of the earlier U3 bean.

The optics of the systew are basgically divided into 7 parts!

a) Formation and Mowentum Analysis Stage
b) Separation Stage
c) Final cleaning and preparetion stage for the

2 metre Deuterium Bubble Chamber \
A list of the essential elements of the system, and key
to Fig. 2.1 is given in Table 2.1. Por the required beam of
4 GeV/q pions the beam line was ruuv with only 2 of the possible
3 R.F, cavities in operation, since it is generally found that
pion beams of this momentum are easily separated by rejecting
the protons whence the kaons, muons etc. are also automatically

rejected.

2e2,1 2=particle R.F, scparstion

The momenbtum analysed beam passes svccesnively through



——tn = e

Fig, 2,1

cree @ o al L2 \\
™~
M
@ —
v N e e
!
-y .
N : '
—~— // \ |
- REL ™ ~
\\ :;\‘o — \ e ’,—"\
PP ‘“-&____ ‘:?;\\\“:” /__/
T N v,
- \\QL;T;;'—-.._ ——
S1AGE B —— o, B
. — L ¢ L ___-_-__s‘.._:,‘ -
. : T
~
— .
*@\
s gy ..
e T N !
”’ T e B 2
- O
M e aq P — Q)(‘l
CMAT? T
STAGE C

Diagrammetic representation of the U5 beam line showing
horizontal (i) and vertical (V) focuising. for kev to Fig, ,
sec Table 2.1 .



No.

O O 2 oo P W

o
= O

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
72
53

Table 2.1

List of U5 Beam Liue Elements

Llenment

Description

Target -~ copper
Horizontal Collimatox
Vertical Collimator
2m Quadrupole

2m Quadrupole

1m Quadrupole

2m Quadrupole
Bending magnet
Bending magunet
Vertical collimator
Horizontal collimator
0.75m OQuadrupoic
Horizontal c~llimator
Vertical colliimator
Bending wmaguct
Bending magnet

2m Quadrupocle

2m Quadrupole
Separator

2m Quadrupole

2m Quadrupole

2m Quadrupole
oeparator

2m Quadrupole

2m Quadrupole

fu Quadrupole

2m Quadrupole
Separator

Beum stopper

Verticul collirstor
2m Quadrupole

2m Quadrupole
Horizontal collimator

Symbol

Distence from

in Fig. 2.1 Preceding Element (n)

T
Gl
Cc2
Q1
Q2
Q3
Q4
BM1
BM2
C3
cA
95
ch
13)
BM3
BM4
Q6
QT
RFL
Q8
Q9
Q10
RE2
011
Q12
Q1%
Q14
RF3

h A
o

Nod
015
Q16
C8

11,09

-

Stage A
62m

i3

Stage
50m

et n et .

Stage C
Him



Table 2.1 (cont'd)

No.

34
35
36
37
38
39
40
41
42

Klement

Description

Vertical Collimator
Bending magnet

Bending magnet
Vertical bending masgnet
2m Quadruvpole

2m Quadrupole
Borizontal collimator
Vertical bending magnet
Bubble chamber

Symbol

in Fig. 2.1
C9
BM5
BMG
VBML
QL7
Q18
C10
M8
BC

Distance {rom
Preceding Element

1.90

4,26

%400

2,18

2,22

2,50

g,00

2.00

5.00

Stege U
55m

y



two radio freouency fields RFL, RF2 as shown in fig, 2.2(a).
Theme fields exert in one plane a sinusoidally time varying
deflection force on the particles, and adjustment of the
phasing ¢12 of RFLl with respect to RFZ can be nade, and is

then kept constant., Between the two RPF cavities therc lies

a beam optical system which refocusses, with unit maguifica-
tion, the Jimage frow the centre of RFL into 1ihe centre of

RF2, The relative phase ¢12 is adjusted so as to make the
overall deflection of fthe wanted particles 8 maximum, with

the unwanted particles being broughi back to the original

beam axis and this indepeudently of thelr eatry phase provided
that the amplitudes of RFL and RF2 are equal., These unwanted
particles ere then allowed Ho pass into the beam stoprer,

whose widlh is adjusted so as %o give maximum shielding agniust
them, The detlectiion awplitude of wanted parbicles is ziven by

D = 2A sin-g,- 2,1

~where A = amplitude of the RP fields
and = the phsse difference between the wanted and
unwanted particles
T ¢an be cuicvlated for two particles of monentum p by

. = _a;" YoV 2 - V142 ) 2.2
1 2

wihere subscript 1 = unwanted particle

2

1]

wanled poarticle
T = length between RF1 snd RP2

A = wavelength of RI fiolas
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¢12 is then adjusted to the value and the amplitude A is
made large enough to allow the wanted particles to pass outside

the stopper. The condition chosen is D>A, that is

2 |sin T/z' 21

2.2,2 ILxperimental Operstion

All of the elewents numbered 2 to 40 in table 2.1 were
controlled, after initial adjustment by the resident CERN
staff, by members of the three collaborating laboratories;
the author being one of the Durham representatives at esach of
the two exposures., Careful monitoring of the bending magnet
and quadrupolc magnet currents enabled both the momentum and
focussing of the beam (respectively) to be held stetionary.
The variouvs collimators were slso controlled in order to keep
the final flux of particles into the chamber at ~12 piong/
pulece, digital readouts [rom in~line spark chambers facili-
tating this flux monitoring. As determined from beam line
characteristics, and later verified by measurements, the
final particle momentum in the first exposure was 4,02 GeV/c
with a momentum bite of 0.2%%, and in the second exposure
3.94 + 0,02 GeV/c. A plot of the beam momentum is shown in
Fig. 2.2(b) containing the distributions For both first and
second exposures.

2.2.3 The Bubble Chamber

Three monochromatic eleclronic flash tubes wore used for
the illumination of the 2m DBC, each tube illuminating approxi-

mately the same size of iunternal volume of tne chamber,
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Fiducial marks, which were used for reference in the geomeiri-
cal reconstruction which followed later in the analysis, were
present on three different window faces of the chamber. These

three planes were (lief, 2.2):

1) the outer face of the camers window (front glass; plone 1!
2) the inner face of the camera window (front glass; plane 2,
and 3) ihe inuer face ot the {lash window (back glass; plane 3)

planes number 2 aud % being in contact wiih the liquid. TFig.
2.%3(a) shows a disgram of the fiducisl crosses as seen f{rom
camera number 2, There are 6 fiducials in plane 1, 15 in plane 2
and 9 in plane %; alignment crosses and data box fiducial marks
are not shown in this figure,

Three cameras were used for the photography, set with co~
ordinates relastive to the centre of the chamber as shown in
table 2.2 below snd subtending a stereo angle of ~10° at the
front glass of the chamber., The distsnce Lrom the camera

plane to the chasmber front glass was ~200 cm.

Table 2.2 Camera Co-crdinates

Camexrs. X(cm) Y(cm) Z(cm)
1 13,2 29,0
2 ~351,.8 0.0 n 200 cm
3 15.2 ~-29,0

These three views, in conjunction with the known fiducial
positions, enabled a geometrical reconstruction in 3-dimensions
with a point accuracy of ~H5up Lo be schieved,

The chamber was operated v its double pulsed mode, with .

m¥ﬁo second elapsed time between pictures in esch of ihe pulses
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and ~ 2 seconds delay between each double pulse. Shown in
Pigo 2.3 (h) is the sequence of opersiion of the bubble
chamber,

Applied throughout the chamber volume, a magnetic field
of central value 17.5 Kgauss was used in order that momentum
determinations could be made of all charged tracks in an
event. Variations of the magnetic Tiaeld throughout the
chamber volume were well known, and a couplete map of the
megnetic field was aveilable such that particle path varia-~
tions, due bo these deviations from uniformity, could be
corrected.

Tes! strips of film, consisting of some 30 frames from
the end of each roll, were scanned during chamber operation.
A constant monitoring was thus carried ou® of cuch guantities
as trock density (bubbles/cm), bubble size, and btrack count
general good quality of the pictures thereby being maintained.
The dicitance between Bremner marks, which are used by wge subo-
matic measuring machines for alignment and frame counting, was
also carefully checked so ss to avoid varistions. The track
density was maintained at ~14 bubbles/cm inspace, with an
Airey disc diameter of +300 um, Fig. 2.4 shows 8 frame of

film taken during the first exposure.

2.3 Contamination of the =* beam

Any heam contamins tion uust be due to ine four charged
particles p, R+, u+, de Of these, tha deuteren coutanmination
is highly improbable at this onerpy usir; two RP separation

cavities, so the thrce contamiratisvs wolcu hove been investi-
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gated are those of p, K+, u+, Although it would seem possible

to estimste ihese contsminstions from S~ray counts, ihis
method has been found to be umsatislactory, giving no effective
resolution between pions and either of p, K&, W

+ N ,
a) 1y - contamination

This bhas been calculated assuming that y-coniamination
results from pion decay (n-p+tv) between the last collimator
(010) and the bubble chamber, a dlstance of 7 metves. Using
a pion lifetime of 2..6x10"8 seconds, and & Toreniz factor vy
of 29.1, the percentage of pion decays is 3%, Assuming, then,
that a difference in displacement of 21 cm over 200 cm is
sufficient for the muon to be seen to be ‘'off-beam' (equivalent
to a u momentum in the lab cf <%.8 GeV/c), then the u-contzmina-
tion is estimated %o be (0.4+0,1)%.

b) X'~ contemination

This contamination has been estimated from the rumber of
Tan decays of the K-meson which cen be Citted to a sample of
some 3000 3~pronged events. Au upper limit of 1 event was

found ss a Tau candidate. Using the expression

L = NTch NT = No of v decays
R B = P/B
o= braﬁching ratio of K as Tau
v = lifetime

for kaon path length, an estimate of +he number of kaons was
found as £(0.5+0.1)%.

c) Protor contamivation’

PrEN )

'fhis hss been estinegted, ncing o method described by
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Gordon (Ref, 2.3) which uses pure proton beam [ilm as o
normal isation.

The method relies upon two assumptions

. G('ﬂd+pp1r+1r“) of d+EEE]1-
(1) oclrd total) ?ﬂ%ﬁ tot5T;

and
(i1) "That the ratio of probabilities
P(Lucky proton fit to a +rue pion beam)
P(lucky pion fit to a true proton beam)

e

which can be shown to be {rue from Monte~Carlo simula-

tions. This method leads to an estimate of proton

contamination of (4+3)%.

0f thethree assumed contaminants, it is appsvrent that
the proton contamination is the most dominant, Whereas all
contaminations werz taken into account where cross-sections
were concerned, the proton heam was counsidered serious enough
to warrant a fitting bypothesis at leagt to the wore frequently
occuring channels, for example n+d+ppn+n“ was supplemented with
pd~+pppr . This practice was, however, not completely satis-
factory since FAKE simulations have shown that in some 20% of
the cases a spurious proton fit occura to the resl pion Leam

event (as implied in Gordon's method).

2.4 Scanning of the Film

The fiduciel volume used in the scanning of the Tilm is
shown in Pig. 2.3, Apart from strange particle production,
the general reaction to he studizd woe of the types

n+d*pst° (or m n=~pn0)
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where Py implies a "spectator" proton (see Appendix B) and x°
represents any neutral meson system,

The initial scanning rules st Durham were to scan for
every event occuring on the film within the defivned fiducial
volume, the recorded scanning information being sufficient
for the compilation of computer produced measuring lists.
The recorded scsn data for each event were: the roll, frame,
event (within the frame) and zone nuuber followed by an
associated proton bank (short <3%cm, long >3 and <25 cm, grey
protons), an associated pion bank (short and long pions), a
v° marker and a kink marker. Beam track count statisiics
were also recorded, for both first and second pulsea, at
intervals of every 50 Trames. The c¢lsss ot vopologies then
extracted from thc total scan data weres

a)  All eveuts with a V°

b)  All odd pronged eveuts

e¢) All even (>2) prongs, only if they were accompanied

by at least one stlopping proton (either short or
long)

a) Two pronged events only if they were accompanied

i) by a stopping proton

ii) by a grey or stopping proton (where a grey
proton was defined as a f{ast positive track
of near-minimum ionization whose trajectory
lay between two lines on 2 template).

The practice of recording every event did, however,
result in a large volume of siored inlfoveaiion. About halfe
way through the Durham film, therefore, the scanning rules

were changed to those prevacusly defined tTor the computer
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produced measuring lists., This vpraclice solved the data
storage problem and a master list was set up for cevery event
in order that all its essential statistics and its progress
through the measuring system could ve monitiored. This scan-
ning produced between 300 and 350 events per segment of film
(~775 frames), a number consistent with that obtained before

the scanning criteria were applied.

2.5 Measuring of Events .

The measurement of the film was performed on the RHEL
HPD1 automatic measuring machine. Firstly however, each
event had to be pre~measured (pre-digitized) in order that
the HFD would know where, approximately, the tracks orf an
event were to be isound on any particular frame being con=-
sidered,

2,51 Pre-digitization

The film wasg pre-measurcd at Durham using 3 imege vplane
digitizers, each of which was capable of a point accuracy on
the table of v25 ym. The sequence of measurements for an
event were (per view):
a) Primary Vertex
b) Besm Track
¢) 2 Fiducisl crosses
d) Secondary vertex
e) Tracks associated with secondary vertex (2 pts per track)
£) Tracks associated with primary vertex (2 pis per track)
g) 2 more Fiducial crosses

h) Yrimary vertex
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A fiducial check was incorporated into the on-line con-
trolling computer program (an IBM 1130 being used), by using |
the known separation of the four fiducial crosses uweasursd \
on each view, The primary vertex was also used for checking
purposes, being weasured at the beginning and end of thc event.
Any fringe counting system errors which were not detected by
the fiducial check were thus detected st the vertex check,
Distortions of the projection sjstcm were removed by the usc
of a statistical regression method. Twenty fiducial crosses
were measured firstly on a film plane digitizer, and the saue
fiducial crosses were then measured on each of the image
plane digitizers. The co~efficients obtained from the iregres—
sion were then uscd to transform the mcasured Film points into
an ideal film plane (defined by the film vlanc digitizer) by
formulse of tho form:

2 + ey2 + Tx

2

2y + gygx + hxy 2a3

2

X =a+ bx + ¢y + dx

Y=a' +b'x +c'y + d'x° + d‘y2 + Py + g‘y2x + h'xy 2.4
where X and Y are the corrected co-ordinates

x and y are the measured co-ordinates

a, b, a', ' etc are the regression co-efficients,

The final Durham output record was then translated into
the HPD input format, the basic point of the operation being
that two points per track plus the associeted vertex point
are sufficient information to define & rosd on the film, A
road is a circular path on the film, 512 pm wide, which
contains the track and from which the hfD sutracts the digit-
izings. Two of the measured four riducial crosces at Durham
were used by the HED for tearslation =ad rotation from the

Durham fa1lm plane into the HFD co-ordinate system,
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2.5.2 The IIFD

The BFD (Hough-Powell Deviec) is an automatic measuring
machine which works on the flying spot technique. A light
spot of diameter ~10 wm (or a laser beam in later versions)
scans acrogs the film, perpendlicularly to the films edge,
whilst the film is moved mechanically along its length. As
can be appreciated this produces a slightly skew scan the
elffect of which is mathematically removed. The light spot,
whilst scanning, is held in simultaneocus focus on the {ilm
and on a digitizing grating. The film position gives the
x co-ordinatle and the grating reading the y co-ordinate of
any digitizing in the road area defined on the fi'm., Ten
fiducisl crosgses are also amcasured, tne approximatc posiivions
of which arc passcd as coustants teo the BYD contreliing
program, There axre two btypes of scan possible ou such a
umacliine, known as normsl and abnorual scens., Whereas in the
normal. scan described ahove the light spot scens perpendic-
ularly to the films edge, in the abnormal scan it travels
parallel to the edge. It is necessary that two scan Uypes
are available on such a machine because some tracks lie at
such an snsle that only difuse digitizings are obisined on a
norme] scos, The spacing of the scan lines on the film is
“90 um and a typical RNMS error for a btisck measured on an
HYD is ~2-3% ym on lhe film, Avpart from 1kz obviovs advant.-
ages of accuracy and speed of measvrement (the BTD scans a
complete frame in ~%~5 sccs) in using a0 oulometic measuring
machine, there is anotheyr advartage 200 tvni is: the maehiﬁe

neasures the relatbtive lmhile cdensity ol a1l the tracks in sn



- 32 .

event. This is indced a grest advantsge since, as will be
explained later, meny ambiguities in finsl flis to interw
actions can be resolved automatically without having to

return to the ccanning table to judge ionization by cye.

2.6 Bubble Dengity and Tarticle Velocity

It has been shown in various experiments (Refs, 2.4
and 2.5) that the bubble density produced by a particle
travelling with velocity 8 is given by the expression

D a]'/Bz
that is, the number of bubbles/cm n is related to some

minimun ionization n, by

n=n /32
© 2.5
- (" .y
er mno= rn U4 e
0 Py
Pigure 2.% glrows a diagrum of the behaviour ci bubble

density with momentum for pion, kaon and proton. Wormally
by eye il is possible to distinguish velsiive bubble densitiers
of 1.4 to 1 and upwards. For example, ihe bubble density can
be distinguished from minimum ionizing for womenta up to:

1.48 GeV/c for a proton

0.78 GeV/c for a kaon

0,22 GeV/c for a pion

However, HFD systems are copshle of distinguishing

relative bubble densities of 1.15 to 1, given sufficient
track 1ength,. Thie gives corresgonding mowcatum identifi-~
cation limits of:

p 2.5 CeV/e

Knl,28 Ged/u

a v, 356 G(’V/C
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The advantage is now clear, as may be secn for example
ina 1,0 CGeV/c track which is v /K ambiguous., By eye, it is
impossible to resolve the awbiguity since both pion snd kaon
would appear as minimum ionizing tracks. Automatic mecasure-
ment, on the other hand, could resolve the ambiguity since a

kann would appear as not miniwmum ionizing.,

2.7 Processing of Events

A flow d%agram of the system of event processing is
shown in Fig. 2.6. The various steps nerecsary to arrvive
at the HPD stage have already been described and in the next
five sections the steps from the HBPD to a data summary tape
will be dealt with.
2.7.1 lave

After the HPD had digitized the contents of the roads
defined by the pre-ueasurement of an event, they (the digit~
izings) were then psssed to the progremme HAZE, Tn this
step the contents of the roads are examined end the digit-
izings grouped into mgster points for the various tracks,
A msster point is ecuivalent to & normal measuvred point,
say, on a film plane digitizer, but they are a wuch more
accurate measure of the track because of the many pieces of
digitizing information used to derive them. On average, onhe
master point is produced for every ~n2.% cem of track in real
space, From such measurements the error on a reconstrvcted
point in space is typically 30y dn the (X,Y) plane and
v3001 in the 2 direction.

2:7.2 Geometrical Reconstructiou

The pcogramme Geonetry js ths RiEL *~dimensional recon.-
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struction rcutine for bubble chamber events (Kef. 2.6). The
principal task of this routine is the calculation of the
momentum ﬁ at the centre of each track snd an error matrix
on this momentum. Algo the rouline evaluates the spatial
co~ordinates of all vertices together with their errors.
Firstly the programme constructs a film plane reference
system, containing the event, in which a!l film streiches
have been removed by a fidueial Titting procedure. After
this has heen achieved the filw co-ordinates are transformed
into ray co-ordinates, where a ray is defined by & co~ordinate
pair, of the point ab which +the ray intersecte the fyront
grsss of Lhe chamber, and the dircction ratios of bhe ray,
Most of the calecwlatiow is careied cut in terms of these rays
and the final fit 1o obtaian the momentuvm is uade by fitling a
helix to the rays of the three views, Lp cases where the
curvature of the 1rock is significsntly changed by slowing
down in the chaaber liquid, a msss depeundent corrcction to
the helix fit is made, This rorrection is msde assuming for
the track the masscs of tke pion, Xeon and proton. In this
way, even at this stage, a provLeble mass assigmaent msy be
given to a track,
2:.7.% Lipght Pen

This is a patch-up system used for the recovery of
events which fail in the geometirical reconstruction because
of HAZE errors. There are cases when the msster points
obtained by tAZp for & vicw arce incorrcct, these occur foy
exaemple when FAZE interprets 2 crossing track, in the same

road as the Lrue track, as being the correct one. AL the
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light pen the three views of the failing track in an eveni
are displayed on 2 visual displsy vnit. A hazc on-line pro-
gramme 1is then redirccted by an operstor 1o the correct
track, or is instructed to use only paxrt of the available
track length when a scatter onccurs on o track. Two examples
of these HAZE errors are shown in figs., 2.7 and 2,8, where
‘the master points reconstructed are indicated by 'X'?5, and
the pre-digitized points sre indicasted by 'E'’Ss in both of
these figures only the HPD roads are displayed. In Fig. 2.9
an .event ic shown where & faull number 56 has occured in
Geometry indicating 8 large helix fit error which hag been
produced hy the iuvcorrect identification of the beam track
ov view 3., (RS iu Fig. 2.7). A vertex reconstruction errox
is indicated in Tig, 2.8 where the wrong beam track haes beeu
chosen by FAZE on views 1 and %, Both of these errors are
eeslly recoverable at the light pen, indeed most of the HAZE
ervors sre corvected st this stage.

2.7.4 Kinenatic ¥itting

The progrimme XINEMATICS is that part of the RIUT system
for bubhle chamber snalysis which takes the event reconsiructed
by geometry, and identifies the reaction by the process of
fitting various hypotheses to it. The finsl kinematic fit
must satisfy the conservation of energy and momentum described
by the 4 constraint eqguations:

1D, = 2(picosxicos¢i) ~ PcOsSACOSh -0

L py = z(picosxisin¢j) - peoarsing 20

IR, = zpisimi -~ psinx =+ 0

Y

- S
z ( fii oy ) - (V% m™ + M,) + O
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where the limits can be set as constants in the programme, the
maximum constraint imbalance beiug set to 1 MeV., With no
neutral particles in the final state all the vsriables arc
constrained, there are 4 degrees of freedom, and the fit is
called a 4-C fit., If, however, there is & neutral, known wnass,
particle wissing in the final state then the momentum eguations
are used to solve for pyr ond ¢, leaving the energy equacion
as the only constreint. In this casse 1there is only 1 degree
of freedom and the fit is called a 1-C fit, Obviously, for
more than one nissing neutral vparticle there are insufficient !
equations to solve for the nuuber of particles and the event
becomes o mo-tit (or wmissing mass fit),
2.Ta5  Judge

The yrogramme JUDGE is teoieslly an ionization testing
routine which coopaces the innlzmation weasured with thst
caleulated Cor & particle of given momentum, If the calculated
ionization differs by a pro-determined amount from that mcasured ;
then that psriticulsx hypothesis is rejected, Other criteria !
uway also be imposed to reject fits, such 28 a maximum allowed
helix it residual or a cowparisun of probgbilitices between
two 1-C fits, although 1ke latter ig more usually uscae in
finsl eveni uneparation into channcls, Ivents on which no '
ionization decision could be wmade, perhaps hecause a track
had been through the light pen wheve jonigation information
is sometimes lost, were returned to the scamning table for
visnal examination. At this stage il no decision could bve
made then the even was tagged as ambiguous and all fi+is were

wiritten to DST, together with evond =hicn had msgsed all
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tests. 'The final pass rate through the system from HPD to
DST was ~95%, and furthermore the number of events returned

to the scanning table for examination was 15 evenbs/segment.

2.8 Precision

The accuracy expected for the mass of a multi-particle
system can be estimated using a calculation based on a nis-
ging mass technique. With filw measuring accuracy of ~2.-% ym
and space point reconstruction accuracy of 250 pm, multi-
particle mass resolution for fully-coustrained fits is upprov-
imately + 7 L‘IeV/c2 for a multivarticle mass in the region of
1 GevV/c?,

For 1-C fits the resolution ig slightly worse thaun this,
being ebout + 15 er/c at the moss of the uC-meson (795 Mev/cz)o
This error hss been calculated by two methoids, the firsi of

which uscs the fovmula (Rel. 2.7)
2

A= g A= Wo'bu" F
e e . r\ - ] - )
Wobs Wy = v 556 ull widta

half max1mum Ol 8 gaussian.
which relates the observed width of the resonance with the
true width and tue gaussian error. The second method entailed
a Breit-Wigner fit to the (vts ~4°) moss gspectrum frow evenia
in the channel = n - pﬂ+ﬂ-ﬂ09 at the »° mase, The Breit-
Wigner formuln was convolubted with gaussian error distribution
ag the recolution function. The analylic expressior for the
convoluted fit was obtaiheq from & Breit-Wigrer of the form

X “4T

X=% - 8

.
2/ ‘ ©

by

and a Gaussisan ecror distrihution of
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. 2 2
P(g) = L e /2°g

ramoran

21 ©

The result of a measvrement is x = X + £, of the form
- e'_152/2 2
P(x) = ":fié J (x-£)2 + 12/4
g =00

The result of this fit ie shown in Fig. 2.9, the fitted v

dz’- ?BG

3

-3
(¥,

&
cﬂ
z

and width being
M

i

787.8 MeV/c?
11.0  MeV/c?

0
T

and with an error of

oy = 16 MeV/c?

2.9 Cross Section lvaluation

The total crnes sections are calculated using the mean
free poth (A) between interactions vhere A is given by

%3 cnecvones 2.7 where n = no of interaction centres/co
&

o = Ccross seciion
Bxpanding this cxpression in terms of total track length

for all interactions, it beccmes

NA 5 e
'j:";"'N d [ E N NN NN 205

0
whele N = 4otal no, of intersctions
A = deuterium atomic weight

L = total beam track length

i\,

N, = Avagadro's Number (6, 022110

%)
d = density of liguid deubterium
The total beam track length is determined from the aversge
number of besm tracks per frame (+10.3) and the length of the
fiducial volume (L ), making use of the fuct that the dist-

vibution of interactiion points is linesr throughout the Tiducisl
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volume. The total length of besm track, L, is given by

L =[10.3ﬁ L N T, N/2J N = Fumber of {ramcs
L containing N events
L = 107 cm.

On a sample of 38750 frames; the number of events (all
topologies) found was 84846, A break-down of the cvents
into prong sizes if shown in table 2.,% below., These [figures
give a cross section, calculated from Lic. 2.8 above, allowing
for % beam contsmination

¢ = 50.4 + 8,6 mb
1he large error originating from the dcterminotion of the
number of beam tracks per frame., This figure agrees quite
well with thet obtained from commter expevimenis of 56+1 mb
(Ref, 2.8),

Calculation of partial cress-sectiors was done hy
asonming the couricr value of 56 mb, und thet colculating

Fhe microbarn ecuivalent from Eq, 2.8 by setting N=l,

Table 2,3 Scan Dgta from 50 Segments

Prong vize Number 9 b

1 8776 5077
2 308%4 20,23
P 14574 9.58
4 24187 15,91
5 3109 2,05
6 314% 2,07

T 118 c.08
8 93 G.Ce
9 s 0,004

AL 84846 55 .8 |
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Chapter % Analysis Technigues and Cluster Searching

5.1  Introduction

The use of graphical displays in the search for aund
examinuation of resonant particles has always been one of
the basic techuiques of bubble chamber £ilm analysis,
Amongst the many displays wkich have been devised, the
most commonly used are those of lhe invariant masses of
particle combioations, the Chew--Low plot of invariant mass
against momentum tronsfer and, more specifically for 3-body
final states, the Dalitz plot of the squared mass combing.-
tions. More recently, use has been made of the informwation
contained in the Van-Hove plot of the centre of mass longl-
tvdinal meoucnia ol the particles. Currently, Interest is
being shown in the clagssification of events using & multi-
dimengronal sualysis, the Pless— or Prism Plot-technique,
o separute the various resonant states {rom the overall
final state, Analopous to the Pless analyses, aithough in
hasic concept completely different, arc methods using
statistical searching techniques in sn n~dimensional space
defined by the aumber of final state particles in an event.
ALl of these¢ technigues bave as their aim the extraction of
a backerouaid-Ifree resonance signal from the data,

In this chapter a neihod of stalistical searching will
be described whick hao becen developed iu Durham. The conde
tions neceossary for ihe technique to be successful will be
discussed »ud the resuliv of 2n anslysis made on events
generated by whe Lionte~larlo siwulstiow vrogramue FAKE will

be presented. Tu the next chapler che letailed resvlts of
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this statistical search on real events in the chanuel v d-
pSPTﬁﬂ” will be discussed,

Piretly, however, a briel survey of the information
contained in the graphical displays of the Mass, Dalitz and
Chew-Low plots will be made. After this a detailed asccount
will be given of the information contained in the Van-Hove
plot, which forms the basis of the analysis technigue to be
presented,and the krism plot analysis will be described us
a prelude to the introduction of the cluster seacching

technique.

3.2 DMass, Daelitz and Chew-~Low llots

In any search for the production, and the determination
of the proparties, of a resonauce, the perameters Lo be found
are the mass, widlv, spin-parity and prcductlion mochonism of
the particle. 1f thig is to be done e¢ffectively it is necw~
essary to remove ag wuch background as possible frouw the
signal,

In the sections whick follow, reference will be made 1o
the analysis of a 3-body final state cuch ss arises in the
reaction

N -» .‘.\T'nl-nz 561
and where figures are shown for illustration of the various
techniques the data used come f[rom the reaction n*p - pn+n°
at 5 GeV/c (Ref, 3.1),
5.2.,1 lass Plolg

The distributions of the invariant nasses Nwl, Nupe m 704
are examined for structure or peaka which may indiecuie the

precence of & resonance in that combinataion of the poilred
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particles. Values of the mass and width of the resonance can
be read directly from the graph at the peaks. However, as is
well known, the presence of a resonance in the T o combina-
tion may contribute structure to the plot of the N"l or an
cowbinations aud certainly contributes baclground 1o the Wy
plots. Tige 3.1(a), (b) and (¢) show the (pr' ), (#=°) and
(p n°) invariant mass distributions respectively, from the
reaction np » prixC at 5 GeV/v, showing the atT(1236) in

(a), the ¢ (765) in (b) and perhaps some »°(1236) in (c).
5.2.2 Dalitz Plots

Here the effective masses squared of two of the thiee

‘two-particle systems are plotted against one another, HMore
inTormation is stored in this display since now the resonences
appear as bands on the plot and the distrivution of Ehe points
in bthe bande is linesr in cos6*, where 0* is the dccay angle in
the rest system of the resonance (Heliciby angle). Wig., %.2
shows a Dalitz plot of 12 (n*n0) sgainst Mz(pﬂ+) in which the
bands of the o and ATt resonances are cleerly visible, Pro-
jection of the plot onto either axis gives the type of display
described in section 3.2.1, but with mass squared instead of
nuags axes, The main value of the Dalitlz plob is the informa-
tion which it contains obout ccc e%;, since an analysis of thé.
spin of a particle may thus be made., Another important use

of the plot lies in the abiiity to estimate from this pict the
background present in a mass combination bhecause of the effect
of reflections from the other masy combinatious,

3¢2.3 Chew-liow Ilots

The prodvction angle ¢ of a vesonsnce in the overall
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céntre of mass reference frame is the information which is
carried in the Chew-Low plot, where the mass of a particle
system is plotted against its 4-momentum transfer squared
(t) from the beam for meson systems, or from the target for
baryon systems. The t~distribution depends upon the pro-
duction mechanism of the system being studied, and t is
linear in cos¢, NFigs. 3.3 fa), (b) and (¢) show Chew-liow
plots of the (at4®), (pr") and (pr°) systems, again in the
reaction np~ prtxa® at 5 GeV/e.
3¢2.4 Summary

All of the essential informsation of the produced reso-
nances: their production and decay angular distributions,
their mass, width and gpin are displayed in the Mass, Dalitz
and Chew-Low plots. However there is still background present
in the data, and this may distort the various distributions.

Nethods which are commounly used t0 overcome the basic
difficulties which arise experimentally in handling the back-
ground, to meet the problem of obtaining pure resonant
signals ares

(1) Msss cuts

By selecving only particle comblnation masses
within a given mess inierval where the resonance signai
is at a ueximum, the e¢ffect of the background is mini-
mized at the expense of losing events from the tails of
the resonance, MYor example the p-~meson data are often

chosen by selecting only thosc dipion masses between

0.68 and 0,88 GeV/ch
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(ii) t-cuts

By selecting only those events for which the
momentum transfer (1) is small, a particular production
mechanism may be selected and hence a particuler reso--

nance may be selected preferentially to background,

3.5 The Van Hove Ilo%t

This plot forms the basis of the cluster searcching
technique and combines in one plot wmost of the information
aveilable in the Mass, Dalibz and Chew-Low plots. The Van-
Hove plot is described in this section in some detail,

The Van Hove plot, or Longitudinal lhase Space (LLS)
analysis, is based upon the experimental observation that in
strong interactiocans the variation of the transversc conponent
of momentum in the centre of mass system is small compared
with that of the longitudinal coaronent, Typicelly, experi-
ments show that whilst the longitudinal momentum varies cver
the whole of the kinematically allowed region, the transverse
momentun distribution is concentrated below a value of %00 to
400 lkeV/c., ‘This led Van Hove (Ref, 3.2) 1o suggeét %hat the
transverse momentum may be discarded es an information carry-
ing variable and that events may be parameterised by their
longitudinal momenta alone. The Van Hove plot fov the 3~
periicle final state of kEg. 3.1, thc axes and definition of
which are shown in Pig. 3.4, is summsrized by the sum of the

centre of mass longitudinael momenta,

QN “+ q1l'1 + (]'n2 = U 3.?

A event is deseribed by a siogle point in the plok,
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and the information on Qys QT and qm, is contained in the
radius vector (r) and the Van Iove angle (w) where (see

Fige 3.4

T = /r% (Q§ + q%1 + qu) 343
a - 4

and cot w = kT2 364
Ty

All of the data points are confined within the boundaxry
which is approximately a hexagon of radius W/2 where W is
the centre of mass energy.

3.3.1 Examination of Resonancc Display on the Van Hove Plob

In the three body process of Eq, 5.1 a resonance is
formed betweon two of the three particles., If the mass ol
the resonance is pu and the wass of the third particle is M3
then the centre of mass momentum of the resonsnce and third

partible is

1
2,. 2 2 s
_ WEau ©hZ 2
P3 b [ S— )] « H 3 05

.The velocity B(V/C), and Lorentz factor y of the resonance

in 1the overall centre of mass are

™ ’ 2 %"
2 2.0
2, | Wor 1Pk '
B, = 1 - ne/ 13
R [iﬁrmmu.mu } 3.6
2 v
and Yp = (W +M§—- uz)/aml.ﬁ 3.7

When the resonance subsequenily decays iunto its (lwo secoudaries
of massesn m; and m?, their moweate in the overall centre of

nass are
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Py = g [ wp*cose*4-sR_ ¢p*2;;§- 3.8
and po = [pacoo ok + Bp ,/p* +il, ] 3.9

where p#* is the momentum of the two secondsries in the
resonance rest system and 6%.is the angle of decay in the
resonance helicity frame. [Frovided that the iransverse
momenta ars smell; then P1s Py and Py 8T also the longi-~
tudinal momenta 975 4, and Q3o

For a given mass u, q3 is fixed ond aq and P will
vary between the limits determined by cos & = + 1. When

6% 1is 90o then for 4 =1, (2n-mesons in ¥q., %.1)

- - 2ime .
Qp ~ 4o = Yy By * tmg = 490 %410
For other values or 6%
Q7 = 990 + Yy P* cosb* 3011
do = 490 ~ Yy P* cos6? 3.2

In Pig, 3.5 the variations of 4y and 4, are displayed
at constant q3 for a resonancce of the equal masyg particles
1l and 2. The poinl M represents 0% =~90°, anad at other vasluce
of o* the increase in Q by'qu7 cos6* is compensated by the
decrcase in 4p by the same amount to a point P, again on the
line of constont Qe The change in posiition kP is %% qB coge*®,
that is the distribubtion along the linc AB is linear in cosef9
A and B covrespornding to cos 0% = + 1, Hence at small momentum
trausfers the {eature of the Dalitz plot, of liucorivy in cose*®,

is vetained in the Van Hove plot.

The varistion of noinis, corvesponding to the variovs
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reaction configurations, through the effects of momentum
transfer is more complex, ZYoints A and B corvespond to the
collinear decay of the resonance (cosé* = + 1) and if a
production angle ¢ is introduced then the longitudinal

momenta change by cos ¢, that is

Qy * Q4 cos¢ i=12,53 313

Consequently, the points A and B will move along straight
lines through the centre of the plot. Fbr the point M the
effect of the englea (see Fig, 3.6), between py (or Py)

and the momentum p.j in the overall centre of méss, chenges

the longitudinal momenta to

93 = Pz COS¢; Uy = Py COB (¢+a)s qq = py cos (p=a) 3.14

"he variation of these co-ordinates with ¢ traces out the
oval in Pig. %.5.
The 4-momentum transfer squared (%) to the resonance ig

t = - 2Pp3 cos ¢ - (M2+u2) + 2 s/£2+m2 v'p§+u2 3415

where P, M refer to the primary particle. Yor a given reso-
nance all of the guantities are constant apart from t and
cos ¢ » From 3,15, for the point M

t o= --Aq3 + B '

Consequently the distribution of points perpendicular to the
q3=0 axis is +the distribution of t %o the resorance of
particles 1 and 2., Siwilar observabions hold for the axes
45 and dye

In summary, the Van Hove plot containg in a direct way

the information of the Chew-Tiow plot (the tmdjsfrihution) and
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at small t, where most of the experimental date lie, the Van
Hove plot also contains the Dalitz plot information of cos8

lincarity.

3.3.2 Resonance Selection in the Ven llove Plot

Pigs, 3.7(a) 2nd (b) show a represéntation of the
resonances in lhe an, Nn2 and LERD systems at minimum 1
transfer for two n+p experiments wilh incident plon momenta
of 5 and 12 GeV/c respectively (Refs. 3.1 #nd 3.3). As cen
be seen from these figures, at 12 GeV/c the resonance bunds
are clearly separated whereas st 5 GeV/c Lhere is some over-
lap at the extremities of the 175 hand with the an and Nw2
bands. The effects of the t~distribution are such ihst, for
example the p-meson data will be confined to one sector of
the Ven~Hcve plot at 12 GeV/c and will be lsrgely confined ai
5 GeV/¢. This suggests a selection method which is to plot
only those dipion masses for events which fall in the ww
sector, and only an and Nw2 combinations fTor those events
vhich fall in their respective sectors. No serious distor-
tion should be found in either the mass or t-distribution of
the resonsuce being considered olthough at lower incident
momenta there may be some loss of the events in the decay
angular distribution near cos * = + 1, It must be noted
however that a resonance with high Q value in its decay, such
as the £° and go mesons, would extend largely into the an
and Nn2 sectors and thus give spuriouvs structure tothese wass
plots.

' To illustrate the ahove sechmique, tig. %.8 shoﬁs vhe

. - + - .
three mass combinai icng « wo, pw* #nd pno, for the reacbion
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1fp -+ pw*:? at 5 GeV/c, in each of the three sectors of the
Van-Hove plot Rl, R2 and R3 of Fig. 3.4, These plols show
the features described aboves

(1) a™ is seen only in the pn' sector (R1)

(i1) ¥ is seen only in them +° sector (R2)

(iii)a" is seen only in the pr® sector (R3), although

there is congiderable background present.

%3+4 The Plens Analysis or Prism Flot Technigque

The problem of separating the various sub-channels from

1

a given reaction channel has been examined by Dao et al

(Ref, 3.4) from the point of view of @ complete parameteripation

of the events. In this way, by bringing together sll of the
inTorgation evailanle on the individual events, it is hoped
that better senaretion will be obtaincd thdn is possible by
uging the part-paramcterizatlion implicit in the plotling
techniques previously described.

The information necessary 1o define aneveni completely
is the 4-vectoxr (ﬁ,E) of cach of the n final state parbticles.
Not only sre these 4n quantities too manyto hondle easily,
but not all of them are independeni. Since the wesses of the
outgoling particles sre known then bthe n energies are known
from.Ei == /r;;?i;;;? . This imposes n coustroaints on the
final state, and a further 4 constraints are cupplied by the
conservation of energy (1) and mowentum (3). For experiﬁents
involving non~-polarized beanms and targeta then production
azimuthal isotropy leads tc¢ lhe independence of one {uriher
variable, the angle of rotation ebout the incidont hean

direction, This lesves, Tor an n-particle final scate,
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3n~-5 independent variables which completely specify the event,
. These %n-5 variables may be thought of as forming the axes of
an N dimensional space in which the events are distributed.
The basis of the Pless analysis is that the distribution of
the eveunts in this space is not uniform. Depending upon the
production and decay mechanisms involved, groups or clusters
of events may be found, that is some regions of the (3n-5)-
dimensional space may be more heavily populated than others.

3.4.1 Exsmple of the Prism Plot Technique

The reaction 7p + pr x° at 3.9 GeV/c has been examined
by Pless et al (Ref, 3.5) from this point of view. For the
case of unpolarized beam and target this reaction is charactexr-
ised by 4 independent variables,

The Prism plobt technique uscs the 4~dimensional space
defined hy Tl and T, (ithe kinztlic encrgies of two of the
three secondaries ir the centre of msss system) and the two
Van Hove plot variables w and r as described in the previous
section, The Prism plot itself is a 3-~dimensional plot with
e Dalitz-Fabri triangle as base and with w as the height, as
shown in Fig. 3.9, When the distribution of the events is
examined in the 4-dimensional space of the varisbles Tl, T2,

w and r, and is compared with the distritution expected from
Monte~Carlo generated events corresponding to the various
reaction sub-channels, it becomes possible to tag an event
that it origingted in a psrticulsr one ol the interaction
schemes, For the reaction wkp(+~pv+v0 the interzection schemes

considered by Pless were
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Prism plot of 3.9 GeV/c ﬂ+p+pﬂ+ﬂo. The Prism on the left

shows the distribution expected Eor phase space events, the

right hand Prism shows the experimental distribution. In the
upper half of this plot are clearly visible the 3 tubes
corresponding to h+(lower),p+(midd1e) and A++(top). In the

lower half of the plot some production of these same states

is visible where the proton is forward in the centre of mass.

The axes for the Prism plot are: the Van~Hove angle is plott-

ed along the Z-axis, and the Dalitz triangle is in the X-¥ plane,

~
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+ +
TP * Pp
> A+t 0

> A +1r'Ir

> (pr°)nT  aiffraction dissociation

> pn+n° phese space
When the pr’, pr° and r ¥ +° inverisnt mass distributions were
subsequently exsmined, it was found thal AT was seen only in
tagged A0 events, o only in btagged pp' events, and at
only in tagged A+n+ cvents. Although 1t is not visible in
¥ig. 3.9, it is claimed that the group corresponding 1o a*
production (lower tube in the figure) is resolved into two
tubes in the full 4-dimensions when the radial variable is
included., This method, which by construction is model
dependent, has spparently separated ouvt lhe individual

channels msking up the n+p »-pn+ﬂ° recction. 1In the ovents

analysed by Pless the dats were made up almost entirely of

A+ 0

20, A", ppT and dilfraction dissociation, the amount of
phase space background required being spproximately 2%. Shown
in Table 3.1 below is a summary of the Pless results on the
contributions from individual channels to the overall reaction.

Table 3.1 Cross-gections for 3.9 GeV/c n+p-+ pw+n°

Final State o (mb) % of total
Do 0., 85:+0,04 44
2O 0,4240,0% 22
Aot 0,2%40,04 12
(pa®) #" ‘ 0.40+0.05 20
thase Space (.04+0,02 2
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-
Shown in ¥ig. 3.10 are Prism plots of the channcl n+p-* prom

al 5 GeV/c, the same final state as the Pless data, where the 3

tubes of the A (top), o'(middle) and, a°(bottom) are clearly
visible from different angles of view of the prism. In none

of these plots, despite the rotaiion, is the A° tube resolved
into two sepsrate tubes.

3.4.,2 Discussion of the Pless Technigue

Other experimental channels have been examined by the
Prism plot technique.

Evans et al (Ref., 3.6) have examined the reaction
n+P -+w+pn+n" at 11.7 GeV/c where the full 3N-5 dimensional
space is one of 7 variables., There the Prism plot selection
method wss tested by comparing the results with those from
maximum likelihood fits and by applying it 4o a simulated
experiment. The guasi two-~body reactions were shown to be
separated and their cross-sections correctly determined. The
Prism plot method was shown to reproduce the differential
distributions, at least of the more important sub--chennels,

without bias.

Perrando et 8l (Ref. 3.7) have presented an analysis of

20,000 evenis corresponding to the 4-body reaction ©p -+ prirta™

'

at 3,93 GeV/c, again requiring 7 variables to specify the
reaction, In this analysis also, the Prism plot technique
was found to be quite powerful in separating the various sub-
channels from the overall final state,

One criticism of the ¥less method is that is is a model
dependent technique. The basic forms of the sub-~channels hsve

to be known and such qusntities as the numbers expected in

o



+ o
"

+
P+

{Gifferent angles of view). 5 GeV/c

. 3.10 Prism Plots

Fig

* -
. )
: ~a
< .. o .
. ,
.. S
m N .
- > -l
’ *
.
i "
. .
-
-t
<
. R .
b O
f * . . .
.
.
:
L]
.
! L -
.
N
ooy
Y »
2% .
~r .
A
* 'J': -
fa
< L
) \

(]



- 53 -

each channel and the angular distributions of the decaying
resonances have to be used as input. Thus there appears to
be a great danger that the informaiion extracted regarding
the final state configurstions will be little more than that
inputed to the Monte~Carlo calculation used Lo assign the
welghts to the various volumes of the N-dimensional space
being considered. Despite this criticism, whst is well
founded is that a more complete anslysis of the data will be
made by using all of the 3%n~5 variables gimultsneously,
rather thsn by using sub-sets of them in the Dolitz, Chew-

Low, and Van-Hove plots sepsraiely,

3.5 Cluster Analysis

Monte~Carlo simulations of an interaction, for exaumple

ﬂ+p-+ pn+n°, indicate that eventis cluster together according

1o the particular kinematic configuration of the events. That
++ 0

is, A events tend to group together in certain regions of

the 4-~dimensional prism and pp+ events group, with perhaps

some overlep into the ATta©

region, in others, If the clusters
are indeed well defined then it should be possible to locate
them in a standard statistical manner withovt having 1o invoke
any pre-~determined physical models., This has been attempted
by the use of a modified version of the CLUSTAN statistical
analysis package written by D. Wishart of St. Andrews Univevsity.
Originally, the progremme was capable of analysing only
1000 cascs, with up to 200 variables in each case, but has been
modified to be capable of handling a maximum of 10,000 cuses

with up to 20 variables in each case, By considering that 3n-5

variables sre required to specify an cvent, this mesns thot
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nuclear interactions up to a maximum of 8 final state
particles are able to be examined,

3.5.1 Description of CLUSTAN

The method involved in clustering the data is iterative
relocation with heirsrchic fusion. The sterting point of
the programme is the classification of the population of N
objects into K c¢lusters, During one relocation scan, each
object ls considered in turn and its similarities with all
K clusters are computed. 1f the similarity of an object X
and its parent cluster P is S(X,I') and the similarity between
X and any other cluster Q is S(X,Q), then if S(X,Q) exceeds
S(X,P) the programme moves X from cluster T to cluster Q. The
centroids of the ciluslers T and Q are re-couwputed to account
for this change and the next cese is then examincd., The
populstiorn 1s repestedly scemmed until no objecis are rem'
locsted during one full scan, at which stage a local
optivwun for the K clusters in terme of the similarity
criterion S hasg been obtained., Next, the similarities
between all pairs of clusters are computed and, if desired
by the user, those two clusters which are most similar are
fused. The classification is thereby reduced to (K-1)
clusters and the relocation phase is repeated until a local
optimum for these (K~1) clusters is found. The fusion stage
is then repeated to yield (K~2) clusters and so on until
the specified minimum number of terminal clusters has becn
resched, whence the local optimum for that number of clusters
is then found. In this way a local optimum is obtained for

each step in the process if the number of initial clusters
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exceeds the number of final clusters required. For the
case when the number of initial and final clusters required
are equal, the relocation phase only is completed.

3.5.2 DMethods of use of CLUSTAN

The programme may be used in a variety of modes, there
are choices of vrelocation alone, relocation and fusion, and
there is also & choice of many different similority criteria.
Basically, however, the programmc is vsed as follows.

(a) The user must instruct the progrsmme with the

number of final clusters it must find., This is a dif-

ficult decision, but it does not matter if this number
is too large since this will only result in some of 1he
clusters dlvicding into smaller onez. One method of
overcoming this difficuvlty is to instruct lhe programae
to Tind [irsily K clusters and then to combiue the two
most similar and re-cluster to give K-l, ard continue
the relocaticn and fusion processes until only a few
clusters sre left, The results at each step are
available and an examination of these, to detect the
stage jusl before resolution is lost, provides the

lower limit of the number of finslclusters that should

3

be used,

(b) The events must be assigned to an initial classi~
fication array, that is each event must initially be
associated with a cluster rumber. In practicé this is
done in a strict numerical order. TFor example, if 1000
events are fo ﬁe processed in one run starting with

T injtial clusters then as The svenie are read Irow Lhe
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data summary tepe they are allocated in order to the
clusbers 1 to 7. Hence the initisl composition of
cluster 1 consists of events 1, 8, 15etc., As the

events occur in no particular order on the data summary
tape then the initial allocation is completely random,
This is obviously the worst starting point siace the
centroids of the 7 initial clusters must he very similar,
however tne programme is quite capable of recovering from
fhis.

(¢) In practice, the number of initial clusters is
selected as being equal to the number of final clusters
required. It has been checked that if, for exsuple,

the programme is iustruched to start with 15 initial
clusters and perform heirerchic fusion with releccation
until © remain then precisely the seme events sre
associated with those 9 clusters as are associated if
only 9 clusters were chosen initially,

(a) After the initial classification array has been
assigned, the programme takes in turn each event and
constructs its similarity with cach cluster, The

choices of similarity cyiteria which have been found to
be the most satisfactory are: '
(i) The n-dimensional distance, or its square, between
the event and the cluster centroids. If the event is
nearer to one cluster centroid than that to which it is
currently assigned, then it is trnnsfer?ed to the nesrer

cluster.

(ii) Tue current shape distribution of the clusters in
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the vicinity of the.event point in used to assess the
relative probabilities of which cluster the event should.
be assigned to.
(e), A facility exis®s for demsnding the mianimum size of
a group of events which are to be classified as a cluster.
This is useful since fluctuations may occur which throw
up spurious clusters. In the cvent of an unaccepilably
small cluster occuring, the evenls in that clusgter are
reassigned amongst the remaining clusters according
to the similarity co--efficient being used.
(f) Becouse some events may exisi which have a very poor
similarity with all of the clusters appesring in ovne
relocation cycle, it ie possible 1o invoke a minimum
similarity co~efficient for acceptance of any eveni into
a cluster. Events which then have a siwilarity smaller
thun this valve are removed into a residue until the end
of the current relocation cycle,
It must be emphasised that the clustering technique is
independent of any physical model., In the use of the a2nslysis
programme the only features set externslly éfe:-
(1) The number of final clusters required.
(ii) The initial (random) allocation of events into clusters.
(iii)The minimum acceptable cluster size, if required.
(iv) The threshold value for similarity coefficients, if

required,

3.6 Cluster Analysis of FAKRED Evente

In order to examine objectively under what circumstances,

and with what efficiency, events correcponding %o verious sub-
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channels of a given reaction mey he separated, a control
sample of Monte~Carlo genersted events was set up. Knowing
the exact designation of every event in a sample, the results
of the‘cluster analysis can be checked for validity snd an
sccurate examination of the background level and the extent
of ad-mixture in each cluster can be msde.

Events corresponding to the channcl »'n > prtr ™ have
been compiled using the lMonte~Carlo generation routine FAKE,
to simulate the signals and background by the sub--channels

it > pp°

e pfo
» pn n~ phase spsce

For each event the four Pless variables Tl, Toy W and r
were calculated and the total sample of cvents was then
clustered in the 4 dimensional space of these variables, The
clusters werc then examined ss to what extent ppo, pfO or
phase space events only were clusiered together, or whether
there was a sign%ficant amount of mixing of the separate
channels into the same cluster, Several groups of data
were generated ranging from isotropy of production and decay
distributions to realistic t-distributions and decay angular

distributions of the po and f° mesons,

3.7 Results of the FTAKE Analysis

The groups of data used in the examination of the sep-
aration efficiency of the clustering technique comprised:

(1) 2000p °, 2000p£®, 2000 phase space @)s) events.

Boih production and decay engular distributions werc

gencrated isotropically.
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(1i) 2000pp°, 2000pf, 2000 ¢ go Momentum transfer
distribulions were generated of the form %% aexp(-a|t])
with a=10 for the pp° channel snd a=8 for the pfochannel
to simulate typical experimental distributions. The
decay angular distributions were generated isotropically.
(i1i)Lowering the number of background ¢ g events to 1000,
but angulsr distributions 53 in (ii) ashove,
(iv) Removing background events completely and having
2000pp°, ZOOOpipwith realistic 1-and decay angular-
! Qistributione,

(v)

1000 ¢4s the ppo and pf° channels incorporated realistic

The final group contained 2000pp°, 1000pf° and
production ani decay distridbutions,
Thus the effects of the t-distribulion mey ve studied by com-
paring groups (i), (ii) and (v), the effect of background by
comparing (ii) with (iii) snd (iv); +the Lifth group slows
the effect of realislic generstion of 8ll distributiouns with
ratios of the numbers of events consistent with the 4 GeV/c
experiment,

Table 3,2 below summarizes the groups in the analysis.

Tgble 3.2 Groups used in FAKE Anslysis

Group Number, ,Nugber Og fvents of distﬁgbution dis%i&%ﬁtion
Pp pf ¢s
1 2000 | 2000 | 2000 TSOTROFIC ISOTROPIC
2 2000} 2000 | 2000 REATLISTIC ISOTLOPIC
3 2000 | 2000 | 1060 RCALISTIC ISOTROPIC
4 20001 20600 | - WWALISTIC REATISTIC
5 2000 | 10CC | 1000 PEALTISTIC REALISTIC
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Group 1 Isotropic production and decay distributicns

There was only some little sugrestion of the appropriate

clusbtering when this control group was used.

be expected, obviously, since the events generated only

This is only to

resemble true resonant signals in that the dipion mass distri-

buticens show pO and £° peaks. The complete isolropy of decay

and production angles implies very little pgrouping of <he

distribution on the Van Hove Plot, and hence no grouping

together of events in the variables r and w.

%eTe2 Group 2

Realistic i-distributions, Isotropic Decay Angles

Table %3.% below shows the manner in which the eveirts were

distributed amongst the 6 clusters which were extracted, and

the composition of each cluster,

For exsmple in table %

03y

cluster 1 consists of 3.5%p°, 44,572 £° and 52,5% background,

and this corvesronds to 1.5% of the total po signsl, 19.5%

of the total £° signal and 23,0% of the total background of the

complete saumple,

Table 3,3 Group 2 Cluster Statistics

Cluster 0° £° g Cluster Size
Number | % of | % of 4w of % of % of | % ot % OT 7
Total | Cluster | Total | Cluster | Total | Cluster | Total
1 1.5 345 19.5 44 .5 23,0 52.5 15.5 T

2 3.5 7.0 | 27.5 | 54.5 |18.5 | 38.5 | 15.0.
3 35,0 60,0 5.5 9.5 18,0 30,5 19.0
4 15.5 29,0 30.5 57.0 7.5 14,0 18.0
5 0.0 0.0 0,0 0.0 28,0 | 100,0 9.5
6 45,0 67.0 17.0 |° 25.5 5,0 i Teb 2% .0
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It is apparent from these dsts that the inclusion of t-
distributions has resulted in a tendency towards correct
classification of the events., Clusters number 3 and 6

comprise 60% and T0% respectively p °

s Cluster 5 is made up
completely of background events, and clusters 2 and 4 contain
55% and 57% pf° respectively., However, there is still some
wrong classificatlion of events, and the extent of ad-mixture
between clusters ig high.

3¢Te3 Group 3 Realistic t~, Isotropic Decasy-distribution:

10009, 1000p£°, 2000pp°

By simulating in more detail the numbers of events in
the three sub--channels, that is constructing a situation werc
similar to thet in the 4 GeV/c n7d » pspu+n‘ experimental
channel, a clearer separation of evenls was made. Table 3.4
below shows ithe distribution of events into the clusters flor
this case, where 8 final clusters were used.

Table 3,4 Grouvp 3 Cluster Statistics

o

Cluste 0° £° 9 Cluster Sizc
Wumber | % of |% of % of |% of " |% of |% of %
Total | Cluster | Total | Cluster | Total | Cluster | Total

1 31,0 81.5 2.0 2.5 12,0 16.0 19.0
2 15.0 48,0 20.0 3245 12.0 19,5 18.5
3 30,0 93,0 L5 2.5 3.0 4.5 16.5
4 0.0 0.0 0.0 0.0 22,0 |100,0 5.5
5 20,0 55,0 27.0 57.0 6,0 8,0 18.5
6 1.5 7.0 28,0 65.0 12,0 28.0 11.0
T 1.0 6.0 20,0 60.5 1L.0 3%.5 8.0
8 0.0 0.0 0 0.0 21,0 | 100.0 5.0




Clusters 4 and 8 consist solely of background cvents and
together represent 43% of the total background events,
Clusters 1 and 3 are dominated by the ppO sub-channel,
corresponding to 60% of this process, and clusters 6 and 7
are dominsted by the £® PAKE channel,

3eTe4 Group 4 po’ and pr® events alone

2000 events of the type atn -+ pp0 and 2000 events ol
mn pfo were analysed by the clustering technique, searching
for 4 final clusters, No background was presentand the pO and
folmesons were generated with exponential momentum transfer
dlstrlbutlons of the form exp(-10%) and exp(-8%) respecttvclyu
The 0° meson was given 2 decay angular distribution 0.Q cosze
+ 0.1, and the £° neson a distribution of 0,8 cos%e + 0,1
00829 + 0.1 to simulate the 4 GeV/c cxperimental chamcl
ita - pspu+n", Tt was found thal 97% of the esvents were
correctly clustered, the remaining 3% being incorrectly
agsigned, indicating that the effects of background sre still
present in the analysis of Group 3% (Section 3.7.3).

36Te5 Group 5 Full Generation

The events generated were as shown in Table 3.5 below,
to simulate the experimental situationfound in the 4 GeV/c
r'd experimental channel n'd - psp1#1r.

Table 3,5 Description of Lvents Gonersted s Group 5

Channel Number t-distribution Decay distribution
Generated |Generated ay - daN -
aTE] ~ 4 cose
+ 0 4
TN+ pp 2000 exp(~10%t) 0.9 cose + 0,1
' n e—pfo 1000 exy (--8t) 0.8 cos4e-+ 0.1

cosfp + 0,1

+ 4 o s . . . .
TN +Pnw 1000 isotropic produc- isotropic decay in
tiou angle Helicity freme

oo - g ——
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The cluster anelysis was performed with 8 initial cluslers and

8 final clusters.

As a check 10 initial clusters were formed

and reduced by fusion to 8 final clusters, and precisely the

same events were found to occupy the 8 final clusters in each

case,

The sepsration of cvents inilo the three sub-channels

was betler than had been achieved before, and the results are

summarized in Table 3.6 below,

Table 3,6 Group 5 Cluster Sietistics
Clusten p° 70 ¢g | Cluster Size
Number |% of | % of % of | % of % of |% of % of
Total | Cluster | Total| Cluster | Total | Cluster | Total

1 0.4 | 3.8 | 2.0 | 9.5 |18.2 | 86.7 | 5.5

2 0.0 0.0 O:O 0.9 17.2 |100,0 4.3

3 3.1 10,3 44 .4 4.2 9.3 15.5 15.0

4 0.0 0.0 0.0 0,0 | 21.4 [100,0 544

o 45.6 94.3 2.6 2.7 2,9 3.0 24,2

6 3.9 3.7 44,6 175 5ol 6.8 14 .4

T 0.5 5.4 4.7 24.1 13,2 70.0 4.7

8 46.5 86,6 1.6 1.5 12.7 11.8 26,8

Analysis of these data shows that 92% of all pe® events, 89%

of all pfpand 70% of all phase space background events are

correctly assigned to sepsrate clusters, which would be tagged

as corresponding to these processes,

3.8

Discussion of Clustan anelysis

of PAKL cvents

The separation into sub-chenuels of a given reaction

channel is possible to & high degr2e 21 scecuracy proviacd

that certain corditions are. Tulfillcd,

using the

are usually ivherent in most physicaL errcesses,

The

Rl R

LY

Thosa

R analysis

clustering technigue shows that these conditions
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conditions are:

1) Resonances must be produced with sharp t-distributions,

ii) The background present must not be so large as to

conceal any signal present, that is the signal ‘o back-

ground ratio in the rcaction must be better than 1l:l.

iii) To a lesser extent, separation hecomes more acute

if the decaying resonsnces have a non-isotropic engulac

distribution,
Examining these conditions with respect to the position that
evénts would occupy on the Van-Hove plot it is apparent that
the sharp t--distributions would force the rcesonances into well
defined positions. This implies that the radial parameter r
then becomes a censitive variable when separation of two
resonances in the name Van Hove sector is required, as was the
case with the pp® ond pfo events examined. Thus it is con~’
cluded that; so long as the number of background events is not
too high, the uost significant feature necessary for satis-
factory separation to be possible is that the resonsnces
should be peripberally produced, therefore ensuring that the

t-distributions a2re sharp.

3.9 Conclusions

3

The analysis of an n-body final state, by using a cluster
searching technique in the (%n-5)-varisble space required to
specify completely the events, hag been shown to be highly
efficient in separating 4be various sub-channels contribuiing
to the oversll final state of FAKLD events »'n - pn . The
technique, useful mainly when sharp i-distribulions are

rresent in the éala, brinys 1ogether 2ll of the necessary
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information into one analysis instead of making analyses
uging subsets of this information such as is done in a Ven
Hove, Dalitz or Chew-Low plot analyses individually.
Compared with the Ytrism plot anslysis, the advantege of this
technique is that it searches for clusters ol data points in

a way thal is independent of any physical model.,
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Chapter 4 The Reaction n'd —+p on n-

4.1 Introduction

The majority of the cvents corresponding to the
inelastic cherge exchange process 1.4 - pspn+n" occur
as elther %-~ or 4-pronged events in the bubble chamber.
A small fraction of these events, estimated from FAKE
calculations to be less than 3%, would apvesr as 2-pronged
events where hoth protons have momenta too small to be
seen in 1he chamber, and would therefore be rejected by
ﬂaé overall scanning criteria of the experimeni. The
events seen as 3- or 4-pronged interactions occur in the
ratio of 2.2 to 1. This is expected from the Hulthen
momentvin distribution when a2 proton with momentum of
95 MeV/c is just seen in the bubble chamber. 4 plot of
the spectator momenbum distribution is shown as the histo-
gram in Fig. 4.1 where the so0lid curve, which assumes the
inpulse spproximation, rcpresents the lulthen momentum
distribution normalised to the number of spectator protons
with momentum of less than 300 MeV/c3 it is seen to agree
well with the experimentsl situation. TFor the Uulthen
wave function (seec Appendix B) it was assumed that the
deuteron potential well has a hard core of radius 0.8
Fermi and an extended potentisl up to 4.5 Fermi. These
values agree very well with the values observad by Chrigciian
and Gamel (Ref. 4.)) in 2n clectron scavtering experinent
where the iwo effective rsvges o and 8 (o, le/ro) vere
given ag 1.268 and 0,232 Wermi”] respectively. It is

thercfore ussumed that the impulse approximstion is a good
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Spectator momentum spectrum for the reaction n+d»psp"+}-.
Curve is the prediction of the Hulthen momentum distrib-
ution assuming the Impulse Approximation,
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description of 1his channel and that the reaction may be

written as
4 + - '

“?ps) ’ %ps) T

This channel may be described in tecms of Feynman
diagramsg for meson exchange by the two processes shown in
Pigs. 4.2(a) and 4.2(b). In the first of these two diagraus
the possiblc exchange pariicles are those with the gquantum
numbexrs of the r-meson and the Ag-meson. The second diagram
corresponds to exchange of the quantum numbers of the vacuum
(the pomeron) or the fmeson, and is equivalent to the process
of diffraction dissociation of the neutron into a provon and
negative pion. For interactions which do not involve the
exchenge of a8 baryon these are the dominant processes which
satisfy the conscrvation of quantum numbers, and thus this
channel is expected t0 be dominsted by production of dipion
resonances end the diffractive process described ahove,

In this chapter the three particle combinations ﬂ+n",
a'p and T p will be investigated with respect to resonance
formation and these will then be examined from the point of
view of cluster searching. The whole analysis is precceded
by a general examination of the dats and a description of the
event selection criteris for this channel. The analysis
presented is largely concerned with those processes where
the mesonic systems are produced in the forward hemisphere
of the centre of mass reference frame, bhut where backward
produced meson systems occur in the data this will be poinied

out .
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Feynman diagrams for the reaction u+n-»pn+n
Py Pg

In diagram (b) the exchauges shown lead #o an I=} (N*) state
for the v p system. po exchange, which would lead to an

I=-2:’: €y state, contributes to <3% of the channel.
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4.2 TEvent Selection

The cvents presented were obtained in a sample of 400K
pictures taken in an exposure of the CERN 2m bubble chamber
filled with deuterium end exposed to a 4 GeV/c =@ beem, A
total of 18661 events giving a £it to the reaction

wd > pspn+w"
wos obtained. The number of fits were reduced to 15485
events after the selection criteria described below were
applied. |

(1) x2 probabilily

2 probability distribution for sll, both 5~ and

The x
4-pronged, events fitting this 4-C channel is shown in
Pig. 4.3(a) and the corresponding distribution of><? in
Fig. 4.3(b). The probability distribution of Fig. 4.3(a)
is expected to be flat, thal is it is equslly probvedle that
a true fit to the channel will give any x2 probability.
However, cxperimentally it is found that there is a large
peak for probabilities less than ~0,5%, This effecl is

probably due to the contamination of the 4-C # d - pspnfn'
channel by other reaction channels and hence events with x2
probability less then 0,5% were excluded from the analysis,
In all 937 events failed this test,

(ii) Specctator momentum

Despite the fact that the Hulthen momeatun distribution
describes well the experiirentsl spectetor mementum distribu-
tion below 300 lieV/c, there is sn excess of measured specteior
protons with moments above this value, These high values of
monmentum are sssumed to be the result of secondery interoctions

of the spectator nucleon and since this type ol interaci-on is
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in disagreement with the general formulation of the iwpulse
approximation, all events with a spectator proton womentum
greater than 300 MeV/c have been excludeds This leads to a
loss of 1% of true spectator proton events which are indist-
inguishable from the spurious bigh momentum spectator cvents,.

(iii) Missing Mass Squarcd

The missing mass squarcd QﬂﬂQ) was confined to the limits
«O.OB.SMM2 0,008 (GeV/c2)2. Fige 4.4 shows a frequency histo-
gram of the missing mass syuared after the full selection
criteria were applied. The aim of this selection is to ensure
that there is 1little chance of a neutral particle being vpresent
in the event, and bhence that the fit is most probably a good
4~conctraint fit, The distribution of Fig. 4.4 shows +1lhe
expected acymmelry of thelmﬁg to a 4-C channel,

(iv) PBeam mouwcntum

From the characteristics of the beam transport system
at exposure time, the beaw momenium should lic within a unarrow
band., IBeeause of this the momentum of the incident pion has
to lie belween 3,96 and 4.04 GeV/c.

(v) Summary

In summary, the selection criteria devised in order to
extract the good events from the initial sample of events
fitting the channel 77d -+ pspnfn” were:

(a) x° probability > 0.5¢%

(b) P(pg) ¢ 300 MeV/c

(¢) -0.0%¢iM? 0,008 (Gev, ¢’}

P
e

(a) 3.96 <P(beam)< 4,04 GeV/c
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4.% Tinsl Sample of Bvents

In imposing a set of selection criteria such ags those
described above, the aim is 1o obtain a collection of events
which 1s considered to be an uncontamineted sample of the
chosen events., If any meaningful anelysis is to be performed
then any biases in the data must be removed. DMoreover, it is
importent that ihe sceleclion criteris applied to 1he dala do
not themselves introduce biases cr, if they do, ihat the
biascs introduced by the selections are well understood end
account c¢sn be taken of them during enslysis. 1t has been
shown that the selection criteria described above did not
introducc biases into the final sample of events used for
analysis.

Table 4.1 shows the total numbgr of events fitting the
4-C 27 - pspw+n" channel together with the number gmbiguous
with each of a set of other hypotheses both tefore and after
the seleclion criteria were applied. There zre only two
classes of ambiguity which are also 4-C fits:

() «'d - ppk'x”

and (b) ata » antnta”

and of these the smbiguity with the coherent channel (b) is a
negligible number., Those ppﬂ+ﬂ" events ambiguous with channel
(a) have been examined and when the (r'r~) wass is plotted,
stirong 0 and £° signals are seen to be present in the data
implying that the evenbts are reslly of the channel rTa > pspn+n—.
Also, when bthe K'K™ mass is exsmined in the fit 4o sub-sct

(a), there is no evidence fovr known rcsomanecc peaks in the

data,
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Table 4.1 Initial Uventis and Ambiguities of the Channel

a > ﬁﬁp'n*"ﬂ_

Ambiguity Mumber
Hypothesis Reaction 46/1C | Before | After Comments
Number Cuts Cuts

- - . 4C 6538 5641 Unsmbiguovs
400011 T dsp pr T 4¢ 1668 | 1367 | Self-ambiguous
400021 ﬂ+d+pspﬁ+ﬁ_ °l 1c 3699 | 2569 | 10:° fit
400031 adspr | 10 1010 782 | 1C neutron fit
400041 rrdar e 4C 120 100 | coherent chanruel
400051 rasdnt ] 10 2462 | 2149 | 1C coherent
400061 n+d+pspK+K“ 40 3386 | 2857 | main 4-C

ambiguity

400102 w+d+pspx+x“n° 10 1 0
400112 n+a+pspx+n“R° 10 1 0
400122 n'd+p pK” K°| 10 1 0
400192 ntdsppp T B 1C 1 0
400222 wTdsdp 7R 10 33 26
410421 rd+p pn KOET|  1C 1 0
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Since it is far easier for a 4-C event to simulste a
1-C event than it is for the reverse to be true, the embiguous
fits to the 1-C reactions are thought to'be largely spurious.
The only other class of amhiguities which present any
problem iv the analysis are those where the event is self-
ambiguous, that is an event which gives two successful 4-C
fits but with two of the particle ldentities interchanged.

These evenls occur as
Particle

1 2 3 4 5
Pit 1 rtd > Py P o

Pit 2 rd »p, " p w

where the fast outgoing positive treck is w+/p ambiguous

after ionization testing has occurved. This class of svents
contritutes 44 to the final sample and in the analysis each
fit has heen used, provided they pass the seleclion criteria,
as 1f they were different events. This slightly, artificially,
enhances the statistics in the channel but ‘lthe effect only
contributes background to the channel since if, ssy, FIT 1

were correct snd the (v7r7) combination were in the p © meson,
then when the (v'r™) invariant mess is plotted for the
channel, FIT 2 would contribute a spurious 77 mess to the

plot.

4.4 General Quality of the Data

The normalised stretck function for any of the three

fitted variables, 1/p, tan X and ¢, of\a irack is defined as:
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X, - X
5(x) = L 4 4.1
uu o O'f )

where £ refers to the fitted value of the variabdle, u to the
unfitted value and ¢ to lhe error on these quantities., This
function has the property of being normally distributed with
a mean of zero and unit variance, and any varistion from this
will be the result of systematic errors in the fitting chain.
Therefore, the stretch functions are a test of the goodness
of the data from the point of view of tuning of the analysis
syétem. Shown in Pig., 4.5 (8) (b) and (c) are the distribu-
tions for S(l/p), S(tan)) and S(4) respectively, and as can
be seen from these diagrams the data appear free from any

systemetic bisses,

4,5 Channel Cross~section

The oroes-secivion For the 4-C reaciion 5 d - pspn+n“
has been determined using the finsl number of fits obtained
to this hypothesis as

o('n+d -+ pspﬂ’l-vr“) = 2,10 + 0,17 mb
In this an allowance of %% contamination of the pion beam
has been made, and only one of any self-ambiguous fits

obtained has been counted.

4,6 Invariant Mass and Anpular Distributions

The general featvres of the data for reaction A are
shown in the Prism plot of I'ig. 4.6 ir which the mzss combi-
nations Mg(nﬂw“) andjmg(pﬂ") are plotted parsllel to the
horizontal axes and the Van Ho&e angle v in plotted paralleld
to the vertical axig, DIvents in which tte (™) syotew is

produced moving in the Torward Jireciion in the ceniro o
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maas refercuce frame lie in the upper half of this plot,
Those events wherc the recoiling proton is moving forwards,
and hence the (n "n7) system s moving backwards, in the
centre of mass,appear‘in the lower half of 1he plote.

An examination of the distribuvtion of data points in
this plot reveals, in the uppcr half, strong bande due to

Torward production of the 0° end £° uesons. The bands have

the characteristic appesrsnce of a decay angualer distribution

pesked strongly forwards and backwards in the resonance
centre of mass system. In the lower half of the Frism plot
ihere is evidence for some hackward production of these some
statec, Therc is also, returniug to the upper half of the
plot, an accumvlation of data at high M2 (r 1) but with low
Me(pn“) which coull be interpreted cither ss the~produ0t50n
of the g£(1686) zuson or the production of a low mass M in
the (pr") sysiew, an observation which will be relurned to
later,

Pig., 4.7 shows the Dalitz plot of M2(u+n") ageinat
Mz(pvf) which is obtained by projecting the Prism plot of
Fig. 4.6 onto its bhorizontal plane. Here the very strong
bands corresponding to the 0® ond £° mesons are clearly
visible. The solid outline ir the plot of Fig. 4.7
corresponds to the kinematic limit of {the Dalitz plot for
a constant nn centre of mass energy of 2.9 GeV, which is
equivalent to a stationary target neutron iu the laboratory
refercnce frame. Points f8lling outside this arca are
events in which the initial Pcrumi wotion of the targetb
neutron wes towards the incident pion beam, thus increasing

the centre of wass enexrgy Lo a value shove that of 2,9 GeV
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for the case of a statbtic neutron tasrget. ?he Lalitz plot
is therefore o superposition of many ststic cascs, the 10%
centre of mass energy variation leading to the situation
where no point in the Dalitz point is unicuely attiidbuvtable
to a particular centre of mass cnergy, that is a range of
initisl neutron momenta could zccovnt for auy point on the
Dalitz plot except ihose at the extreme edges.

4,6,1 Dipion System

A frequency histogram of the invariant mass of the
dipion system is shown in Fig. 4.8, It is clear from this
distribuiion that there is a large smount of p° and
production, which is expected from the arguments based upon
the possible exchange particles, as in the Feynman diagrams,
contributing o iris cliannel.,

From this sample of events there are 5279 events corres-
ponding to tle wvesction:

1ﬁn->pp°
using the mass interval for +lhe p° meson

| 0,68 g M(n+n")s 0.88 GeV/c2

and 2385 events corresponding to the resction:

"+ af°
using the mers interval for the £° meson :

1.20 ¢ M(w'r™) g 1.%4 GeV/c2
and thece regions are used in the plots which follow to
define the samples of data corresponding tuv p° and 7° produc~
tion. The two samples together account fur approximately
50% of the total data,

In Tig. 4.9(a) is shown the decay angular distribution
in the helicity Frameiof the outgoine a" weson from the dip o

% S-channel hLeliecity frame. see page 68.
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system in the 0% mass region defined above, The distribu~
tion is consistent with o particle of spin-parity JP =17,
being produced by pion exchange, with asn interfering s-wave
component causing the asymmetry in the distribution biased
towards the forward direction of the w' meson in the decay

0 + -

P> W This effect will be deslt with in the next

chapter.,

The distribution of the relativistically invariant
square of the 4-momentum transfer, t, from the beam particlie
to the (n”"x~) system is shown in Fig. 4.9(b). The slope of
this distribution has been fitted with an exponential para-

meterisotion of the form
o)
%#tl o exp(-b|t]) 4,2

Tor values of |t] <0.3 (GeV/c)2o The co-efficient b in tle
above exponential was found 1o be b=9.8 + 0,3 (GeV/c)"Q.
This number is consistent with the value found in other
experiments where the p° meson is formed by pion exchange.
Also in Fig. 4.9(b) there appears a dip at the lowest value
of |t| which js an effect often attributed to the fact that
there exists & minimum kinetically allowed value of % (tmin)
for any given resction configuration (see Appendix A).
However, it is within this small range of t that the effecis
noted in Chapter 1, i.e. scenning losses and the Pauli exclu-
sion principle, are expected to ﬁe manifest, ZExamining this
point further, Fig. 4.9(c) shows a frequency histogrem for
the variable t', defined as

N B -
o=t tmin

and in this distribution trere is ©till a clear dip at low

values of |t'|. This dip is cousistent witu the loss of
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events predicted from the calculation of the 100% spin flip
differential cross-section in Chapter 1, the spin flip
cross~gsection being expected to dominste for the case of
pion exchange.

Shown in Fig. 4.10(a) iz the angular disbribution of
the outgoing 1t in the helicity reference frame for those
dipion wess combinations whiech fall in the £° region defined
above as 1.20 to 1,34 GeV/c2. An snalysis of the 0 decay
distribution and its production mechenism in terms of the
spin density metrix clements is presented in the next
chapter of this thesis. It is sufficient for the wmoment
to remark that a J=2 spin assignment of the (v ¥nr™) system
in the £° region is only possible if there are interfering
- and Y- wave components present in the region, since the
decay sngular distribution does not show the expected
central peak and is‘asymmetrically bissed towards the
forward decay direction, -

In Fig. 4.10(b) the distribution of t from the beam to
the = n~ system for the £° region is shown. This distribu-
tion hss also been fitted with an exponentisl parameteriss-—
tion of the form of Equation (4.2). In this case the value
of the slope parsmeter b was found to be

b = (8.1 + 0.4) (GeV/c)™2
for the | t| interval

0,07 5 |6 ]50.4 (GeV/e)?
The value of b is sgain consistent wiih the values found by
other workers for the production oif the 1% weson by pion

exchange, As in the csse of the po eson, the t distribution
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for those (4 4 ) combinations in the £° region shows a dip
for velues of |[t]| <0,07 (GeV/c)z. Fig., 4.,10(c) shows the
distribution of +', as defivned above, from the beam to the
(v 4") system. The loss of events at small values of |t']
is again clearly visible and also explicable in terms of
scanning losses and the Pauli exclusion principle as in
the csse of the po meson,

In conclusion, therefore, the (v'x~) system in the
channel n'd - pspn+n" has been shown to be consistent with
m76% production of the p® ang 1° mesons, and approximately
504, of the chaunel is available for anslysis with p © and £°
mass region definitions of 0.68 < M(wn ,¢) ¢ 0.88 end 1,20 «
M r™, ) « 1,34 GeV/cg. Tagking into account the full Breit-
Wigner shapes for tihe 0° and £° meson, the partial cross~

secthions for the production of these two resonasnces are

atd - psppo 0.98 + 0,10 mwb

A pspfo : 0.48 + 0,05 mb .
and both of these channels are, 2t small values of momentum

transfer, consistent with resonance production by the exchange

ol a v meson,

4,6.,2 Baryvon Systems

For processes which do not involve the exchsnge of a
baryon, the process of diffraction dissocistion of 1he neutron
target nspt+x of TFig, 4.2(b) is the only process which contri-
butes to the production of s (pw) system. That is to say,
no production of AT i expecied, except Ly baryon exchange,
since this would involve the exchange of an exotic doubly

charged meson,
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The invaviant mass distribution of the (pr~) system
is shown in Fig. 4.11(a) ond that of the (pr') systom is
shown in Fig. 4.1L(b). There is no evidence in cither of
thesc distributions for any resonance pesks. Tadeed, the
broad enhancements at low and high (pw') snd (pr™) masses
are due to reflections of the pO end £° signals from the
(w+n“) distribution into the pr combinations. As evidence
for this, Migs. 4.12(a), (b), (c) and (d) show the reflec-
tiohe of the po and f° mesons respectively into the Dn+

and pr wmass distributions, from which it is clear that
little true resonant signal is preseant in the baryon dist-
ributions. The lack of apparent resonant signal in the pn
sys tems tends to iuwply thaet ihe moss cuts used to define
1the po and ° regions asrc toc warrow since oaly 50% of the
entlire choaunel is usad., I'owvver, widenine the tolersuces
for acceptance of the (v #~) system into either p° or £°
serves only to detract from the accuracy of 1he analysis
performed bceause the signal to background ratio in the

sample is decyessed.

4,7 Cluster Analysis

In the previous chapter of this thesis {Analysis
Techniques and Clustering) the cluster analysis {echnigue
was described and the use of the snalysis programme CLUSTAN
introduced. There the .results were given to demnnstrete
the degree of success that 1ho mnslvsice =ecehnigue had ip
. . )_.. ony - N -
isoleting from the chanuel r» " mua” 5" %he ¥AKE zubchaanszls:

O 0 + bl et e . | > 1 .
Pe’y of° 8nd pr r rvhase space background. Lrovided that

the t-distraibutions associsted wilh the »” oud 7° amesons
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were sulficiently sharp then 90% of the pe°, 90% of the pf°
and 70% of tlie background events were corrcctly assigned.

In this seclion the same snalysis is applied to the
real datae of about 16K events of the s wpn ™ channel at
4 GeV/c. An enalysis of the dipion system of these events
has becn presented in the earlier sections of +this chapter
inwhich the po and £° mesons heve been sclected by wass cuts.
By the CLUSTAN method of selection il is shown that the number
of po and t° events svailable Tor analysis is approximalely
doubled.,

Before deseribing the resulis of the CLUSTAN analysis
it is worthwrile summarising the dipion results so far. The
anvariant rness distributions for the particle combinations
W, pr and prT have been shown alvesdy in Figs. 8,8,
4.11(a) aud 4,12(p) zcepectively. In Fig. 4.8 it was seen
thati thecre ie stroug production of the 0° and £° mesons with
perhaps scnr g° production at M(aTnT) v 1.6 GeV/cg. In
Fig. 4.11(a) the mass plot of M(r "p) shows no evidence for
a regononce iv this combination., There is a similar lack of
evidence for signal in the M(1'p) combinetion of Fig. 4.11(b),

4:.7.1 The Variables Used in the Analysig

It was decided to use precisely the same variables as in
the Pless anwelysis, 7hese are the kinetic cnergies Tl and T2
of two of the three secoudtury vavtierles in the centre of msss
system of thce 3 secondsaries, the Van liove anglew snd the Van
Hove raedius r. SHrictly, becsuse the channal arises in a 774
reaction where the centre of mass erergy varics in 1his case
by approximately 10%, covrections of this order should have

been wade to the redisl parsneier and by wormalising it to the
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moximum radius allowed for each of the possible cenire of mass
energies., This wovld wmake the gseparation of the data slightly
more acute than it is,

The nuwber of final clusters +o be obtained vas chosen
to be 10. This was based upon initial ruvns in which it was
seen 1hal a vresonance such as the pO meson was assoclyted
mainly with % clustlers corresponding to the forwaxrd, backwsrd
and central direchions of the n+ meson from the p0 decay, in
the resonance rest frame., Even with 15 clusters the main

o

sub-channels vere seen 1o be p° and £° production with

. \
perhsps some siruciure in the (pw”) mass combination at

v 1.4 GGE/CZ. Allowing for the posgsibility of ihrse structures
and bzckground, 10 clusters were regarded ss sufficient,

Barlier analyses with threshold parzmeters, such as the
minimun number of avents in a clusgter that wust be reached
before the cLusbter is accepted, or the largest similarity
co-e¢fficlent that a dais point mayv have with 2 cluster before
it is corsidered not to ve a part of that-cluster, showed
that they d41d not improve the significence of the results.
Threshold psarameters arc therefore not used in this present
analysia,

The 16,000 events were analysed in 2 runs of approximstely
10,000 and 6,000 events each, in the 4~dimensional spsce of
the variables Tl, T2, w and r, w0 runs were necessary since
the clustering programme, even in its modified form, bandles
a maximum of 10,000 evenis, Ag !'he even's were read from the
data summary tape they were alloertcl in strict numerical

order to the initial clusiters numherad L 19 10, Heuce the

initial composition of cluster 1 wasz thet of tvenls 1, 77,
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21, 31 eic. As {the events occur in no particular order on
the data summary tape then the initial s»llocation of events
to clusters was completely random., At the atsrt of the
first cycle therefore, the clusters must have been very
similer in shape end centroid value,

As CLUSTAN van, the similarity co-cfficient of cach
data point to each of the 10 clusters was cslculated from
the distribusicn of the shepes of the clusters in the viecinity
of each data point, and a data point wes reallocated to the ‘
cluster to which it was wost similer. In this way the apitdal
gimiJarity of the clusters and their centroids was changed.
After 20 iterations it was found {that there was no furthe
reallocation af deta points 1o clustere and hence thst a
ctuble

do'le?

soJuation had been found,
Table 4.2 below shows the breakdown of the dats from the
point of view as to which of the mass combinations, 1f any,

of M(xTa™"), M(«"p), M(r"p) that cluster coniributes siructure.

Table 4,2 Cluster Contents
Cluster:Number | XN(x"x”) | k(¥x) | Background Comments Xt
1t 1576 ° - - backeard »° decsy
2 1 1511 p© ~ - central ' decay !
3 3 3068 p© - - very forward n'deces
4 ¢ 2749 £° - - Forward n+ decay
5 1 612 cp, 10 - Yes ravall amounts of pca
gfo with lorge back-
6 ¢ 819 o0, 1° - Yes ground
7 : 1178 g9% ne - See Text
8 : 1207 o° - - backward =’ decay ;
9 1 2620 o° o forward = decay '
10 659 ‘ - e hackrreund culy
A e Tt e T B e e T i - - - -L- -— - - - e w ea— ——————— . Afn e ved T ma—ay
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Cluster 1 is dominéted by £ production snd exuminstion
of the decay configuvation shows that this group corresponds
to the 1° decaying with a backward »t meson in the T rvest
system. Similarly clustec 4 is dominsted by £ production
with forward decay of the associsted o meson. Troductiion
of the p° meson dominates c¢lusiers 2, 5, 8 smd 9 which
correspond to central, very forward, backward and forward
deecay of the »' meson in ibe po rest f{rswe respectively.
Baquround dowinasies the emall clugiers 5, 6 snd 10 with
some small mixture of »° and £° in clusters 5 and 6.

Pinally, cluster 7 appeurs to deumonstrate the production
of the go meson. By reference to the p% and £° production
it is apparent that thesce are seen in clusters which correse
pond to forward and backwsrd decayas. However, for cluster 7
wnich con correcpond to the forwerd decay diiection of the
rt from the g” nenhon, there is no corresponding cluster fox
backward dcety, A much more acceptable interpretation is
seen from the Van Hove plot of Fig, 4.1%(b) in whicﬂ it is
seen that bthis cluster could correspond 1o the diffrzetion
dissociation of the neutron target into pr . In terms of
this explenation the M{pn~) distiribntion of cluster 7 peaks
at ~3.4 Gel/c?,

4,7.3 The p° and r° signals

A Van Hove plot ol the tolal ssaple ol events is shown
in Pig, 4.13(a) for comparisoy both with the sienal extraocted
as cluster 7 (Pig. 4.13(b}) snd si‘h ihe plote sosociated
with the discussion which Follows,

It has been seen shove that the clusters 1 and 4 are

dominated by ° preducticn and that the clucters 2, 3, 8 2nd 9



(a) Van-Hove Plot
+ + -
T d+pspﬂ T

of total sample

(b) Van-Hove Plot of signal extracted as

Cluster 7.

—_————




- 84 ~

are dominated by 0° production. In thesc clusters there ave
4325 £° events and 9106 o° events. In the mixed clusters 5
and 6 there are 61?2 and 819 events respectively, out of which
about 100 svents are estimated to be p° ang £° by sketching
in backgrounds to the M(wa) distributions for these clusters.

© ang £© events into c¢lusters % and 6 is there-

The loss of o
fore less than 1% of ibe total signal. The fuct that there
is only a small amount of p° and £° gignal in clustera % and
6 is supported by an examinaiinn of the decay anguvlar distri-
bution of these clusters which does not show the characterise
tic forward and bockward peaks of p° or £° distridutions.

In this analysis, therefore, only the dominant p° and 1°
clusters are used. Clusters 1 and 4 are combiued and shéwn
as a Van Hove plot of Pig. 4.14(s), and eimilarly the o°
clusters 2, %, 8 and 9 are cowbined in the Van Hove plot of
Pig. 4.14(b). 1n both of these Pigures, hsckwardly produced
pY and £° mesons are to be seen but both are appavently decay-
ing asymmetrlcally with 4he o5 backwards in the o ond £°
rest systems. The missing forward decays of these backwardly
produced meson resonances are to be found in clusters 5 snd
6 (which contain po, £ ana background), but any enalysis
performed on the total sample would obviously be hiased
because of this loss end as a result, in the anazlysis of
decay angular distributions, only dipion systems produced in
the forward heuisphere of the overall centre of mass system
have been included.

It is worthwhile to poiut out that simple cuis on the Van

Hove sectors would not produce the ssme separation of data

thet is produced by the cluster analysis. For exauple, in the



(b) Van-Hove Plot for signal extracted as £°
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reaction n+p9pn+ﬂ0 at 5 GeV/c, it was shown in the previous
chapter that most of the pO signal could be extrocied from
the data by plotting only 1hose dipion combinutions falling
in the n~y mector of the Van liove plot. 1t is seen here in
Fig. 4.14(a) at a lower cnergy, that a large pevrt of the p°
signal would ve obtained in this way. However, refering to
Fig. 4.14(b), it is evident tbal most of the f° signal would
be lost,

Breit Wipner curves have been fitted to the dipion mass
spéctra shown in Pigs. 4.1%(s) wnd (b), thet is for the o°
and 19 clustered somlos respectively. The curves shown in
these plots correspend 1o the Relativistic Jdackson Breit

Wigner funection {(iaf, 4.2)

BU(H) = g T) g m) N
me T %o r(a)
25+l
where T1{m) = ry (gg) = the mass dependent width.

g = the momentum of a pion in the vesonance rest frome,
and the subscript 'o' corresponds to the psrsmeter velues at
the central vesonance mass.

These curves were fitted to the duta together with a linecsr
background. For the o° the filted values or the central mags

(MO) and width r_ were:

© s
My = 766 + 4 NeV/cf
I = 140 £ 6 beV/c?

fFor the fit to the £° meson sample the corvesponding values

are

Y

Moo= 1265 + 5 NeV/c?

e 120 1 5 WeV/e?
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Tn voth the Titted backeronund is very small,

Pinally in Pigs. 4.16(a) and (b) are shown the angular
distributions of the = meson in ihe Helicity reference frame
of the clustered o° and £° mesons respectively. Bolh of these
distlributions sre asymmetric, blased towards the Torward
decay direction of the r' meson, as was found previously ia
the analysis of +1lhe po snd £° mesons using mass cuts to
deiine the regione of tie signals, The distributions ervre
very similar between lthe {wo methods of selection. 1f thcre
is & difference then it is in the (act that the anguler
distributions extrscted by the method of cluster searching
are more sharp than those found by ihe earlier snalysie,
Indeed; thos shevrrness is a mceasure of the success ol the
clucter anglysis since the decay anpular distributions of
the po and 17 pesors ave sufficienatly diflferent that should
ihrre be much mixing of the p? and f° mesons in the clusters
then the §° decay distribution sbould be considerably broadencd
and the p° distrivution considerably sharpened,

4,7.4 Conclusions

It has been shown that iv the chaanel ﬂ+n+pﬂ+ﬂr, very
good separation of the po and f° signals is possible by tlhe
method of cluster searching in the 4-dimensional space
defined by 1he 3 porticle final siate of thig interection,

The apparent go signal is shown 1o be most likely due %o
diffraction dissociation of the neutron target, and Lrom

this point of view the (pyr~) mass disiribition shows structure
at M(pr™ )~ 1.4 Gev/ogp The subchsnuels = repo®, ard v oL

account for 53%3% and 23%% ol the chunael respectively and ihe
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diffraction dissociation to 6%, In total 82% of the channcl
corresponds to precise physical procenses.

Finally, it should be pointed out that the clustor snalysis
makes almost all of the p° ond £° signel seperately availabie
Tor analysis +heress conventicnal! mase cut technicues select
only about one half of the available sighal. Thie is seen in
its correct context when it is realised that 1o ohtain
cquivalent statistics 1o cluster analysis by using nuss cul
methods, as much film again would need to be exposced, scanned

and measured.
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Chapter 5 Demsity Mstrix Flement Analysis of the 0° znd £° Mesons

5.1 Introduction

A topic of particular inlerest in the study of neutral
T systems is ‘the spin structure in the region of the po and
£° mesons, and 1lheir production mechanisms in the n ~N inter-
action, In recent years these spin structures have been
examinegd very closely, and although the 0? and 1% mesons
have been primarily thought of as having spin-pavity JPmi"
and ot respecliively, it has now beconc genersally accepted
that there is a substantial s-wave (JP=0+) compounent resonant
near the p° region, the e meson, More recently, strong
suggestions of a substantial s-wave state resonant closs 1o
the £ nass hove been mede (Ref, 5.1).

b =tudy ol the production mechunisms of the pO and f°
mesons inmvolves tke computation of their spin density watrix

elements, » and in this chapter thesc quantitics are

mm??
evaluated In both the s~ and t-channel helicity frames.
Throughout tlis analy:is, the conventions used for the
co—~ordinste axes 1n the dipion rest frame are:
a) In the s-chennel (Hellclty fresme), z is equal
to the direction of the Gipion systew in the overall
centre of macs transformed into the dipion rest frame.
b) In the t~channel (Gottfried-dackson frame), z is
the direction of the beam psrlicle transformed into the
dipion rest frame,
¢) y 18 the direction (bern) x (ontgoing dipion) in
both frames.
a) The decay angle 0 is the surle Lelween the outgoing
positive pion and the gz~avis, in the rolevant refererce

o frame,.
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The sample of data vsed in this analysis are the signals

extracted from the channel 7@ - pspw+n" es the p° and £°

mesons by the cluster searching technioque described in

Chapter 4 of this thesis., For the p° meson, the results

obtained from the data are coupared with the results Lrom

events generated, by the lonte~Carlo simulation programme

FAKE, to simulate the experimental conditions found for

. . . N f
one-pion exchange inierzctions. Ilor both the p0 and €°

mesons the results obtained are cowpsred with those found

by using mass cut btechnigues to defline ihe regions of t{hese

nesons.

5.2

The Density Matrix

For s pure spin slate, the stete vector of the systen

can be written ao

Y= 5 ?m Ij,m>
m

and the expectation value of any operator, 0, in this systor

is

where <j,m|Q |j, k> = Q

Q.

T ooaka <jmlQl j,k>

<Q>
m,k

i

f

I a* a_ Q
M,k 1 k mk

nk is the matrix element of the operstor

For a statistical mixture of states by with probabilities

P;s The expectation value is

<Q> = I p, <Q0> = .1 p, b3 a*\” a(j)Q
. i i . Sl n k mk
i 1 n‘k

and the density motrix p is defined [vowr this as

— (i) (1) (1)
Pmk ~ f n am gk
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such that <Q> can be written as '
s 3 e Oy = T 6O = T (p00) (5.1)
9

]

The main properties of the density matriz P gmt 2TeF

7 . . . ° o nk
(1) 1t is Hermitien P Pomt F Mnin
(ii) It is an Unitary matrix : Tr(p) 2 Tr(pO = 1
(iii)Dizgonal elements are resl & positive: Pom > ©
m-m!
(iv) Yarity conservstion imposes - i N O )
"my"'n’ (“9-)

For @ spin 1 particle, the density watrix is

(1) = fe1; o9 o]
pTo 00 ~P10
-1 TPL0 P11

in order {0 express the decay angular distribution in
terms of the density matrix eclemente, the decay matrix elements
Amm‘(e’¢) must firstly be evalusted since, using tq. 5.1, the

decay angular distribution is

s - e *® ‘o
W(0y8) = 5 (opgr Aggr (0,0)) = Ty(ph*) (5.2)
It can be shown (Ref. 5.2) that for a pavrticle of spin 1
decaying into two spin zero porticles (po-ﬂfn_)

) g% 8 N

Ammr(0’¢) ™ DHM -Dmt)\ (55’5)

where the D functions are rotation matrices.

From equations (5,2) and (5.3), the expression for the
angular distribution in terms of the production density metrix
elements P mmt 08y be derived. In order Lo evaluate the
individual matrix elements. 1ue methind of moments has been

used snd this is explainecs in the next section.
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5.2,1 The method of moments

One method of determining experimentally the values of
the density matrix elements 1is the method of moments, The
decay angular distribution of a resonsace, from Eq. (5.2),
may be written

W(cos 8, ¢) = ljm' Ppm' Lt (G088, ¢) (5.4)

and the £ ,(cos6,¢) are known lunclions.

The average value L of a functicn f(con6,¢) of the

decay sngles 0 and ¢ is given by
_ 2m +1
f = dé¢ J d coso f(coso,¢) "(cose,s) (5.5)
0
-1

gsince W(cos 8, ¢ is normslised, i.e,
J de d coso W(cos0,4) = 1 (5.6)
0

The decay distribution for a particle of spin 1 decaying

into 2 spin zero particles is given by

W(cose, ¢) = --g {$(1- poo) + % (30, ) c0s2 g - P11 since

00

cos 20~ /2 Re p1o 8in 20 cos g } (547)

Wow, by inseriing (5.7) into (%.%) Cor 1he functions f

2 2 . )
of cos™ e, sin"p cons 2¢and sin 28 con ¢, the results are

L

«2s . 4
CO|) 6 == 5 (]. *- 2 poc’)
PPV IUU 4 (%.8)
sin“gcos 2 ¢ = =~ £ £q 4
e b e e e b e nster® N o1
£70 29 OB = - v c %10
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and hence from the experimental values for the averages on the
L.J.5. of Eg. 5.8, the values of the density mailrix elements

°00? .1 and Re o Can be found., The error Af on T is given

by

7 /1 (2372
2 £ _/n (ge - £9)
where n is the number of events,

5.3 The p? meson

e p° meson (Mess = 770 + 10, T = 150 + 10 MeV/cz) is
well known as having spin 1 and odd parity (JP = 17), Tn the
reaction w«'n » o v'n”, the possible exchsnge trajectories for
po production are those of the n and the A2 esons. In terms
of the production density matcix elements the dccay distribu-
)

tion for the »” meson is given above in Bg. (5.7). The

densaty matrix condition of trace uniiy imposes

w
L ]
O
~~

Pha ? 2‘].1.:']' {

In ¥igs, 5.1(a) and 5,1(b) are shown the distributions of
the decoy angle cos 8 for the s- and t-chennel reference fremes

respoctively. As can be seen frow these distributions, bthe

p© decay engulor distribution is asymmetric, Defining lhe

asymnetry parsmcicr n ss
B

n= g (5.10)

where I = no., of events with coso 20
B = no., of events «ith coso <C

nis Tound to te C,31 i+ C.04, This apymmetry con be

explained in terwe of ae ivterfearing cosunonce in the p¢

Ry

. . - Ny b
region, the co, with guenlum vumosre gt e oot 1a orace

thet the po production nechanicw ney be studied, taking iato
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account the presence of this S-P interierence, the dccay

angular distribution must be re~written asg

W(0,¢) = yra [pii cos’ g ‘%} sin®p ~ /7 Re pié 53In28 cosé

11 .2 , /5 - 10 .
- Py sin%o cosa¢l e [w 2V/2 Re o 5ine cos ¢
N e 10 o ....-:].: 00 5
t 2 Re Poo COB 6] 3 T o0 (5.11) .

In this csse the density matrix condition of tvece unity, due
to unitarity, imposes

11

11 00
Poo

-+ 2p1_L + poo = 1 (5012)

where, in Egs. 5.11 and 5.12, the superscripte indicate the |

spin to which the density melrix elemenl is associated, that

. 1t 10
= ow av ¢ = S of' = UL
is p a1 Touce P WaAve,p oy B S~P interirrence snd pmﬂ‘ pure

S-Wave,

Using Fonntior 5.11, the values of the p0 density met-ix
clements have Yzen calcvlcted, together with their ecrrors, by
the method of moments as described in seciion 5.2.1. The i
average vaiuee of the density matrix elements for bhoth the
s~ and t-chonnels sre given in Tables 5.1 and 5,2 respectively,
and also glver in these tables is the veriation of the density
marrix elemwents with t, the four momeatum transfer squared !
from the beam particle tu the »r system. The density matrix
elewents in these tables uve shown ic graphical form in
Figs, 5.2 and 5.3, agsin for the s~ 2nd t-channel reference
frames respectively. +4lso sbhesr 'n lhese figures are the
decay ougular distribucions of coné end ¢, and the predic-
tions of there quentitics from the =svaluution of tne density )

matrix elemcnts by intcgroting Bg, 5,11 aver cosd oy ¢ .
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These distributions are those for all t, such that the super-
imposed curves are those obtained from the average values of
the densily matrix elemenis. As can be seen from these
figures the sgreement between the dats and the calculation
is guite satisfactory, implying thei the extracted values
of the density matrix elemenls arc reliable,
One difficulty which is encountered in this type of
analysis is that the anuvnber of observables (the co--erficients
of the spberical harmonic expansion of the =w decay angular
distribution) are not sufficient to determine independently
all the real parts of the mixcd spin density matrix i.e. all !
the diagonal elements., As can be scen from the Tables 5.1 i

11 11

and 5.2, ° 50 and P31 are determined only in linear combina-

tion, und not indevendently., This ditficulty can slso bve

readily apprecieted on exomineztion of Eg. 5.4 £rom wnich,
s ey nd 4 o : 1L, 11 ) M+ A
eftev extracling terms in Poo 3¢ P13 rhe result is

r~ -

w(e, Poo? 911) = Z‘_%” 00826 (D%é-p%}) + p}%‘ i

2
~

- %? 1 pgg + 2 p%% (5.13)
.

s |

and from whick by the melhod of moments cosze yields only the
. . . . . IR 11
linesr combination of dengity meirix elements Poo ™ PIL°
Recently, attemple have been made 1o form an snalysis
in which the real elemenis of the density matrixz can be
extracted separately. For example, Eetsbrocks ard lsrtin
(Ref. 5.3) have assumed thal exchanges with gvantiun aumbers

of the Al meson are negligible, UYheee sssimptions reduce the

cyuations to & soluble sel: bloweveor thesc anclyses sre only '
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valid at very small momentum transfers, t<0,1 (GeV/c)z.

The distribution of momentum transfer from ihe beam to the
dipion system is shown in Iig. 5.4 and, as can he seen,

this distribution extends well above the value of % = 0,1
(GeV/c)g. As a result of this, no attempt has teen made
here to carry out sn Estabrooks and Martin anslysis through-
out the t range, However an analysis is presenled, which is
based upon the consideralions of helicity amplitudes +to

i% and pi% at swall values

estimate the contributions of p
of t.

In the discussion which follows the fact is used ihat
in the asymptotic limit of S/t (s is the centre of mass
energy esquared), the natural and unnstural parity cxchange
components in the productiion of a finel state ofepia J
helicity », |d, 2 can be written as

J .
N VA .
Ay = edd o edY, (5.14)

5.4 Digcusgica of the o density watrix elements

Inforzation relating to the exchange particles in the
g—-cnannel reaction ﬁ+n+pp° may be extracted by an analysis
of the t~chennel density matrix elements. In the corresvond.-
ing t-chennel remction np+X~en ", X is the exchange particle
in the s-channel reacltion. For the s-channel itgelf,
n+n4¥+pp°, the information on the ismoburic states Y can be
ex tracted from the s~channel density wafris elements, The
relationship betveen the n-chiouncet vhyeical interaction and
the t-chonnel reaction occcurs theough the nvalviicity of the

reaction amplitude and ecrussing symmetry (cee Aprendix A).
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The most relevant information on the reaction1ﬁn+pp°, apart
from the snalysis of the properties of the p° meson itself,
is the information on the exchanges involved. Thus the
broad part of this discussion is related to the t-channel
density metrix clements, and unless stated otherwise these
are the elements being considered.

For comparison with the experimental data, shown in
Figs. 5.5 and 5.6 are the donsity matrix elements in the
g~ and t-charnel helicity frames respectvively for 2000
events generated using the Nonte--Carlo simulation progsmne
FAKE., The events generated were of the type w4n+pp°, wlerxre
the p° meson was generated with a t'~dislribution from the
beam of the form:

I [ i
%%, = Q 10% where t' = t”tmln

and & decay distritution in the helicity fromc of

d(%gse) = 0,9 00329 + 0,1
The events viere generated with the above paraweters c£o as
to simuls te the distributions expected from a one pion
exchange mechanisn,

The immediate conclusion drawn frowm a compsrison of
Figs. 5.3 and 5,6 is thst, except at the small values of
momentum transfer +<0.075% (GeV/c)z, the experimental dist-
ributions are not compatible with those expected from a
sinple one-pion exchanre modcl,

In the experimental oara Woe cencity motirix element
p%}lg which 1s determined uniauely frow Ine melhod of moments,

is negative over the |i| venge 0.0 to O.?S(Gev/c)? and is
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either negative or zero over the |t| range 0.0 to 0.6 (GeV/c)?.
These facts alonc are sufficient to conclude ihal, from
Bag. H.14

! > ¥ for 0.0 ¢|t] <O (GeV/c)®

U% ~ N} for 0,075 < |t] 0.6 (Gev/c)?
U% < N% for |t] >0.6 (Gev/c)?

That is, the unnatural parity exchsnge component, pion exchange

can be said to dominate only at very swall values of |t|, The

effect of the A, pole (natural parity exchsmnge) cau oaly be

said to dominste for values of [t| greater iLan 0.6 (GeV/c)2.
In order to investigate further 1lhe smount of pioun

exchange present iu the expcrimental data, it is necessery

to expand the density matrix eleuwents in terms of their

0

associsted helicity amplitudes, If there were no e

interference in the region of the p © meson then the elemeut

p11

00 is predicted to teke the value unity for interactions

proceeding by one pion exchange. HYowever, with the effects
of €% interference the equivalent value for p%g for owe pion
exchange is the moximum allowed [rom the trace conditior of

Eq. 5.12, that is

11 _ 00
oS (max) = 1 ~ ® oo (5.15)
In the momentum transfer interval 1 . <|t[<0.025, the
values obtained for the dznsity mivix eleuments (p%i-p%%),

Re(o}%) and P11 Bre 0.657, ~0.137 end 3,030 respectively.
If the ossumption is made that in this swmall region of +

elither the gpin flip or the spin noa-flip amplitudes are
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negligible, the spin non-flip amplituvdes being zero for pion
exchange, then it is possible to extract from these elements
g% %% separately, This leads 1o an

assessment both of the pion exchange component in this

the values of o and o

region and the smount of interfering s-wave that is present.
Lxpanding the state in helicity smplitudes for the

p-wave gives

o, p=t%> = A,10> ¢ Alei¢+tl> + A ej¢"i«l>

1
(5.16)

i

lo s a=i > ¢~ 1> ~ A. ei¢+ {~1>

AOIO}’ - A 1

1€
where Ao’ A1 are the amplitudes; ¢, and ¢ _ are phase angleg
with respect to the helicity zero amplitude and the p-+z
refers to the helicity state of tke recoil proton. The
negative signs of lhe p=-% slate are due to parity conserva-
tion, and ihc relstionships betwecen tae awplitudes and the

density matrix elements are

11 2

Poo = 4 | )

O S S e > (5.17)
Re(pié) = % Ay A) (cosd, - coso )
9%31 = A% cos(cb+ -¢_)

The equations 5.17 together with the trace condivion
. PR S o3l 11 .
of BEq. 5.12 sre sulficient to selve fov £ oo and °3 inde~
pendently. In fact, 1here s1e two golutions bul for one
of them the valve of the density matrix :lemeni pgg iz zero

wnich ie obviously not the case since the decay anpular
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distribution of the p® meson is asymumetric., The values

obteined for the elements p&%, pii and pgg are

p%g = 0,69

o%% = 0,03

pgg = 0,25
Thus from ag. 5.1% the value of the density metrix element
p%% is very close (92%) to that expected for simple onc pinn

0O
0]

thal £ of the produced state is P-wave and + of the state is

exchange, The value of pg of 0,25 for this t region implies

S—wave,

Using this method of evaluztion of the density matlrix
elements enables solutions to be obtained fovr the valueg of

Hoend pit in the firet 3 ¢ bins of Table 5.2, that is the

p
cquations sre osclukle in the momentum trensfer interval

0.0 g|t] £0.075, which contains 40% of the p° meson data.
Above thas region of t the sssumption that the amplituvdes
corresponding to spin non-flip sre negligible is not con-
sistent with the extracted values of the pure pion exchange
component, and the equelions are also no longer unsmbiguously
soluble., Throughout the first % t-~bins the phase angles

¢, and ¢ _, between the helicity zero snd the helicity states
+1 snd -l respectively, retain the constant relationship of
¢+ - ¢ = 180°, Shown in Table 5.% below sre the values of
the extracted density matrix elements, the proporiion of P-
and s-~wave in the produccd vr gtate; and the cstimation of

the pion exchange component in the 4 rsvge 0.0 5|t| s 0.075.
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Table 5.3 Extracted Values of the Nensity Matelx Flements

)
"o brma ALY a e

11 11
Poo #Md Piq
o i -]n-;:m
2 11 00 5 . T ooy O
t(GeV/c) ° oy e e P-wave | S«wave| m-exchange
0.,0-0.025 | 0.69 | 0,0% | 0.25 75% 259, 92%
0.025-0,050 | 0.56 | 0,02 | 0,40 60% 40% 93% .
0.050-0,075 | 0,51 | 0.02 | 0,45 Ro7b 5 5% 924

An interesting feeture of the o density motrix e]ements;

appearing in the distridbution of Re(pég), ie 1he prouounced dip:

at a t value of about 0,6 (GeV/c)?'° This effect is attributled
to the presence of the Konsense Wrong Signatuvre Zero (ﬁWSZ)
point of the A2 pole, The value of thiz NWSYZ point is ohtained
by extrapolating bocek from the A2 pole in the Regge trajectory
diagram of Re(a(t)) aguivst nase squared., The value of %
corresponding to Re (a(t)) = 1 is t = 0,69 (GeV/c)2 for an
extrapolation gradient of 0,5, The dip in the distribution
of Be(pgg) agrees adequately with the predicted value of the
NWSZ whach is calculated neglecting the natural width of the

A -meson whiclk is 100+10 MeV/cz.

11

1-1
, . 1 1

negative for 0,0< 141€0,45 implying that Ul(s)>N1(s) and

In the s-—channel helicity frame the element o is

supporting the conclusion that the exchawnge is predominantly
of an unnatural parity state. The Y~chuancl density matrix
cleucnt Re(pgg), vhich occurs as the co-efficient of cosé in

the decay angular digsiridutior of Jiv. 5.11, srows a slow fall-

. . . . . ~ 8} , .
off with t. This implies that the o Jeccay angular distrib-

as

ution becowes less asymmetvic 1t increaves, a fact thaw is

~
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echoed in the t-channel distribution up to a value of | b

of 0.7 (GeV/e)z. Again, in the s-channel distridutions,

the experimental distributions are not compatitle with

those events generated by the programme FAXE except al very
small values of momentum trensfer, implying that a eimple one
pion exchsnge mechanism is inadequate in explaining the data

above |1 |v0.1 (GeV/c)z.

5.5 The £° neson

The £° meson (Mass = 1270 + 10, T = 170 + 30 MeV/c%), .
ig a well established resonant particle having spin 2 and
even parity (J¥ = 2*), Shown in Figs. 5.7(a) and 5,7(b) are
the distributions of the decay angle cos6 in the Swlaﬂd t-
channel reference lrames respectively lfor those events
selected as £° events by the cluster seurching technique,
the ssuple amounting to 43%32% evenis,

Two remarks may be made immediately, concerring the spin
structure of the £° meson, upon inspection of the deceay
angulsr distributions of Pigs. 5.7(a) snd 5.7(b).

(1) There is an asymmetry in the angulsr distribution

biased towards tne forward = decay configuration. For

the t-channel distribution the asymmelry parametern ,

as previously defined, is found to be n = 0.24 + 0,04,

Although this is not such & marked effecl ag in the po

decay angular distribution, the implication is that some

interfering P-wave component mugt be present in the data,

(ii) The central peak expected in ihe decay of a ot

particle into two 0 particles, when the 2" object hes

been produced by picn excnange, is avsent, This effect

“\\\\y\-)}:“‘g N(I:\I{‘ W
g 7 JUN DT
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is attributed to the presence of sn interfering s-wave
component in the same mass region as the £° meson, The
lack of a central peak has been reported in many previous
experiments, and although the general explanation is in'
terms of an interfering s-wave resonance it has vecently
been pointed out that the effect could also be explained
by the presence of & p-wave cbmponent, either interfering
or non-interfering,
The decay sngular distribution W(6,¢) for the process
2*+070" may be written in terms of the production density

nmatrix elements as:

ot

!

w(e,¢) = _2“ sinte (‘EZ+‘Q~2 cos 4¢) + sin20 (oll-pl_lcos 2¢)

P

2
o AY
+ 3 o, (cos”o- %) - 4 sin’ 6 cos 6 (Re(p 5q) cosé = Re(p, q)cosd )

4-/ % Re(ng) sin29(00829~%) cos 2¢ + 2 V6 Re(plo) sin 26

2

(cos“6 - %) cos ¢ {5.18)

and the density matrixelement condition of trace unity imposes
2 p22 + 2 Pll + poo = 1 (5019)

Using the method ot moments, the values of the pure spin 2
density matrix elemenis have been extracted from equation
(5.18). 1In Tables 5.4 and 5.5 are shown the values of ihese
density matrix elements averaged over all values of momentunm
transfer, and their wvariation with t for the s- and t-channel
helicity reference frames respectively. TFipure 5.8 shows the
distributions of the density watirix eleuents P oo and 1 with

t, and the angulsar distributions of cosé and ¢ in the Cottfied~
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Jackson reference frame, Also shown in this figure, as the
solid curves in the decay sngular distributions, are the
fites to these distributions ss predicted from the sverage
values of the density matrix elements of Equation (5.18).
The congequences of treating the £° sigoal ss a pure
D-wave spin system are clear:
(1) The density matrix elemente exhibil non-physical
values over some of thelir range and the ¢lement 0 oot
which is the square of the smplitude of the helicity
2 state, takes on non~physical values throughout the '
whole of the range of momentum transfer being considered, '
(ii) The predicted form of ihe decay angulsr distribu- ‘
tions of cos6 and ¢ , which are calculated from the overw
all velues of the pure spiun 2 density matrix elenments,
arc in very poor agreement with the oxperimental values,
This implies that the calculated values of the elenents l
of the density matrix sre not good estim.teg ol tle !
experimenial situation.
It is therefore necessary to consider the £° region as ‘
containing not only pure D-wave, but a mixture of S-, P- and
D-wave components., The evaluation of the Qensity matrix
elements is most conveniently performed in this cace by an
expansion of the spherical harmonic co-efficlents & m in
terms of the elements of the mixed J = 0, 1 and 2 density
matrix. This gives rise to a set of 1% equations containing
the real parts of 25 density mstrix elements (Ref, 5.4), The

density matrix conditiou cf +{race unity imposes, in this case
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20 02 22 . 11,11 .00 _
2 P00+ 2077 HPIE 4 Doy kR S A0 =1 I (5,20)

It is obviously impossible to solve uvniquely the values
of the density matrix elements, but an analysis has been
performed by the collaborating laborstories (Ref. 5.5) by

applying the positivity conditions of the Schwartz inegualities

t [] ]
if' /IQA; pf'i' (5.21)

to the expansion of the spherical hramonic moments in levws
of,the density matrix elements in order to determine regions
in which these elements must lie,

In this thesis a method has been used for the £° dénsity
matrix elements similar to that previously described in the
sections discussing the o° meson, in which limitations have
been put on the possible populstions of the various helicily
states in order to solve at low t for the density metrix
elements. In the lowesl psrt of the t disiribution for the
£° meson, 0,04 ¢ |t]<0.07 (GeV/c)?, which contains 12% of the
£° meson data, all of the experimentally determined moments
with M # O are close tc zero. Under the hypothesis, therefore,
that only the helicity zerc states of the (nn) system are
occupied then ibhe epherical harwonic expansion of Ref. 5.4

3

contracts to a set of 5 equations containing 6 density matrix

elements:
_ 1 21 5 10
e 1 .
8,0 = l__{g VRSO AN I BV f éof (5.23)
Yay
1 \
a = e 2 5
30 = 6 ﬂ%— pog (5.24)
1 22 ,
E).40 -—)};{ '.7" pOO ‘ (5:25)



and with the trace condition

22 11 00

Poo ¥ Poa tPoo = F

these equations can be solved for the combinations pgg, p%% + pgg;

13, /5'952 . pi% and p%g. The elements of most interest are
Poo end (p%% + pgg) which give the proportion of the observed
ar State due to D-wave and S + P~ wave respectively., Tt is
unfortunate that in this analysis it is impossible to Turther
separate the S~ snd P~ wove components, but from the evslua.-

tion of the spherical harmonic co-efficients the values of

the density matrix elements are:

22

Poo = 0.45 x 0.09 ,
(5.26)

it 4 50% = 0,55 4 0,11

These two results state thet, in the 4 region being considered
of 0,04¢|t|50.07, (45 + 9)% of the cbserved state is duc o
production of a d-wave wr system whilst (55+11)% comprises a
mixture of S- and p~waves, Above the first t bin the values
of the sphericel harmonic co~efficients corresponding Lo NgO
are non-zero and therefore no similar assumptions concerning

the population of helicity states can be mades,

5.6 Conclusions

The main paris of the previous discussion concerning tue
spin structure and production properties o the (r'x”) system
o« - e} ln 2
in the regions of the po end X cewons are gumnerxized in the

gections which f(ollow,
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(a) The p° region

The expansion of the decay angular distribution
ﬂ(e,¢) in terms of the mixed spin Jdensity matrix elements
for J=1 and J=0, as given in Eq ., 5.11, leads to a good
description of the experimental data. Using an helicity
amplitude snalysis at small values of momenium transfer,
assuming that the nm state is produced by a spin-Tlip
mechanism, the relative smount of P-to S—-wave compouent in
the 1" system is 2:1, The S~P wave decay phasc dif-
ference is cither 0° or 180°, Up to a |t| valuc of 0.075
(GeV/c)2 the data are compatible with ~Q0% pion exchange,
and as |t| increases so the natural perity exchange com-
ponent, A2 exchange, becomes significant. The data show
a dip in the density matrix element Re (p%g) at 2 value
of |t| consistent with that expected from the presence of
8 nonsenge wrong-signature zero point of the A2 pole,
and there is evidence of a decrease with increasing |t|
of the relative amount of s-wave component in the ﬂkﬂ"
system,

(v) The £f° region

An expansion of the decsy aagular distribution in
terms of the pure spin 2 density matrix for the process
2¥5070" is inadequate in explaining the experimental data.
The decay angular distribution of cosé is itself
sufficient to infer that there is £ substantial S~ and
P-wave component in this region. 4n analysis of the
low |t | repion considering the mixed J=0, 1 and 2
density mairix, and assuming that only the helicity

zero states of the produced am syztem are populated,
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leads 1o sn estimate of 1he relative amount of D-wave

to 5~ and P-wave combined ss spproximately 1:1.

5.7 Comparison with mass cut techniques

An examination of 1he spin structures of the p0 and
£° meocons bas been made by the % collaborating laborstlories
(Ref., 5.5) in which the signals used as 0° ond £° were
defined by mass cut techniques. The vegions of M(x +~
selected were
for the p” meson 0.68 ¢M(rt1™)< 0.88 GeV/c2
for the £Y meson 1.2O=;M614n")a 1.34 GeV/c2
The results of this analysis are now bricily reviewed and
compared with the results of the analysis performed here on
the signols extracted as p© and r© by the clustier scarching
technique,
(1) The p? resion
The analysis showed that the natural parity exchange
cocmponent, A2 exchange, is less important at 4 GeV/c than
at higher energiesj and further that at low [tl values
the pion pcle dominstes through the helicity zero ampli-
tude. This is in agreement with the results presented
here on the CLUSTAN extracted signal for the p° meson,

(13) The £° region

Components corresponding to 8-, P~ and D- wave
production of the w+q" system were found to be present
in the £° region, In the sauple extraocted by mass cut
technique the proportion of pureDd -wave in the atn T
system at low valucs of momentum trarsfer was found to

be (34+10)% compered with (454C)% by the CLUSTAN technique.
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Extending the mass cut analysis throughout the | t] range
available, it wess found that there was always a domina-
tion of unnatural parity exchange in ihe interaction and
that even at high values of |[1| the amounl of pure

d-wave present in the dala did not rise above 80%.
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Chapter 6 Coherent Deuteron Tuteractions

6.1 Introduction

The reactions considered in the earlicr parts of this
- thesis have been concerned with interactions of plons on the
neutron tavget provided by the devteron., These heve been
selected from a total number of events the remainder of
which correspond largely to pion interactions upon the proton
of the deuteron., A small fraction of the total number of
events however, is due to the interactions of ihe pion with
thelwhole of the deuteron in which the decuberon emcrges as
one of the final state particles,

At the present stage of the experiment the events avall-
able for analyris sre lhose whove the number of plons is

. + +
three, and cowpriscs W w

1. 'Thot is, events where the finol
state particles are given by:

f'd s dnt A Resction C

In terms of Peynman exchange diagrams, the two basic
processes which are involved are shown in Pigs, 6,1(2) and
6.1{1).

The semple of events is not made up entirely of those
described by Pig, 6.1(a) and (b)., The formstiou of final
state deuterons by "pick-up" processes is well known and it
is expaected that, for example, there may be contributions to
tonis chonnel from recctions such as thet described Ly the
Feynman diagram of Tig. 6.%(c¢). Tn this diaprau the forma-

tion of an intcrmediste A(1236), by 2 pi-mesou with one of

the nucieons within the deuteron, ig repregsented. On the



Fig, 6,1

w,{ exchange

ez,
i e PN
LY,
gy, &3
SNRGY

(a)

!
d N, _nﬂ‘”""d

pars g

(b)

T

N‘N o o

ey
T -y
T A,
L d

\14
L

w1 (dommo.n *’) Q?Q}\QASQJ

d e ™ E

7T exchange

w
IR

+
t

swomaeneign 1§

X

(e)

Feynman diagvamns {ar

7 exchange

v
‘L—A.';«rs’n‘-"“"" J

a
+

+ + 4 -
wd - de wog

nac:‘g‘i‘::?uw- oun nn“fb ‘-" en
u%‘h*

N"ﬁh

't



- 110 -

subsequent decay of the p, the released nucleon is picked up
by the remaining nucleon, again formiﬁg a deuteron,

The process of Fig. 6.1(a) proceeds by pomeron-type
exchonge (i.e. no guantum numbers are exchanged) and is
known ag inelastic diffraction scattering in which the
% pion secondaries are produced by the diffrsctive break up
of the primary pion.

The second process (Fig, 6,1{p)) proreeds by pion-iype
exchange and these two processes together represent the
truly coherent processes, that is the intersction is on the
deuteron as a whole,

In diagrem (a) of Fig. 6.1, the interaciion is

+ + + - 3
T —T T T pion vertex
d — d " deutoren vertex

In this diagram the posesidble exchange particles sre
the poweron (F) and the f%-meson, and the three pions are
expected to be produced moving forwsrds in the centre of
mess frame with the deuteron continving backwards, Cone
servation of quantum nuubers imposes that the three pions
must be in the same stute as the initial pion, apart from
orbital angular momentum and parity related by %“ﬂ (1)
In this casse, since the spin of the pion is zero, thc orbital
angular uwomentum ( 2) is equal to the overall angular momentum
(J) of the tripion system. JIsospin consevrvation imposes that
the tripion system must have IG:J". The possible final

gtates for the tripion system are given below

1=1"(07)>7wmn 16 (JP)

17(07) s =0
1” i; N
17(2 ¢ 222 ote,
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Thus the flnal states sare those of IG

=17, and in the
wunatural parity series; hence it is possible that the
tripion system is produced as the Al meson bul not as the
A2 weson,

In diagrem (b) of Pig., 6.1, wherethe first two possible
exchange particles are the n-meson and the A2 meson, ihe
parity of the meson vertex dipon system is given by %ﬂ = (“1)10
Showl below are the possible final states for the dipion
system, enforcing the fact thal for any 2-pion sysiem iy T
is even both C and P are even, and if I is o0dd both C end F
are odd. Again the orbital angular momenium (3) equals bhe

overall angular momentum (J).

a=1 (05 8,20 g=1 =0 ete
I=0 of(o") - o*(2™)
I=1 - ) -
T2 2¥(0™) - 2t (2™)

Ixamination of the various predictedstates shown above
for diagrsm 6,1(b) leads to the expectation of production of
such mesons as the €(07(07)), o(17(17)), and it the centre
of mass energy were high enough the £ %~meson (0Y(2%))., The
po meson msy, of course, be produced from disgrsm 6,1(a)
after the decay AL -+ pm,

In the collaborstiion of this experiment, lhis channel
has been gnalysed by Birmingham and Durham simulianeously,
Birmingham concentrating on an Ascoli Spin~Parity analysis
of the tripion system, and Vurham on resonance production,
In this chapter, Tirstly the characteriutics of the whole of

the chonnel will be examined from this (resonance production)
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point of view and secondly, wethods involving Van Hove plots
and Cluster Analysis will be used to divide the events into
those corresponding to diffractive production and those
corresponding to other effects. Where necessary, refereuce '
will be made to the work carried out at Birmingham. The

whole analysis is preceeded by a discussion of the ambigu-
ities of the events and quality of the datas and the cross-

gection of the coherent channel is calculsted.

6.2 Selection of Events
‘ Since the deutecron in flight corresponds to a protor and
neutron moving with the same momentum and with zero degrees
between their trajectories it is expected that errovs of
measurement will lead to a contamination of the dewteron
channel from events of the kind
aTd > pnatat e (1.0, pen i) Ambiguity C1
where either the final stste proton or neutron is a spectator
nucleon and where the proton end neutron are of similar low
momentum and moving in the same direction, This ambiguity is
resolvable in the case of 4~prong events where the fit to
reaction C is a true 4-C fit, but in lhe case of a 5-prong
(unseen deuteron) cvent the swbiguity is very difficult to
resolve (Ref. 6.7) and thus only 4-pronged events have been
used in the analysis,
Generally, experiments have found up to 15% contemina-
tion of the coherent channel with’the 1-C p-n fit. However,
at the energy of this experiment ond with HFD measuring

accuracy the contamination expected from this source is small,

being <5%, Tor exsmple, Vegni et al (Ref, 6.1), at an incident
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pion momentum of 6 GeV/c, found thst only 24 of their
original sample of coherent events wexe excluded sfter
tests (describved below) to remove the smbiguity G1. For
these reasons the 1-C p-n fit was not considcred 8 serious
contamination, and any event which gave the 4-C coherent
fit was assumed to be truly coherent in preference to the
1-C ambiguity Cl.

This assumption, that the 1-~C p-n fit is not s sig-~
nificant contaminate of the sswple of eveuts giving the
4~b coherent f£it, has been confirmed by an exazmination of
the mass of the p-n system, the opening angle epn between
the outgoing proton a2nd neutron, and the ratio of the
momenta of the proton and neutron, in the ambiguous fit
to reaction Cl, The tests which are normelly used to
distinguish between the coherent and 1-C p~n fits ore:

a) Msss of the p-n systeun

For a true cvent in receciior C, the mass of the
P-n system in smbiguity C1 should lie in the
deuteron mass,

b) Opening sngle epn

For the channel = d+pnn' w7, coso pn Should be
an isotropic distribution. what is seen experi-
mentally is that cos epn has 8 strong peak at
very small angles (cos 6 pnwl) end it is only
events in this pesk which also give the 4-C

+

coherent £it v a+dxtata~,
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) R =T/ By
Prom range momentum considerations R, the vaiio of
proton to neutron momente, is determinced to be 1.54
for the rcal deuteron misinterpreted as a proton.
Tho.distribution of X for ambiguous events shows
a strong peak at this value, indicsting those
events which arce coherent cendidates.

At Birminghom, the selection criteria

W(p,n) < 1.882 GeV/c?

Cos epn> 0.9

R(=P /R, ) = 1.5410.3
have been applied to the ambiguous fits to the coherent
channel, and iv was found that <4% of the original fits
were then rejecved, ‘' tigs. 6.2a, b and ¢ show the distribhvtions
of M(p,n), cose on and R respectively for ell eventa fitting
the ambiguity = d+pn n+n+n", and the shaded distributions in
these figures indicate those events which give the conerent
fiv, showing clesrly the features deccribed above, justify-
ing the use of the total 4C'samp1é.

The reaction C also has 8 small ambiguity with the 4C
channel. 1?dapp1¢1r and, since this is a more likely 4-C fit%,
these events have been excluded., Finally, a qrobability cut
has been made st the 1% level lesving a sample of eventg

used in the analysis amounting to 1082 events.

6.2,] Channel Cross~-Scction

The cross—section for the coherenl reaction v d+dn a n
has been estimated, allowing for a beam conteminaticn of 5%
and taking into account the rveactions that vieuld give an

unseen deutlerou in the Tiual state (w207, see ref, 6.2) cs
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o rrg-d st 7)) = 316 + 26 b
and honce one evenl corresponds to a cross section of ,
0,292 udb,

62,2 iomentum Transfer naud_Coberence

Since, in a definition of a cokerent interaction, *he
intersction is dcmonded to be on the deuteroun as a whole
nuch that the deuteron remains intact throughout ihe event
and ewerges as one of the fipsl state particles, it is possidle
to calculate the magnitude of a bypical momentum trensfer for
such an event,

Using the definition of momentium transfer 4 (see Appendix A)

- ? " N i o 11t g v ‘

t o= EMb - 2°DMb MD = deuteron muys
= ZMD(WD—ED) By = ﬂ?ﬂt??@ﬂ eNcILyY
EE 2.[&":0‘.'1[)

where TD is the kinetic energy ofthe devteron., Since the
final stete devteron is non-rclasivistic, then

T o= - p?
that is, the wodulua of the wmomentuwm iransfer is egual to
the magnitude of the three momentum squared orf the final
statec deuterorn. The size of p for a coherent recaction can
be estimated by demanding that lhe iuncident perticle does
not resolve the structure of the deuteron. Taking the '
deuteron diameter Ax a2 Permi, then from the uncertsinty
principle, Ap ~ 200 MeV/c. This leads to a typical momentum
transfer, in order thut the deuteron does not bresk up, of
.t o= 0,04 (ueV/c)g. Below this value of 1 there is a negli-
£ible probebality of splitting the deuberon, whercas aﬂove

this valuc the probanility liwcresses vepidly.
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6.3 lInveriant I'ass, and Angulsr Distributions: Meson Systems

In order to facilitate the separation of the varclious
kinematic configurations described by the Teynman diagrams )
in Pig. 6.1, it was found to be necessary to devisc some

mechanism to distinguish between the two positive pions

I'{-
f
(fast ﬂ+) was made as being that positive pion with the

present in cach evenl. To this end a definition of 1

largest longitudinal centre of wnass momentum. The other
positively charged pion is then w4s(sloww+). Thus in
diagram 6.1(b) the " produced at the meson vertex is

expected to ber s whilst the xt produced at the baryon i
f i

+
S

6.3.1 (1T, 77), (07 .77 spectre: the plmeson

vertex is expected Lo be «

[

Fig., 6.3 (a) rhows the invariant mass distribution for

the dipion combinswion n+,, 7 « The dominant feature of

1
this disirivbution is the p° rweson. Shown in Fig. 6.3 (b)

is the mass distribution of the (“+s“ﬁ) system, and as

can be seen from this figure, there is some swmall amount 5
of po.signal still present after the distinction between
w+f "+s has been made, The decsy angular distribution, in
the Gottfried~Jackson Frame, for all 1#£ 7 combinations
whose mass falls in the region O,665M“+f1r50,86 GeV/02 is
plotted as the shaded histogram iu Fig,., 6.4. It will be
noted that there is a large asymwetiry in this distiribution,
biassed towards the forward decay of the 7 meson in the
00 rest frame. Most of thas nsymeetry is due solely bo

the method of selecting the x " aswociated with the p° meson,
for vhen this daistributicr is compared witlh the unshaded
histogram in Fig. 6.4, in which the distribulion shown Js

3
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for all '« pairs (whethor 1ﬁf or w+s) whose mass falls in

the ¢° mess region defined above, the asymmetry is reduced.
In the unshaded bistogramn of Fig. 6.4, any event for which
both n7n" mass combinations fall in tho p° region is given
weight l/2. It is apparent from this figure that only ~10%
of all "real" % mesons are lost becsuse of the selection

+ + . : . .
T ops T oge The kinematic reason for losing p° mesons is

8
thal ifT they are produced moving with low longitudinal
centre of mass momentum (PL) then when, on decay, the w+
meson is produced woving backwards iu the po frame, it is
possible for the x' assoniated with the o° decay %o be
moving with & smallexr PL than the other n', in the overall
centre of masg frame., This explains also the fact that the
po mesons sre loet from the backward poing wh decuy contig~
uration,

Another method widely used for tagging the n+ mesons
ig 1o define w{ (say) as the member of that 1™ combination
which is produced with\the smaller momentum transfer to ihe
beam, This method (Ref, 6,.2) appears to be no more success-~
ful than the simpler method used here since the vercentsge of
lost p° events compsres well at ~10%.

The forward-bsckward asymuetry psrameter n, us defined

in Chspter 5, for all 0% mesons 1s evaluated as

As described in Chapter 5, this asymme tyy is attribuisble to
the presence of an interfering u-weve uwr system resonant near
the p° mass, the e meson, Unfortunately, it is not possible

t0 invoke uny restraint on the smouvt of possible Al prodvction



- 118 ~

from the presence of the ¢ meson, since the Al can decsy
into em {e7 in I=1 state) just as it can into e°n (pn in
1e=0 state).

6.%.2 The Tripion System

The luvariant mass spectrum for the tripion system is
shown in Pig. 6.5(a). AlJthough one would bave expected to
see a peak at the AL mass region (M(A1)=1070 MeV/cz, Po=
200~400 Mev/oz) there is no evidence for such & resonance,
There appears only a broad enhancement throughout the whole
tripion moss range. Since the Al decays: Alapn, it may be
fhought thot seleciing & (r7r™) combination in the o° mass '
would emhance any possible structure sround the Al meson, '
However, since the Al signal is obviously weak if it is

present and since e

mesons are produced iu v65% of the
events, ther solecting the » virtually selects every event
and 4oc¢s nct specdllically enhance the Al meson. Indeed,
kinematically, wuy {ripiom cysten with mess ss in Fig. 6.4(s) !
is bound to give onc combination of the dipion masses in the 1
p region; conversely, any dipion system with wass in the '
p meson will give a tripion mass near the Al mass,

The effective mass distribution for the = " system is '
shown in Fig, 6.5(b). As is expected, since no Ispin 2
(exotic) mesons are known, there are no enhancements in the

spectrum of this system.

s

In searching for enhancements in (dx) ~ystems, the
mechanism being considerosd is bagically that of one~pion
exchance ag indicated in fig, 6.1(b). "Yhet is, no coniyi-

bution from pomeroa-tyr ¢ cxchange is expernted in ikis contlext

PIERE 4
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There arce, of course, more compllicated exchange mochanisms
such as the pick-up process shown in Tig. 6.1(c), and these
will be dealt with as evidence for them occurs.

6odol The (z' d) system

The effective mass of this system is shown in Fig. G.6(a).
The very clear enhancement at M(xd) ~ 2200 MeV/c2 haz been
noted inm several experiments (see table 6.1 below)., This
peak is the d* eﬁfect and here it is seen in the gett mode,

2
the mass region defined as the @ * being: 2.0siM(wd)<2.,4 GeV/c

Table 6,1 %D* For Vsrious Incident Momenta

Bean HMomentum GeV/e | %D * Ref
3.7 35 | 6.8
4,0 45 This cxpte.
4.2 40 6,2
5.04 36 6.4
5.4 15 6.5
6.0 10 6.1
8.0 10 6.6
1L.7 12 6.7

In order to determine whetber or not the & is a
resonance, it is necessary to examine the decay sngular
distribution. Fig. 6.7 shows a plot c{ the cosine of *he
angle (din”dout) in the d&* rest syatem (Gotifriecd-Jackson
frame)., As can be seen the disteibuticy in very forwarc
peaked, and either very high terms of ¢ in legendre Poly-
nomials (za2 P2 (cosb)) or very laerge intevference terus

will be required to Lit the disteibulion. This asyrmetry



"b %, 4DvPa O/A®S p IO SUOTINATIISTP SSEW IURTIRAUI 9°9 °*Bia

i S o
A W N ee mw B2 o"m ot Nu\.mmw o¥ v ze ez vz oz 9
T - e I m
m U . |
| ]
L iy Lr i |
| 1 7l " "
| = m , 1
J W, _.~ uj m J 3
, ~ . oz | i oo
r_ (- .
Ml m.wm -m Av..thZ |
]l _ i
I \ m

- |

ﬂm . GE L 06
[
-
It (2)
Ul eeda (U
.r L. O - Q2
ASqURN Log ASEMNL O5:



EVENTS/O-04

Fig. 6.7

100+
Cos 8 D(N) TO D(ouT) IN D®
Curve is Regge Model by Berger 1
804
B
60
J
40-
20+
3}
S |

~10 ~0'5 00 05 1O
cos 6



- 120 -~

is inconsistent with a particle of definiie spin and perity
and it is therefore councluded that the d* is not a resonance.
An explanation of the d* effect has been suggested by
Eisenstein and Gordon (Ref. 6.2) using s oune-pion exchange-
type model of the form of the Feynman disgram of Fig. 6.1(c).
The d* is assumed lo be an enhancement in v d scalbtering,
which results from the formation of a A(1236) by the pion
with one of the nucleons within the deuleron. As evide:nce
for this it is noted that experimentally

M(a*) = M(a) + M(N)
. When the A subsequently decays into N7, it does so in such
a way as to leave an intact deutcron in the final state.

I1 is possible, on a very simple nicture, Lo give a
plausibility argument for this type cof effect, without
requiring the deutcron to be broken up into its twon nucleonic
constituents,

The lifeiime of a A (12%6), v10"%% gees, is comparstle
with its time to cross the deuteron thus there is sufficient
time for the A to decay within the deuteron diameter., Also,
in the decay of a A at rest (A »wN), the momentum of the
nucleon is py 200 MeV/c, According io the Hulthen distri-
bution (see Appendix B) of nucleon momenta within the
deuteron, ~10% of nucleons have a momentum 2200 MeV/c.

Thus one may conclude that 8 nucleon glven an impulse
equivalent to a kinetic energy of ~20 MeV, could be captured
within the devteron potential well, 1o {orn a final state

deuteron.
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6e4.2 Momentum Transfer to the dF

The t distribution from 4 to d* is shown in Fig. 6.8,
The solid curve superimposed on the histopram is that cal-
culated from a simple one pion exchange (OPE) periphcral
model, with a pion propagator of bthe florm:

Pr = 1 0 (See Appendix C)
(td* - m2 )
T

and normelised to the data for 0.1s|tgl<0.6 Gev/c)z. As
can be seen from the figure, the fit is satisfactory., The
reason for the lower 1limit of |4|=0.1 (GeV/c)? in the
normalisation 1is that for some events tmin may be large.

(ty3, v0.08 (Gev/c)?.

64403 Decey Aneular Distribution of the a*

The distribution of cos® from incoming to cutgoing
deuteron in the d* rest system was shown cbove in Fig. 6.7.
In this case the superiwmposed curve is from 2 2zlculstion
given by Berger (ref. 6.7), using a Kegge=pnic eivhange
model with a trajectory for the vica glven by

_ 7
u(td*) = td* - T 'n'

where %—% « g“(t)"a s = (¢, of mcnergy)2

Here, also, the fit is adequate slthouyr the agrecnent
between model and experiment is not =zo close s in the

fit to the t distritutlion by the simple OPE model descrited
above,

6e4.4 Angular distribution 10T in the %

Figure 6,9 zheas the distribution of cosa (8
in the (@x) system, [or a mass of (dn)>2.4 CcV/cg.

distritution is even more forward pesk d 15t thzt of Cthd?
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Fig. 6.10

Feynman diagram of Deck effect,
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in the d* mass region. This type of angular distribution
can only be atiributed to a highly peripheral type of
interaction., The Feynman Diagrain shown in Pig. 6,10,
illustrating the Deck Effect, is employed in the explana-
tion of this procesrs where it is thought that the exchauge
pion is elastically scattered from the deuteron, This
elastic scattering is equivalent to pomeron exchange, the
deuteron experiencing only a very small momentum bransfer,
and thus its momentum vector is changcd only slightly in

angle.

6445 Mass of (q; ,4) system

The invariant mass spectrum of the (nf ,8) system is
shown in ¥ig, 6.6(h), where there is a complete absence
of &% signal, as is expected if the ﬂ; is associated with
the mesor: vertex. The rather brosd enhancemcubt in the
distribation st M(v} , d) 3.3 CeV/c® is the result of the

reflection of the & meson formed in the (n; )n") pair,

6e4.6 Mass of (w7d) system

The mass spectrum shown in Fig., 6.11(a) is the effective
mass distribution of the (n7¢d) system, The definite peak at
M(7 d) ~2.15 GeV/c2 is the non-charged mode of the d*,
Employing the Feynman diagram of Fig, 6.1(b) it mey be seen
that the background under any signal can be reduced by elimi-
nating any events having a(vi'f', n") cowbination in the p°
region., Fig. 6.11(b) shows the distribution of M(w]d) where
events with a p° meson in M(@? , T ) have been removed, The
a*° peak, although reduced in intensity, is still clearly
visible; furthermore, removal ol pzirs of (ﬂ+sﬂ") in the 0°

mass region does not affect the 4*° pcak, merely reducing
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the signal above 2.8 GeV/c2.

6.5 Summary of Results

The channel nd+dn 7 " is dominated by production of
the o° meson, sccounting for v65% of the n speclirum, and
the d* effect. The rho meson is produced meinly in the
o combinatiion, where n; is the ™ with the largest Jongi~
tudinal centre of mass momentum, and the & ie produced as

a) The & T in the dr's system

b) The % in the dr” system

where gjji 5

LAV )

d*o L

The d* enhancement is explained in terms of the bhox
diagram shown in Pig. 6.l(c), one pion cxchspge snd Regge
pole calculations fitting the data quite well, especially
the peripheral model celenlstbtion fit to the t diatbtribution
of t (d+d%). The selection criterio bssed upon 1% , T
are o8 effective 35 consideraiions based upon the momentum
transfer to the L system: about 104 of all real p mesons
being excluéed. Although it is difficult to exclude any
production of the Al wmeson, the invariant mass distridbuiion
of the tripion system lends no weight Lo an srgument for its
presence, The Ascoli spin analysis carricd ouvt at Birwinghsn,

nowever, has indicated a substantial 9% = 1%

at system consistent with Al production {Rcf. 6.9).

component in the

The high mass (dn'g) system (M(dw)>2.4 GeV/cZ) may be
thought of as either elestic scattering on the deuteron by
the Deck mechanism of Fig. 6,10 or the inelaslic process of
Fig, 6.1(b); +the nature of the decay angulay distrabution,

however, implies the former of these two rroecusses,
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6.6 Discussion of Results

A compsrison of cross sections, for the coherent

channel ﬂ+d+d1ﬁ1ﬁvr, for various incident momenta is shown

below in Table 6.,2.

Toble 6,2 Vsriation of X-Section with Beum Momentun

Moggigum Xzi§§tion Reference
(GeV/c)
5,7 4204 6.6
4,0 316+25 This expt.
4.2 304470 6.2
5.04 324425 6.4
5.4 528+37 6.5
6.0 300450 6.1
8.0 344435 6.6
11.7 45%+30 6.7

Apart from the very large cross-section quoted in entry
number 5 of Tsble 6.2, the cross section for this channel
appears independent of energy. %This is consistent with a
diffractive process, the pomeron trejectory dominuting,
which leads to a prediction of counstsnt cross section as
the centre of mass energy squared, s,» =, However, since
the 4 * effect (Table 6.1) is present, and the cross section
for this proccss, which is a definite indicalion of a pion
exchange component in the data, f{z2lls as’bp"2 (p = incident
momentum) then there is an jwmediate contradiciion of the
assumption of a diffrsctive crocess drewn from the channcl
cross—gection data., Subtraciion of this picn exchange com-

ponent leads to a cross-seciion o the non nion—exchanse
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component which rises approximately s@s p2 up to a centre of
mess energy of V6,33 CeV/c? (entry 6 in table 6.2), and
then remains constant.

In order to atiewpt to resolve this ambiguity, the
distribution of the events in the 4-body Jongitudinal phuase
space plot has been examined. This plot is shown in Fig, 06,12
where the 2 Van hove angles are plotted. The numbered areas
correspond to the reaction configurations shown in Fig. 6.13.
The s0lid lines arc those of zero longitudinal cenire of nass
momentum for the various particles gnd the broken lines
cerrespond to a transverse momenium of ~200 ﬁeV/c. The
region werked 5 1is that in which evenils of the type shown
in Pig, 6.1(a), 1hat is diffraction dissociution evenis, would
be expected to fall, Tnspection of this plot lesds 1o the
conclusion that there is not 2 significent smount of reel
diffraction dissociation present in the data., This would
account for the fact,inferred from the lack of events in
region 5, thet there is no substantial production of the Al

meson,

6.7 Cluster Analysis

6.7.1 Choice of Variables

In order to search for n dimensionel clustering in this
channel where there are 4 particles in the final state :
dn+n+n’, 7 variables are required to describe the systeu.
The variables chocen were, 2gain, those recommended by Dao
et al (ref. 6.10), ¥hen considering the definitions of the

Van-Hove variables for a three body final state (Chapter 3),

it was found that the ¢ of m longitudiral momentum distribution
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was defined wiibin a nexagon. In this case the longitudinal
momentum distribution is defined within e cuboctahedron as
shown in Fig. 6.14. The three Van-Hove variables defined
within this figure are the two Vsn-Hove angles 04 and 0y
and the length of the radius vector ﬁ. These variables are

defined as:

2z, &

R =//;Z L qz_j
i=].

= cos™? (%@)

n'"l fg(qﬂ+2 - q_'ﬂ"")
3q

ta

°2 + + 4d

1

where ’qa' represents the ¢ of m longitudinal momeuntum fox
particle 'a', Three other variables used are the kinetic
energies of three of the four perticles: « ¢, n~ ond the
deuteron., The sevenih varieble recommended is the invariant
mass of a combination of the final state particles. It is
essential that great care is taken in the choice of which
particles to group together for this seventh variable., The
introduction of biases into the analysis wss avoided by
choosing two particles whose invariant mass distribution
showed no resonant shapes., This restriction leads to the
choice of the mass of the two positive pions as the best
combination since, as can be seen from ¥ig. 6,5(b), their
mags distribution contains no structure, Thus the seven

variables chosen for ihe analyszs were: o

>

1
do

8y Ry Tﬂ+f’

T“—, Td and M(w+,n+).
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6.7.2 The Analysis

The statistical analysis progrsume CLUSTAN was
supplied with the above seven variables for each of 1000
cases in 1lhe total sample of 1082 events for reaction C,
Six independent clusters were obtained with sizes as shown
in table 6.% below,

Table 6,5 Size of final clusters

Cluster No. Size
1 161
2 216
3 150
4 222
5 201
6 50

Increasing the number of final clusters reouired wss found not
to have any effect on the salient features of the clustered
data, This is probably sn effect of the low statistics, since
increasing the number of clusters decreases the population
size for some of the clusters, thereby weking an 2nalysis of a
single cluster more difficult, because of thc smaller siatis~
tics in that cluster. In table 6.4 below, is shown a general
survey of the clusters and their contents.

Table 6.4 Survey of Cluster Contents

Cluster No.|{ D :::"m—fDd:"‘”“:pﬂum_r;;;}- A1 |
] oy v X X
2 X X v/ X X
3 v’ X X v X
4 X X v’ X X
5 X v’ X X X
6 X x | x X X
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The two clusters, 5 and 6 are genersl background clusters,
excepl in 1he fact thet clustier 5 conbtaing some d*o. This
cluster alone was reclustered snd was found to split into
two seguents the smaller cluster contained 53 cases and

was centred on ihe 4% mass (2150 Mev/cz). In none nf the
clusters was any sign of the Al meson found. This confirms
the indication Tound in section 6.3%3.2 that any Al present is
negligible, It is interesting bto note that onc of the
clusters separated, namely cluster 1, is an example ol the

quasi two=body reaction:

& .-
atg > gttt po + -
L [ > 'ﬂ'f'ﬂ'
d'rr“‘s

this amounting +to some 16% of the tolal sample, Thie is
consistent with tbe figures of 45% 4" and 65% p, which
implies at least 10%Z of this quasi two-body process.
Cluster 1 is quasi iwo~body with the p meson in the
wfn combination. Cluster 3, which conlains d* in the
(d+s) combination, also contains some admizture of the
p meson in the 7 gn~ combination although this is a small
amount., Cluster 2 contains only o°, formed in the n ' pm
combination, and cluster 4 again conteins 0 (a'fv”), bub
with a small admixture of , in (n*s1r), ‘

6,73 Clustan Flots

. SR R,

a) States of Rho in n pa, = »”

The invariant mazs nf the ﬂ+fﬁr combingtion is shown in
Fig. 6.15(p) for cluster 2., This is also shown in Fig. 6,15(a)
for the combination of clusiere 1; 2 and 4. ‘The mass of

~

(rtgr”) for clucter % (sdmixlure cluster) is shown in Pig. 6.16(a). |
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Despite the poor statistics the rho peak is clearly visible.
Cluster 4 (77gn™) is shown in Fig. 6,16 (b) and here there is
some doubt ahout the authenticity of the signélo

b) States of dng

The invariant mess distribution of d“+s Tor clusters 1
and 3 is shown in fig. 6.16(c). The corresponding t diutri-
bution from deuteron to d4* is shown in fig. 6.17. The solid
curve in this figure represcents the pion propagator given in
Section 6.4.2, and renormalised 10 the data between t values
of -0.1 and ~0.6. It is apparent, from a comparison with
Tig. 6.8, that the clustered data gives a better fit to this
model than does the non-clustered data.

The Berger ucdel, using a Regge-ised pion irajectory as
described in section 6.4.%, has also oeen fitted to the
clustered data. The angular distribution cose (djv+dout) in
clusters J and % is shown in Tig. 6,18, the curves being the
theoretical values given by the model. This is to be compared
with the same fit to the non-clustered data shown previously
in Fig, 6.7.

6.7.4 Summary of the Clustan Results

In the main, the fact that only ~1000 events were
available for this analysis, the statistics are a little
too low for any obscure effects to be sepsrated into clusters.
In fact, the two clusters which show some admixture of states
detract a little from the power of the analysis in this case.
However, as wag explained, ony further clusioring is useless
because of the sizes of the samples being considered. Despite

this, the method is not without its benefits,
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The analysis clearly shows the quasi two-body &
production which is not easily sppreciated from the con-
ventional apyroach, it also gives a very pure (no back-
ground) sample of these events. Just as it was possible

to separate the admixture of a*e

fron cluster 5, it may
(with more statistics) be possible to sepsrate cluster 3
if indeed this is not some real effect where the slow pion
is 'shared' by the deuteron and the 4 .

After compsring the fits to 1lhe peripheral one pion

exchange model with propagator Pr = (T *i-m2)2 for the
a m

momentum transfer distributions for clustcred and non-
clustered data, it is apparent that the more sstisfactory
fit is obiained tc the clustered data. The predictiouns of
the engular deccey distributious of the d* give adequate
fits for both sets of data, using tle reggeised pion trsj-
ectory a(t) = $g4 q?, and in this cese too the fit to the
clustered dets ic potter, The f'signal is easily extracted
in the clustered data, this smounting to 604 of the (x¥ea™)
system,

In conclusion, then, it must be soid that the use of a
technique for searching iun s 7 dimensional space csn be
profitable even whea the number of cases to be examined is

not high.



Chapter 7 Corclusions

0 s ane Thnon Lrrems run niA

Tnis thesis hag presented the results of an analysis

on the two crannels
N pspn+ﬂ" 1

and 'n‘{d"b d1r+11+

n 2

from a 4 GeV/c n'd experiment., The method of analysis
involves a multidimensionsl statistical searching (clusier-
ing) technique in an n~dimensional space defined by the
number of final state particles in an event. By using the
clhster analysis it has been shown ihat resonant signals
containing a minimum of background can be extracted [rom
the data.

The clustering technique has been shown to be highly
efficient in separating threce sub-channels {rom a lonte
Carlo simulsted cxperiment of ='n = pria™, a similar
reaction to the 4 GeV/c esperimental chanmnel rd - pspn+n".
The three sub-channcls are:-

> ppo
1ﬁn N pf°
#n + pr 7 phase space backgroun&.

A variety of conditions for the production and decay
distributions were generated ranging from complcie isotropy
to the conditions found in the 4 GeV/c experimental channel
of reaction 1 above., It was found that the most gignificant
single property which must be present in ihe deta for a
correct assignumnent of cvents tn occur is the sharp 1 distri-
bution usually found in experiment. Table 7.l gives a
summary of the gmount of each of the thwree sub-channels

found in clusters which wouid be tasrzd ~g beaing predoms-
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nantly that process, together with the smount of each cluster
which corresponds to the reaction scheme to which that cluster
was assigned. The clustering was performed on 2000 ppo,

1000 pf° and 1000 phase space background events generated
with production and decay distributions consistent with

those found in the experimental chanpel 7'd + pspn+1r.

7.1 The Channel n'g » p prr

The general properties of the expevrimental chennel of
regction 1 above have been examined by mass cut techniques
ané a density matrix clement analysis of the 0% ang £° signals
extracted from this chasunel by the cluster analysis has been
presented. The channel cross-section was found to be
o(ntd +psp'n+1'w) = 2,10 + 0,17 mb,

(a) General Prope:ties of Reaction 1: Mase Cut Methods

Parameterisation of the differential cross sections for

the p° and f° mesons of the Torm
3% = Aexp (=bt)

yielded values of the slope pavrameter b ss shown in Table 7.2
below., Also shown in this table are the individual cross-
sections for po and £° production, which have heen estimated
by allowing for the Breit Wigner tails of the resonances,.

Table 2,2 p° and £° cross-—scctions

Sub-channel Cross-section | % of total Slope of differential
ﬁ+d+psp1ﬁw" Crogss-section (GeV/c)"g

ﬁ+d+pspp° 0.98

i+

0.10 47% 9.8 + 0.4

7 d-p p£° 0,48 + 0,07 239 8.1 + 0.4
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Bolh of the cross-sections agree well with those fouﬂd
by other cxperiments (Ref, 7.1), and in the case of the t-
distributions the slopes sgree with other experiments where
the o and £° mesons were produced by similar production
mechanisms., A depletion of events at low values of momentun
transfer has been shown to be consistent with that expected
from the eifects of the Pauli Exclusion Principle on a 100%
spin~-flip interaction, spin flip at the nucleon veriex being
expected for the case of pion exchange,

(b) Clustering Technigue

Using the clustering technique to exiract the signals of
the ;P and £° mesons it has been shown thab the emount of data
available for snalysis is approximately doudble thet from mass
cuts, and that the total channel rtg > pspﬂ+n" is consistent
with 82% precise physical procssses, This 82¢ corresponds
to 53% p° production, 23% £° production snd 6% diffraction
dissociation of the neutron target. <These partial cross- !
sections, calculated by assuming that the relative separations
given in Table 7.1 for the FAKE simulation are valid for the
clustering of the experimental channel, are in agreement with

those found by mass cut methods shown above in Table 7.2.

T.2 Density Matrix Analysis

A mixed spin S and P wave density malrix element analysis
on the p° data extracted by the cluster scarching technique
has been performed throughout the available t range. A more
specific analysis at low values of |t| wss used to separate
11 11

00 1 which gre ouly avail- >

able in linesar combination after the application of the method

the density matvrizx elements p and op
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of moments, The analyéis shows thet up to a ~1 value of
0.075 (GeV/o)z, which corresponds 1o ~20% of the svailable
data, the po meson data are compatible with >90% pure pion
exchange. There was also shown to be a substantial amount
of pure S.-wave component in the pO region which fally off
slowly with |t} from a |t} value of 0.1 (GeV/c)z. The presence
of an interfering S-~wave component is 8lso sppsrent upon
examination of the p° decey engular distribution which
exhibits on asymmetry parameter n of 0,31 + 0.04,

For the r° meson; again extracted by the cluster
analysis from the channel T > pspw+w", an analysis in
terms of the pure D-wave spiv deusity matrix elements has
been shown to be insdequate in explaining the experimensal
data. Thls can be appreciated from an examination of the
£° decay angulayr distribution where the expected central
peak is not present and the asymmetry parameter n has a
value 0,24 + 0,04, An analysis involving the computation
of the density matrix elements from the spherical harmonic
moments for m=0 in the low t region 0.04 ¢ |t| < 0.07 has been
performed. f“his analysis, valid only in this t region since
above [t| = 0,07 the spherical harmonic moments for m#0 are
non-zero, has shown that there is a substantial S+P wave com~
ponent in the £ region and that the ratio of D-wave to S4P
wave constituents is l:l. The momentum transfer region
0,045|t] 0,07 contains only ~10% of the available ° meson
data, but it is within this t intervel that the S+P wave

interference is a maximum,
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These results, for bhoth the p° and £° meson data, are
consistent with an analysis performed hy thg collaborating
laboratories in which mass cuis were used to define the
respective signals., Coumpared wilh the signals extracted
by the clustering lechnique, that is the signals identified

© ang ° mesons, the angulsr distributions for the

as the o
signals defined by mass cuts are broader. Indeed, the
sharpness of the Clustan signals is a measurs of the

succens of the {echnique since if thera were any signi-
ficant mixiuz between ihe cluglexrs theu the £° decay angular

distribution would be considerably broadened and the p°

distribution considerahly sharpened.

7.3 Ihe Coherent Channal

For the cecond reoction considered, namely the coherent
channel «d - dw+ﬂ+ﬂ_, there was found to be no evidence for
the prcsence of the Al meson in the tripion mass spectrum.
This channel, with a cross-section of 316426 ub, was found
to be dominated by p° production and the d* effect. These
two processes accounl for 65% and 45% of the channel res-
pectively which implies >10% quasi two-body p%d production.
The d* peak was shown fo be non-regonant and is moest provably
due to the formation of an intermediste A state, the sube-
sequent decay of which leaves an intact deuteron as one of
the final state particles. The momentum transfer distribu-
tion from d to d* was shown to be in good agreement with
that predicted from a simple one-pion exchange peripheral
model, and a wmodel by Berger was shown to predict quite well

the decay angular distribution of the d*.
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Application of the cluster searching technique in the
full 7-dimensional space defined by the 4 final state particles
in this channel also showed uo evidence for Al production, and
15% of the channel was shown to be quasi two-body pod*o
Applying the same models to the t-distribution and decay
angular distribution of the d* signal extractcd by cluster-
ing, it was found 1lhat both the peripheral one-pion exchange
model and the Regge modei of Berger gave better fits than they

did to the signals defined by mass cut techniques,
/
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Appendix A

Al Mandelstam Variables and Crossing Symmetry

Consider the general collisiown process at+b-+c+d where
gy, b, ¢ and 4 are hadronic states. These particles have
four-momenta denoted by Pgs Pps Py ond Pq respectively.
Ehe four womentum, p_, = (ﬁ;, Ea)’ where p is the three
momentum and E the total energy of the particle,

There are two independent Lorentz anvarlieant quoniities
one can form from these four-vectors apart from the particle

2 2

rest mass Py T o= Mg These are denoted by the so~-called

Mandelstam variables

'

]

i
i

- (Pa+pb)2 - (pc'*'Pd)z = E2 (al)

)2 2

t = - ('pa"‘“P(,)z = (pb"pd = =4 (a2)

In the centre of momentum sysiem of the collision, a and Db
have equal and opposite three-momentum, so that s=E2 the
square of the total CMS energy. 1 is the sguare of the
four-momentum transfer between a and ¢, or b and d. For an
elastic collision with centre of mass momenta for a and ¢
of ¥ and k' (|X|=[k'|) then t = - 212 (1-cos § where o is
the CMS scattering angle. That is, 1 is ncgative for a
scattering process.

It is also possible to consider the crossed momentum

transfer, u, where

U= - (pa"Pd)2 = - (pc-—pb)Z (a3)
and by combining ¢, t+ and u we have
. 2 2 2 2
s+ t+u=mn"+m°+mn°+mn (a4)

such that u is not an independent quantity.
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In order to examine the properties of an intermediate
stale formed from a and b it is natural to describe the
pariial wave scattering amplitude in terms of the s~channel
quantities, i.e. f(2,E) where 2 and E are the angulsr
momentum and energy of the combination of a and b, At low
energies (<1 GeV) this description is well founded but for
energies greater than a few GeV the cross section for the
pion nucleon interaction varies smoothly with energy and
another description is required. This is that the s-channel
scattering is dominated by the exchange of poles in the
momentum transfer or t-channel, Since t is negstive, these
exchange particles are outside the physical region for the
reaction a + b » ¢ + d., However, by replocing b and ¢ by
their anti-particles b and & ond reversing their momenta
(see Fig. Al) then in Egs. al snd 32 o and t change sign,

t is now the energy varisble for the t-channel reaction

&+ ¢+ Db+d., 8 is negative and is now the momentum trans—
fer variable for the t-channel reaction, that is t + & and

8 > %. The resction a + ¢ > b + d is called the crossed
reaction to a + b » ¢ + 4., The point is that the t-channel
exchange poles of the original reaction now become the
s-channel resonances, in the physical region of the crossed
channel.

The principle of crossing symmetry states that both
reactions are described by one amplitude:

F(5,5) = P(t+8, s+t)
and the principle also reguires that the function ¥ can be
continued into the unphysical regions of the s,t plane. Tor

example >0 for the t-~channel correspunds 1o the unphysical



s=channel reaction
adb = cdd
e.g. ﬂ--{-Pa-umﬂ'o'%*ﬂ

t-channel reaction
atc win Déd
€.Q 9 o 7% pi-it

ILLUSTRATION OF CROSS-~-CHANNEL REACTIONS



values t>0 (or cos >1) in the s-channel, Crossing symmetry
is of vital importance in secking to descrihe high energy

processes in the Regge picture.

A2 DMomentum transfer: t and '

From section Al, t is defined as

L]

R

2 2
~(pg=pg )" = (pg=py)
o N2 ) 2
= (pgpy)® = (Ep-By)

(@ rm® ) + 2B B = 2p_p. coso
C a CcC &a "Yera

It;is apparent that for fixed values of m, end n, for given
momenta Py and Po then there exlists s minjuum vslue of |%],
tmin and this leads to the definition of t' as

R . -

bl o=t bmin

' L D -
= - 21D, (1-cos ©)
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Appendix B

Bl  Hulthen Momentum Distribution

The Hulthen wave function for the deuteron, in terus

of the two effective renges o and 6, is the double Yukewa

funection

U(r) = [?“S(“B“‘"‘f) ] [ s ”Br] Ref, B.J,

where a= 0,23 Fermi"l and B = l.27 Fermi"l. The two renges
have heen evaluated accurately from electron scattering
experiments, This wave Tunction can be expressed in momea-

tum space as ¥ (p) by applying the Fourier transfornation

o .—)+
v(p) = J U(r) etPF 3%
(o}
- [ SHEE 40?6
v(p) = Eﬁlﬂﬁhhggm_ B gmor | BT o4y pr re dr
P [ (o-8) J J r pT
v(p) =

F[Ee] [y - A

By the impulse approximation, which basically states that
the production amplitude from the deuterou is a linear
combination of the individual nucleon production amplituaes,
this momentum wave function will remain unaltered for one of
the nucleoﬁs i.e. the spectator nucleon, Thus the momentum
distribution for the spectstor may be written, from P(p)dp =
47p°4%(p) dp, as

2
Bla+8) 1
P(p) dp = B 7 , - wﬁ_wnnj
=2 |52 T

where B is a normalication constant.
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B2 Deuteron Form Factor

The form factor is the Fourier transform of the deuteron
density distiribution, aund the form faclor squared reflects
the prohsbility distribution of momentum transfer that the
deuteron can withstand without breaking up. (Ref, B.2),

The density distribution p (r) is the square of the
deuteron space distribution U(r) and hence the form factor
H(q), where g is the three momentum transfer W1, can be
written as (Ref., B.3)

[ @ = [0P) BEEE 4 ar

which becomes

() « 22050 Lranl %o il g 2 ver? 5]
o~B) q i

which setis{ies the condition that 2% q-0 the form factor
IH(0)=1. The evaluation of H(q) is particularly useful in
predicting the cffcets of the Pauli Exclusion Prineciple on
the fingl siete p~p sysicm after charge cxchange scattering

upon the neubtroen has occurred,
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