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ABSTRACT

A study of a K*a experiment at 2.18, 2.43 énd 2.70 GeV/c is
presented here. The extraction of information about thevnucleon
interaction from the scattering of the deuteron has been discussed.

The mechanism responsible for the excess of large momentum spectator
nucleons has been investigated.

The cross-section of the K+n elastic charge exchange process has
been compared with the cross-section for the line reversed reaction
and also with an SU(3) sum rule. The invariant four momentum transfer
distribution of the process has been studied in the light of several
Regge pole models.

The cross-sectionsand resonance pfoduction in the processes
involving one pion production have been studied. They are dominated
by the Kﬁ(890) rescnance and in one casef (1236), the production
mechanisms in terms of t-channel exchangze have been studied. The
decay distribution of the K*(890) suggests a possible S-P wave
interference effect in the K-ffsystem. The reaction K+n-+ KﬁT_p is
partially due to some diffractive dissociation of the target neutron.

A partial wave analysis of the reaction K+N+K*(890)N has been
attempted. The different isospin contributions were separated out
and the angular distributions were then independently fitted by partial
wave amplitudes.r No positive evidence of any strong Z* production in
+the KN system has been found.

The final states involving a deuteron together with cne or two
pions have been studied. These reactions are dominated by K*(890)
production. Thes t channel isospin filter is used to study the w-f
trajectories in the reaction K+d9K*+ (850)4. Some structure in the
drf mass spectrum has been observed in both the reactions. However this

structure cannot be identified with a resonance. ADeck type model



is used to explain the structure in the reaction K+d4K*°(890)ﬂ#d.
The cross-sections of the 3-pion production reactions ﬂave

been presented. The final state with neutral '3f1' system is

dorinated byr1° and w° productipn whereas the final states with a

nonneutral '3M'system are dominated by K (890) production.
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CHAPTER I

l.1l INTRODUCTION

The divisibility of matter‘hés led so far to the discoveries
of the so called elementary particles which can be broadly divided
into two categories, the hadrons and the nonhadrons, according to
the types of interactions in which they are involved. Each of
these grouﬁs are subdivided into.fwo according to their spin-
statistics. The hadrons are divdedinto mesons and baryons. One
useful way of getting information about the structure of an object
is to have a systematic classification of the objects, e.9 Mendeleev's
table for chemical elements led to the ideas about the structure of
atoms. Similarly a symmetric scheme has been developed for the
hadrons - this is the SU(3) group with anSU(2) subgroup of isotopic
spin and a U(1) subgroup of hypercharge. One usually predicts
singlet, octet, decuplet, 27-plets and so on in anSU(3) group.
The meﬁbers of a particular multiplet should have the same JP value
énd also the saﬁe mass. But equal mass objects are very seldom found:
so one introduces a breaking'in the SU(3) symmetry and this led to the
mass relations. How;ver, one surprising feature is that all the
baryonic states so far established can be associated in singlets, octets
or decuplets atmost and nothing beyond thét. This led to the idea
of Gellmann-Zweig quarks that all the hadrons are built up of 3 basic
quarks and their antiquarks and a particular baryon state has got only
3 quarks. A1l other states are regarded as exotic states. The spin
df the quarks has also been incorporated and this led to a larger
group SU(6). This scheme is successful in studying the nonstrange
baryonic resonances and also strange baryonic resonances with S < O.

One of these so called exotic states is a baryon state with strangeness

+ 1. This can be incorporated in an SU(3) [10 or (27 multiplet.



This would require at least four quark and one antiqﬁark combination.
Evidence of such a state was first reported by Cooletal(1966) and
Abrams et al. (1967) from some structure in the K+p and the K+d
total cross-sections. If such a baryonic state (called Z*) exists,
it would also indicate the exisfence of a large number of otherwise
unpredicted states in the SU(3) group.

In the I=1 state, bumps were observed at toFal-centre of mass
energies 1.9 GeV, 2.2 GeV and 2.5 GeV with widths around 150 MeV.
All these enhancements weré found to be largely inelastic. In the
I=0 state, two enhancements were observed at 1.7 GeV and 1.9 GeV with
strong coupling to the elastic channel. These led to a number of
partial wave analyses of the K+N system. None of the analyses so
far seems to be very conclusive. Thé strongest candidates for
resonance behaviour in the past have been a PP3 wave in the I=1 state
and a PPl wave in the I=0 state (BGRT Collaboration). Though the
PP3 wave shows the correct behaviour on the speed plot, the PPl wave
does not. Further there could be other solutions for the existing
data which do not involve a resonating partial wavé.

Explanations without the resonances were attempted for the bumps

in the total cross-section by means of the rapid opening of the single

ar,

pion and double pion production channels near the K thresholds.
However, according to Aaron et al. (1871), this could be a dynamical
mechanism to drive an inelastic K'N resonance.

With all these facts in mind, an experiment was proposed in 1867
(I. Butterworth, 1967) +¢ study the KN interaction in isospin O and 1
states. The experimenf'de3cribed in the thesis is a joint Imperial
College - Westfield College K+d experiment at beam momenta 2.18, 2.43
and 2.70 GeV/c. Tﬁe experiment intended to use a high statistics

(927000 pictures) study for a continuous coverage of centre of mass

energy from 2.15 GeV to 2.55 GeV. Just before this experiment a



control K+p experiment was undertaken in the same centre of mass energy

range to érovide checks on the techniques to be used in the K+d filmf

The analysis of this K+p-experiment at nominal values of beam momenta

2.1, 2.3, 2.5 and 2.7 GeV/c has been finished and published in Nuclear

Physics. This K+p experiment-élso increases the isospin 1 data of

the KN system to provide more data for a complete phase shift analysis.
present

The primary purpose of the, experiment is to study the relatively
unexplored intermediate energy region with particular emphasis on
the s-channel structure. One can however étudy as well the structure
of the mesonic systems KTTor K in the corresponding reactions.

The structure of the deutepon can also be studied by ifs interaction
as a coherent neutron-proton state with the gt meson.

When the author joined the Imperial College Bubble Chamber Group
in October 1972, the film taking had already been completed and the
main parts of scanning and predigitising the film had also been done.
However, the bulk of first and second measurements have been carried
out since and the author took part in the day to day processing. The
processing of the data has been shifted from the CDC 6600 to the IBM 360/195
during May 1973, and the author took part in changing some parts of the
data analysis chain. The analysis described in the following chapters
has been entirely done by the author himself.

The thesis is organized as follows. The following sections in
Chapter 1 describe the experiment and its measurement chain with various
corrections necessary and the problem of absolute cross-section normalization.
Chapter 2 describes a study of the deuteron as a neutron or proton target.
Chapter 3 describes an analysis of the elastic charge exchange process
K'n - Kop. Chapter 4 describes the production and decay mechanisms of
the resonances in the channel K'N - KriN.  Chapter 5 gives a study of

the s-channel behaviour of the K'N system. Chapter 6 describes a

study of the final states with a deuteron, and Chapter 7 lists the

~



cross-sections for other possible final states measured in this

+ experiment.

1.2 EXPERIMENT

Pictures were taken at the Rutherford Laboratory 1.5 metre
British Nationél Bubble Chamber between November 1969 and April 1970,
using the electrostatically separated K beém from the Nimrod K9
beam line. The Bubble Chamber wés filled with deuterium at a
density of 0.135 gm/cc.  The Bubble Chamber magnetic field was
12.3 K.Gauss and on average there Qere 12/14 beam tracks per picture.
A total of 927,000 pictures were taken which were divided into 3
beam momenta of 2.18, 2.43 and 2.70 GeV/c, each with a mean spread

of 0.03 GeV/c.

400,000 pictures 2.18 GeV/c
200,000 pictures 2.43 GeV/c
327,000 pictures 2.70 GeV/c

To ensure good stereoscopic conditions for the event reconstruction
three views were taken for each frame using 3 cameras with their
optical axes parallel and situated at the vertices of an isosceles
triangle. There was an average of one event of interest in every
five frames.

The film was scanned twice for three and four prong events and
for one, two, three and four prong events with an associatedVo decay.
Only those four prong events were retained in which a positively charged
track was stopping in the chamber. A flow cﬁart of the measurement
chain for these events has been supplied in diagram 1.1.

The events were rough digitised using an online program. The

rough digitised data were edited and then used to make roads for the

9,



HPD, which is on line to a PDP computer. The HPD using a flying
spot digitiser scamned through the film in two possible orthogonal
modes and digitised an event one view at a time by constructing some
masterpoints. If the EPD failed to produce these master points on
a track by confusion with an overlapping track or due to a badly
defined road, the track could be recovered by a program called RESCUE
which was on line to a CRT device and there was-an'operatop with a
light pen to redefine the road points of the track in ques%ion.

Then the measurements of the three views were merged together and
this was used as the input to the geometry programme.

Thé geometric reconstruction of the charged tracks in the three
dimensional space was done by the CERN prograﬁme mass dépendent THRESH.
The programme takes into account the optical distortion in the chamber
lenses.the variation of the magnetic field inside the chamber and the
energy losses of the tracks due to ionisation inside the liquid.

The programme thus calculates and writes on an output tape the position
of all the vertices and the end points of the stopping tracks in the
three dimensional space and the curvature, the dip angle, the azimuth
of the tracks at the respective vertex with the corresponding errors.
The track parameters calculated depend on the mass assigned to the
corresponding particl: and the output tape hasarecord of all such
successful assignments.-

This output tape was used as the input to the kinematic fitting
programme called GRIND. In cases of events with an odd number of
prongs, one proton (or dauteron) track in the final state is probably
unobserved. This happens rather frequently in a deuteron target’
experiment when the proton in the deuteron does not take part in the
interaction. The so called spectators are often with momenta too
small to make a vis&ble impression on the film. A proton (deuteron)

track with a momenmtum of 75 MeV/c (120 MeV/c) leaves a track of 1 mm

110,
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in space, i.e.'SOraon the film plane in liquid deuterium. If omne

tries to fit such events with a proton (deuteron) track as.unmeasured,
the number of constrainfs in the fit is reduced by 3 and thus it

becomes unfeasible to fit that event with one neutral particle in

the final state. So the program was modified for these odd prong
events to assign an additional proton (deuteron) track with momentum
components P_ = Py =P, =0MeV/c and errors P = Py = P /1.37 = 30 MeV/c
for protons and Iuo MeV/c for deuterons. The 3 prong events can also
be due to the tau decays of the incident beam particles. If the
measurement errors were large, the program preferably picks up the

event as an interaction rather than the decay. Thus one can obtain
pseudo four constraint fits for final states Qith no neutral particles
or pseudo one constraint fits for final states with one neutral particle.

For failing beam tracks, the track parameters were taken up from
the beam title block. The output of the program was written omn a tape
and this was then subjected to an automatic choicing programme called
the AUTOGRIND. GRIND usually has more than_one successful fit, to
any event, the major problem being the distinction of a fast 11 from a fast
K. This programme utilises the bubble density information of the charged
tracks (measufement of the bubble densities on the HPD) and also imposes
cuts in the missing mass calculated by GRIND. This produces as its
output a printout giving details of the geometry of the event and the
successful kinematic fits applicable to it. It also produces a tape
which gives a list of successful fits for each event.

Then the events with resolvable ambiguities were looked on the
scanning table and a final selection of the hypothesis was made. The
information was fed into an edit programme through a list of edit cards.
This programme edits the AUTOGRIND output tape and produces a similar
edited tape. This tape was then used along with the GRIND output tape

to run the CERN programme SLICE which in its turn produced the data
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summary tape (DST).

Approximately 30% of all events contained at least one‘failing
track (excluding the beam track). These events are either sent for
remeasurement on a manual measuring machine or marked as an unmeasurable
event if it has poor track visibility or short straight tracks due to
secondary scatters. The bookkeeping system consists of a tape which
contains a record of each event, its roll-frame-event-measurement
number,'topology, measurement status and also the hypotheses numbers
if it is a successfully measured event. The edited AUTOGRIND tape
updatés this masterlist tape every time after a measurement-and also

produces the remeasure list.

1.3 VARIOUS SOURCES OF LOSS OF EVENTS

Since the films were scanned twice and then passed through a
checkscan one can estimate the possible scanning losses under each
topology; If the numbers of events for a given topology seen on each
scan are n, and n, and the number seen in both the scans is<n12 then

assuming the two scans to be independent, one gets the scanning

efficiency "] to a good approximation as

n = Np(M+Ty-1,)
My 1.1

The scanning efficiencies for the different topologies have been
listed in table 1l.1l. There is no significant variation among the different
topologies. This makes the maximum wncerfainty “ia any cross section
due to scanning losses to be 1%.

However, there are certain classes of events within a particular
topology which are intrinsically more difficult to scan. In particular,
events with a short proton track travelling along the camera axis are

unlikely to be detected during scanning. If such events are missed,
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it would result in depopulation of a particular region of the angular
distribution. So one looks at the distribution of the azimuthal angle
of the plane of the outgoing particles about the beam direction at the ,
point of interaction. This is shown for processes k' - Kopp,

Ka— Kﬁopp and K+d-9 K*+pn on the diagram 1.2. One essentially gets

a flat distribution within statistical fluctuation and hence no correction
has been introduced. |

The biases in the measurement procedure can be examinéd by introducing
a term called the measuring efficiency. This essentially gives the
ratio of the numbers of events of any particular topology which have
been identified successfully to the total number of measurable events
under the topology. These values have been listed in table 1.1.

Here however the topological variation is not insignificant. However
one cannot separate the measuring efficiency for tau decays from that of
other 300 topology reactions. So no correction has been made on this
account. It was found that in the batch of events measured on the
HPD, the number of tau decays of the beam tracks was significantly less
than what one finds in a sample measured on the conventional measuring
machine. This is probably due to the fact that the tau decay fits

are very susceptible to the measurement of the beam track and the HPD
often confuses betweeil the overlapping beam tracks. So for absolute
normalisation of the data sample one uses only a part of the data
corresponding to the rolls which had been measured at least twice, once
on the HPD and once on a conventional measuring machine.

By including only erents in which a K® is seen to decay in the
chamber, the data only includes a definite fraction of all the events
producing a K®. Events are lost in three possible ways. Firstly the
k° decays into a system of neutral particles and hence remains undetected
in this bubble chamber technique. Secondly they decay in a charged

mode but so close to the vertex that it cannot be distinguished as a
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strange V, decay. Rather a normal 2 prong event would ﬁass on as a
4 prong event; a Y4 prong event as a 6 prong event and so on. The third
possibility is that the K° decays outside the bubble chamber and thus
prevented from being detected.

It is possible to take into account all these losses from a knowledge
of the decay mechanism of the KO. Ko is an even mixture of the two

states Kg and KE. One of the decay modes of K: gives 11" in the

final state and the corresponding branching ratio is 0.688. TFor
Kz such a decay mode is forbidden by CP invariance. This leads to

the fact that only one in every 2.91 K°'s would be seen to decay to
117 The CP violation effect affects this number by at most 0.2%.
Due.to the fact that not all the K° decay to TT'TTfinal state can be
observed one makes a further investigation in the decay distribution
of}(o. Assuming an exponential decay rate one can calculate the
probability of aK.  decaying to "~ within a distance | from theK.

production vertex and it is found to be

PROBABILITY = 1- expfl/L) 1.2
where L is the theoretical mean decay length (for that particular final
state). So the probability that the KO will not decay into T1*1{"inside

the inlite volume of the bubble chamber will be

expEP/L) 1.3

where P is the potential length, defined to be the distance along the
K® direction from the primary vertex to the boundary of the inlite
volume. To allow for the loss of K°'s decaying at an unobservedly
small distance from the production vertex, a cut was chosen as the
minimum projection length., For a particular Ko, this cut corresponds
to a length ' along the line of flight. Then the probability of

the K° decaying at an observable length from the production vertex will be
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exp(l'/L)

1.4
Thus the probability that the K® will decay in an observable
distance from the production vertex and also inside the inlite
volume is
1
exp(-1/L) - exp(-P/L)
1.5

To allow for unseen decays, each event was given a weight of
1 .
exp(-[/L) - exp(-P/L

‘1.6

Double counting of events was avoided by neglecting the events

with the Vo vertex closer than a distance {' from the production

vertex. The total number of weighted events were calculated using

_ various values of minimum observable projection length and these have
been plotted on figure 1.3. The cut oﬂ the»projected length was
selected to be 4 mm where the distribution.on the figure 1.3 was getting
flat. This gave a mean weight for a KO decay decaying inside the

chamber and being detected to be 1.056 + 0.008.

1.4 ABSOLUTE NORMALISATION

The absolute normalisation of the cross-sections was done on the
basis of the calculation of the total path length of the incident K
meson. . If the mean free path for a particular final state is A,

the corresponding cross-section will be given by

-
o nA 1.7
where n the total number of deuteron nuclei per unit volume of

the target . can be expressed as a function of the deuteron density

P as
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n = NaP/A 1.8

where NA = Avogadro's number = 6.022 x lO23 per mole . *
A = gramatomic weight of the target = 2.014 gram
A is given by
)\, = L IPJ; 1.9
where Ni = total number of interactions with that particular
final state
L = total path length of the incident K" meson
The total path length was measured on the basis of the‘number~of
tan decays of the k? beam tracks observed in the chamber: This
gives a correct value of L independent of‘ﬂ’+ or;<+ contamination
'in the beam, If N, be the observed number of tau decays.
L = B cTy N't
B MK 1.10

where P, .= laboratory momentum of the beam particles

¢ = speed of light
Tk = lifetime of the K+ meson (cIk = 370.8 cm)

B

branching ratio of Kt to the ri'riTl (tau) decay mode

0.0559

mK = mass of the K+ meson = 0.4937 GeV

Thus one obtains

- bh fii?II}S 1.: [ﬂi 15255_____ mb '
o NyewNa® B ONp RlinGeV)  — 1-12

As has been mentioned earlier, the tau decays are difficult to fit

o

unambiguously. To help to overcome this problem at the GRIND fitting
stage the rare one constraint hypothesis K*— ' — rrete"y was
fed into the program. One can test if events giving a fit to this

hypothesis were really taus by changing the e+e— t071ﬁ1— and plotting
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the effective '3f' mass distribution (figure 1.4). There is

a clear enhancement at the K-mass whereas the 'e+e-1' effective
mass plot (figure 1.5) show only a small peak around 11 mass with
a large accumulation of events at a higher mass. These events
which cause the large mass enhancement are responsible for the

peak at K" mass in'3f'effective mass plot. This indicates that

" they are mostly misfitted tau decays. Further one can select out
other 3 prong events where GRIND gives an interaction type fit

e.g. Kd— K'r*r1ld) or K'd — K?-rfrr(p n}and change the K+_ (final
state) mass to a f-mass and then plot the effecti;e 'én' mass
distribution (figure 1.6). This again shows a clear enhancement
at the K mass.v So a cut in the effective '31' mass-squared was made
between 0.2 GeV> and 0.28 GeV?.  This gave a 1.3% increase in the

~overall number of taus.



2.18 GeV/c

2.43 GeV/c

2.70 GeV/c

Combined

TABLE 1.1

- SCANNING EFFICIENCY

lor 2
prong-
events
with a Vo

97.2%0.6%

97.1%.7%

93.9%0.5%

96.0%0.2%

3 orh
prong
events
without
av

(o]

96.5%0.149

96.670.6%

95.4%0.3%

95.2%0. 4%

3ort
events

with a
v
o

95.4%2.19

96.6%1.8%

ou.9%1.19

95.2%0. 9%

MEASURING EFFICIENCY

lor?2
prong
events
with a

\'A
o]

78.17%0.

gn.1%1.

81.670.

79.470,

3orh
events
without

aV
o

76.2%0.8%

89.0%0.93
83.1%0.6%

82.4%0.4%

3 orh
prong
events
with a

A
o]

64.9%6.59
81.3%3.7%
72.1%2.2¢

70.7%1.5%
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CHAPTER 2

The nonavailability of free neutron targets makes the deuteron
an obvious choice as a target for extracting neutron cross-sections.
But then comes the problem of relating the deuteron cross-section to the

free nucleon cross-section. To understand the assumptions involved

in the process of extraction it is better to go through the main properties

of a deuteron nucleus. The nuclens consists of a proton and a neutron
bound with an energy of 2.225 MeV. The nucleus is in a total angular
momentum J=1 state and isospin I=0 state, the mean separation between
the nucleons being 4.3 Fermi. The nonzero electric quadrupole moment
suggests that the deuteron wave function is not purely spherically
symmetric but possesses a D-wave admixture. The admixture is however
small, the probability of the target being found in the D-state is

about 7%. However, there may be sometimes an interference between the
S- and D;wave effects in the cross-section so that the relative parameter
for D-wave contamination may well be as high as 25% which is no longer
insignificant. For a pure S-wave, the deuteron wave function takeé the

form (Hilthen 1957)

W(r) = N(exp(-o(r?ﬂ— expthr))

2.1

where r is the inter nucleon distance, N is a normalization constant and
1/X measures the radius of the deuteron nucleus. The values of 8 vary
slightly in the different texts. Here B is chosen to be equal to 7«

and £ = ,0456 GeV/c. When expressed in terms of « andf3

_ 1 [XBttp)
N = ﬁ—o( 271 2.2

The fourier transform of ¥(r) gives the momentum space wave function



¢ (p) from which one can find the momentum distribution function of

one of the nucleons in the deuteron nucleus.

P(p)dp = [z:ﬂléb(&p;g"p@p 22
o PLelt 2.3
=ﬂ(ﬁ—o«)2[pz+9@"r§fp‘4]p P

2.) IMPULSE APPROXIMATION

One of the important effects of the second gucleon lies in the
target particle binding. These are usually reflected in things no
more complicated than various form factors associatgd with the
deuteron wave function. Applying Vatson's multiple scattering series
in the case of deuteron one gets the total amplitude as the sum of
a series of terms for multiple scatterings with the bound nucleon
as shown in figure 2.5.

With the bombarding energy large compared to the deuteron
binding energy, it would be eminently reasonable to neglect the
effect of the nucleons being off mass shell. This is the impulse
approximation. Now the probability of the multistep process
which involvesan intermediatemeson state is related to the internucleon
separation and alsc the meson momentum. The Hulthen wave function
predicts that the mean nucleon separation corresponds to 50 MeV/c
whereas when the momentum transfer to one of the nucleons is small,
the momentum of the intermediate meson state is approximately 2 GeV/c.
Then the probability of such processes is small and one can thus truncate
the expansion within this closure approximation.

With the above assumptions one thus relates the deuteron cross-
section to the corresponding free nucleon cross sections where the
second nucleon remains a spectator to the reactions. Then one
expects the momentum distribution of the spectator nucleon should

be given by the deuteron wave function and the spectator nucleons



should be isotropically distributed in the deuteron rest frame which

is the laboratory frame in this experiment. The deuteron wave function
predicts the momentum to be peaked near 50 MeV/c and approximately

98% of the spectators should have their momenta less than 300 MeV/c.

This obviously suggests that thé nucleon with smaller momentum is more
likely to be the spectator. So throughout the experiment one chooses

‘the spectator on the above criterion. The spectator momentum distribution
has been studied separately for the various chamnels.

a) 4 constraint kinematic fits: The spectator momentum for the process

K+n(p)-9 Kop(p) has been shown in the diagram 2.1. The fitted curve
is a calculation from the equation 2.3 normalised to the total number
of events. At low momentum values, the experiméntal'distvibution
closely follows the shape of the theoretical predictioﬁ. However, 1t
has a much larger high momentum tail than the theoretically predicted
value. 15.3% events have spectator momentum greater than 300 MeV/c
whereas the theory expects only 1 - 2%. For the other highly constrained
channel K+n(p)—9 Kﬁ1~p(p) (Figure 2.3A), one seces a similar effect.
The only difference is that the tail contains 2.1% of the total events.
The discrepancy between these two channels results from the scanning
criterion that only those 400 topology events which have got a proton
track stopping inside the chamber should be measured. One other
observation can be made for this channel, namely there is slight depletion
of events at low spectator momenta.

The angular distribution of the spectator nucleon with respect to
the beam particle are shown in figure 2.2. (for the process K+n(p)*Kop(p))
and figure 2.4A (for the process K+n(p)4K+nrp(p)). The shaded regions
correspond to the events with a seen spectator. The distributions
show slight angular dependence in both the processes. This has been

explained in Section 2.3.
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b) One constraint kinematic fits with a neutron spectator: The neutron

~ momentum distribution for the process K+p(n)9Kon*p(n) is shown in figure
2.3D. When it is compared with the theoretical prediction, the
distribution looks much broader than is expected. This is due to the
large error involved in the lesé constraint fits. Also when the proton
is unseen, the event is essentially a zero constraint fit and this
‘severely distorts the distribution. The tail of the distribution
beyond 300 MeV/c contains 12.3% of the total events.

The angular distribution shown in figure 2.4D for these events
has an anomalous peak near cos 8 ~ 0, where 8 is the laboratory angle
between the spectator neutron and the beam. This distribution together
with the spectator momentum distribution may suggest a possible
contamination with the channel K'd - K%Tﬁﬂopn wiﬁh a siow110.
However the missing mass squared distribution (figure 2.7) shows no
asymmetry, suggesting that such a contamination is unlikely.

c) One constraint kinematic fits with a proton spectator: The spectator

proton momentum distributions for the processes K+n(p)—* K%1pp(p) and
K+n(p)*K%T+n(p) have been plotted on the figures 2.3B and 2.3C respectively.
They show an obvious distortion at the low spectator momentum range.

This results from the pseudo 1C fits. One encouraging feature is

that above 100 MeV/c, the experimental distribution closely folléws

the theoretical prediction (except the high momentum tail). This

suggests that the real Ic fits fit with the impulse model nicely.
Furthermore the fraction of events with an unseen proton track is 66.2%,
comparable to the same quantity in the higher constrained fits. The

tails correspond to 12.0% and 15.4% oé the total events respectively.

The angular distribution for all the events in the reaction K+n(p)+K%1+n(p)

(figure 2.4C) shows a dip at cos@~ 0. However the events with a seen

spectator do not show this anomalous dip.



The large high momentum tail of the spectator nucleon has been
studied in some more detail for the process K+d4K°pp. Figure 2.9A
shows the Chew;Low plot for the process, namely a scatter plot of ,
t(K+-K°) against the effective mass-squared of the two proton system.
The main feature of the plot is a straight narrow band of events
in the centre of the plot. If one assumes that (a) the closure
.approximation is true and (b) the spectator nuclecn is stationary‘
in the deuteron rest frame, one gets a linear relation betwéen t
and M§P’ namely

— 2 _, 2
"= bdpp érﬂp 2.4

mp being the proton mass. This linear relation betwéén t and M§P
together with the motion of the spectator nucléon explains this band
of events reasonably well. There is also some accumulation of events
near the Chew-Low boundary. The events where the specfator momentum
is greater than 300 MeV/c have been separately plotted on a similar
scale on figure 2.9B and the events near the boundary as a matter
of fact correspond to these large spectator momentum events. So these
events were selected oﬁt and examined separately. The cuts uged were
at Mip = 3.85 GeV2 and - t = 0.04 GeV2.

These events may correspond to exchange diagrams like figure 2.6.
Thus the data would essentially give the scattering of a virtual P or A2
with the deuteron to give tWwo protors in the final state. The only
existing angular distribution data for some similarvprocess are those
for the reaction pp~+ Ptd at 18 GaV/c (Allaby et al. 1969) which show
a very sharp forward peak. This does not explain the fast spectator proton
angular distribution in the pp rest frame from this low energy K+d9K9pp
data. However the angular distribution of that process is expected

to be very much different as one comes down in the centre of mass energy.

Anderson et al. (1971) studied the two processes pp—;rfd and pp — Fﬁd



at similar energies and observed a remarkable similarity in the two
processes at very high energies. If one assumes this similarity

is present also at low energies (E*‘~'2.8 GeV) one can compare the :
polar angular distribution of the fast pr;ton in the proton-proton

rest frame with the existing data for the process pp-9f1+d (Heinz 1968).
This comparison has be n shown on the figure 2.8 and the present data

are consistent with the pp scattering data in very good detail.

This might suggest that a mechanism like P or A, éxchange with the

2
deuteron as a whole may be responsible for the large spectator momentum
events.

On the other hand, the fast spectator momentum events may arise
due to the scattering of the spectator nucleon with thé other nucleon
or the meson. Since nucleon-nucleon cross section is much larger
than meson nucleon cross section, the scattering between the two
nucleons is more likely. Thus one would expect the momentum transfer
between the two protons to be relatively small. One finds that the
two proton system in this K+d*Kopp data has a highly forward peaked
angular distribution in the pp rest frame (figure 2.14). A simple
minded model calculation was done where the spectator proton scatters
off the other proton in the final state. The experimental angular
distribution of the process K+n+KOp and the pp - pp scattering data
were fed into the calculation. The forward dip for the reaction
K'n - Kop has not been taken into account, this might improve the fit.
An attempt has been made to explain the proton angular distribution
in the pp rest frame (in this experiment), see figure no. 2.14. The
fit is reasonable wifhin uncertainties of this experiment. However
in contrast to the fit described in the previousparagraph this fit is
rather poor. So the first nechanism more likely seems to be responsible

for the large spectator momentum events.

For a pure S-wave deuteron, the nucleons are oscillating in a



radial direction, having a maximum momentum when coincident at the
centre of the deuteron. At this point the probability of screening
and hence of multiple scattering is a maximum and as a result of the double
interaction, fhe spectator should have a tendency to go forward.

The angular distribution of spectators in events with spectator
momentum greater than 300 MeV/c is shown in figure 2.10 which shows

a sharp forward peak. Furthermore the forward backward asymmetry
(as shown in figure 2.11) increasas with multiplicity of the channel.
These facts support the explanation by multiple scattering of the
spectator nucleon, but with the existing data set, it is not possible
to say conclusively which mechanism is responsible for the large
spectator momentum events. Kisslinger (1970) and others suggested
that the deuteron consists of baryon resonances as well as nucleons.
This helped to explain the n-p backward scattering data. Following
this idea C.P. Horne et él. (1974) established the existence of two
A's in the double pion production channel of K'a and r1*a scattering.

The relevant channel in this experiment is K+d—+ KﬁTﬁT—pn. A true

signal of such processes is a tackward going ‘§+ which decays in a

P wave to pr# system. Though there is some accumulation of events

near the A -mass in the spectator protOn-’ﬂ+ system, very few of them go
in the backward direction and also the mass distribution does not
correspond a Breit Wigner. However kinematics suggest that at the energy
of this experimenf such a reaction is very unlikely. So in this
experiment one can assume that the data (with spectator momentum

< 300 MeV/c) come. from single nucleon interaction with K beam. Since
the impulse and closure approximations are not valid at large spectator
momentum, & truncation of events is made at spectator momentum 300 MeV/c.
The impulse and closure approximations are assumed to be valid for the
rest of the data sample. This has been supported by the fact that the

cross-section and angular distribution of the process K+p(n}+KQﬂ&p(n)



determined in this experiment (based on the spectator momentum cut)
tally reasonably well with those measured in hydrogen target

experiments (see Chapter 4)

2.2 GLAUBER SCREENING: .

The existence of the second nucleon may cause a reduction of
the total cross-section€specially at higher energies. Since the
incident wavelengths in these cases are much smaller than the ranges
of interaction, the nucleons may be thought of casting fairly well
defined shadows. The absorption or scattering by either nucleon is
then reduced when it enters the shadow of the others. If one
assumes that the interaction ranges are small compared to the
average separation r of the nucleon, then the probability density of
the second nucleon is isotropic about the first. Using an optical
analogy one relates the deuteron cross-section to the free proton and
n2utron cross-sections by
G = On+0p - TP L)
41T \r d

This was first studied by Glauber (1855) and later developed in much

2.5

more detail by Wilkins (1966) and others. At the energies of this
experiment, the Glaubcr correction to the total Ky cross-section is

abecut 3%, so the refincments of 2.5 have been igncred in this case.

2.3 FERMI MOTION OF THE NUCLEONS:

The Fermi motion otﬁthe nucleons inside the nucleus has two effects
on the observed cross-section. (a) Depending on the direction and
magnitude of the velocity of the target nucleon, the total centre of
mass energy of the system is increased or decreased. This results a

smearing of the centre of mass energy E at any fixed beam momentum.

This makes 1t possible to measure the parameters of any reaction as a

29,



function of E . The beam momenta were so chosen that the different

ofa
«

E* bands overlap on one another and one gets a continuous E spectrum.
This property has been utilised in Chapter 5 to study the s-channel
behaviouf of the process KN - K*N. The low constraint fits have a
narrower E*‘band as has been expected since the neutrals in pseudo lc
fits are preferably fitted with very small momenta. (b) The incident
flux depehds on the relative velocity between the two interacting
particles and so when the target particle is moving, its velocity
will change the flux and hence the total cross-section. This flux
factor is a maximum when the two particles collide head on and it is
a minimum when the two velocities are in the same direction.
These two effects can jointly explain the spzctator angular

distribution since the total cross-section is a function of the
centre of mass e¢nergy, the probability of having head on collisions
(where centre of mass energy is a maximum) will be different from the
probability of having the target moving transversely. Furthermore
the interaction probatility is proportional to the flux factor.
This effect is analogous to the Doppler effect. Neglecting the
dependence on centre of mass energy. One gets a spectator angular
distribution of the form

W(Cos8) = constx(1+2 CosB/B) -
where ps andﬁk are the spectator and the beam velocities. So this
can take into account a maximum of 20% variation from forward to

backward direction.

2.4 EFVECT OF PAULI EXCLUSION PRINCIP.LE:

Due to Fexmi statistics, certain angular momentum states of the
two nucleons system are restricted and this is reflected on the observed

deuteron differential cross-section. When one has two protons or

+30,



two neutrons in the fina; state, then at t = 0, the two nucleons are
_ very close together and in the S -wave deuteron they form a épin 1
state. The isospin flip of the nucleons should then be compensated
by a spin flip to have a total antisymmetric wave function. This
results in the non spin flip component being suppressed in the forward
direction.

The deuteron cross-section can thus be expressed in terms of
the spin flip and spin non flip components of the free nucleon cross-

section as

dol — dcrNF dO“SF
| = O-D)57|+ D(t))
dtL | datly

where D(t) is the deuteron form factor. In terms of o and f

D(t) - 20(]30& )cn( }ianCZEB‘ Ztan@_—ﬁ- for t<0

=1 for 1=0 0.8
do| - d_crL 1
Thus dt N 1_D(t)[:‘|:§((;())[3l 2.9

where R(t) is the ratio of the spin non flip and spin flip cross-sections

with a free nucleon tartet. Since R(t) cannot be determined in a model

independent way, there is no such way of extracting free nucleon cross-
sections. However D(t) is very sharply peaked and it is negligibly
small above -t = .1 GeVQ. Thus the correction is only meaningful at

small t values (i.e. -t<¢ .1 GeV2). Unless specified, the cross-

sections listed in the following chapters do not include these corrections.

All these corrections in effect can increase the uncertainties in the

quoted values.

31,



© 250

- 10Cqar

NO. OF EVENTS

200

150

50

oK p |

Tl

. L L ! Y a0l oo
0d 02 0.3 Oh 05 06 0.7 08 03 1
SPECTATOR MOMENTUM (GeVfe)
2.1

+ 0
_) p
100—X4 KPP

S0r

SPECTATCR ANGUAR DISTRIBUTION

22

lzsl



|33|

SPECTATOR MOMENTUM

DISTRIBUTION )
Al B
2000 1000 _
K7 p(p) - . K7°p(p)
1000 500

= | 0
3 Q0
GeVi
C
T 1000 _ o ' 625+
o] .
KT'n(p)
500 it ) 313 H
0 SN 0
03 0.5 08 0.3 05 03
GeVe GeVic

2.3



SPECTATOR ANGULAR DISTRIBUTION

.34.

500

250

200

100

300

il

I n“'qr},u i

,"'.N_ 4 /./ /,‘
B
i st

SSE T SS

200

100t

K'd 2 K°'p(n)

s
il .';.‘// iz 1

10

030)

10

10 00

1-0

24



¢35,

K o K
fA,
d
~p
2.6
K:—p(n)_)Ko ﬂ,+p(n) K+d — Kopp
FIT USING pp = d n* ANGULAR
1500} DISTRIBUTION DATA.
2 |
! o}
| ]
. 1000}
20¢-
500
AN : I
040 120 200 -10 cos o 00 10
MISSING MASS SQUARED. @ = ANGLE OF THE FAST PROTON
- IN THE PP REST FRAME,
2.7 23



GeV?

t' (K-K)

.36.

2001

100

q- - P
Spectator Angular Distribution

MASS® (pp)

GeV?

Pspec > 300 MeV/c

I

210

Asymmetry

P~

. 4.
-
f- " o 3 A‘ - . o’ B'
. o - -
:l—- * .' . 35;—— .
L - ':~" ™~ *
: . 0\.:‘:': .o } : ..l
s . '.;n . P * [ ¢
g . ..'u‘s:.:. . >0; 2.3 * H . *
. 0"’4“'0 . o ~ '. . .
- """-j - .
- eali ORI - s
| T Taf T
= LA .o o S
RIS v e . ~ L
o % 3 Y, LI — .t . ¢
- L —
J— o .{_\- Y R . - e .
), S Cydae . * 0. St * .
S i'«"!eiu A [ . . - *
ha { ’/‘?;-'- '- S ‘o . ana ¢ * e .'
-L_‘_, FL A e . L
o po— -
__Jlll‘llll'llll_lllll -,5..6I_I_I_L.lllll'l_llllllll
3, 9.0 7.0 9.9 1 3. 3.8 7.0 9.0 1

A2 2
2.9 MASS® (pp) GeV

« All cvents *
.+ Events with Pspec >300 Mev/c

+

MULTI PL]CITZYl l




37,

[ a=K pp
15f
101
sk
ol

00 025 05 075 10
212MOMENTUM OF (PP) IN LABORATORY FRAME

50F 50 ]
25+ J[
00 05 T0
COS ©pp ' COS ©
Opp = angle of the pp System O=angle of the proton in
wrt beam direction pp rest frame.

2.13 in laboratory frame. 2.14



CHAPTER 3

In this chapter a study of the reaction

K'n = K°p 3.1
is presented. The reaction is observed in a deuterium farget
experiment as

+

Kd = Kpp 3.2
where one of the protons in the final state is a spectator in the
interaction of the K meson with the neutron of the deuteron. Only

one or two prong events with a visible VO can give rise to such fits.

3.1 AMBIGUITIES AND SELECTION OF EVENTS

The reaction 3.2 gives a highly constrained kinematic fit, the
total number of constraints feing 7. The number of constraints
however goes down to 6 or 4 when one of the tracks is badly measured,
or when the decay vertex cannot be simultaneously fitted to a K°.
The high constraints restrict the contamination with this channel to

a minimum. The possible contaminations are

K'n(p) = Ktp (p) 3.3
K'd — K4 3.4
K*d - Krir*d 3.5
K'n(p)—> KritTp(p) 3.6
K'n (p) = K p(p) ' 3.7
K'n (p) = Kr{rPp (p) 3.8
K'n (p) = K KN (p) 3.9

The reactions 3.6 to 3.8 can be fitted to these two prong events(with
a Vb) only when the missing momentum and missing mass are lafge, since
the probability of emitting two slow s is very small. So by

suitably choosing restrictions on the missing mass and missing momentum

+38,
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it was possible to eliminate any contamination from those channels.
.The contamination of the reactions 3.4 and 3.5 is also negligible.

This is due to the fact that the pion and proton tracks could be ,
distinguished by bubble density measurements for tracks with momenta
less than 1.5 GeV/c. The reaction 3.9 is highly improbable because

it involves the production of a pair of strange particles. The cross-
section for the corresponding process at this energy has been found

to be of the order of SOf‘b. So at the present level of statistics,
one can safely ignore this process. Furthermcre the K and p tracks
are di;tinguishable by bubble density measurement for tracks with
momenta below 1.3 GeV/c. Of all the events fitted to the reaction

3.2 only .3% are ambiguous with the hypothesis 3.3. This percentage

is fairly uniform over the different beam momenta and this ambiguity
only occurs in the case of badly measured events. However, this
figure does not give a true picture of the level of contamination

at the kinematic fitting stage because during grind choicing it was
decided that a 4c fit should always be preferred to a lc fit except
when the confidence level of the later is at least 10 times greater
than that of the former, assuming both are consistent with ionisation.
The probability distribution (figure 3.3), however, shows no enhancement
at low probability, thus justifying the preference of the UYec fits at
the Grind choicing stage. The probability distribution shows some
excess of events on the higher probability side.

One important feature of the reaction 3.2 is an unusual long tail
on the higher momentum side in the laboratory momentum distributicn of
the slow proton. This has been discussed in some detail in Chapter
2 where this excéss of events with large spectator momentum has
been attributed to double scattering. As a further check, here the
d¢ross-section has been calculated in two ways. The first method

consists of rejecting events with "Spectator protons' above 300 MeV/c and



then correcting for the loss of events in the forward direction (as
described in section 3.5); the second method utilises the t-channel

neutron exchange diagram and a Chew-Low extrapolation procedure to ’
the neutron pole (as described in section 3.2). The two methods

give compatible results (Table 3.2). So in revealing the other

features of the process, a cut is used at the spectator momentum value

of 300 MeV/c.

3.2 CHEW-LOW EXTRAPOLATION

The reaction K+d-*K°pp could be explained in terms of t-channel
diagrams like fugure 3.4 .
The contribution of this diagram to the process (2) can be

written as’

21‘[ 21 2)_d'pg
- = l. r pllj]p)fl.mm (p -m )(21'1)5 3.10

where PKL = laboratory momentum of the incident K" meson.

md,mn,mp = masses of the deuteron, the neutron and proton respectively.

p four momentum of the spectator proton

s

A2

effective mass squared of the t-channel exchanged virtual neutron.
unr2 = spin average density matrix element squared at the dnp vertex.
Igi),lRQ = the final and the initial states at the top vertex.
jq = neutron current.

If one assumes that the residue at the pole is related to the
physical process with a neutron on the mass-shell, the two vertex
functions can be further simplified at the pole and expressed in terms

of some observables

Then |
2 _
air= = 4 F[’n‘p[TﬁT;] 3.11
e o ?___ 2 l _ > ¥
1R il ey F= .ECEX(ZS- S iy &1r (e 872 3.12

where s = effective mass squared ef the system Kop.
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Oocex ~ reaction cross-section for the process K+nﬁK°p.
1& = deuteron radius.

r = effective range for 35 dnp coupling.

_ 1< | A-mxf d’o;
Ocex™ == TRk Wﬁmﬁ)ﬁm‘é dsd&  3.13

Near the neutron pole, the process 3,2 1s dominantly given by a

Thus

diagram like 3.4: so Oy could be replaced by the cross-section for
the reaction 3.2 in a limited A? region. One further assumes that
the deuteron is dominantly s-wave so that K= ,0456 GeV and ro = 1.74 fm.

The quantity -

1-%p my Ry (& diN

'3 Shi hi L ) S dn 3.14
510352 2 s (M A)-rric s ds

has been plotted against A", the integral being computed between the

two limits of the Chew-Low plot and a straight line extrapolation

is made to the neutron mass (figure 3.1). Due to the large statistical
error, no other possible extrapolation was attempted. However, when
this method of extracting neutron cross-section was tried

for other channels, this did not lead to cross-section measurements

compatible with those from the direct evaluation.

3.3 CROSS-SECTION

The channel cross-section for the process 3.2 is summarised in
table 3.1. The fifth column of this table gives a measurement of
cross-section for the process 3.1 based on the two following assumptions,
(a) only events with spectator momentum less than 300 MeV/c are due
to the process 3.1 and (b) the loss of events in the forward direction
can be taken into account by using the formula with the spin flip
component of do/dt for the process 3.1 to be zero in the very forward
direction.

The total cross-section for 3.1 has been plotted against the

~
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laboratory momentum on diagram 3.2 together with the measurements
.at other experiments at 1.94 GeV/c (Davies et al., 1972), 2.3 GeV/c
(Butterworth et al., 1965a).2.97 GeV/c (Goldschmidt Clermont et al., 1968),
3.8 GeV/c (Moninger et al., 1973), 3 GeV/c, 4 GeV/c, 6 GeV/c
(Diebold et al., 1974), 4.6 GeV/c (Dehm et al., 1873), 5.5 GeV/c
(D. Cline et al., 1870) and 12 GeV/c (Firestone et al., 1970). The
cross-section follows a Apn behaviour with A = 7.55 ¥ 0.50 mb
and n = - 2.10 & 0.05. On the same graph, also the cross-~section
}or the line reversed reaction K—pafon hés been plotted (n= —'l.74i0.10).
The cr;ss—sections for the two processes should have been equal if they
proceed through exchange degenerate Regge péle exchanges. At about
20 GeV/c, the xt cross-section is approximately twice the K~ cross-
section. However the two cross-sections converge on one another at
higher momenta. So either the absorbtion effects are important below
~ L GeV/c which die away rapidly at higher momenta or else the exchange
degeneracy is not obeyed.

The total cross-section does not show any structure which might
have beep expected from a narrow Z* resonance (width~ 100MeV) coupled
strongly to the elastic channel. To investigate this effect in some
greater detail, the centre of mass energy distribution for the process
3.1 has been compared with an estimated distribution based on the
assumptions that the total cross-section is constant over the E* range
and the deuteron can be approximated by a S -wave n,p state. In the
reaction 3.1, B* has been defined as the invariant mass of the final
state Kop system. This gives the cross-section as a function of E*
(in diagram 3.5) within an E* region 2.2 GeV< E* < 2.6 GeV. This is
again consistent with no Z* production.

The cross-section measurement for the process 3.1 has also been

compared with the SU(3) sum rule due to Barger and Cline (1967). The

occurence of oniy 1 and 8 representations of SU(3) for the observed



mesons suggests that exchanges of singlet and octetstates should
dominate the scattering amplitude. This SU(S) sum rule assumes the
octet dominance in the crossed meson channel wifh an approximate SU(3) -
invariance for the inéividual exchange amplitudes. Assuming that the
Cﬂ,K;q? pseudoscalar mesons form an octet representation of SU(3), the
meson nucleon charge exchange amplitudes of definite helicity‘were
expressed in terms of two amplitudes which represént.the contributions
of iG = 1  and IG = l+ meson exchanges. This leads to the relation
(K*n*K"p) (11p-rrrn)+3a-{ (D +1{n)-§7 9 KpaRn)  3.15
at any fixed s-value. A corresponding relation for the total cross-
section should alsoc be true. It is quite evident from figure 3.7
that this rule is inconsistent with the data at momenta l%ss than
~4 GeV/c. This could not -be accounted for by standard Regge pole
models and is presumably the reason for the nonapplication of such
models at lower énergies. However, the sum rule has a better
agreement when the relation is tested at a fixed Q value (figure 3.16).
Comparisons of the differential cross-sections at a fixed s (figure 3.8)
and at a fixed Q (figure 3.17) show that the TN data points are lower

than the KN data points at all t-values.

3.4 DIFFERENTIAL CROSS-SECTION

The production angular distribution is shown in figure 3.9 at the
three laboratory momenta. All the three distributions are peaked in
the forward direction suggesting the t-channel singularity dominance
in thé total amplitude. The solid lines are fits with a sum of

Legendre polynomials

dcosB ZA PlcosB) 3.16

The coefficients Aﬁshas been evaluated by the method of moments

and are summarised in table 3.3. Only coefficients up to n=8 have



significantly nonzero values. All the events were divided in 9 s-bins
and the coefficients evaluated have been plotted in figure 3.10. At
some coefficient <Au’A5) there seems to be some’structure near E* = 2.4 GeV
(corresponding to the opening of K*(lHQO) channel). But due to large
errors in the data, no further.attempts could be made toranalyse the
s-channel effect in this channel.

The do/dt distributions for the process 3.1 have all been fitted
to expressions of the form do/dt = A eBt in the region 1.5 GeV2>+u> A GeV2
and the values of the parameter B are plotted in fugure 3.11 against
the laboratory beam momentum together with similar quantities from
other experiments. They are consistent throughout and a shrinkage of the
forward peak is clearly evident.

The optical theorem and isospin decomposition relate the forward

. + + : .
charge exchange amplitude to the K'p and K n total cross-sections.

= «-q— T —_ T 1
Im Ao e (00, T, 17

Abrams et al. (1970) made an accurate measurement of the K+p and
K'n total cross-section. Using their data the ratio of the imaginary
to the real part of the forward scattering amplitude was computed.

This rétio (as in Figure 3.6) has been found to be negative and
decreasing with the laboratory momentum. A strong exchange degenerate
model predicts a purely real amplitude for the process 3.1. So the
data suggest that absorbtion effects are present at 2-3 GeV/c.

There is no evidence for a backward peak in the differential cross-
section as might have been expected due to hyperon exchange processes
in the crossed u-channel. The differential cross—secfion in the
backward direction has been plotted in figure 3.12 together with the
data from 1.94 GeV/c experiment. It is found to fall rapidly with

increasing momentum.
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3.5 COMPARISON WITH THEORETICAL PREDICTION AND CONCLUSION

In explaining the forward peaks in the differential cross-section
one generally assumes the amplitude to be dominated by the singularity
nearest to the physical region. This leads to one particle exchange
models at medium and high energies. However, the one particle exchange
models have unsatisfactory energy dependence in the amplitude if they
involve the exchange of particles with nonzero spin. This unphysical
energy dependence has been tried té be got rid of by.adding the
contributions of various_spin states to the amplitude. If the exchanged.
particles are infinite in number, the sum can satisfy Froissart bound
under restricted conditions. This idea has been developed in Regge
pole models which consider the sum of a series of spin states
Jo’ Jo+2, Jo+u, ... as a singularity in the complex J-plane whose
position is a function of t. The contribution of a Regge pole to the

t-channel helicity amplitude can be written as

- ; (-rrexplitedt)-M)  «
Ay, (5,t) = - 182K P (1) sinimeon Gt z) 3.18

where «(t) gives the position of the pole, T its signature (and is +1 or -1),
pH(t) the residue at the pole. A , \' are the helicity flips at the two
vertices, Zt the t-channel scattering angle and Y is a factor depending

on the t-channel exchange particles.

' 5 3
L(t)= Jp #2040 - A A
| A= M

2 1.

In its simplest manifestation A(t) has been parametrised as a linear
function of t. The nature of the residue function is quite unknown and
the different models assume different characteristicsfor this function.

One plausible assumption is the so called factorisation, i.e.

Bit)= Yy 3.19
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PH(t) inherifs the t-singularities of AH(s,t). So the t—chanﬁel
threshold effect would be reflected in ﬁH(t). But the s-channel
physical region is far away from the t-channel threshold; so this
effect should not be important in the s-channel amplitude. However,
the singularities at t=0 in the deunction is quite important and

can be got rid of by makinglaH vanish sufficiently fast at t=0.

The dJ funétion gives rise to a branch point (47J°)%- at sense-nonsense
points. A vertex 1s called a semse point if Jo) JA| and a hénsense

point if Jo < N} . To kill this singularity one demands

b ~ (%) 3.20

To satisfy this one may choose sense, i.e. fgn"'l(%"Jo ) and[sss
finite, or choose nonsense, i.e. }%s‘” (4=Je ) and én] finite. 1In
the later case one introduces a pole in the nn amplitude and this is
usually taken care of by having extra zeroes in the residues.

The contrasting behaviour of the particle and antiparticle processes,
introduces a new idea in the Regge pole models. The Regge trajectories
of opposite signatures and parity appear in pairsand the residue functions
corresponding to these trajectories are very much similar. This is
called the exchange degeneracy.

The process 3.1 because of its simple spin'structure has been
subjected to analysis in several Regge pole models. Though the
differential cross-section is quite structureless the models still
find it difficult to give a good quantitative agreement with the
experimental results. Simple Regge pole ideas have been modified by
introducing complexities like abSOPbtion; Regge cuts, etc. Still
there is not one good systematic which can explain the s,t dependence
of the elastic scattering of the SU(3) 0 meson octet and the nucleon

octet.

One of the early attempts of these types is one due to Rarita



and Schwarzséhild (1967). This particular model is meant for only
elastic charge exchange scatterings. They assumed the excﬁange of
the P, P' and A2 trajectories in the t-channel. The introduction

of the nucleon spin demands the vanishing of spin flip residue
functions and the ghost killing for the even signature trajectories

at «=0. The ghost arises due to the pole at £ =0 which corresponds to
a negative mass squared. In that particular model these are
acéomplished by assuming that the nonsense verfices each pro&ide a

factor JX for all trajectories and that in the case of A_ exchange,

2
every.vertex provides an additional factor Jx . The model demands
linear but nonexcﬂange degenerate trajectories. As a rgsult it
involved 24 parameters (including the SU(3) breaking factors). One
particular feature of the model is that it used the Legendre function
expansion at smaller energies. It explaiﬁs our data reasonably well
(Figure 3.13) up to t = -1. GeV2 beyond which the model blows up.
However this model needed to introduce a new P’ trajectory, which seems
to be only a means of introducing the extra parameters needed to fit
the data. The-f9'parameters vary considerably according to the
data fitted. The facts that (1) P is not well established, and (2)
polarization data of Tfp-*Tfn is not well explained make the model a
weak one.

Dass, Michael and Phillips (1969) later made a systematic study
in terms of Regge poles. It involves isoscalar as well as isovector
exchanges. Thus it covered a lot other reactions. It involved
£ o, AP, P’  trajectories. It again has not buil-t in exchange
degeneracy. At o« = 0, P chooses sense and A2 chooses nonsense. The
residue of t-channel helicity nonflip amplitude was chosen to describe
ffb*ffn data. The A, ghost killing mechanism was however doubtful but

2

in
that was not important since the model resultedka flat A, trajectory.

2

The fit of our data is quite poor. The theoretical prediction of the .



cross-section is down by a factor of 2 from the experimentallfindings
(Figure 3.14). However this does not involve the Legendre function
expansion. . B : )
One useful tool in more recent models is the so called local
duality. The s-channel background and rescnance effects are results
of the t-channel Pomeron and Regge trajectory exchanges. All the
recent models make use of this fact and also thefekchange degeneracy
of odd and even signature trajectories. Also amplitude aﬁaiysis suggests
(Ringland et al. 1971) that the helicity flip amplitudes have the simple
Regge pole form with absorption (cuts) playing a minor role whereas
the helicity nonflip amplitudes do not have a simple Regge pole form but
are significantly affected by absorption. But there'i; no clearcut way
of calculating the absorption. Loos and Matthews (1972) used Harari's
(1871) dual absorption model and applied it to all 2 body processes.
In this model, the imaginary part of the Regge exchange s-channel
helicity nonflip amplitude is assumed to have . an approximate 'JO'
behaviour with an absorption zero at the cross-over zero. The ﬁelicity
flip amplitudes are made to be nearly Regge like in agreement with the
polarization data and the differential cross section data for jhe
processes TY p-= 77N and 17p -9Tfn . The real part of the helicity non
flip amplitude was empirically parametrized by a polynomial and
exponential in t.  The model explains the experimental data remarkably
well at high energy. In our energy region, the model prediction is
down by a factor of 2 in the forward direction (Figure 3.15). But
near t = 2.0 GeV2, the model gives a curious reproduction of the
experimental structure. This is remarkable since these structures
are absent at higher energies.
Hartley and Kane (1973) took into account the s-channel unitarity
effects by treating the reactions at high energies to be largely

absorptive in nature. The Born term was defined by.a reggeon exchange



whose intrinsic quantum numbers and symmetry properties characterise
the exchange but whose s,t dependence and size are strongly modified by
unitarity effects. The Pomeron structure as determined from the
consideration of s-channel unitarity effect Has got two parts. One
is due to the complicated structureless intermediate states, namely the
pionisation and the other due to the peripheral terms in the unitarity
sum. The absorption effect decreases with energy consequently one
should have at high energies the K?r+K?>cross—section larger than
K-p'+ K°n cross-section. This has not been verified since at high
energies,‘no measurement of K'n = K° p cross-section has yet been
done. However the model does not work well at lower energies.

Girardi et al. (1974) put forward a model which incorporates
Regge cufs in duality diagrams. A study of the physical amplitudes
shows that one should have to add to the exchange degenerate Regge
poles corrected by absorption, a contribution which violates exchange
degeneracy, exists in exotic s and u channel and contributes to
negative signature with central real parts. This contribution comes
from a dual description of Regge cuts. The intermediate exotic states
in the cut diagrams were avoided. However, this model does not have
a good qualitative agreement with data of this experiment.

Though many versions of basically Regge type theory explain most
- of the higher energy data (though perhaps not all simultaneously),
all run iﬁto trouble at lower energies. What is needed is a means
of extrapolating these basically correct theories to the lower energies

where the effects of absorbtion and mass differences become more important.
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Beam
Momentum
GeV/c

2.18
2.43

2,70

Beam
Momentum
GeV/c

2.18
. 2,43

2.70

No.

of events

per pb

1.861.05

1.78%.05

1.94% .05

cut
GeV2

0.86
0.86

0.86

An/Ao/P Beam GeV/c

Al/Ao
A2/Ao
A3 /Ao
AL /Ao
A5 /Ao
AB /Ao

A7 /Ao

A8/Ao

TABLE 3.1

Deuteron cross-
section without
any cut in

spectator momentum at 300
momentum. MeV/c.
mb
1.63%.11 1.38%.10
1.31%.10 1.12%.09
1.03%.00 0.87%.09
TABLE 3.2
x2/ Prob. Extrapolated GZext
ND N _
Q
Lt +
1.26 0.26 2960.1589.3 1.59%,
+ +
1.10 0.36 2385.2%001.3  1.34%,
+ +
0.98 0. Ly 1637.3T119.7  o.sst.
TABLE 3.3
2.18 2.43 2.70
1.86% .01 2.05%,05 2.25% oy
1.79% .07 2.16%.07 2.35% .08
T
0.815.09 1.22% .11 1.64%.12
i .
~0.34% .11 0.09%.13 0.59% 1y
~0.90% .19 -0.71%.14 ~0.32%.18
+
-1.01t.13 -1.11t.15 -0.95%,17
+
~0.66%.14 -0.92%.16 -1.02%.19
=0,52%,16 -0.63%.18 -1.01t,20

Deuteron cross-
section with a

cut in spectator

Neutron cross-
section.

1.49% .11

1500

Neutron
Cross-section
(from table 3d
mb

1.49% .11
1.21% .09

0.95%.09



t
GeV2
-.025%,025
-.075% .025
-.125% .025
~.175% .025
-.2925% ,025
-.275+ .025
~.325% .025
__3751 .025
~.425+ ,025
-.475% ,025
-.505% .025
~.575+ .025
-.B625% .025
-.B75% .025
-.750%.050
-.850% ;050
-.950% ,050
-1.100%.100
~1.500% ., 300
-2.100%.300
-2.781%.381
_3_002i.602

-3.248% ous

TABLE 3.4
2.2 GeV/c 2.45 GeV/c
(do/dt) (do7/dt) (do/dt) (d7at)
{corrected) 5 (corrected)
mb/GeV mb/Gev? mb/GeV mb /Ge V2
+ ) +
1.21%.19 2.01 1.05%.19 1.79
1.93%.25 2.36 1.76% .04 2.13
2.36%.27 2.65 2.29% .07 2.59
2.09%.26 2.26 1.65%.23 1.79
2.53%.208 .69 1.59% .03 1.68
9.15%.26 2.25 1.u0% .01 1.47
1.62%.23 1.68 1.93%.05 .00
1.358.01 1.39 1.02%.18 1.04
1.27%.20 1.30 1.37%.01 1.41
1.55%.20 1.58 1.18%.20 1.20
1.15%.19 1.17 1.28%.20 1.30
0.78%.16 0.79 0.72%.15 0.74
0.73%.15 0.74 0.39%.11 0.39
0.68%.15 0.68 0.571. 11 0.58
0.u48%.09 0.49 0.20%.06 0.20
0.40¥.08 0.40 0.207.06 0.20
0.22% .06 0.29 0.23%.06 0.23
+ +
0.15%.03 0.15 0.14% .03 0.14
+ +
0.11% .02 0.11 0.07%.01 0.07
+ +
0.09%.02 0.09 0.04%.01 0.04
+
0.07%.01 0.07 - -
- - 0.08%.01 0.04

o1,

2.7 GeV/c
(dov/dt) (doydt)
5 (corrected)
mb/GeV mb/GeV?
+
0.96%.17 1.55
1.57%.20 1.92
1.38%.20 1.55
1.62% .00 1.75
+
1.60%.20 1.70
1.36%.20 1.42
1.23%.19 1.28
0.96%.17 0.99
0.78%.15 0.80
0.75%.15 0.76
+
0.61%.14 0.62
0.61%.11 0.62
0.26%.09 0.26
0.38%.11 0.39
0.25%.06 0.25
0.28%.06 0.28
0.22% .06 0.22
0.13%.03 0.13
0.05%.01 0.05
0.03%.01 0.03
+
0.013%.003 0.013
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CHAPTER 4

The rapidly opening threshold of the K*(BQO) prbduction in K+N
reactionshas been argued by Aaron et al. (1971) to affect the elastic
channel and this would result in the elastic channel going resonant.
Similar consideration for the opening up ogri*(IRZO) threshold may
cause a resonating state in the KN system. The process should be a

e
highly inelastic one and should have been observed in the KN — K (830)N

reaction. With this motivation one looks at the -single pion production

proceéses in this chapter. In this experiment one can observe three
such reactions in the K'n system and one in the K+p system. They are
K'n — K%rp 4.1
K'n — Krp 4.2
K'n —» Ken 4.3
K'p —» Krp T

The other single pion production process in the K™ system 1is

K'n - Krn 4.5
which is a zero constraint fit among one or two prong events without
a visible Vo decay. So this reaction cannot be studied in this
experiment. Other such reactions in the K+p system have not been
measured in this experiment as this has been done in some good detail

in an earlier experiment (Brunet et al. 1972).

4,1 AMBIGUITY AND SELECTION OF EVENTS

Reactions of type 4.1 Oreobserved in this experiment as
K'ni{p) = K'r7plp) 4.6

They appear as 300 or 400 topology events on the film. These



reactions give highly constrained kinematic fits. So the
contamination level from other K induced channels is quite-low.
But the possibility of pion contamination in the beam introduces
some problem. It was suggested that at the time of fitting, the
corresponding hypothesis.for a pion beam should also have to be

considered.

'n(p) — I 17p(p) 4.7

As a result of this most of ;he events which give a fit of
type 4.6 also are fitted to the hypothesis 4.7 and there is no
obvious way of distinguishing the two reactions. One assumes that
the production mechanism in the two processes are similar so that
the ratio of the number of unique events fitted to the hypothesés
4.6 and 4.7 will give a true ratio of the K" and 11" induced reactions.
This assumption leads to the pion contamination in the beam to be
9.5%, 4.1% and 10.5% for beam momenta of 2.18 GeV/C, 2.43 GeV/C and
2.70 GeV/C respectively. However the GRIND fittings to the hypotheses
4.6 and 4.7 depend on the measurement errors and the spread in beam
momenta. Further one finds that 77.4% of the ambiguous events has
spectator momentum less than 80 MeV/c in the laboratory frame so that
the spectators cannot be seen on the film, This makes the estima%ion of
pion contamination to be dubious. The other possible contamination

comes from the reaction

K'n(p) » K'rrrrp(p) 4.8
But the preference of four constraint fits to one constraint fits
make such contamination in the final data sample to a minimum. However,
this causes some excess of events at low probabilitieé for reactions of
the type 4.6. So only events with probabil;ty greater than 4% were

-

accepted for further analysis



The reaction 4.2 is observed as

K'nip) = Kfplp) 4.9 .

and the reactions 4.3 and 4.4 are observed as

K'np = Krf'np 4.10
Both these fits come from one or two prong'événts with an
associated VB decay. A study of the spectator nucleon in these
reactions (as described in Section 2.1) suggests that though for
the events where one proton is unobserved, fitting of the neutral
particle was poor, there has been no serious loss of events in either

of the channels. The reaction 4.9 is ambiguous with 4.10 and also

with

K*n(pl-> Kplp) 4,11
K'd — Krd 4.12
K*d — Kmd 4,13

Both #4.11 and 4.12 give four constraint fits and they are always
preferred to the hypothesis 4.9. The level of contamination is
however quite small for this process (~1%). For events where the
only existing ambiguiv.y is between 4.9 and 4.10, one weighs each
event by the inverse of the number of fittable hypotheses to that event.
However in reaction 4.10, the chief ambiguity is with the reaction 4.12.
The level of contamination is 2.9% at 2.18 GeV/c and it rises to 3.8%
at 2.70 GeV/c. The resolution of this ambiguity has been done by
using cuts on the mass and angle of the proton, neutron system. This
will be discussed in some detail in Chapter 6. As has been specified
earlier only those events which have their spectator momenta less

that 300 MeV/c were accepted for final analysis.



4.2 CROSS-SECTION AND RESONANCE FRACTIONS.

Cross-sections of the channels have been summarised in table
4.1 and they have been plotted with the cross-section measurements
at other energies on figures 4.1; 4.2? 4.3 and 4.4 respectively.
The cross-section for the process 4.1 is falling with laboratory
beam momentum at the energy level of this experiment with an energy
dependence of the form A T;g (n=13%*01). Also on the same graph
are plotted the cross-sections for the process K-p'?K?TﬁI. The two
cross-sections fall more or less on top of each other. This fact
supports the exchange of exchange degenerate Regge trajecfories (or a
- single Regge trajectory) which is not so obvious in the case offgiastic
charge exchange reaction (Chapter 3). The reactions 4.2, 4.3, 4.4
all have smooth energy dependence. The reaction 4.4 has also been
observed in hydrogen targef exﬁeriments and within errors the result
of this experiment fits very well with the hydrogen target experiments.
This further supports the selection criterion of the spectator events.
All the cross-sections were fitted with an energy dependence proportional
to (ﬁxlb )-n . The fitted parameters using cross-sections above 2 GeV/c
have been shown on table 4.1. None of the cross-sections within error
shows any structure. Thus one cannot see in this experiment the
dominance ¢f 2*production in any of the chamnels. However, if fhe
resonance is highly ineiastic as has been suggested by Aaron (1971),
one should get a reasonably smooth cross-sectional behaviour and only
a partial wave analysis of the system would show the existence of.such a
resonance. This has been done in some detail and described in Chapter 5.
The distribution of events on the Dalitz plots have been shown on
diagrams 4.5-4.8 for the different reactions at the three different
beam momenta. All the reactions show a strong K*(890) production,

However the resonance band becomes broader for a one censtraint fit



with a final state 77, The 71 momenta are poorly determined for
events where one of the proton tracks is badly measured or unseen.
This causes the broadening and this is more evident at larger
beam momenta. The reaction 4.4 shows a strong Ar*(1236) production.
The reaction 4.1 has a broad distribution in the p 17 system. An
attempt has been made to explain this as a diffractive dissociation
of the neutron by Yen et al. (1974) and this'is_ponsidered in some detail
in section 4.3c. The reaction 4.2 and 4.3 show a A¥(1236) signal.
However the reaction 4.3 also shows some concentrations of events
near N*(1520) and N*(1688) masses. There is no significant accumulation
of events in the diagonal direction which would have been expected for
' a resonance in the (KN) system. .

To calculate the resonance fractions in the various channels, a
maximum likelihood method (G. Thompson, 1971) was used. For each
event, the following function was calculated which has got resonant

and also nonresonant terms.

4,14

L‘:z?q(swn PH | 12 «;
] =i N; A
The first term gives the sum of intensities of the resonances,

oqs are the resonance fractions to be fitted. (BW) is the Breit-

Wigner factor and it is parametrised as

[ (m

Bw) = L1 _mel (m) 4.1

(BW) T (- mé fe Mz S

m being the mass of the two particle combination, m the mass of the

resonance and ' the width of the resonance. The energy variation of

" for two body decay takes the form (Jackson 1964)

2l+!]
Pim)
r=r (3 |
° {q; £(ma) 4.16
The first term in the expression is the central width. The

second term is the decay angular momentum barrier, q being the decay
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particle momentum in the resonance rest frame and | the relative
angular momentﬁm of the decay. This factor is normalised to have
a value of 1 at m = L The factor P is a slowly varying function
of mass of the resonating systemvdepending on the JP values of the
resonance and also the decay products. For a JP = 1 system

proceeding via pseudoscalar exchange.

Pim)= m 4,17
For a JP = 1 state proceeding via vector exchange, the right
hand side of 4.17 is further multiplied by p2, the square of the
recoil nucleon momentum in the overall cm system. This term is
due to a production angular momentum Barrier. For a P-wave

JP= 394' state produced via vector esmchange

e

P(m) = &—”{;ﬁ%——_nﬂ% %’ p:‘ 4,18
where ml,m2 are the masses of the decay products (%+ and O states
respectively). The inverse phase space term (PH) was

PH = Mp .19

This was required to divide the two body phase space so that the
final term represents the background while the other terms will
represent the resonant contributions only. Ni and A are the relative
normalisation integrals. They were made up of the numegrator (excluding‘
the factors d;s) integrated over the phase space. fhus A is simply
the area of the Dalitz plot.

The likelihood function which was maximised was given by

L=1iw L, 4,20

v L .

where “ﬁ is the weight of the event j calculated from the position of
the decay vertex and also from the ambiguity resolution criterion.

The logarithm of this likelihood function was taken and then inverted



in sign. This log likelihood function was then minimised using

the CERN MINUIT program. In this process one assumes that'there is

no appreciable interference among the various resonances. The interference
effect should be small in all the reactions except 4.4 which has strong
K*(SQO) and AY1236) production. A comparison of number of events

in the overlap region with the events in the conjugate region (i.e.

the regions produced by the interchange of directions of the two particles
iﬁ a resonance decay) suggests that this interference effect is also

small in this case. One further does not consider the structure in the
Dalité plot due to anisotropic decay of the resonance in its rest frame.
This introduces more adjustable parameters in the fits thus increasing

the errors in the fraction, but it does not improve the quality of the

fit or vary the fractions appreciably. So they have hot been used in

the final fits.

In all the reactions 4.1 - 4.4, one assumes K*(890) and & (1236)
production, K*(890) has been assumed to b; in a pure JP = 1 state and
it is produced by pseudoscalar and vector exchanges in the case of the
neutral and the charged modes. A (1236) is assumed to be a JP = 372"
state produced by vector exchange. The fit of the reaction 4.3 also
involved.Dl3N*(1520) and F15 N*(1688) states in the  nqrtsystem. For
both of these the width was assumed to be mass independent. The mass
and width of A and N*'s-were fixed during the fit except in the case of
reaction 4.4 where the A signal was strong. In the reaction 4.2, the
width of K* was also fixed, otherwise the unseen spectator events
severely distort the likelihood function and the convergence criterion
cannﬁt be obtained.

The quality of the fits is shown on diagrams 4.9-4.12 which show
the effective mass distributions for all the reactions at the three beam

momenta. The results have been summarised on tables 4.2 and 4.3.

The errors quoted correspond to a change of 0.5 in the log likelihood
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function. To check the quali%y of the fit, the ratio of the cross-

sections for K+n—>K*(890) p and K' n - K"(890] p has been compared
LK™ bkerr®

with the prediction from isospin Clebsch-Gordan coefficients. The

experimental value is in good agreement at each beam momentum.

The cross-sections for the resonance production of the K*(890) state
in the reaction Kﬁr*KﬁJhave been plotted on figure 4.13 with similar
measurements at 2.3 GeV/c, (I. Butterworth et al., 1965b), 3.0 GeV/c
(Bass ompierre et al. 1970), 4.6 GeV/c (Buchner et al. 197é),9.0 GeV/c
(D. Cords et al., 1971) and 12.0 GeV/c (A. Firestone et al. 1971).

The measured cross-section in this experiment is in good agreement
with the other results and it shows an energy dependence~ﬁég1with
n = 2.5i 0.2, In crude Regge picture, the energy dependence of cross-

2601 5, p 2¢(0)-2

section should be like s .

where s is the total
centre of mass energy squared and £(0) is the intercept of the dominant
trajectory. This measurement shows thaf the dominant trajectory for
this process should have an intercept - 0.25 T o.10. The dominant mechanism
in the K*O(SQO) production is the exchange of the pion trajectory. This
value is then comparable to the intercept -0.02 which should be obtained
for a linear pion trajectory with a unit slope. On the same graph, the
cross-sections for the line reversed reaction K—P'*izqsgqnha§e been
plotted. Both the processes proceed via pion exchange. So one usually
expects the same sort of energy dependence in the two processes. But
the cross-section of the line reversed process is smaller than the KﬁT’Ki)
cross-section at smaller energies (round about 3 GeV/c). However, it
has also got a slower emt:rgy variation so that at larger beam momenta

the two cross-sections agree within errors. This discrepancy can be

removed by assuming contributions from P and A_ trajectories which

2

become important at larger momentum transfers. Also absorption is

important at lower energies.
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Figure 4,14 shows a plot of the rescnance cross-section of the
AM production in the reaction 4.4.  The i)lot also includes data from
hydrogen target experiments at 2.97 GeV/c, (Bass’ ompierre et al., 1970),
3.5 GeV/c (Pape et al. 1968), 5.0 GeV/c (Particle Data iaook'),
8.0 GeV/c (Lind et al. 1969), 10.0 GeV/c (Barnham et al. 1971) and
12.7 GeV/c (Berlinghieri et al. 1968). The results of this experiment
areconsistent with the other results and this produces a [laa.bn
behaviour with n = 1.950.2. The & production have been explained
in Regge pole models by P and A2 exchanges. The process K'n—K A

also involves P and A exchanges, but the amplitudes have got opposite

2
signs. So a comparison of these two processes would test the exchange
degeneracy of those two trajectories. On the.same plot, the cross-
sections for the process KN+K®A have been plotted and they are
markedly different from the cross-section of the process K+p - K° A*over
the entire energy region (n is 1.6%0.2).  There are two obvious ways
of explaining this inequality. The first explanation involves diagrams
like 4.15 for A production. Th'en the difference of the two cross-sections
would result from the inequalities of the cross-sections for the process
K"’n—’ K°p and K'p—rK_° n . This would then imply the A production
cross-sections in the K" and K system would tend tc become closer at
larger energy. However, the data in the figure 4.14% does not support
this view. The éther explanation involves some coherent interference
between the resonant and the nonresonant parts of the amplitudes.
The slopes N of the K'n+K°p ana Kp »K°n  cross-sections in O —’Tab
distribution are 2.10%0.05 and 1.74%0.10 respectively which are similar
to those for A production processes.

Since stroné interactions conserve isotopic spin as well as its
z component it is possible to separate the isospin 1 component frbm the

isospin zero component in the reaction K'N = K¥890IN. The formulae

one uses are
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oy = o*(K+p—>K*+p) _ n,21

g =20 G(J?\-WT\)W(KJ'n-K‘Op)] -G(l(*p—&('+p) 4.22
The cross-sections thus evaluated have been listed in table 4.3
and also plotted on Figure 4.16 together with other experimental reéults.
Both the cross-sections are observed to fall smoothly at thg energy
of the present experiment. The parameters of A fl’(;? fits are quoted

in table 4.3.

4.3 A STUDY OF THE REACTION K'n>K'T7p .

4.3 A) General Features of K*(BQO) production:

' The main feature of the Kfrfsystem is that it shows a strong K*(BQO)
signal in the mass plot. Quark models (Bialas et al. 1968).for hadrons
which include quark spins can relate the K*(BQO) production cross-section
and differential cross-sections to those of other two or quasi two body
processes. These are essentially based on several assumptions. The
most fundamental of these assumptions is the so called additivity
assumption which states that the amplitude for each particle particle
scattering isva sum of one quark-one -quark scattering amplitudes without
baryon number exchanges. This assumption rules out more than one
unit of charge/strangeness exchange and also baryon exchange which is
clearly not true at low energies. But it is a good approximation at
high energies. Also exact U(3) symmetries of quarks or antiquarks

alone are assumed and the breaking of this symmetry by exchanged

particles lead to relations between several reactions, the one relevant

here is
T (rfp2w nI+€'(f‘f-p->£n)+6h‘rb—>ffn)= o"(Kb:K'Dn)fﬁ(K*mK‘?p) 4,23
' " — M ’
where o :SE- o L,24
out
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s being the total centre of mass energy squared, s> Pout are
the momenta of incoming and outgoing particles in the centre of
mass frame. However, the limited data for the reactionifbﬁwenrestricts
the testing of this formula at theenergy of this experiment.

One other useful assumption is the equivalence of the quarks
constituting mesons and the quarks constituting baryons and antibaryons.

This together with the charge conjugation invariance leads to the

following formulae
f(}(n*}(p): g&‘(KbaKA’)fzzzsgt(K"paK%ﬂ*) !+ .25

6’(K‘h+K2p)=§E(pp-> ndY 4.26

It can be seen from figures 4.17A and 4.17B that these rules are
not valid at this energy. One should however remember tha{ighe energy
of this experiment, the additivity assumption is not‘strictly true.
K*(890) events were selected using a mass cut from 0.84 to 0.94
and the. t-distribution has been shown in figure 4.18. The distribution
shows a forward dip near t = —O.OlGeVQ. This is probably a. kinematic
effect and the t'(=t—tmin) distribution (figure 4.20) does not show any
sign of forward dip at all. The t-distribution clearly show; a change
of slope near [tl = C 6 GeV2 which is also observed at 3.0 GeV/c
and 4.6 GeV/c. This might suggest that different t regicns are produced
differently and it will be discussed later. The t' distribution has
been fitted with an exponential up to t; = 0.3 GeV2 and the slopes have
been quoted in table 4.i. The slope parameters have been plotted on
figure 4.19 along with those from other experiments. The slope stays

practically constant over the entire energy region. In a pure Regge

pole exchange model, the slope of the t-distribution can be expressed as

B=B,+2«n s 4,27



where & is thélsiaﬁeféf the dominant trajectory exchanged. The
variation of lns in thé entire energy range is approximately 1.5.
This leads to '~ 0.5 Ge\}a'.But this reaction involves more than one
exchange; this complicates the relation 4.27. So no élear conclusion

_can be made in this respect.

4.3 B) Decay characteristics of K*(BQO):

To look at the JP states involved for that large K'rf mass bump
near 0.8 GeV one should utilise the angular distribution information .
The decay distribution can be expanded in terms of the spherical

harmonics as

) wis®) =lZ<#n\1n(,8,¢) 4 .28
LM

Thus one obtains the coefficients of the spherical harmonics as

a = f WBPIY e dldcosedp = (Ylf.n> .29

The decay distributions are generally studied in the resonance
rest frame. The z-axis can be chosen in various ways, two of which
are commonly used. One is the direction of the beam (or the target)
in the resonaﬁce rest frame and this system is called the t-channel frame
or the Gottfried Jackson frame. In the other, known as the hélicity
or the s-channel frame, the z-axis is given by the direction of the
resonance particle. In both the cases, y-axis is defined by the
direction of the normal to the production plane.

Using the angular distributions in the s-channel or the helicity
frame, the real qnd'the imaginary parts of the coefficients have been
evaluated using the method of moments at various masses of the K
system. The imaginary parts were found to be consistent with zero.
The real parts of the coefficients have been plotted as a function of

the K'T mass on diagram 4.22. The coefficients higher than L > 3 are
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consistent with zero throughout implying that partial waves higher
than L=1 (P-wave) are not required in this mass range. ' However,

Q35 has some nonzero value in K*(BQO) mass range which could be
possibly due to a PD wave interference effect.  But this effect is
small and neglected here. All the coefficients withl <2 show
structures in the mass region 0.80 GeV< Mass (KﬂT—)<'l.OO GeV which
suggests that in addition to the P-wave, thére is some S -wave present
as well. TFrom the interference of the S8 and P waves, the-phase shift
analysis of thel<%féystem could be done. This has been done elsewhere
(5.L. Baker et al. 1974) where one may obtain a possible resonance in
g -wave at the same mass as K*(890).

The decay polar and azimuthal angular distribution ‘in the Gottfried-
Jackson frame of the Kfffsystem (in the mass range 0.84 - 0.94 GeV)
have been shown in figure 4.23. 'The azimuthal angular distribution
shows an approximately flat distribution whereas the polar angular
distribution takes an approximate cosQB shape suggesting dominance of
P-wave production by unnatural parity exchange. A pure P-wave would
give a symmetric polar distribution. But the polar distribution has
clearly got a larger forward peak than a backward peak. S0 one has
to assume § and P waves to be present in this mass range. Thus one

gets a hermitian posiuive 4 x 4 density matrix

(A R Aa RS

Po  Poo  ~Po Pos

P Pio Py “Fis 4,30
Py Pos Pk Pss )

The decay angular distribution expressed in terms of the density matrix

elements looks like

Wicos8) = Utl1s (£-2 13 0526-1)- 3 Psin Bos2 )

~302Refsin28cosP+2BRe L cos0-2/6 Refsinbeos) ] #-31
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with projected distributions

Wicos8) = V2[1+ (go—ﬁ)(3cosle-1)+ 2/3Reg’s cosH) 4.32 ,

wi) = 1’2ﬂ[(1-2ﬁ )—Aﬁcos‘(D—J%/z Rerf‘sc osf] 4.33

Thus there are only five observables namely

BB+ = (15¢cod6> -5)/4 © may
R, =95 <sifBcos2p> 4.35
ReR =-5/2f (sin26cosp) 4.36
ReP¢ =-J5’4 {sinBcosPy 4.37
Ref, = ‘/3/2 € os8) 4.38

with four real variables (P ,ImAP

0 o ;lm&, Im I?S ) unmeasured. These

five observables were measured for the decay of the Kfffsystem in the
K*(BQO) mass range at the three different beam momenta and at

various t-bins in both the s~ and t-channel frames. This was done
by the method of moments and they are listed in table 4.5. 1In the
t-channel frame, 6% o decreases as t increases. This suggests that
at low t, 7T exchange is the dominant feature of the process, bpt at
large t some other exchanges will be present. The fact that ﬁ:
is small over the .ent_re t-range suggests that the exchanges of negative
and positive parity states will be présent in equal proportions.

The quark model as referred earlier relates K* density matrix

elements to those A produced in the reaction pp~nA" This

assumes a pure P-wave in the K (890) mass region and gives the following

relations.
/0+/0)K.°_. (3 B+4E B s - 4.38
<Rl % B4 £t

Re/l%Kf": ['{/f‘i Relgl At 4,41



77,

The three beam momenta have been combined . as there is no
appreciable variation of the density matrix elements over the energy
regions aﬁd the values obtained were éompared with the results from
a pp experiment at 2.8 GeV/c (Bacon et al.) (Figures 4;17C,D,E).

The agreement is rather poor. However these relations are much
better obeyed at higher energies (Barger 1974).

From the above analyses one thus can conclude that the K'
system in the K*(BSO) mass region is produced by a mixture of S and
P waves and it involves'several Regge trajectories exchanges. The
low t—region(ltl(OA.GeVZ)is dominated by Tl-exchange whereas large
t-region is produced by other exchanges in equal parity mixtures.
Further the reaction cross-section for the process K'n - Kﬁop is
larger than the cross-section for the line reversed reaction and
also the differential cross-section for the process KﬂT’K'})shows
much more peripheralism than the other reaction. This could be
explained by assuming that the small momentum transfer region has
been absorbed differently in the two processes. All these facts need
an absorption type Regge model which involves TT;/Dand A2 trajectory
exchanges. One such model has been suggested by G.C. Fox and others
(1971) which assumes vector dominance at large t-values and the absorbtion
effect arising due to the interference of the P Regge pole with the
strong cut correction to 1T exchange. The differential cross-section
for this process has been compared with the model prediction on figure
4.24. The quality of the fit is remarkable even at the energy of this
experiment. However the model cannot explain the large It| data

adequately, probably due to omission of the B-trajectory.
4.3 C¢) Study of the pff system

The effective mass spectrum of the pTrsystem (as shown in figure 4.9)

shows a broad mass enhancement from 1.1 GeV to 1.6 GeV. This 1s not a
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pure kinematic effect.and also has been observed at 9 GeV/c (Yen
et al. 1974) and 12 GeV/c (Lissauer et al. 1972). The production
of this piT system is peripheral in nature and the pefipherality increases:
as one goes to the lower mass region. The t! distribﬁtion (from X to K)
has been shown on figure 4.21 for various mass cuts of the prf system.
These t' distributions were fitted with exponentials having slopes
B = -7.2%0.2, -6.0%0.2, -5.2%0.2, -3.2%0.2, -1.9%0.2 Gev"2 for the
five Mass (prT ) bins defined by (a) 1< M(prT) < 12 GeV, (];>)1-2<M(p*ﬁ)<1-3‘G(?,VJ
(c)1.3<M(p1'7)<1.L GeV,(d)1.1.<M(pr)<1.5 GeV, (e)1.5<M(prf)< 1.6 GeV .
A siﬁilar shaped enhancement is also observed in the pfi system in
the reaction pn — ppfT . The strong variation of the slope with the
mass of the prT system suggests that there are more than one mechanism
responsible for the broduction of the pfT system. An estimate of
AP(1236) production has been made from the reaction cross-section of the
Process K+p ~» KA "and this estimate has been found to be less than 6%.
So this broad enhancement is principally due to isoépin 1 states of the
prT system. 'This is not a reflection of the-K*(890) resonance production
-in thel<HT_system as can be seen “rom the Dalitz plot (figure 4.5).
Also antiselection of the K*(890) events using a mass cut does not
affect the above features at all. Lissauer et al. (1972) went through
a partial wave type analysié in the p1l system and identified this
enhancement as a joint effect of a1113N*(1520) and F15 N*(1680) production
with a strong P11 wave in the prT system in the low t!' region.  The
P11 wave has been found to be peaked at 1250 MeV and has a width of
300 MeV and also it is very similar to the N*(1470) state.

The strong t dependence of the process also suggests some Regge-
exchange procesé responsible for thelproduction of this system. The
Deck effect originally introduced to improve the calculation of the
phase space in the construction of the scattering amplitude has been

developed to incorporate Regge trajectories and these types of models



have been largely used to describe successfully the three particle
final states. There are several such Deck diagrams which.will be
important only in some selected region of the phase space. In a
triangular plot of the longitudinal momenta of the three final state
particles one can select out six regions and can associate the

final state particles with the various vertices in these regions
(illustrated in figure 4.25). A large fraction of events in the
enhancement including the K*36735%) lies in the region correspoﬁding
to the Vanhove angle w (figure 4.25) between 120° and 180°. So one
can have a Reggeised diagram like figure 4.26 to explain the data in
this region. The total amplitude is thus factorised into 3 components,
an off shell Ktrf scattering term, a pion propagator and a pomeron,

nucleon scattering amplitude by pion exchange. According to Berger

(1969), the squared amplitude of such a diagram can be written as

IMi* ~ lRﬂ(tnpf[%%TlRP(tKK)lz [—%%]2 .42
IRyt ) = ,ng—g@ e % p (Afnp] 443
IRpl I = exp (Nikk) 4.y
Sprr = MM )= by iy = 0.5 iy~ thp~ b ) 445
Sk = MY(KT)- tnP'm%('Os(m}i'tKK'tnp) .46
Ay = Al tap miy) : .47

One uses S5or=07GeV? , & =10 GeV®  and 4=12 Ge V™
A comparison with the experimental distributions have been made in
figure 4.29 by generating evénts using'the CERN monte carlo phase space
program FOWL and weighting each event by a factor IMIQ. The
experimental data énd the fit both use the same kinematic cuts
120°< w < 180° , mass of the K¢ system > 1.0 GeV and Itnpl> 0.8 GeV2.

The parameters AW and A, have been adjusted by looking at the fitted

distribution and the fits are rather insensitive to these values.

279,
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The values of A ,and A, used here are 2.5 andl;_?,GeV‘-2 respectively.
The fits to the data are reasonably good.
+ - A
Thus the processkrn'*|(11 P is dominated by K ©(830) production

and also some diffraction dissociation of the neutron is present.

4.4 Kh(890) PRODUCTION AND DECAY IN THE REACTIONS 4.2, 4.3 and 4.4

The production of the K*(SQO) state is the most dominant feature
in the reactions 4.2, 4.3 and 4.4. However, in reactionxu.u there
is also some evidence for strong production of the [§+(l236) state.
But the interference of the K*+ and Af+ has been found to be small.
So a cut in the mass plot 0.84<M(KM)<094 GeV has been used to select out
K%(SQO) events for further analysis. ‘

The t' distributions from K" to K*O have been plotted for the
process 4,2 on figure 5.30 at the three different beam momenta. All
of them agree with an exponential distribution with slopes 5.2tl.0,
5.371.0 and 5.9%1.0 Gev™? respectively. These values are somewhat
smaller than the slopes obtained for the K*o production process in
Kﬁ1-p final state. There is some evidence of sﬁrinkage of the forward
peak and using the data at 4.6 GeV/c (Buchner et al. 1972), the estimated
slope of the exchange trajectory has been found to be 3.0il.d GeV-zi

The t' distribu*tion for the K%+ production in the reactioﬁs 4.3
and 4.4 have been shown on diagrams #.31 and 4.32 respectively. . These
reactions have been found to be less peripheral than the K*O production
processes. The exponential fits yield slopes 3.110.5, 3.3t0.6,
3.750.6 GeV“2 respectivz=iy for K*+ production in the reaction 4.3 and
2.7t0.5, 3.0t0.5, 2.9t0;5 GeV“2 respectively for K*+ production in 4.4:
They agree well within erroré andiﬁgmpatible with the hydrogen target
experiments. The difference in the t' distribution for K*o and K*+
production suggests different production mechanisms in the two processes.

This could be studied in further detail by looking at the decay distribution

of the K (890).



Figures 4.34, 4.35 and 4.36 show the deéay polar and azimuthal
-angular distributions of the K*(890) for the reaction 4.2, 4.3 and 4.4
respectively. All the polar angular distributions show some forward-
backward asymmetry. A pure P-wave decay to the KTfsyétem would give
rise to a symmetric distribution. So there is some S.-wave present and
this has been observeﬁ in all previous experiments with a deuteron
térget. However other hydrogen target experiments did not observe
such effects. This is not due to the presence of At eveﬁts in the
sample, The overlap region of the Dalitz plot can be removed and
replaced by events from conjugate region using Eberhard-Pripstein
prescription and still the same effect has been observed. The azimuthal
angulér distribution for K*O decay is essentially flat énd the polar
angular distribution has taken a 00826 form suggestiné pseudoscalar
exchange to be dominant. The polar angular distribution for the decay
of the K*+ state takes a sin29 form suggesting vector dominance.

From these decay distributions the decay density matrix elements
were calculated by the method of moments and they. have been listed in
tables 4.7, 4.8 and 4.9 respectively as a fﬁhéfioﬁ.éf-t'. The smooth
curves on the plots are the estimated distribution from these density
matrix elements. The matrix elements of the K*+ production with proton
and neutron targets have similar features suggesting similar reaction
‘mechanisms in the two processes. However no single exchange is dominant
in any of these reactions. The largeness of %o at low t' for reactions
4.3 and 4.4 suggests that pseudoscalar exchange could be present at
low t' - but natural parity vector exchange becomes important at large
t'. The K*O decay density matrix elements are similar to those in the
reaction 4.1, naﬁely‘go is large specially at low t"values suggesting
that pseudoscalar exchange is dominant and f;l is small suggesting
natural and unnatural parity exchanges are equally present. The

dominance of Tfoverf3~A2 trajectories in K ° production might imply

:81,
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isoscalar exchange to be dominant in Ké+ production. - One usually
assumes natural parity isoscalar exchange to be w and f trajectories.
Using the slopes of t' distribution of this experiment with those in
other proton target experiments (Fu et al. 1971, Baere et al. 1970)

one finds the slope of the trajectory to be 0.710.2.

4.5 ZS++(1236) PRODUCTION AND DECAY IN THE REACTION 4.4

The £f+ events were selected using a mass cut in the Dalitz plot
U3<Nmﬁﬁ<133Gev,The t!' distributions from K to K° have been shown on
figure 4.33 for these events at the three beam momenta. This shows
a forward dip which is expected in f>—A2 exchanges. Except for this
dip, the %' distribution shows no other structure. The events with

‘t' between 0.15 GeV2 and 0.75 GeV2 are well explained by an

exponential t' distribution. The exponential distribution yields

the values of the slopes to be 2.75%0.50, 2.8470.50 and 3.03%0.50 Gev 2 at
the three beam momenta, respectively. ‘ Together with the slopes at

2 at 3.5 GeV/c (Baere et al.

2

other hydrogen target ‘experiments, y.250.y GgV—

1970), 4.9%0.6 Gev™? at 4.6 GeV/c (Fu et al. 1971). 5.3%0.7 Gev™

-

at 8.25 GeV/c (Baere et al. 1970), one can clearly see a shrinkage on

the forward peak of the differential cross section. From a Regge analogy

B = B,+«'ln s L.48

So one gets‘K’=L0102 GeVZfor the effective exchange trajectory

which is close to the accepted value of P -A 2

trajectory 0.9 GeV ).

2
The decay polar and azimuthal angular distribution of the at

system have been shown in figure 4.37.  The decay of a JP = 3/2+ state
to a JP'= O-,%+ states in a relative P-wave.state can be explained in
terms of a density matrix as following
W(cos8.9) = it [0+48, M +1-£5,)c 05201, -
£ 2 . . .49
2Re £, sin“Bcos2(/5-2 Re £ sin28cosy3 ] *
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with the projected distributions as

Wilcos8) = [ (1#48;)+3(1-48; )coSB1 /4 4.50
WIB) = [1+4Re £U3)-8Re L co3Pi3 ipry 4.51

Thus it is possible to evaluate three of the density matrix
elements among the possible six real variables. The matrix elements
have been calculated by the method of moments and have been summarised
in table 4.11. The t-dependence of the matrix eiements has been found
to be small. AP | is not consistent with zero and hence spin zero

33

exchange is not large.  However ReP31 is consistent with zero all over
the t-range. Stodolsky and Sakurai (1963) suggested that A should
be produced by P-exchange and calculated the density matrix elements
for A decay by considering the NPA vertex in analogy with NYA vertex
in pion photoproduction, A and Y having the same quantum numbers.
This gives a prediction of the density matrix elements‘P33 = 0.375,
'Ref’a_l = 0.216, Re/)31 = 0.0 which is in excellent agreement with the
results of this experiment.

An approximate SU(3) invariance and the dominance of the octet
state exchange in pseudoscalar meson-baryon scattering process would
relate several differential cross-sections. This sum rule has been

formulated by Barger and Cline (1967) and for the proces K+P‘ﬂ K°£§+,

it looks 1like

éi{ (tp- er)+3gf{ (fp>1 &)= g,—?(l(pm%% ?ﬁ(K-mK"E ] u.52

On figure 4.27 one plots the calculated values of the left hand
side and the right hand side of equation 4.52 as a functioﬁ of t at about
E*A12.5 GeV. This shows an excellent agreement of thé sum rule specially
at very small t-values. It is to be noted that the sum rule does not

work well at this energy for a nucleon in the final state.



The strong cut Reggeised absorption model described by Fox et
al. (1971) hés been developed by Johnson et al. (1972) to describe the
O production data. This involves exchange of degenerate P and A2
trajectories modified by strong absorption corrections due to elastic
scattering in the initial and the final states. This model
simultaneously explain T and K induced reactions (usingan SU(3)
breaking factor). The fit to the data of this experiment has been
shown on figure 4.28 which is reasonable considering the ibw centre of

mass energy of this experiment.



TABLE 4.1
Channel Beam Momentum Cross Section Parameters for the fit A Pj—L?ab
GeV/c mb A mb n
+
2.18 2.73%0.08
K'n->K'mp 2,43 2.63%0.08 7.9%0.8 1.3%.1
2.70 2.53%0.08
K Ko p 2.18 2.22%0.10
2.143 1.94%0.10 9.7%1.6 1.8%0.2
2.70 1.80%0.10
+
2.18 1.86%0.08
K'ns Ko 2,43 1.47%0.08 7.7%1.4 1.7%0.2
2.70 1.50%0.08
- N
2.18 3.61%0.18
. .
Kps KD - 2,43 2.77%0.15 13.151.0 1.5%0.2

2.70 2.68%0.15



Channel Resonance
%
K (890)
K moK m1p
A (1236)
%
K (890)
Kfn*K?er
A(1236)
%
K (890)
A(1236)
KanKoﬂfn
%
N (1520)
%
N (1688)
%
K (890)
+ +
KK p
A(1236)

TABLE 4,2

Beam Momementum
 Gev/e .
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2,70
2.18
2,43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2,18
2.43
2.70
2.18
2.43
2,70

Mass
MeV
0.9010.002
0.898%0.002
0.89720.002
1.236%
1.236%
1.236%
0.902%0.004
0.900%0.002
0.917%0.003
1.236%
1.236%
1.236+
0.900%0.002
0.895%0.001
0.89620.002
1.236%
1.236+
1.236F
1.520+
1.520°"
1.520%
1.688°%
1.688"
1.688%
0.90420.002
0.90720.002

0.898%0.001

1.237%0.002

1.233%0.001

1.230%0.002

+Parameters fixed during the minimisation procedure.

Width
GeV

Fraction

+

0.064%0.0001 0.641%0.016

0.063%0.003
0.0610.002
0.12CT
0.120t.
0.120%-
0.065%
0.065+
0.065+%
0.120%F
0.120t
0.120%
0.073%0.003
0.06620.002
0.083%0.004
0.120t
0.120%
0.120t
0.125%
0.125%
0.125%
0.140t
0.140t
0.140%
0.080%0.002
0.093%0.003
0.07520.001

0.14620.005

0.136%0.002

0.127%0.003

0.542%0.014

0.467%0.039

0.092%0.009
0.097%0.008
0.123+0.010
0.386%0.029
0.41720.031
0.334%0.023

0.121%0.021

0.148%0.010

0.119%0.014

0.517%0.031

0.487%0.024

0.472%0.021
0.127%0.015
0.116%0.010
0.142%0.013
0.126%0.023

0.160-0.026

0.0670.011

0.179%0.021

0.208%0.019
0.264%0.020
0.5020.011

0.518%0.023

0.476%0.019

0.37720.016

0.366-0.018

0.358%0.014



Channel

*
K 0K °(890)p
K

%
K'nsK °(890)p

K01_'0

*
Kk T (890)n

o_+
K1

k3
K+pr +(890)p

+
K21

+ %
K N2K (890) N
I=1

*

K N9k (890)N
I=0
K+n+K+fP(1236)
Pﬁr

K+n+x°ff(1236)
PTTo

K nok® A (1236)
‘4
ntr

+

K p»k® A (1236)
$ 4

T

K+n$K°?x+(1520)

nrt

% .
K+n+K°? +(1688)

+
nfi

Beam momentum
GeV/c
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2,70
2,18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2,70

. 2,18
2,43
2.70
2.18
2.43
2,70
2.18
2.43
2,70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70

TABLE 4.3

Cross—section

mb

1.75%0.15

1.43%.14

1.19%0.10

0.86%0.07

0.81%0.08

0.60%0.06

0.960.09

0.72%0.06

0.71%0.06

1.81%.12

+

1.4470.10

1.28%0.10

2.72%0.18

2.15%0.15

1.91%0.16

4.82%0.50

4.25%0.44

3.77%0.40

0.2520.03

0.26%0.03

0.31%0.03

0.27%0.03

0.29%0.03

0.21%0.02

-+

0.24-0.02

0.17%0.02
0.21%0.02
1.3620.14
1.01%0.10
0.9620.10
0.23%0.03
0.23%0.03
0.10%0.01
0.33%0.03
0.31%0.03

0.40%0.03

Parameters of the fit A P

A mb

13.751.5

14.3%2.0

24.9%5.0

5.8%0.4

n

2.5%0.2

2.020.2

2.020.2

1.9%0.2

187,

-n
lab



Channel

Beam Momentum

GeV/c

2.18
2'43
2.70

2.18
2.43
2.70

2.18
2.43
2.70

2.18
2.43
2.70

2.18
2.43
2.70

TABLE 4.4

t' range used

GeV2
0.0 - 0.3
010 - 0-3
0-0 - 003
0.0 - 0.5
000 - 005
0.0 - 0.5
. - 1.0
. = 1.0
.0+~ 1.0
- 0-75
. - 0075
. - 0-75
0.15 - 0.75
0.15 - 0.75
0.15 - 0.75

.88,

slope of the expr onential fit

B Gev 2

7.05%0.24
7.51%0.28
8.10%0.32

5.271.0
5.351.0
5.9%1.0

3.1%0.5
3.3%0.6
3.7%0.6

2.7%0.5
3.0%0.5
2.9%0.5

2.75%0.50
2.84%0.50
3.03%0.80



.t interval
2

in GeV

0.0
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.24
0.28
0.32
0.36
0.40
0.44
0.48
0.52
0.56
0.60
0.68
0.76
0.84
0.92

0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.24
0.28
0.32
0.36
0.40
0.44
0.48

0.52

0.56
0.60
0.68
0.76
0.84
0.92
1.00

TABLE 4.5

N : .
do/dt for the process K+n-)K o(890)p in mb/GeV
2.18 GeV/c

0.51%0.15
12.39%0.73
10.37%0.69
9.49%0.68
8.9420. 64
7.65%0.59
6.91%0.58
6.0450.53
5.30-0.49
4.47%0.45
4.01%0.30
2.70%0.25
2.79%0.25
1.61%0.19
1.59%0.19
t.31%0.17
1.18%0.16
0.94%0.15
0.69%0.13
0.58%0.12

0.62%0.03

0.58%0.08

1 0.52%0.08
0.40%0.07

0.3520.06

2.43 GeV/c

1.62%0.27

10.40%0.68

9.68%0.65

7.29%0.57

7.3430.57

6.30%0.53

5.58%0.51

4.28%0.44

3.47%0.39

2.93%0.37

2.93%0.25

2.09%0.22

1.5520.19

1.49%0.18

1.22%0.16

0.99%0.15

0.97%0.15

0.59%0.11

0.61%0.12

0.74%0.14

0.46%0.07

0.44%0.07

0.32%0.06

0.28%0.06

0.2620.05

2

2.704GeV/c

2.34%0.31

10.16%0.65

9.83%0.64

6.7950.53

5.760.49

4.65%0.44

4.24%0.42

3.00%0.35

2.92%0.35

+

- 2.76-0.34

2.32%0.22

1.48%0.17

1.03%0.15

1.30%0.16

0.97%0.14

0.93%0.14

0.53%0.10

0.51%0.10

0.56-0.11

0.56%0.11

0.43%0.07

0.21%0.05

0.24%0.05
0.24%0.05

0.21%0.05

+



TABLE 4.6
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TABLE 4,6 (continued)
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t' range
in GeV

-0.0-0.05

0.05-0.10

0.10-0.20

0.20-0.30

0.30-0.40

0.40~-0.50

0.50-0.70

0.70-1.00

1.00-1.50 -

1.50-2.00

2.00-3.00

All events

PraB
GeV/e

2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18

2.43 -

2.70
2.18
2,43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43

2.70

3

. . .
RN W S NN PN R e e e

P~ WNDOoOHE WD =
ONOMRDWLWHMNOULUND OOy W W

11tk i+ I+ 1T+ +1+1+
OO OO0 COC O

.

VON HUWNNO S s, RO~ G UL

N0 L B NN e N
IR I I I Y

[$aele s NeoNoBwRoloNoNoNoNoNoNoNeNoNoNeoNoNoNoNe!

[oNeoNeNoNoNoloNoNoNe)

)]
o

=0.10--0.21
—0.25+0.17
—0.23;0.18
*0.3510.30
-0.19;0.19
—0.0210.23
~0.16-0,37

-0.27%0.24

-0.2450.19
0.15-0.05
0.1620.06
0.32%0.06

-P11

HELICITY
FRAME

0.630.13
0.49:0.11
0.61;0.12
0.33;0.14
0.45;0.16
0.42;0.16
0.54;0.13
0‘37I0'15
0.17:0.14
0.14;0.15
—0.0710.14
0.05:0.19
0.28:u.17
0.1710.17
0.46--0.22
-0.02%0.21
0.3620.23
—0.1310.23
0.02;0.02
-0.04:0.30
-O.ll;O.23
—0.03;0.19
0.33;0.31
0.39;0.23
—0.23;0.18
—0.02:0.23
-0.02--0,30
—0.1930.19
-0.07;0.24
~0.39-0.22

-o.36§o.22

-0.01%0.30
0.2650.05
0.2820.06
0.28%0.06

TABLE 4.7
Density matrix for the process K oK °(890)p

A1
G.J. HELICITY
FRAME FRAME

0.0570.06  0.0230.06
-0.0320.06 -0.03%0.05
~0.0270.06  0.0070.06
0.0030.07  0.0570.07
-0.070.07  0.000.07
-0.0770.07 -0.0370.07
-0.19%0.06 -0.0520.06
-0.0470.08  0.0130.07
0.0970.06 =0.0350.07
~C.0470.07 -0.0770.08
0.0520.08 -0.023¢.09
~0.0430.09 -0.16-0.10
-0.16%0.08 -0.1120.08
-0.08%0.10 ~0.07,0.10
-0.1170.11 -0.02%0.10
0.1130.16  0.2170.18
-0.3270.12 ~0.2220.11
—0.0510.14 -0.16;0.22
0.18_‘;0.14 0-31:0'.09
-0.0720.13 -0.1730.13
-0.1220.12 -0.1630.15
0.0430.12 ~0.0530.10
-0.123C.17  0.1970.15
-0.27:0.14  0.0130.12
0.0630.11  0.0620.11
0.0270.15  0.1370.11
0.2130.16  0.3030.16
0.1030.14  0.10%0.14
0.2330.13  0.1970.13
0.2220.21  0.17%0.22
0.21%0.14 0.1620.16
0.06;0.17 0.1210.14
-0.0270.03  0.01%0.03
-0.02%0.03  0.00%0.03
-0.01%c.03

-0.01%0.03

- b'r°
Re P Re P
lo os
Gc.J. HELICITY  G.J. HELICITY
FRAME FRAME FRAME FRAME

~0.0970.05 0.0970.05 ~0.0830.06 -0.0720.06
-0.08%0.05 0.0370.06 0.1470.06 0.1220.06
—0.1620.06 ~0.0120.06 —o.11§o.o7 —o.1ofo.o7
-0.1450.06 0.0630.06 0.01%0.07 -0.02%0.07
-0.1820.06 0.0570.06 -0.05-0.07 —0.04-0.07
-0.1270.06 0.0970.06 -0.0330.08 0.05:0.08
-0.19:0.05 0.0630.05 0.1130.06 0.1870.06
-0.1570.06 0.0970.05 0.070.06 0.1470.07
-0.1570.05 0.2650.05 ~0.0750.07 =0.1270.06
-0.2270.05 0.2470.05 -0.0470.07 -0.11%0.07
-0.1070.06 0.1070.06 0.0030.07 0.00%0.07
—0.17;0.07 0. 23;0 07 0.0710-10 0.0210.09
-0.2520.08 0.2870.07 0.0830.08 0.0570.09
~0.1620.09 0.]530.09 0.0430.09 0.0230.09
~0.2770.09 0.2570.09 -0,0270.10 0.11%0.11
-c.1570.14 0.1470.13 0.0130.12 0.12%0.13
-0.020.11 0.0320.12 0.0870.11 0.0970.11
0.06:0.14 -0. 08;0 .14 —0.19;0.15 0. 78+0 .11
-0.11%0.08 0.1120.08 0.00%0.08 -0.0470.10
-0.0730.08 0.0930.08 0.11%0.12  0.0630.12
-0.1270.11 0.1250.130.05Z0,12  0.11%0.11
~0.08%0.08 0.1050.09 * 0.12-0.08 , 0.14-0.08
0.010.11 0.092C.10 -0.1320.09 -0.05:0.14
-0.1420.09 0.2270.09 0.1070.09 ~0.1370.12
-0.1770.06 0.1620.06 -0.1130.07 ~0.1170.07
-0.0230.09 0.0620.08 0.0070.09 0.0070.10
0.0720.12 -0.0170.11 -0.1430.11 -0.0250.14
-0.0670.07 0.0270.04 0.1030.08 -0.0870.08
-0.0470.03 =0.0250.07 0.1270.09 -0.04-0.10
-0.09%0.09 0.01%0.15 0.26%0.12 -0.15%0.13
~0.0830.08 0.0230.07 0.24%0.08 -0.2650.07
0.0120.11 0.1270.07 0.25:0.08 -0.1450.10
-0.1530.02 0.1220.02 0.0270.02 0.08>0.02
-0.1020.02 0.06-0.02 0.06-0.03 0.0320,03
~-0.13%0.02 -0.13%0.02 -0.02%0.03 -0.04%0.03

Re

G.J.
FRAME

+
-0.0130.03

0.01-0.03
0.0220.04
0.0170.04
0.00-0.04
~0.07.0.04
~0.1050.04
~0.07-0.04
0.07-0.03
0.05-0.04
0.00-0.05
-0.02-0.06
~0.03.0.06
0.03-0.06
~0.07-0.07
-0.10-0.09
-0.05-0.08
-0.20-0.08
0.01-0.07
-0.04=0.09
-0.09-0.08
-0.12-C.06
0.07-0.10
0.06-0.09
0.05
.07
.09
.06
.06

e e I e
o o 00O

H t+l+14+ 1+
=
[

o N N~
“NoNoNele)

fas

HELICITY
FRAME

~0.0420.03

0.03%0.03
-0.0150.04

0.02;0.04
-0.03-0.04
-0.08-0.04

0.01-0,04-

|
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-0.08
-0.01+o.o7
~0.1070.07
0.05;0.06
0.1110.06
0.14%0.10
0.0120.08
+
0.12-0.07

0.01§o.02'

0.02-0.02
~0.01%0,02
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t' rance
~in GeV

0.00-0.05

0.05-0.10

0.10-0,20

0.20-0.30

0.30-0.40

0.40-0.50

0.50-0,70

0.70-1.00

1.00-1.50

1,50-2.00

2.00-3.00

all
events

P

LAB
GeV/c

.18
.43
.70
.18
.43

.43

.70 -
.18 -0,11+£0.10

.43 -0.39+0.10
.70 ~0.24+0.11
.18-0.,11£0.12
.43-0,32+0.12
.70 -0.18+0.13
.18 -0.49+0.10

.G.Jl
FRAME

0,46+0.13
0.45+0,15
0,30+0.14
0.07+0.15
0.35+0.16
0.06+0.15

0.20+£0.22

.70 -0.20+£0.18
.18 _0.241-0.15
.43-0.21+0.16
.70.-0.08£0.17
.18-0.38+0.11
.43-0,59+0.15
.70 -0.53i0.14
.18-0.30£0,11
.43 -0.25+0,15
.70 -0.51+0+20
.18 0.05+£0.17
.43-0.65+0.17
.70 -0.65£0,25
.18-0,02+0.23
'43-0.25450.27
.70 -0.07to.10
.18-0.01+£0,30
.70 0.06+0,11
‘18-0.]_0i0.04
.43-0.11+0.05
,70 _O']_[;i0.0S

A1
HELICITY
TRAME
0.44%9,15
0.35+0,14
0.29+0.14
0.31+0,18
0.30+0.17
0.21+0.17
-0.04+0,11
0.12:0.13
0,09+0,12
-0,27+0.,11
-0,02+0.12
-0.39+0,13
0.01+0.14
-0.35+0,19
-0.22+0,17
-0,10£0,17
-0,40+0,12
-0.32+0.16
-0.54+0.,12
-0,44+0,16
-0.28+0.,15
-0.10%0,15
-0,16+0,19
-0.21+0.26
-0,38+0.16
-0.37+0,28
0.59+0.49

0Q

0.02+0,24 .

-0.38+0 .34
-0.07+0.33
-0.09%0.33
-0.25+0, 30
-0,30+0,18
-0,06+0,05
-0,03+0.05
-0.01+0,05

TAPLE 4 .8
P11

G.J. HELICITY

FRAME FRAME
-0.07+0.06 0.02+0,07
0,01+0.05 -0.08+0.06
-0,11+0.06 -0,04x0,07
-0.0320.08 0.02+0,08
0.06+0.08 0.04+0,08
' 0.09:0.09  0.13%0.09
0.16+0.06 0.18:0,06
0.13+0,08 0.30+0,06
0.07:0.07  0.17:0.07
0.22+0.07 0.14+0,07
0.23*0.07 0.33+0.06
0.36+0.08 0,30+0,08
0,19t0.09  0.40%0.07
0.26+0,11 0.03+0,12
0.3340.10 0,25+0,11
0.19+0,10 0,28+0,09
0.34+0,08 O.26i0:11
0.24+0,10 0,15+0,11
0.43t0.08  0.33£0.09
0.39:0.11  0.35:0'12
0,3620.10 0,47+0,09
0.12+0,11 0.21+0.09
0.16:0.13  0,24%0.09
0,25+0,17 0.36+x0,15
0.17+0,11 =-0,02+0,13
0.18+0.21 0.20+0,22
~0.12£0,30  0,170,20
-0.11%0.15  0.000.14
-0,01+0,18 -0,11%0,17
0.29+0.23  0.3240.18
0.28+0.25 0,.32+0,18
0,05£0,20 -0,08*0,21
0.16+0.13  0.2740.11
0.14+0,03 0.17+0,03
0.16x0.03 0,17+0,03
0.15+0,03 0,19+0,03

DENSITY MATRIX FOR THE PROCESS

T RePy,

G.J.
FRAME

-0,17+0,06
-0.,02+0,05
-0.12+0.05
~-0,11+0,07
-0,11+0,06
-0,12+0.06

0.18+0.06
-0.13+0.05
-0,10+0.05

0.00£0,04

—=0,11%0.04

-0.06+0.04
-0,15+0.05
-0.06+0,06
-0,14+0,05
-0,10+0,07
-0.04+£0,06
-0.08+0,06
-0.08+0,05

0,00+0,04
-0.06+£0,06
-0.07+0.08
-0,09£0,08
-0,03£0.09
-0,1020,08
-0.21+0,10

0,15+0.09

0.02+0,10
-0,15+0.10

0.0420,10

0,0320.13
-0.08+0,14

0.0820,07
-0,08+0,02
-0.0820.,02
-0,07+0,02

HELICITY
FRAME

0.00+0.05
0.12+0.06
-0.04+0,05
0.01+0,06
0.11+0,06
0.01+0.06
-0,06+0,04
-0,03+0,05
0,00+0,05
0,06+0.04
0.06+0.04
0.06+0,05
0.10+0,04
0.13+0,06
0.17+£0.05
0,05+0,07
0.06+0,06
0,08+0,06
0.10+0,05
0.05x0.,05
0,07+0.06
0.10+£0,08

0.08+0.,07-

0.05+0.08
0,02+0,07
0.29+0.08
0,18+0.10
0.03+0.10
0.16+0,12
-0.14+0,14
-0,04+0,12
-0.08%0.11
0.11+0.08
0.05+0,02

0,07+0.02 -

0.04+0,02

Re P

G.J.
FRAME

0.12+0.07
0.18+0.07
0.11%0.06
0.10£0.07
0.07+0.08
0.10£0.07
0.01£0.05
0.05£0.05
0.05%0.05
0.06+0.05
-0.010.05
0.02+0.06
0.00%0,05
0.09+0.10
-0,13£0.07
0,08+0,07

-0,03+0,07

0,04+0,08
0.01+0,06
0,00£0.,06
-0.06+0,06
0.02£0.07
-0.03+£0,08
-0,12+0,08
0,10+0,08
0,02+0,10
0.05+0.11
0.14%0,10
-0.21+0,11
0.24+0,13
0.11+0,15
0.23+0,12
0.15+0.08
0.05x0,02
0.05+0,02
0.05+0,02

Os
HELICITY
FRAME

.18+0,07

.13+0.08

ocNoNoNoNoNe]

.14%0,07
-0.04%0.05
0.08+0106

0,09+0,06
0.17£0.07
0.0720.07
0.03+0,08
-0.04+0,07

-0,02+0,08
-0,07+0,08
0.08+0.09
0.01+0.11
-0,03+0,07
0.23+0.10
=0,19+0.19

-0,12+0,10

-0,08%0.11
-0,13£0.16
-0,12+0.15
-0,13£0.12
-0.11%0,10
0,05+£0,02
0.06+0,02
0.05+0.02

.16:0.07:
.14+0,06-

.12+0.08

K'n — K1890)n

o}
K et
T

. C'JO
FRAME

-0.10+0.04
-0.02+0.04
-0.09+0.04
-0.03+0.05
-0.08+0.04
-0.06+0.05
0.03+0,03
-0.06+£0.04
-0.04+0.04
-0.07£0.03
0.02+0.04
-0.01+0.04
-0.05+0,04
-0.13+£0.04
-0.06+£0.05
. 0.00+0.06
0.03+0.05
-0,04+0.05

" -0.04+0.04

0,00+0,05
0.01+0,05
0.06+0,06
-0,03+0.06
0.03+0.08
-0.02x0.05
-0.17+0.09
0.10+0,14
0.01+0.08
0.14+0.09
0.,04+0,09
0.15+0.08
0.00+0.09
-0.02+0.07
-0.03x0.01
-0,03+0,02
-0.03+0,02

f)

s

HELICITY
FRAME
-0.06+0.04
0.03+£0.04
-0.05+0,04
0.03+x0.04
-0.03+0.05
0.01+0,04
-0.01+0.03
0.01+0,03
0.01+0.03
-0.01+0.04
0.01+0.03
0.02+0,04
0.00+0.,03
0.04+0.07
-0.09+0,05

0.04+0.,05 -

-0.02+0.05
0.02+0.06
0.02+0.04
0.04%0.,05
-0,05+0,04
-0.01+0.05

0.02+0.06" .

-0.07£0.07
0.06+0.06
0.10+0.09

-O .OSiO 109 .

0.04+0.,07
-0.25+0.08
0,09+0,07
-0.07£0.09
0.09+0.10
0.10%0,05
0.01x0.01
0.00+0.02
-0,01+0.01

GEGI



t' ranze P

in GeVZ

0.00-0.05
0.05-0.10
0.10-0.20
o.éo—o.3o
0.30-0.40
0.40-0.50
0.50-0.70
o.id—l.oo
1.00-1.50
'1.50-2.00
2;00-3.00

all -
events

LAB
GeV/c

2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43

-2,70

2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2.70
2.18
2.43
2,70

}D
G.J.
FRAME

.0.3940,11
0.17+0.12
0.31+0.11
0.29+0,11

-0.06+0,13
0.03+0,12

-0.08+0.09

-0,12+0,09

-0,14+0,09

-0.04+0.10

-0.36+0.09

-0.32%0.10

-0.45+0.09

-0,3520.11

-0,36+0.09

-0.51+0.11

-0.38%0.14

-0.20+0,12

-0.30+0,10

-0,36%0,11

-0.43+0,12

-0.32+0.12

~-0.32+0.13

-0.23+0,14

-0.15+0.14

0.3420,14
0,.00+0.15

-0,17+0.15

-0,01+0.26

-0.05+0,21

-0.73£0.20

0,14+0.19
-0.29+0,18
-0.11x0,04
-0.19£0,04
~0,13+0.04

oe

AL
HELICITY

FRAME
0.49+0,11
0.36%0.13
0.27+0,10
0.26£0.11
0.1240.12
0.09+0.11
-0.14%0.08
0.07+0,08
0.07£0,09
0.00£0.08
0.22+0.11
-0.22+0,09
0.17£0,10
0.03%0.11
0.05:0.11

-0.20:0.11

0.1540.15
-0.23+0.11
0,04:0,11
©0.15+0.11
0,09:0,14
-0.14%0.11
©0.18+0.13
-0.24+0,13
-0.16+0,12
-0,38+0,14
-0.07%0.14
-0,010,16
-0.05+0" 20

-0.11%0,24

0.02+0,34
0.04%0,19
-0,05%0,19
0,01+0.03
0.04+0,04
~0,02+0,04

TABLE 4.9

Y e . . *I' .
- DENSITY MATRIX ELEMENTS FOR THE PROCESS K'p — K"(890) p

P

G.J'
FRAME

0,08x0,05
0.0420,07
~0,01+0.05
0,16+0.05
0.20£0.07
0.15£0.06
0,30£0.05
0,24*0,04
0.20+0,05
0.10+0.05
0.13+0.07

" 0.33%0.06

0.34*0.06
0.17+0.,06
0.23+0.,07
0.28+0.072
0.23+0.09
0,22+0,07
0.14%0,06
0.21+0,07
0,22+0.08
'0.16+0.08
0.18+0.09

. 0.21#0.08
0,18:0.08

0.15%0,11
0.19+0.08
-0,02%0.10
0.,00%0.15
0,3420,11
-0,11+0.23
0.15+0,10
-0,02:0,11
0.18+0.02
0.17x0.02
0.18%0,02

HELICITY
FRAME

0.09:0,05
0.10+0.06
0.01%0.05
0.14%0,05
0.2920.07
0.24+0,06
0.30+0.05
0.33:0,04
0.22+0,05
0.10+0,05
0.30%0.05
0,33+0.,06
0.41%£0.06

0.26+0.06

0.26+0,07
0,35+0,07
0.29+0,08
0.21%0.07
0.,21+0,06
0.29+0.07
0.34£0.08
0.2320,08

0.20+0.,09

0.20+0,09

0.17%0,09

0.13+0,11

0.19+0,09

0,01+0.10
-0,05£0.13
0,250,13
0.15x0.13

0,11+0,11 °

0,050,111
0.21x0.02

0.21%0.02 -

Repf 10
G.J. HELICITY
FRAME FRAME

~-0,08+0.04 0.04+0,05
-0.13+0.05-0,02%0,05
-0.04+0,05 0,06+0.05
-0.13+0,04 0.,18%0.04
-0.15+0.04 0,02+0.05
-0.11+0.04 0,04%0.04
-0,09£0.03 0.10+0.03
-0,16+0.03 0,02%0.,03
-0,09+0,03 0.09%0,03
0,10+0.04 0.10%0.04
-0,20£0.03 0.11%£0.04

-0.09+0.04 0.06+0,04
-0,09+0.04 0,07+0.03
-0.10+0.04 0,09+0,05
-0.07£0,05 0.08+0,05
. =0.05x0.04 0.07+0.04
0.00+0.05 0.00+0.05
0,03+0.05-0.03+0.04
-0,05£0.04 0,0620.04

-0.01+0.04-0,01%0,04
-0,03£0,05 0.02+0,05
© 0,03+0.05 0.02%0.,05
-0.08+0,06 0,08+0.06
-0.04+0,05 0,03£0,05

0.05+0,05-0.03+0:06
-0.16+0,07 0,12+0.06

0.12+0,06-0.1320.06
-0,02+0,06 0.01+0.06
-0.10+0,09-0.03+0.11

0.09£0.09-0,11+0.07 .

©0.,22+0,10 0.36+0.09
0.02+0,07-0,100.07
0.02+0.07 0,06+0,08
-0.06+0,01 0,08+0,01

-0,0420.01 0,04+0.01

Re P

GIJD
FRAME

0.09+0,05
0.07£0.06
0.13+0,05
0.06x0.05
0.12+0.05
-0.01+0,05
0,10£0.04
0.17£0.,04
0.05+0,04
0,01+0.04
0.10£0.04
-0.04%0.04
.0.00£0,04
0.07+0.05
0.09+0.05
0.01%£0.05
-0,05%£0.06
0.03%0,05
0.05%£0,04
0.10+0.05
-0.04%0,05
-0.10+0,05
-0.03+0.06
-0.11£0.06
-0,14+0,06
-0.04%0.,07
-0,12+0,07
0.01%0,07
-0.06%0.11
0.00£0.10
-0,09+£0,09
-0,07+0,09
-0.08x0.08
0.02+0,02

-0,11+0,01 0,05+0.01. 0.070.02

0.01+0,02

Os
HELICITY
T'RAME

0.09%0.06
0.12+0,06
0.10x0.05
0.08%0.05
0.09+0.06
0,05%0.05
0.13%0.04
0.24xp,04
0.04%0,04

14£0,05
00x0.04
17+0.04
1020,06
0.05%0 .06
0.14+0.05

0
0
0
0
0

.
L
A
[

.0,06%0,07

0,14%0.05
0.0%x0.04
0.,14xp,05
0.14%0.06
0.19£0.05
0.23+0,06
0.07%0,06
0,23+0.06
0,11%0,06
0.13%0.07
0.09+0.07
0.17%#0.10
0.08+0,10
0.27x0,12

0.09£0,09 -

0.18%0.08

0.14%0.02

0.15%0,02
0.07+0.02

.19%0,04

KOt
RepP

G.C JO
FRAME

0.00x0,03
-0.07£0,04
0.04+0,03
-0.02+0.,03
-0.02x0,04
-0.05+0,03

" -0.06%0,02

-0.13£0.,02
-0.03%£0,03
-0.14+0,03
-0.08+0.03
-0.01+0.03
-0.11+0,03
-0,06+0.04
-0.04x0,04
-0.10+£0.04
-0.06+0,05
-0.10+0.04
-0,06+0,03
-0.11+0,04
-0,09%0,04
-0,13+0.04
-0.14+0.04
-0.0220.04
-0.12+0,04
-0,07+0,05
-0.07+0,05
-0.09+0,05

- -0.08+0.08

-0.0620,06
-0.18:0,11
-0,04+0.05
-0.160,06
-0.08+0,01

_0 .08i0 .01 '

-0.04+0,01

ls
HELICITY
FRAME
©0.03+0.03
-0,05+0.03
0.07+0.03
0.0120.03
0.05+0.03
-0.05+0.03
0.03£0.02
0.04+0.02
0.00+£0.02
-0.03£0.03
0.02+0.03
-0.02+0.03
-0.,01:0.03
0.05+0.03
0.05+0.03
0,00+0.03
~0.05+0.04
0,02+0.04
0.04+0.03
0.08+0.03
-0.04+0.04
0.04+0.04
0.02+0,05

-0,07+0.04

0.00+0.05
-0.01+0.06
-0.04+0.05
0.0720.05
0.06+0.08
0.04+0.06

0.11:0.09

0.00+0.06
0.09+0.06
0.01:0.01
0.02:0.01
0.0040.01

‘l '76‘



t' range

in GeVz

0.0-0.05
0.05-0.10
0.10-0.15
0.15-0.20
0.20-0.25
0.25-0.30
0.30-0.35
0.35-0.40
0.40-0.45
0.45-0.50
0.50-0.60

0.60-0.70

0.70-0.80

0.80-0.90
0.90-1.00
1.00-1.20
1.20-1.40
1.40-1.60
1.60-1.80

1.80-2.00

+
do/dt for the process Kfp+K°[§ *

TABLE 4.10

mb/GeV

at 2.18 GeV/c -

1.73%0.21
2.72%0.29
2.58%0.27
2.08%0.22
2.20%0.24
1.81%0.22
1.71%0.21
1.54%0.19
1.460.19
1.14%0.17
0.78%0.10
0.56%0.08
0.53%0.08
0.28%0.06
0.28%0.06
0.19%0.03
0.17%0.03
0.17%0.03
0.06%0.02

0.09%0.02

at 2.43 GéV/c

1.48%0.18
1.80%0.20
1.93%0.21
2.02%0.21
1.57%0.19
1.55%0.19
1.05%0.15
1.01%0.15
0.97%0.15
0.97%0.15
0.70%0.08
0.4620.07
0.3020.06
0.13%0.04
0.1720.04
0.13%0.03
0.07%0.02
0.04%0.01
0.07%0.02

0.05%0.02

195,

at 2,70 GeV/c

1.67%0.18

1.93%0.20
1.8920.20
1.42%0.17
1.44%0.17
1.2620.16
1.14%0.15
0.8720.13
0.63%0.11
0.69%0.12
0.52%0.07
0.47%0.07
0.33%0.06
0.1750.04
0.15%0.04
0.09%0.02
0.12%0.02
0.08%0.02
0.0620.02

0.06%0.02
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CHAPTER 5

As discussed earlier, there is a strong motivation to look for
the existeuce of aS=1 baryon resonance. Récently Litchfield (1974)
compared the existing K'N phaese shift analysis results with the 1IN
phase shift analysis results and his finding is that the resonance.
solutions in the K'N phase shifts look very similar»to the background
solutions in theTIN phase shifts. This leaves ; black shadow on the
KN partial wave znalyses. However, Aaron's prescription (1971) givés
a dynamical mechanism for producing such Baryon resonances. He considered
the rapid opening of some inelastic threshold and solved the relativistic
three Lody equations using a K' box potential. This led the SS1 and DD3
waves in the I=0 KN elastic scattering process to be resonating near
the K*(890)threshold. These waves are in fact coupled to the K*N S-waves.
The present experiment is carried out near the K*(1420) threshold. So one
would expect the partial waves coupled with the K*(1420)~N S-wave would
be driven resonant by a similar mechanism. Such waves in KN elastic
scatterihg are PP3 and FF5 whereas in K+NaK*(890)N, there are three waves
PP3, FP5 and FF5 all coupled to the K*(1420)N gwave. Here one uses
a LL'2J nomenclature for a partial wave where L, L' are the spectral
" notations of the orbital angular momenta in the initial and the final states
and J is the total angular momentum of_the system..

This experiment measures the elastic charge exchange reaction (Chapter 3)
in the K'N system. But that particular process is a mixture of isospin 1
and isospin O states. Since one does not measure two (one) prong events
heres 1t does not have any data for the elastic noncharge exchange
scattering. So here it 1is not possible to sepérate out the contribution
of-the isospin 1 and the isospin O states. Further due to the suppression
factor for a Ko decay, the statistics is rather poor to carry out a partial

wave analysis of the system. So here such a partial wave analysis has

not been'attempted.
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However the K*(890) production (Chaptér 4) has a large cross-section
at this energy and so the statistical accuracy is better. Also heré one
observes the production of both necutral and chargéd K* state and with,
neutron and proton targets. So it is possiblé to separate the different
isospin states. Further the decay distribution of the K*(890) can be
utilised to give information about the helicity staté of the K*(890) Mmeson .
The continuous coverage of centre of mass energy from 2.2 to 2.6 GeV in
this experiment is also useful for an energy dependent fit, With these
facts in mind, one-can proceed with a partial wave analysis of the system.

The formalism of such an analysis hzs been developed in the folowing sectionms.

5.1. DATA

To have a systematic study of the charge exchange final state or K*(BQO)
production, the distribution of the centre of mass scattering angle was
investigated, the angle being measured from the beam direction. Since the
target is unpolariscd one can assume an azimuthal symmetry about the beam
direction. So the differential crosz-section can basically be given by

the production angular distribution

d - o d

do =~ 20N dcosy 3.1

where 0 is the total channel cross—section, N is the total number of events
in the distribution. The energy dependence of this production angular
distribution is better understood when the angular distribution is

expanded into a set of orthogonal dJ functions.

dN __ =
dcosy 2;A[ doo(lp) 5.2.
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The use of orthogonal functionShas the advantage that the value of
(n+ ﬂ, the total number of terms to be considered in the expénsion does
not affect any particular lth coefficient. The orthogonality condition

of the dJ function is given by

1
: 2

Ldalo(up)déo(qJ)dcoqu= %J_ﬂ SJJ‘ 5.3

Thus chNos cHo(') (Y) deosyp = Lg Aldt)o(l}l)déo(qJ)dcosw

. _ 2J#1 :
. AJ - Lz—jdéo dN 5.4

For a large number of events, the integration in 5.4 can be replaced

by a summation over the number of events

_ o 2JMy J
Ay = Tzqdoo 3.5
Hence AJ/AO= (2J+1)d‘(l)o 5.6

%
If one of the final state particles decay e.g. K (890) decaying into
K and1T, the decay distribution gives further information about the
production mechanism. If the decay distribution is given by W(6,¢) s

Then

WeH) = N, My, A Dhn080) By (8,0 Ay 5.7

where N' = a normalisation factor
M“‘.q )\/5) = reduced matrix element for final state particles in

helicity states A, and Agrespectively

A =N Apl

P ; = density matrix element
mm

% -
Assuming a pure P wave decay of K (890) (JP = 1 state) into two pseudo-

scalar states, W(B,¢) can be expressed as

- 1 Y5} 3
wie,p) = %"T(fé_ﬁ— 5B&1%20 3 Yoo~ TS'I £ ReYy,

_FET Re fo, ReY,, ] 5.8
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-1 dN dN
Thus — WIB, q))dcostp \ET oodcosqf OﬁYzoB'go 1 )dco~:,qu{‘.%:=zT !J dcosy
R R gl 3:9
One expands  the angular distribution Fh1nfdcc)s in terms of orthogonal :
polynomials as
Fen v § Cosy Z[al qw( ) 5.10

where M=m-m' )
l
Thgs wie ¢ dcoleJ (\E%T %SEZC_I—W'YN) ZAI doo(w)

ZOﬁY zBl oowj)

~ 12
J]S_ﬁ Re!.lz_gl dl, (W)
_[E l
\/5_11 ReYzzéEl oo ()
5.11

Using orthogonality condition§ of dJ functions and spherical harmonics,

one gets

- (20 Al
B\ IYao oodN t 3

X |
‘/—2,12—2;% [ReY,,d\ g dN >

20+1
D = J;%'T 2(t+2)u+1)lu—1)JRe

The number of polynomials contributing to the angular distribution is
related to the number of partial waves in the reaction. Because of
angular momentum conservation one expects in a reaction which contains
partial waves with total spin up to J, the maximum number of coefficients
to be less than or equal to 2J. In a semi classical argument, one can
have a further restriction on the relative orbital momentum L in a

max

partial wave

pro ~ VL gl 1) R 5.13
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where p 15 the incident momentum and b is the impact parameter.
Taking b to be the pion compton wavelength, one finds that at this
energy L = 3,4 waves begin to become significant. This puts an upper
limit 6f n to be 7 or 9. However this idea is rather crude. Different
processes depending on the t-channel exchanged particles have different
values of b, e.g. 4T exchange processes are in general more peripheral than
vector exchange reactions and hence have a larger value of b. The method
one uses here to calculate n is to calculate the coefficients by the method
of moments and then to decide, by looking at the data, the value of |
beyond which the coefficients are compatible with zero. The coefficients
beyond this particular value of | are truncated and not considered in the
subsequent part of the analysés. .

In the case of elastic charge exchange reaction, the initial and final
states are mixed isospin states. So one can obtain the scattering

amplitude of the process, assuming isospin invariance in strong interaction,

(KTnlTIKpY = (o, th, Vo -1l |T W2, o - 1R 1R
= (10 0]+1/5(0 ONIT|(1z)10)- (510 0))

, Ji‘Tl_To)

5-14

So in the coefficients Al's of the polynomial expansion of the angular
distribution, one sees the joint effect of isospin 1 and isospin O states.

: *
However in the case of K (890) production one can have three different

reactions
+ «t
1 Kp—=> K (890)p 5.15
+
11 K'an > K* (890)n 5.16
ITL K'n = K* (890)p 5.17

And the amplitudes for these three processes can be written in terms of

pure isospin (0 and 1) amplitudes as
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T=F 5.18
1h=%4ﬁ+5) : 5.19 *
LSRR 5.20

Thus T, '[1’:. T TI‘ 5.21

and T = 20 ' - 0 % 5.22

Hence one can separate out the two isospin contributions.
Further one can utilise the centre of méss energy spreading due
to the Fermi motion of the nucleons inside the deuteron nucleus.
This effect when combined with the beam energy spreading and also with
the choices of three different beam momenta, gives more or less a uniform
population of events between 2.2 GeV and 2.6 GeV in the centre of mass energy.
For the elastic charge exchange reaction, the coefficients have been
shown up on figure 3.10. As has been mentioned earlier, this shows

coefficients up to A_ to be significantly different from O and there is a

7

dipin the coefficients A A_. at about 2.4 GeV. For the I=1

30 40 Bs

*
contribution to the K (890) production there is a dip in the coefficients

A4, AS’ A6 near 2.5 GeV and coefficients beyond | =7 are compatible with

zero (figures 5.1, 5.2, 5.3, 5.4). The isospin zero component: (figures

5.5, 5.6, 5.7, 5.8) has significant structures in A This

Ay, Agy Ay, Age

4°?
uses a larger number of polynomials. This is probably due to the fact

that the process 5.17 involves pion exchange wherezs the reactions 5.15 and

5.16 are dominated by some vector exchange processes.

5.2 FORMALISM

To express the partial differential cross-section as a series of partial
wave products and orthogonal dJ functions, the approach of S.M.Deen (1968)
via helicity amplitudes was used. In an inelastic scattering process
A+B4C+D, the differential cross—section can be written in terms of the

helicity states amplitudes as



do . (21T % % o
do _[T]; é})g:f,xcxolnx,x aglm s

where }\A’}\B’)\C’}\D are the helicity states of A,B,C,D respectively:

T is the scattering matrix: ¥, ff are unit vectors along the directions
PA and PC in the overall centre of mass frame and K is the initial state
centre of mass momentum.

Introducing the JM representation in initial and final states, one

gets
-5 2J# *
G AplTRAMA Y =) 77 DJMH(¢f’ef'¢f)
J
O ApiTy Ay Dyuie, B >
where A= )\A— )\B;/"( = )\C— )\D . 6, ¢ - ¢f are the polar and

azimuthal angles defined in the barycentric frame of initial and final

states respectively. The assumption of choosing the initial direction ®

to coincide with the 2-axis makes the expansion a lot simpler

) . i
D (8.0, B1 = expliti-MIPI ) (0) = By 5025

Thus :
_< 2J4
(xf,xcxolrlx,xAxBL%W (N TRy Ag) i piBy)
.exp(i(}\-mgbf) . 5.26
The total cross-section for unpolarised particles can be worked out

using the following result for the préduct of two dJ functions
!

' 1) , ,
07 (8) dyyd 8] = i |(l,)\7\' W, SN X0 pepel, 0,y pe
(=1J-J'

AL
S AN ) 5.27

o = k')_ Y] - A_r‘ *

Then 92 ‘\——_251\““’]‘7253*” é }J:J’ 202050 (1] Qe NpIT I, N
B
Ao

-(ACADIr'l)\A)\B)Z (LOBIN-N (ols Sy M- 1) dSq (85) 5.28

,130,
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If however the helicity state of C in the final state is determined
from a study..of its decay density matrix elements the relation 5.28 can

'be modified to
17 1> P S N ¥ °
/\Ac d—Qf 52 S,T) ?XBM%.‘ZJ””ZJ*”( Y <>\C)\DI1JI)\A>\B>
(N AGPIALA ) Xl(l,olJ,J,)\,-)\) {m 14,3, MMy dig B) 5,20
where [M'= N~ A, and m.=ll“-/‘"l
To expand the helicity states into orbital angular momentum states,
a Clebsch-Gordan transformation was used
(N Mg nJleA B):Z ! ()‘c NplMUs) (IMUSITIIMI $) OMUSTTA g
Z {50t Q@S AN ) (Lsl0A1, N
+ 5 Sy A N) (aiPyy O '

(27+1] >+30

o _ ¥ 7 [ A-fe
Thus P)t)\,cgg—.’_f— (-Z—SW%)E J(l|+1/2 )(l|+1/2 )(l?_+1/2 )(|2+1/2 ) (-1)

clSd &SS: S 5SS Cscspsl ¢l 1,5, J’ c uSJ

Ol‘l/‘1 /\,)sprt O AA )\,\-7\3)\ A M oMM TOAA
SSS ~J JU I J *
C Mm' Cino Cpmm {SITIL S) s 51
srirsy 4l ey
where C'}llll%z:,n represents the Clebsch Gordan coefficient (l,,l_z,m.mzll,fﬁ .

"On the other hand from 5.10
do _ .2 l

Thus each of these polynemiai coefficients can be expressed in terms

of the products of partial waves =as

a; = ZRl(l,,tz,J,(,lg,J’) (IZ\TJu,)*(l;JTJ'\ ) 5.32
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where R|'s are the Tripp's coefficients.

+

+
. . . . - 1
In this experiment one studies spin 0 3 = 0

1 . .
3 scattering in the

. -t =+ )
case of elastic charge exchange process and also 0 { 21 } scattering for

% ' C e . ’
the K (890) production reaction. That the strong interaction is invariant
under parity transformation makes a constraint on the partial waves.

Parity conservation leads to

sirPusy= Qs 5,33

where 'Y].Z ;%i%n (- 1)$l
B

Ylsrl:T16'1 being the intrinsic parities of the particles A,B,C,D.
B D
Thus in this case, | and [' can differ by zero or multiples of 2 to have

a nonzero partial wave. .

5.3 ANALYSIS AND RESULTS

The elastic charge exchange process has all'coefficients beyond
aq to be compatible with zero. So one needs to consider partial waves
up to J = 7/2. Angular momentum conservation together with parity
conservation restrict the number of partial waves to 8. They have been
listed in table 5.1 and their contributions to various‘deunct%on
.coefficients, via Tripp's coefficients have been summarised in table 5.2.
The energy dependence of Al and A2 is reasonably smooth. In the coefficient
A3 it starts to show a structure near 2.4 GeV. This structure is
dominantly present in A, and also A_. But it agéin starts to smooth out

4 5

in A, and Al The structure in Ay or A4 is prominent by at least two

standard deviations. So one should look for partial wave combination
whose relative contribution to Ay or A, is at least 4 times in magnitude

than that to A1 or Az.

Only the J= 7/2 waves contribute to the coefficients A6 and A7. The

facts that A6 and A7 are small and quite structureless, suggest that the
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J=7/2 waves are ratherAsmall and structureless at this energy. A look
at the table 5.2 suggests that the interference of J=4 and J=7/2 waves
has a large contribution to A3 and A4 as compared to zero contribption
to A1 and A2. So this could be a possible candidate for the cause of
the structure. Since one assumes J=7/2 waves are structureless, one
is left with J=} waves. However the interference of J=1 waves with
J=3/2 or 5/2'waves have significant contribution to A, and A,. So

1 2

either the J=3/2 and 5/2 waves also have some inherent structures to
compensate the effects of J=} waves or the J=} waves are rather structureless.
If one assumes minimum structure in the partial waves, i.e. there is only
one partial wave which is causing all the structures at 2.4 GeV and if
also one considers the structure in A5, one is left with J= 3/2 or J=5/2
partial waves. However, these assumptions are not based on any physics
reasoning and so one cannot possibly conclude about the energy dependence
of the partial waves.

For K%ISQO)production process, the number of partial waves to be
considered are: quite large in number. The parity constraint reduces
the number of partial waves to four for each J value. However for J=}2
this number is 3. If one compares the number of partial waves to be
considered to the total number of observables at each energy, one finds
that the number of degrees of freedom in an energy inderendent fit to be
zero. There is no obvious way of truncating the partial waves. Ome
can assume that due to angular momentum suppression factor, higher L
value partial waves should be small compared to the smaller L waves.
So fits were tried where TL'' 2J wave was omitted if there exists a LL'2J
wave with L'< L''.  But this procedure could not lead to a minimum in the
minimising routine.

A partial wave was parametrised as

Vst = Aexplig) 5.34
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where AJ is the amplitude and¢J is the phase. AJ was restricted
between 0.0 and 0.5 due to the unitarity bound. An angular momenfum
barrier factor for the final states was introduced by (q')L', q' being
the centre of mass momentum in the final state.

For the isospin 1 component, all the partial waves with J 7/2
were included (table 5.1). The energy dependence of the partial wave
was introduced by parametrising AJ and Q'J as functions of energy. ¢J
was parametrised to be a linear function of the initial state centre of

J

mass momentum whereas a little more complicated parametrisation of A“was

required to restrict it within the unitarity bound.

¢J: 0°+¢'q 5.35
J__05
A —ma 5.36

A x2 minimisation method was used to fit the moments, using the
Tripp's coefficients. As can be seen, the fit is quite sensitive to
the parametrisation of the amplitude. But one cannot go for a freer
paramztrisation since this will increase the number of ﬁarameters in the fit
significantly and thereby reducing the efficiency of the minimising programme.
Iﬁ the soveral random starts, one usually gets the same broad features
regarding the partial waves. As the whole procedure is rather crude, one
cannot expect to get an exact reproduction in all the different random
starts, x2 per degree of freedom at the minimised position is approximately
1.6. In all the fits, the phase of SD1 was always fixed to zero since
there is always one undetermined overall phase in the analysis. This
makes the direct comparisons of various fits a lot easier. The partial
wave amplitudes have been shown on figure 5.9.

The large partial waves in the fits are SD1, PP1, PF3, DD3. All the
J=7/2 waves are very small in magnitude. PP3, DD5 and FP5 were also found
to be small. The phase variation of DD3 with respect to SD1 is large,

all other partial waves have much slower variation in phase with respect
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fo the SD1 wave. The partial waves S8S1, and FF5 vary wildly in
different runs, thus the fits are quite insensitive to those partial
waves. The partial wéves NS3 and DG5 were found to be strongly energy
dependent. They increase in magnitude but the phase variations are
small, All the fits thus agree with the fact that the partigl wave DD3
stays large throughout the energy region and has got a relatively strong
phase variation.

In the case of isospin zero case,-the situation was much more
complicated since one has to consi&er up to 9th order polynomials and
thus go over to theJ=%/2 partial waves. This was necessary because
the energy independent fits (with zero constraints) cannot f£ind a
minimum at tlie highest energy point without the 9/2 partial waves.
Also the crude calculation with the idea of impact parameter suggests
G and H waves are opening up near a centre of mass energy of 2.5 GeV
in the pion exchange process. In this case, one however gets two
distinct solutions. The difference in the solutions mainly arise from
the behaviour of the partial wave SS1. SS1 in both the solutions was
found to be large, but in one solution, it stays at the same phase with
the partial wave SD1 whereas in the other it i1s changing a lot in the
energy region considered (figure 5.10) here. The partial waves DS3, FP5,
GD7 and HF9 are all large and relatively in the same phase. Théy are
quite stable in the different sélutions. However their variation of phase
with respect to SD1 is quite large. Also PF3, DG5, FH7, GI9 have similar
phase dependence and large amplitude. PPl is also large but the fit is
insensitive to its phase. The rest of the partial waves are relatively
small in size. But the orders of magnitude of the largest and the smallest
partial waves are not very different. Aiso the phase variation of these
partial waves with respect to the SD1 is quite small. The fit to the
data points is not very good as can be seen in the figures 5.5 - 5.8.

The x2 per degree of freedom is 2,p which is rather large. This may be
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attributed to the fact that the large number of parameters involved in
the €itting procedure. ' This makes the minimising routine going very
slowly and ending up at some secondary minimum points. Also a freer
energy dependent parametrisation seems to be necessary.
In these crude fits one does not find a partial wave which doﬁinates
over the others and has the major contribution to the total cross-section.
This observation goes against the possibility of a Z* resonance at this energy.
A serious conclusion cannot however be made. One needs more data points
and also should consider a real three body analysis to accommodate the

reflection of the A-production in the NAY channel.
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TABLE 5.1
PARTIAL WAVES TO BE PARTIAL WAVES TO BE PARTIAL WAVES TO BE
CONSIDERED FOR THE CONSIDERED FOR THE CONSIDERED FOR THE
PROCESS K n3K°p. PROCESS K*NoK (890)N(I=1) PROCESS K'N4K (890)n (I=0)

ss1 ss1 ss1
PP1 sp1 sD1
PP3 PP1 PRl
DD3 PP3 PP3
DDS5 PF3 PF3
FF5 DS3 DS3
FF7 DD3 DD3
DD7 DD5 DD5
DG5 DG5

FP5 FP5

FF5 FF5

FF7 FF7

FH7 FH7

GD7 GD7

GG7 _ GG7

GGY

GI9

HF9

HH9



SE1*SS1+PP1*PP1
SS1*pPP1
SS1#PP3+PP1#DD3
SS1*DD3+PP1#*PP3
SS1%DD5+PP1#FF5
SS1%FF5+PP14DD5
SS1*FF74PP1%GG7
SS1*GG7+PP1#FF7
PP3*PP 3+DD3*DD3
PP3*DD3
PP3*DD5+DD3*FF5
PP3*FF5+DD3*DD5
PP 3#FF 7+DD3%GG7
PP3*GG7+DD3*FF7
DD5*DD5+FF5%FF5

DDS*FF5
DD5*FE7+FF5%GG7
DD5*GG7+FF5%FF7
FF7*FF7+GG7*GG7

FF7*GG7

5.2

TABLE

TRIPP'S COEFFICIENTS FOR O 120 }* SCATTERING

o

W

4/5
36/5

18/35

7277

8/21

A, Ay A As
4
6
6
8
0 8
2
36/5
24/5
12/7 72/7
72/7 40/7
8/3 40/3
2417 18/7
16/5 100/7
8 40/7
8/7 360/77
100/21 324/77
24/11 600/91

A Ay
200/11
100/33
9800/429
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CHAPTER 6

Since the deuteron is an isospin zero state, the reactions with
a final state deuteron involve only zero isospin exchange in the
crossed t-channel (Figure 6.2). This isospin filter is useful to
study the exchange mechanisms in these reactions. The reactions studied
in this Chapter are one and two pion production with a deuteron in the

final state namely
K'd —» Krr'd 6.1
K'd — Kifrid 6.2

Other possible coherently produced deuteron final states involving

single or double pion prodﬁction are

K'd — Krd 6.3
K'd — Kifrid 6.4
K'da - Krird 6.5

Of these hypotheses 6.3 and 6.4 could be fitted to only two prong
events without a visible V0 decay. During scanning the rolls such
topologies were rejected because statistically good data already exist
for the corresponding reactions which can be fitted to such topologies
(mostly elastic scattering off neutron and proton) at this energy and
it would have been difficult to get a pure unbiased sample of such
final states when the final state neutron cannot be identified.

However the reaction 6.5 could be observed in two prong events with

an associlated V0 decay. But the number of constraints in such

kinematic fits is one and the contamination and biases in the sample would
be quite high. The reactions 6.1 and 6.2 both can be fitted with four
constraints and they result from two (or one) prong events with a‘Vo

and four (or three) prong events respectively.



6.1 AMBIGUITY AND SELECTION OF EVENTS

Théugh the reactions 6.1 and 6.2 give rise to highly constrained
fits, the level of contamination in the sample is quite high. This
is due to the two following reasons. The kinematic ambiguity between
a proton and a deuteron is very acute. Furthermore coherent reactions
are very rare at this energy. So one cannot always prefer a
coherent event to the corresponding break up events by counting the
number of constraints. So it was decided at the GRIND choicing
stage, a deuteron fit will always be accepted together with the

break up fits

K'd = Krpn 6.6
K'd — Khfpn 6.7

The final data sample conteins 550 events of reaction 6.1 and 340
events of reaction 6.2. 61.7% of events of the reaction 6.1 and 68.07
of events of the reaction 6.2 were ambiguous with the corresponding
break up events. 45.27 of the events fitting to the reaction 6.2
Belonged to the topology 300. Most of these 300 topology events
give a spurious bump in the K't7 mass distribution. Changing the
K' mass to that of a pion, the effective mass squared of the '31T'
system has been plotted on figure 1.6. This gives an enormous
peak at the 'K"* mass (Figure 6.1A). They in fact arise from the
kt meson decay to 31T final state. These events are also associated
with a very low kinematic probability. Excepting these two possible
contaminations, the sample is pure in a sense that the events are
uniquely fitted from ionisation measurement or a good measurement of
the deuteron momentum.

To get rid of the contamination from misfitted taw decays, a cut
on the '3r1' effective mass squared was made at 0.28 GeVZ. However to

distinguish a deuteron event from the corresponding break up event is
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not very simple. The method used here is based on the assumption

that a neutron—-proton system travelling together with a relétive
momentum as expected from the deuteron form factor should be identified
as a deuteron. Tests were made on the effective mass of the neutron-
proton system and also on the angle between the neutron and the proton
difections. One expects for a misfitted coherent event the neutron-
proton mass should be close to the deuteron mass (Figure 6.1B) and the
angle between the neutron and the.proton close to zero (Figure 6.1C).
Further one gets an extra test from the range momentum relation for the
protoﬁ and the deuteron. TFor a stopping track, one expects for a
misidentified proton track, the ratio of neutron to proton momentum
along the proton direction to be 0.62, i.e. R= F,’]coserlp/% = 0.62 .'
This test and also the test on the angle cannot be applied when the
proton has not been observed or when it is badly measured. So these
tests were applied for only those events which has got proton lengths
greater than 0.5 c.m. and neutron momentum greater than 100 MeV/c.

The cuts imposed were at 1.90 GeV for the proton—neutron mass; 1.0
radian for the neutron proton angle in the laboratory frame and R was
restricted between 0.5 and 0.8. The number of events for each of the
two reactions have been summarised in table 6.1,

In the single pion production, the production of K* should mediate
through zero isospin exchange, i.e. w or f meson—exchange should be
dominant in the reaction K+d - Ff+d . This should make the decay
density matrix element Eo for the K*+ close to a zero value. However
vhen one plots £, as a function of t' in figure 6.8 where t' is the
momentum transfer squared between the K*+ and the incident K* meson
(t'=t-tmin), one gets unusually high values of £, for small values of
t'. Small t' events correspond to a very short or unobserved deuteron
track where the contamination of break up events is maximum, In the

break reaction, the isospin restriction is not present, so one can
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have pion exchange as well which will give rise to a large o .
. So a further cut was made on events of type 6.l. and only those
events which have got a value of t' larger than 0.04 GeV2 were

accepted for further analysis.

6.2 SINGLE PION PRODUCTION

6.2A) Cross Section and resonance production:

The cross—section quoted on Qable 6.2 is calculated on the basis
of the cuts mentioned in Section 6.1. These have been compared with
the cfoss sections from other experiments, namely at 2.0 GeV/c (Firestone
et al. 1973), 2.3 GeV/c (Butterworth et al. 1965c), and 4.6 GeV/c
(Charriere et al., 1974) on figure 6.4A. The values of cross sections
for those experiments were recalculated after imposing the t' cut at
0.04 GeV2. The results of this experiment is in good agreement with
the other experiments. The cross—sections follow a A PIZb behaviour
with A = 1.06=0.10 mb and n = 1.49i0.15. If one assumes that the
process can be written as a pseudo two body process which is mediated
by the exchange of Regge trajectories in the crossed channel. One
usually gets an energy dependence of the cross—section as (ﬁat)fﬁw)1£here
o{(0) as the intercept of the effective trajectory exchanged. F?om the
calculation of this experiment; & (0) turns out to be 0.26%0.08. 1f
one assumes that W-trajectory exchange is the dominant feature for this
process , «(0) should have been 0.38 which agrees with the experimental
value within errors.

All the events of the three different beam momenta have been combined
and shown in the Dalitz plot (figure 6.5). This clearly shows a strong
K*(890) production. In addition to that there is some accumulation
of events near small " mass (~2.14 GeV). This is not an effect of

combining the 3 different beam momenta and this was observed separately

at each of the three momenta. This was not observed at 2.3 GeV/c
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or 3.0 GeV/c, (K. Buchner et al. 1969) where statistics was rather poor.
_However in the experiment at 4.6 GeV/c, some sign of eﬁhanceﬁent at

that low mass has been observed. Such a mass enhancement was observed
several times in the double pion production reaction with aK or 77

beam in association with a K* or aP. In such reactions it has Eeen
interpreted as a final state effect involving the recombination of

the decay nucleon from a pion exchange induced A(1236) and the spectator
nucleon to form a final state deuteron. But pion exchénge is forbidden
here and natural parity isovector exchange is required. In the 4.6 GeV/c
experiment, the decay distribution of the dn system was found to be
équatorially peaked. The symmetric decay distribution can be associated
with the decay of a single JP state and so a d* resonance could be
suggested. However in this experiment the decay distribution of the

d* (as shown in figure 6.9) has been found to be highly forward peaked.
Here the 4" events were selected using a mass cut 21 GeV<M(dT)<2:2 GeV.
Further the forward-backward asymmetry and polar-equatorial asymmetry
factors have been plotted as a function of the af mass in figure 6.11.

The asymmetry factors are defined by

FB NF ¥ hb 6.8
= Ne- Ne
APE NP+ NE 6.9
where the indices F, B, P, E refer to different regions in cosf distribution,
O being the angle between the final and the initial state deuterons in the

+
drl’ rest frame.

F = Cos8= 00 | 6.10
B = CosB8 <00 ‘ 6.11
P = ICosB1= 05 6.12



E = |Cos6l<05 6.13

Within errors the ésymmetry factors show smooth behaviour with
the mass of the deuteron-pion systeﬁ. There is no appreciable change
when one antiselects the K* events using a mass—selection on the K17
mass for a K to be 084 GeV{ M(KTTKOS4GeV. A1l these evidences suggest
that no single JP state is responsible for this mass enhancement. It
could be a final interaction effect.

An attempt was made to fit the Dalitz plot with the maximum
likelihood program described in Chapter 4. But that could not
produce any reasonable fit. One possible explacation to this is that
the fitting program assumes that the background is a pure phase space

term which is unfortunately not so in the case of coherent production.
This reaction is characterised by a sharp t-distribution. So some
modification was made of the likelihood program. The normalization
integrals N and A in 4.2defined by

N |BWipPHgdR 6.14

and A [dR 6.15

where R is the three body phase space element were calculated prior to
the actual fitting, by a Monte Carlo method. Since the integrals were
calculated simultaneously absolute normalisations were not.important.
In calculating the integrals, the events were weighted according to

their respective t' by a factor ex;)kBtﬁ. This program howaver dozs

not make use of any angular information of the decay of the resonance.

So minor features in the distributions did not show up in the fit. The

fit is insensitive to the parametrisation of the resomance masses and
*
widths. In this reaction K (890) was only included with the resonance

mass &nd width fixed. The values used are

Mk¢=0892 GeV and F,'<¢=0.050 GeV 6.16

'154'
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To incorporate the combining of the.beam momenta, a broad beam momentum

was assumed. A Gaussian distribution peaked at 2.44 GeV/c and half width
0.26 GeV/c was used. The results of the fit have been summarised in

table 6.2 and the solid curves in the diagram 6.6 and 6.7 are prediction
from this fit. The low mass eﬁhaﬁcement in dfi mass spectrum was not
reproduced. A Breit Wigner for d* with mass ~2.1 GeV and width ~ 0.1 GeV
can however explain this erhancement. But there is no physics

justification for including such a resonance. One can hoﬁéver
qualitatively explain such a bump in the dfT mass plot by considering diagrams
like 6.3 where the Ar+ produced by the interaction of the K* meson and

proton recombines with the neutron to give the final state deuteron.

' *
6.2 B) Production and decay of K (890):

As there is strong K*(890) production in this channel one can select
out K events using a cut in the KT mass spectrum |094GeV<M(Kr1)<034 GeV]),
As has been stated earlier K*(890) production has a strong t-dependence.
This is expected from the presence of the deuteron form factor in the
expression for the cross—section of coherent scattering (Gourdin, 1959).
Using a pure S-wave deuteron form factor, the expected slope to be
~20.0 GeV_z. The t' distribution has been shown in figure 6:12. It
has a sharp exponential fall and using data from t' = 0.04 GeV2 to
t' = 0.20 GeVz, the slope B of the exponential fit has been found out to
"be B = 15.023.0 GeV—z. This is comparable to the corresponding vaiues
obtained at 2.0 GeV/c and 3.0 GeV/c.

The polar and azimut':al decay distributions of the Kot system have
beenvshown in figure 6.10. Assuming the K%1* system to be entirely
P-wave, density matrix elements were calculated in the Gottfried-Jackson
frame by the method of moments and have been listed in table 6.4. The
solid lines in figure 6.10 are predictions of the decay distribution

from the density matrix elements. ' The smallness of £, and also Re £, suggest
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* .
that the X production proceeds through vector meson exchange. Natural
parity exchange contribution as from the value of f;*qi'seems to be the
dominant one.
. . . . . +, . %+

The dominance of isoscalar natural parity exchange in both K d3*K 'd

- k- .
and K d*K d suggests the exchange of w and fo trajectories. Furthermore
the closeness of the cross sections of the two processes may suggest that
either the exchanged trajectories are strongly exchange degenerate or
one of the exchanges is suppressed. Combining the existing data

+ k. . . .

of K* d?K ~d with the data points of this experiment, an attempt was

made to fit the natural parity exchange component with an effective

trajectory parametrised by

K opp (1) = Lo~ Y 6.17
Noting that the differeatial cross-section can be wall explained
by an exponential t' distribution, one can write at an incident

momentum P.
' LAB ’

AN _Rerl '
(ﬁl "’f,’.,)é’% = PT.;—A?B [_S"s:,% 6.18

Fizingciﬁnd s, to 1.0, the fit was made using 36 data peints. This
leads a valus of K,==O.43t0.03 with a x2/N = 1.8. The poor fit is
perhaps due to the fact tﬁat the relative normalization among the data
~ points in different experiments is rather poor. Further the energy
rezion that has been used is nct the truly asymtotic rezion for Regge
trajectory exchanges. However, if one draws a linearly rising
trajectory passing through the mass—-squared of the w and fo meson, one
gets the degenerate trajectory with slopsz 1.00:0.01 GeV"2 aud intercept

+ . —— . . .
0.38-0.01 which is in excellent agreement with this rather crude analysis.
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6.3 DOUBLE PION PRODUCTION

. 6.3 a) Cross Section and resonance fractions:

Since there is no restriction of exchange particle in this process,

nc selection criterion for low t' events can be made. Furthermore most

of the 300 topology events were not accepted as they appear to be misfitted
tax decays. The cross—sections as quoted in table 6.5 are calculated

from a part of the whole sample which comes from these rolls which have

gone through at least one measurement on the conventional maasuring

machine. The figure 6.13A shows a plot of cross-section against laboratory
beam momentum alonz with data from other experiments st 2.3 GeV/c (Butterworth
et al. 1965c), 3.0 GeV/c (Buchner et al. 1969), 4.6 GeV/c (Dunwodie et al.,
1974), 12.0 GeV/c (Firestome et al. 1972). The cross-section is rising

with laboratory momentum at this energy and within errors the results of

this experiment are compatible with the measurements at other energies.

The data at the different momenta show the same major features and

so they have been combined for further analysis. TFigure 6.14 shows the
scatter plot of invariant mass squared of the Kfrf system against the

mass squared of the dﬂ* system. The reaction scems to ge entirely

through K*°(890) production. The drt mass spectrum (as shown in figure 6.16)
also shows a bump at a mass of 2.18 GeV. This has been observed in all

the previous experiments . nd explained as a final state interaction
- between the spectator and the decay product of al, so that the ‘enhancement
occurs closely to the mass of a A-nucleon system with zero relative
momentum. The dmT mass spectrum shows the same feature as the dr# mass
spectrum but on a much reduced scale. ThETTﬁrF mass spectrum shows no
evidence of P-production. The K'd mass spectrum shows no structure whatsoever.
The Kfnfnr spectrum shows a broad bump near 1.1 GeV which becomes clearer for
events in the K*° mass band D84 GeV<M(Kr)<094GeV.  This has also been

. .+ .
observed in the K n noncharge excharge and charge exchange rcactions and has
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been discussed in detail elsewheré (G. Hall 1974). At those reactions, this
 enhancement however occurs at a slightly higher KTl mass ana has been referred
to asQ meson. The shift to a lower mass could be due to a tin effect in |
this experiment.

The maximum likelihood method described in Section &2 A Las been
used here for calculating the resonance fraction. R in 6.14 however
here refers to the 4 body phase space. This reaction is even more peripheral
and hence the weighting factor eJ{Pthﬁis more important. Only K#(890)
with mass M = 0.892 GeV and width T = 0.050 GeV was used in the fit.
The'résults of the fit have been summarised in table 6.5 and also can

also be seecn from the solid lines in. figures.
6.3 B) Production and decay characteristics of the resonances:

The t'(d-d) distribution has been plotted on figure 6.18‘and has
been found to be consistent with an exponential t' distribution. The
slopa of the distribution B has been calculated to be B = 25.4%2.2 GeV~2.
This highly peripherality was also observed in the K*°(890) production.
K*o events were selected using a mass cut 0.84GeV<M{K)<094GeV. The
t'(K—K*) distribution (as shown in figure 6.18) has also been fitted with
an exponential with slope B = 15.0%1.6 GeV_z. Thase values arerconsistent
with the measurement at 3.0GeV/ec.

Figures 6.21 show the polar and the azimuthal angular distribution
of the K11 decay (in the K* mass band) in the Gottfried-Jackson frame.
The azimuthal angular distribution has been found to be essentially flat
as would have becn expected from afl-exchange. The decay density matrix
elements have been calculated by the method of moments assuming a pure
P~wave decay of the K'rf state. They have been calculated in both
Gottfried-Jackson and helicity frames and they are listed in takle 6.7.

Statistics could not allow any S-P interference effect to be detected.

The solid lines on figure 6.21 show the expected angular distribution
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from the density matrix elements. The largeness of £, suggests
pseudescalar exchange to be dominant. Further the smallness of
e‘i'f; sﬁggests that the natural parity exchange contribution to be very
small. Thus the t-channel exchange should be doﬁinated by the pion
trajectory.

If the reaction 6.2 proceeds through the production of Q meson
(JP =1 by pomzron exchange (which is only allowed in this reaction)
arnd then the Q decays to a K* , one should expect the z component ﬁf the
spin to be zero in the Gottfried-Jackson frame. It therefore follows
that the K* decay product has also z-component of the spin zero in the
Gottiried-Jackson frame i.e. g, = 0 and £, = 1 which one obtains here
in the case of K*(890) production. So ore should lock for some
Q-production. Due to limited statisties in this channel, only the decay

.angular distvibution of the K fTfTsystem has been studied. The decay

distribution can be expanded in terms of spherical harmonics as

wie,g) = ¥ Y69 6.19

The orthonormality property of the spherical harmonics lead to

(=W e deosodp = ap, 6.20

9,¢ being dafined by the direction of the K* in the K171T rest frame.
The ezl parts of the cocfficients aEh calculated in the helicity frame has
" been plotted against the (Krir7) mass for | €3 (Figure 6.22). Within errors
some systematic variation with mass has bzen observed in Reag;,Rea?,Rec?,Re a .
This impliec § ard P wave decays of the KﬁT system which leads to the
possibilities JP = lj'and JP =0,1, 2 5... in the Ksr1T final state.
Further the moments withl > 3 are consistent with zero in this mass region.

P - P +,- . .
SoJ =0 and J = 1,1 states zre only important in the KrifTmass spectrum

near Q ragion.
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6.3 C) Reggeised Deck Model:

From the broad bump in the dﬂ¥ nass spectrum, one is tempted to
associate . the 7T meson with the deuteron to form a resonating state.
But the polar angular distribution of the decay of «he ar system in the
dn* rest frame shows 2 very sharp forward peak (figure 6.23D) which
implies that the arrt system does not form a single resonant stite.

Also the fact that K%n+ shows a low mass enhancement makes cne undécided
with which particle the11+ neson has been associated. Thare are two
other intereéting features, the first is that K* is produced almost entirely
by éseudoscalar exchange and the second is that the VanHove angle.of

almost all the events (95.37) lie between 120° and 180°, Here the

VarHove angle is defined by the angle made by the particle with the

deuteron directiov in the triangular plot of the longitudinal momenta

'of d, K* and 1 (figure 6.23A). These observations lead to a Deck—-type
model with the deminant diagrams as one which associates the K* and the
deuteron at the two vertices znd they are coupled to the't‘f+ meson by

plon and pomercon exchange respectively. Berger (1969) used a Reggeised
pion trajectory and he parametrised the squared matrix element in the

following way:

2 - 2‘*{)’ - 2 .
M ~ [-é:“'ﬂ] FEJ_sﬁ'(,(,san) expBt,,)  6.21
where St = Mld) - b Mg ~ 05 (-t ~t ol

Sy = MIKTT) = 14 it 05 It st Jte it A L6, 22
and % T Lpy (e M)

Thus the tntal scattering amplitude has been split up into 3 componznts
cne the scattering of the K" meson with an off-shell pion at the top
vertex, then the scattering of the deuteron with the off-shell pion and
finally ths coupling of the two trajectories at the centre emitting

a pion. The off-shell pion has been replaced by a pion trajectory and



whsle amplitude has been constructed in a traditional Regge fofm.

AThe peripherality of the process is built in by the exponential factor.
The mosel prediction was cbtained by generating events with Monte
Carlo phase space program FOWL, for 3 body final states (K*,rﬁ,d) and
weighting the events by lMIz. The width of the K* has been neglected
and the combining of the 3-beam momenta was combensated by allowing a
Gaussian spread of the ba:m by 0.26 GeV. The values of the parameters

used hzre are

%' =10 Ge V2 52070 GeV®, B=25.4 GeV>  6.23

The fits have been shown by solid curves in diagram 6.23
reproduction cf the experimental distributions is reasongble. The
tefm(ﬁﬁfﬁﬁs roughly approxinate to (gwnr3;ince LR peaks at -0.3 GeVz;
.Thus it car. easily reproduce the low mass enhancement in the K*ﬂ
mass distribution. Also the exponential t distribution explains the
dfr decay distribution in a satisfactory way. However it cannot
completely explain the drf mass enhancement. This double Regze-pole

mod2( should have becn applicable only for events in the central part of

the Dalitz plot so that SH_ﬂ and Sdﬂ are beth large. So one cannot

expect the model to reproduce sharp resonance-like detail, rather it will

explain the gross features in SK and other distribution. One

*y ? Sdﬁ

. . ++ . . .
cannot however exclude an intermediate A formation in the reaction 6.2,

,161,
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TABLE 6.1

.Channel Number of events before selection Number of events after selection

2.18 GeV/c 2.43 GeV/e 2.70 GeV/e 2.18 GeV/c 2.43 GeV/e 2.70 GeV/«
K d+k% a 161 206 183 86 114 95 -

116 149 72 72 126 49
K aakt e '

TABLE 6.2
Beam Momantum Reaction cross—section Reaction cross-section for
cev/c for KTd+Kotd : Ktd+Kk**d
j4b fub

2.18 : 137.2%14.5 137.1%23.0

2.43 176.2%18.0 175.9%28.0

2.70 142.8%15.0 142.7%23.4

IABLE 6.3
Range of t' déf/dt for the process 6.1 do/dt for the process K+d%Kx+d
g
GeV2 mb/GeV2 5 LKQH}
‘ : mb/GeV

0.04-0.05 1.5070.28 0.5250.16
0-05-0006 1-24;0-25 0.67;0-19
0.06-0.07 1.08;0.24 0.52;0.16
0.07-0.08 1.08;0.24 0.41;0.15
0.08~0.10 0.31;0.09 0.10;0.05
0-10'—0012 0044;0-11 0.]8;0107
0.14-0.16 0.39;0.10 0.18-0.07
0.16-0.18 0.3620.10 0.0870.04
0.18-0.22 0.12;0.04 0.03;0.02
0.22-0.26 0.19;0-05 0.09;0.03
0026"0030 001.3;().04 0.06'—0103
0.30-0.34 0.12-0.04 0.0630.03
0.34-0.38 0.12;0.04 0.03—0.02
0.38-0.42 0.09;0.03 :
0-42—0 146 0-09;0 003 0.04_0102
0046"0-50 0.04:0-02 :
0.50-0.60 0.05;0.02 \ 0.03;0.011
0070—0 080 0-02:0001 0.010_;0.007
0.80-0.90 0.03-0.01 0.010~-0.007
0.90-1.00 0.04%0,01 0.005%0,005
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Density matrix elements for K +(890) decay in Gottfried Jackson frame

t' in
GeV2

0.01%0.01

0.03%0.01
0.05%0.01
0.07%0.01

0.115%0.035
0.22520.075

P

00

0.89%0.09

.0.58%0.12

0.25%0.12
0.1620.14
0.28%0.12
0.04%0.10

0.85%0,55 -0.0470.09

All events

with

t'>20.04
GeV”™.

0.12%0.06

Beam Momentum

GeV/c

TABLE 6.4

ﬁrl Re o
-0.06%0.05 -0.11%0.05
0.16%0.08  -0.02%0.06
0.09%0.12  -0.04%0.10
0.08%0.13  -0.22%0.08
0.21%30.16  -0.02%0.07
0.26%0.13 0.14%0.06
0.33%0.12  -~¢.29%0.06
0.21¥0.06  -0.06%0.04

TABLE 6.5

M

2.18
2.43
2.70

t'(d-d) range
2 6.2

GeV
0.00-0.01 6.
0.01-0.02 4
0.02-0.03 3.
0.03-0.04 2.
0.04-0.05 1.
0.05-0.06 1.
0.06-0.08 0.
0.08-0.10 0.
0.10-0.12 0.
0.12-0.14 0.
0.14-0.18 0.

OO aooNU WD
H&SSNONWWO SO N

89.0%12.0
89.0%12.0
94.0%12.0

Reaction Cross-—section for
ER T S
K daKnnd

TABLE 6.6

mb/GeV2

O NN G® O
[e W e W MG BN, I ¥ e s Vo Ny o IR |

V4l L F I F bk R T+ LI+
COO00O0C0O0O OO0 =

*
dr/dt for the process t'(K-K ) range
GeV

1

[eNeoRoNeRoRoRoNoReNeNol
(AR Nl eoNoNoNoNoNe)

OOO\N&O'\-L\LA!MHO
[eNoNeoNoNoNoNoNoNoNoNe]

Mt -1

0.00%0.07
0.37%0.10
0.46%0.16
0.50%0.13
0.58%0.17
0.73%0.14
0.8520.13
0.6520.07

t3
ktaar %1y

jit

FPWNHRHOOODOO
QOO NS WN

73.0%11.0
73.0%11.0
77.0%11.0

Lo 4y~

mb/Gev2

.18%0.53
.18%0.53
.5220.43
742047
0.27
0.23
0.11
0.09
0.07
.03
.02

+ 141+

5
0
8
4
.2

ll
.0
0

W~ O U WO N
T4+ 1+ + 1+ 1+

QOQQOOHME=HMERMNN
(ol =]
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Reaction Cross—-section for

dT/dt*for thé procéss
KtdaK ortg
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TABLE 6.7

*
Decay density matrix elements of K °

Channel Gottfried Jackson frame Helicity frame
K dr p 0.9220.06 0.76%0.06
K Ol'f+d 00
T P -0.02%0.04 © -0.04%0.04
- RePy, -0.09%0.04 -0.06%0.06

P *. .08t
P11+ 1-1 0.02-0 0.5 0.08-0.05



- ,165,

200

A

100

B L:L\A
0 [ Lr‘”r—“r]nr‘—'t rn-t'nl_]r

T .05 9 T8 P 2
AMASS 37T Gey? ° ’---é'MASS (n»8)2 Cev #22

‘5

100

o

GeV/c

50 0-25
a
L
®
l &
I'.n'u—”\l, X
_
nf , .
G0 1256 2:512 g0 - 04 08
c.o(np) RADIAN D. Pp Gevfc

6.1



300

100

50

T

10~

- 300

© 100

o

LA

B

50

GeV/c

00

64A

200

50

100
PLAB GCV/C

200

64 B

‘991"



.167.

.

GeV?

IIIPTTTTTfILITTTII

Fa
1=
O
o~ 7.
w
(V)
<
=
5.9
.V?—
Rl
3, T—' ! 1 ! ] J 1 | ! { 1 1 i { i l { i
0.2 {.2 2.2 3.2
2 0+ 2
MASS“ (K 11) , . GeV
< R
300 PA " | 30}
o
10 :
0 . - i i
06 09 12 15 20 2.4, 2:8 3-2
MASS (K°TT*) GeVv MASS(dTTY GeV
' 66 Shaded region corresponas to

the evenis in the K¥pand
6.7



05

00

10

168,

18

- 0 . 1 . O .
00 05 10 -1.0 00 )
t.  GeV Cos(6)
0L GeV<MASSHIT)<094Ge V o 21 GeV< Mass{d)< 22 Ge V
68 o 69.
E\_/ENTS EVENTS
20 207

10

- 10

0
-10 00 D 0° 90 180
cos ) | ¢

K Decay Distribution
6.10



Kd
]O T . T ¥ + B 1.0 T + + _{
Ne-Ng i | ' NeNg "
Neeng | t ALL EVENTS NerNg ||+ | EVENTS WITHOUTA K
O - == mmm o m m e mm e e ] O0f === == == mmm o e
-10 i 1 _]_% 1 1 :
5 3 0 5 30
20 ZMASS(d‘fT) 8eV/c‘ %AASS(dTT) GeVe*
0 = ; 10 “ T
Np- Ne | by ' Ne-Ng 4 4
Nethe |y ALL EVENTS Np+Ne o EVENTS WITHOUT A K
f {
QOF === mmmm e e oo 1 T r Ty
95 35 30 09 % 30
b.MASS(dm)  GeVZ

dMASS(dr) GeVg?

6.11

‘691"



100

. 10f

Kd>K 7 d

00

Lrcdes
045

t Gev?

6.12

090

1170,



K*d— K77 d

1000
500t
t
t
T
oy
0
250
b
i ~30 100 200
_PLAB ;SQV/C

1000

K'd— 'K*ofn"'d
L__>K+1_r—

50C

j0C

5Cr

o'/ub

%

50 100 200
Rag  Gevi
6-13

"TLT?



GeV2

o

Hliiit!?ixtﬁ

MASS2 (dTr™)

50

25}

o,

1172,

L .
K d—K 11+ d

e

. e ute
. DS
- .*

By Te L0
-‘..2 fe et

.i,—f:. v s

.
1 - *
Py

L

.
.'."
a
. & >

,LLILI'IIL}LIII.}':I":J‘I l.i.LJIIIL_LJ

2 g.25 ©.50

8.7

MASS? (KT

e

06

09 1.2
MASS(K'T7) Gev
6.15

40

20-

.00 1.25

2
Gev® 414

2

/Wa%

MASS (d T1%) GeV
6.16



,173,

+ + + -
Kd=»K7d

30}

201

10}

3
4

g 12

AMASS (K'7'77) GeV.

16

C.MASS (d ") GeV

30

_?o.

10
; \EékﬂTw~m
20 25 3U

'

25f

251

.'/J"- !]nﬂmk

00 1-0 1-4

B.MASS (K™77) GeV

RN

2-0 25 30
D.MASS (d 77) GeV

6.17



174,

010

100

020
GeV?®

010

' (d-d)

020

2

-K') GeV

t' (1}

00

6.18

100

—

<A\ 10/ SIN3AI

00



/175,

2 0 o
V- e
100
30F
50F

S NS NS NS e NN

15} »{m

/

i, ]
| - |7
0 | . q"“ 0 ot o ,..,,F;E,/ /Z
028 053 068 7D 00, .10
MASS (T 7T) GeV COs B {d- rd)
} - 6.19 6.20
DECAY DISTRIBUTION OF K*°
20\xS 20t
10F [/ 10F ' ’”
\[\ | :::E»Jurtmﬂm =K
o ULIF 0 |
-1-0 00 10 00 300 1800
COS © )

621



10 )
0-2r

0Oy

-0-2
20

0-2y

00y

-0-2

0-2r

00

02

O &
®id = U" a7 d

ReC .
1 gt

.10~

| O.O_HHWIT

ReG

-‘].O 5

A

e

Y

Fn

BN AN H |

- 10k

00¢

..]O L.

10

L—
125

~ MASS (K'77) GeV

up” |

15 10

MASS (K7 ) GeV

£272

)
125

15



P

177,

.!- -

K i d

K/ S\ K
d——d/|< ﬂ'\‘d"‘L
—d
a7 KN,
Yat A. )
20F B}
10
Fooinl
2'8

20
CMASS (d 77) GeV

32

6.2

3
o

zou}

|
L

10~j
’M A0 'nq
j Uy
10 3G
B.MASS (K 71 ) GeV
100 I
|
50+
VJ
. m_r".'"-‘v"':_r""\:“PD .
-10 00 10

D.COS B (d'=d )



CHAPTER 7

This chapter describes the final states where 3 pions have been
produced. Three or four prong events with an associated v, decay can
give constrained fits to such final states. The fittable hypotheses are

K'd — Krfritipp 7.1
K'd — Kt pn | 7.2

If one considers the deuteron to be an effective neutron or proton
target, one can study three such triple pion production reactions in these

reactions

Kn — Kririp 7.3
Kn — Kt 7.4
K'p - Krirfiip 7.5

7.1 AMBIGUITY

The three pion production threshold correspondsto a K" beam momentum
of 1.2 GeV/c and even at the energy level of this experiment, the final
state particles travel rather slowly in the laboratory frame, so that With
the help of ionisation information one can identify a track unambiguously.
There is in fact practically no contamination in any of these final states.
Here however one has not included the deuteron final state as a possible
hypotheses in the GRIND fitting stage. | But a comparison of double
pion processes with deuteron intact and breakup gives an estimate of
67 of total events which could be coherent deuteron final state. This
is definitely an over estimute because here the number of final state
particles is.even higher and this would reduce the probability of having
the proton ard neutron in a coherent state.

In these reactions, onz observes 227 of events having their spectator

momenta greatev than 3C0 MeV/c. This fraction is rather large hut not very

surprising because the probability of multiple scattering increases as one
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goes up in multiplicity.

7.2 CROSS SECTION AND RESONANCE PRODUCTION

The cross-sections for the processes 7.3, 7.4 and 7.5 have been quoted
in table 7.1. These quoted values are based on those events which have
their spectator momentum less than 300 MeV/c and normalised on a subsample
which has got both first and second measurements. In all the three
rcactions cross-sections scem to rise with energy. The only available
data on similar cross—section measurements from other experiments is
for the reaction 7.5. The cross-section measurements for this channel
is compatible with other experimental results (figure 7.1) thch shows a
turn over near 6 GeV/c.

Since the number of events at each beam momentum is small, one combines
the data from three beam momenta. This is somewhat justified as there is
no significant structure in the channel cross—:ections and also within thé
limited statistics, the various distributions secem to be similar.

The various effective mass plots for the final state 7.3 has been
shown on figure 7.6. The major effects are the two bumps in theﬂ":r[-ﬂ'0
mass plot. They correspond to the masses of rland v respectively.

The Ko'rT+ or the K°rf mass distributions secem to be rather structureless.

There are some shoulder effects near the K*(890) mass but statistically

they are nof significant. It is rather surprising since the K*(890) threshold
correspcnds to a beam momentum of 1.75 GeV/c whereas the w threshold is

near 1.98 GeV/c. It should also be noted that K*(890) production is the

most dominant feature in the reactions 7.4 and 7.5. Also the prvcombinations
did not show up any significant structure. The phase space fitting

prograrme as has been described in section 6.2 was modified to fit this

channel with 5 particles in the final states. Only the most obvious

resonances observed in the mass distributions were considered in the fit.

The masses of Tland w were taken to be 648.8 MeV and 782.7 MeV respectively.
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The widths of rLand w are nominally (as quoted in particle data book handbook)
2:63 KeV and 10 MeV respectively. But due to the limited resolution of
this experiment, the widths were taken to be the resolution limit of the
experiment i.e. 15 MeV. The results of the fit have been shown by the
solid lines on the diagram 7.6. The fractions of Tland w were found to be
at 27 Gevie

7.0 % 2,07 ard 11.3 z 1.47 respectively. Thus the cross—sections, for Tland
w production which subsequently decay into the11+ﬂ:np made are 234 = €.6. Jb
and 328 % 34 Kb respectively. Using the branching ratios, the total
rland w production cross—sections Qere found to be 939 % 275 kb and
EECR A rb respectively.

Since Tldecays mostly into neutral particles, one expects that it should

also be observed in the final state

K'd — Kpp+* Missing Mass 7.6.

The missing mass squared for the process has been plotted on figure 7.2.
This plot shows a ktump at 0.0 GeV2 which is clearly due to a misfitted 11°
final state or an elastic charge exchange reaction. There is also a
broad bump near thell mass. One expects this bump to be more prominent
than what one observes in the11fﬂ§1° final state. But unfortunzately the
background for 2 or moreﬂ'0 is very close to that mass. Also the energy
resolution for these '"NOFIT' final states is worse than that in the reaction
7.3 and thefe is some measurement bias s well in these final states. So
no further effort has been made to extract any information about the neutral
decay mode of W.

The mass plots of the reactions 7.4 and 7.5 hzve been shown in figures
7.7 and 7.8, Both the reactions show similar characteristics. These
processes are deminated by K*(890) production. The phase space fitting
programme has been used to estimate the fraction for K*(890) production.
The quality of the fits has been shown by the solid lines on Ehe figures.

The estimated fractions are 55.8 : 8.0%7 and 68.5 x 6.0% for the processes



7.4 and 7.5 respectively. This uses a K*(890) mass and width to be
0.892 GeV and 0.050 GeV respectively.

The momentum transfer distributions (between the initial and final
state nucleons) have been shown on figures 7.3, 7.4 and 7.5. In all
the reactions, the t-distributions do not show any strong forward peak
which further supports that there is no contamination from any coherent

deuteron final state in any of these reactionms.
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Reaction

+ + -
K nK°ri 11 ﬁop
+ + + -
Koo o

+ + o+ -
K p*K°rrﬁrr D

TARLE 7.1

Cross—-section
at 2.18 GeV/c

b

102.0%13.2
32.8%7.5

24.2%6.5

Cross-section

at 2.43 GeV/c
r-b

171.5%16.3
44.8%8.3

52.5%9.0
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Cross—section

.at 2.70 GeV/e

[«b

334.8%22.6
117.1%13.3

170.4%16.0
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