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ABSTRACT

The analysis of a high statistics study of the reaction
wp » K°A at 5 GeV/c using a polarized target is described.
Data were taken in the range 0.0 £ -t £ 2,0 (GeV/c)Z. The
charged decay products from the K°'s were observed in optical

spark chambers inside a large magnet viewed by television

cameras,

The experimental asymmetry in the K° production observed
with target polarized up and down together with a measurement
of the ratio of bound to unbound protons in the target
material was used to calculate the polarization parameter Po.

The polarization was compared to the predictions of various

phenomenological models,



Preface

The experiment described in this thesis was performed by
a collaboration of physicists from CERN, ETH (Zurich),
Imperial College, Southampton and Helsinki, The experiment
started taking data in October 1974 and finished in December
1975, The author became a research student at Imperial College
in October 1974 and worked with this group at CERN from April

1975, returning to Britain in January 1976 to analyse the data,

The author was not involved at all with the planning or
setting up of the experiment but was involved with most of

the data taking and all the analysis to date.

Chapters 1 and 2 of this thesis contain an introduction
to the physics behind the experiment and a description of the
apparatus involved. The author's contribution to the
experiment starts with the data reduction described in Chapter
3 which was performed in conjunction with M.C.S. Williams,
Chapters B4 to 6 present the analysis of the data and Chapter 7
deals with the design of am® detector carried out during

autumn 1975. They are the author's own work.
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CHAPTER 1

Introduction and Theoretical Background

1.1 Introduction

A wealth of data on strong interactions has been
accumulated since the discovery in 1947 of the pi-meson,
the quantum of the strong nuclear force, postulated by
Yukawa in 1935, There is however st%till no global theory

which can account quantitatively for all this data,

Many of the so-called 'fundamental' particles can be
classified by various symmetry schemes such as SU3 and
Regge recurrences, SU3 relates particles by their charge,
strangeness etc., while the classification of Regge
recurrences relates particles with the same internal quantum
numbers but different spins and masses, The Regge
representation enables one to make predictions as to the
behaviour of the scattering amplitudes in high energy
collisions, Hence there is a complementarity between the

static properties of particles and their scattering properties.,

Two body elastic and inelastic reactions can be
explained by various models such as Regge Poles, Absorption
and Geometrical models. These models provide predictions
for as yet unmeasured quantities in a wide variety of
reactions, By doing experiments to measure these quantities

one is able to test the various models and hence modify or



-10-

reject them in order to fit the data,

In the experiment described in this thesis, it was
proposed to measure directly the scattering amplitudes in
T p - K°A. By doing this one would then be able to
distinguish the best model for this reaction. At the time
of writing only the polarization parameter has been
measured and by using the differential cross-section one
can only determine the scattering amplitudes if one has
some theoretical input. However this can suggest which
models are obviously wrong and which are worth developing

further.

In this chapter, two body scattering in terms of
helicity amplitudes is discussed. The general scattering
properties of hypercharge exchange reactions are presented
and it is shown how one can measure helicity amplitudes in

a polarized target experiment.

Formalism

1.2,1 Helicity Amplitudes

In a relativistic formalism, two body elastic and
inelastic reactions are most easily parameterized in terms
of helicity amplitudes, where helicity is the component of
the particle's spin along its direction of motion. For a
spinless meson scattering off a spin 3 baryon (o‘%f-;o‘%*)

there are four such amplitudes F F*_, F_* and F__ where

*4'
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+ and - refer to the helicity (%%) of the spin % baryon,
before and after the interaction.

Parity conservation demands that F ,=F__ and F _=F_,
so we are left with two amplitudes F,  and F,_ denoting
helicity non flip and flip in the outgoing baryon. In
general the F amplitudes are complex numbers, so that the
interaction is parameterized in terms of four real numbers,
Hence three independent variables need to be measured in
order to determine the interaction up to an overall phase,

The differential cross-section is defined by

d 2 2
_2- = |F++| + ¥

1,2.2 Mandelstam Variables and Crossing

In a reaction 1 4+ 2 -3 4+ 4 as shown in fig. 1.1, let

th particle,

Pi and Mi be the four momentum and mass of the i
The reaction can be described in terms of three Mandelstam

variables, s, t and u defined by

s= (P 2% = (py 4 p°
t = (P - P3)2 = (P, - Pu)z
u= (P - 7% = (2, - Py)°

2
withs+t+u=ZMi

Transforming particle to antiparticle is equivalent to
reversing the sign of the four momentum as shown in fig. 1.1.
ﬁy crossing symmetry all three channels 1 + 23 + 4,
1+ 3>24+4and1+L8-=>2 4+ 3 can be described by the same
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amplitude A(s,t,u). A(s,t,u) can be analytically continued
from one kinematic region to another and hence physical

behaviour in one channel can influence behaviour in another,
1.2.3 Regge Poles and Trajectories

Most of the differential cross-sections for 0"{"-) 0~3"*
reactions have a sharp peak in the forward direction. This
suggests that the scattering is peripheral and takes place
through the exchange of a boson. Models based on the
exchange of a meson with spin J are unable to account for
the energy and angular dependences observed for reactions

with J » 1.

If however the exchanged object is allowed to have
angular momentum which is a function of the invariant 4
momentum transfer t, the energy dependence of the cross-
section is a power law consistent with experiment, This is
known .as the Regge Pole model, Thus a good starting point
for any theory of high energy scattering is a peripheral

model based on Regge Pole exchange,

In order to conserve quantum numbers at the two
vertices, charge exchange reactions proceed via the
exchange of the (vector) and Az(tensor) trajectories,
whereas hypercharge exchange reactions proceed via the
exchange of K*(vector) and K**(tensor) trajectories, The
trajectory is the straight line that relates the mass

squared and the spins of the particles. The various
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exchanges are shown in Table 1,1 for some charge and
hypercharge exchange reactions., Duality diagrams showing
two of the reactions in terms of their quark contents are

shown in fig, 1.2.

The line reversed hypercharge exchange reactions
TN =>KY and KN=>TTY, where N is a nucleon and Y a hyperon
(: /\~ or sigma), are particularly important in the study
of Regge Poles and the corrections to the models. One of
the reasons is that in the A- /sigma production reactions,
the weak decay of the hyperon acts as a polarization
analyser and so a complete set of observables can be
obtained using a polarized target without having to do a

double scatter to determine the recoil polarization,
1.2.4 Density Matrix Formalism

Hypercharge exchange reactions are best described
within the framework of the density matrix formalism which

is described in Appendix 1,

If we start with an initial density matrix
Ql =2(1 +Prqa)
where glis the polarization of the initial state baryon
and @ are the Pauli matrices, then the final state density
matrix Qf is given by-ef = MQ}M+ where M is some matrix,
It can be shown (Ref. 1) that M must be of the form
M=F_ - iF ﬁ,g‘where'ﬁ is the normal to the scattering

++ o+
plane,
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If F++ = f and F+_ = h then f can be expressed as;

Of = 3(f - infl@)(1 + pl, &) (£" + in"R.e)
which reduces to

P =3 [If 2 + Inl?2 + 21nf™mp. o + 2Ime h(P.7)

- 2Ret*n(eh D) .o+ (512 + M%) (1Y) (A9

» (el? - ll?) Baehi) o ]

If we define the Wolfenstein parameters (Ref, 2)

Po’ A and R by,

= * = * = le P_Ihl2
P, = .2Infh A= -2Ref'h R=ltlln
I£ 1%+ In |2 I£12+]n]? I P+inl?
then Qf = lel2:1h12) {1 + P PR + [P 2+ XA
> (o] 0
+ AR D) + r3 (eLD)] -E}
1t Iel? + |nl? =(—g—:'_2 then
0f = (ggl (1 + 72 0) (1 + L [Poﬁ + (et.n
da 2 1+p .3
»ahD) + BEED] . o)
Comparing this with
Qf =% %‘)(1 + pf. &) we nave
an
de\_ (de £A
(m)— (d'n')o (1 + POE -Q) - (1.1)

where the final state baryon polarization is given by

i A
1+P°P N

pf - 1 {Poﬁ+(gl.’f_1) nsA (PR B)+RAA(PE ?1)}
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1.2.5 Angular Distributions

In Appendix 2 the decay distribution for a parity

violating weak decay is derived.
/ A
-d—‘) = (95) (1 +pf.k)
(39)...., = (& ek

Using the coordinate system shown in fig., 1.3, we
have that

T,

<>
i

1 { P sind sin{ + PTcos¢sin0 siny
1+POPTcos ¢
+ APTsin¢cose + RPTsin¢sin6cos\}'}

where PT is the target baryon spin,

Hence the angular distribution for a reaction
0"%"— 0”%* where the recoil baryon decays weakly, can be

expressed as

W(cos0,¥,f)~ (gs (_c_l_c)

d prod’ d'n'decay

~ (1 +dﬁ\.g)(1 + PoPTC°5¢)

~ o1 ‘volPosinBsin\}’-i- PT{Pocos¢+o{(cosfsin6sin\y

+ Asin¢cos€ + Rsinfsinecosly)} - (1,2)

Thus for the reaction W p-»K°A, by measuring the
decay distribution for A —» ¥ p, the parameters P,» A and R

2 + A2 5> R2 = 1, one needs an

can be extracted. Since Po
additional measurement, that of d6/dt to enable the helicity
flip and non flip amplitudes to be determined up to an

overall sign.
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1.3 _Hyvercharge Exchange Reactions

We have seen that by using a polarized target and
by measuring the decay parameters of the recoil hyperon
we can determine the amplitudes for 7 p—>KPA for example.
However several hypercharge exchange reactions share the
same exchange trajectories and there are several features
common to all these reactions. Any model which explains
the structure of the amplitudes in one reaction must also

be able to describe or predict structure in other reactions.

Some of the main features of hypercharge exchange
reactions are listed below. The differential cross-
sections and polarizations for some of the reactions are

shown in fig, 1.4 taken from Ref. 3,
1.3.1 Shrinkage

If thedifferential cross-section is parameterized as

de bt

dt
then this is known as shrinkage,

- and b increases with centre of mass energy Y's,

For -t % 0,02 all hypercharge exchange reactions
exhibit shrinkage consistent with exchange degenerate
¥* %% -

K - K pole behaviour except for KN=»TZ which has a

flatter effective trajectory o‘eff where;

1in %%‘ = const + [Zngf(t) - 2] in s

For small ltl the 2 reactions have trajectories

noticeably higher than those for the A reactions. The
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#* % .
exchange degenerate K - K trajectory & = 0.35 + 0,82t

is shown in fig. 1.5 along with the e - A, trajectory.
1.3.2 Crossing

The cross-sections for the line reversed pair of
reactions TN =»KY and KN=>TTY should be equal asymptotically
i.e. at high S, these reactions having different
s-channels but the same t-channel, In the 4-8 GeV/c region
the cross-sections for KN=>R Y are larger by up to a factor
of two which in general decreases as the forward direction
is reached, This effect is most pronounced in the A
reactions. At around 4 GeV/c for example de/dt(X p—>TA)/
d6/dt(mp = K°A) ~ 1.5 and de/dt(K p=>7 ") /de/at(np—=K'z")
~ 1.3 at t = -0.5(GeV/c) 2,

1.3.3 SU(3) Properties

The polarizations inTWp-> KA and wp=> KZ have similar
structures but opposite signs as have the reactions
Kp-» mA and Kp—>TL. One expla nation is that the K"
exchange amplitudes in the A and L reactions are related

by SU(3) octet symmetry.

If we define an amplitude Ag proportional to the well
measured NNTr coupling and ¢~ proportional to the reasonably
well measured LY coupling and related to the ratio between
the antisymmetric (F) and symmetric (D) amplitudes we can

express

Ag =£D+{§F oL=‘/_-§F_

10 AS
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A is the same for vector and tensor exchanges but different
for helicity flip. and non flip (denoted by - and +

subscripts).

SU(3) Isoscalar factors (Ref, 4) give for N—> 8@38:

N—=3K n -13\’—5 D+ 3F =/3(2x - 1) Ag
0

N=AKn~ -f5 D - 3F = -(2s+ 1) Ag
10

3

Thus the ratio of the couplings

evkE  _ - 3§2o<- 1%
ENKA 2oL+ 1

or in the specific case of the )

&k*s® 3= 1)

g‘pK*/\ (2l + 1)
Hence: d&/dt (M~ p=> k°£%) - 3(2“- 1)2
ae/dt (r p=> K°A") 2ol + 1
since P, d_z‘ = 2ImF F,_ = 2|F++l F+-|Sin¢+-

and assuming the same phase ¢*_ for I and A reactions we have

P, de (W p=> K°A) ~ 2sin9$+_A8"A8'(zog:+ 1)(20(_ + 1)

e 5 I

P_ d& (o= K°L%), 2sing,_ Ag*Ag™ V3(2e, - 1)/3(2eL + 1)

o]
at 3
PS5 (Mp—=KkNA) _ 1 (26 + 1)(2L + 1)
P, %‘ (v~ p—» K°£9) (2e¢ - 1)(2k - 1)

Thus although each reaction is interesting on its own,

more information can be gained if reactions are compared



1.4

-19-

with others which are related to them via SU(3) symmetry

relations.

Polarized Target Experiments

We wish to measure the Po' A and R parameters in the
reaction ™ p =>K°A in order to measure the helicity
amplitudes and hence test the predictions of various

phenomenological models.

We can see from equation 1.2 that maximum information
on the parameters A and R is obtained when sin¢= 1, i,e.
when the lambda is produced parallel or antiparallel to the
target spin direction. One therefore needs an experimental
setup which allows the decays of these lambdas to be

analysed,
1.4.1 Polarized Targets

An alcohol polarized target needs a high magnetic
field (»2T) to produce high polarization. This would
normally require pole pieces, separated by a gap of about
10cm,, above and below the target. Hence the lambdas
produced parallel or antiparallel to the target polarization,
containing maximum A and R information would be lost into

the pole pieces,

One solution is to have a conventional alcohol target
polarized along the beam direction. This however makes it
difficult to mount detectors close to the target to analyse

the lambda decay.
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Qur solution was to use a 'frozen spin' target, made
of 1,2-propanediol (CBHBOZ)' The target is first polarized
in a uniform 2.5T magnetic field produced by pole pieces
mounted vertically outside the main magnetic field, It is
then frozen by cooling t0<£0.05°K and moved into a holding
field of 1T, sufficient to keep it polarized for several

hours,
1.4,2 Detectors

To enable the decay products of the produced lambdas
t0 be analysed, a large magnet spectrometer was used. This
consisted of a magnet filled with optical spark chambers
viewed by television cameras. The magnetic field, as well
as allowing the spark chamber tracks to be momentum
analysed, acted as the holding field for the polarized
target.

In order to study the reactionrfp-ﬁrKQN it is necessary
t0 avoid as much as possible triggering on other reactions,
to reduce analysis and apparatus dead time. Since we
required a neutral final state, the target was surrounded
by veto counters, containing heavy metal gamma converters,
which vetoed events containing final state charged particles

or gammas,

We also required the decay of at least one of the
neutral final state particles inside the spark chamber
fiducial volume, This was achieved by having a ‘'picket
fence' of scintillation counters downstream of the last

spark chamber module,
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Even with these trigger conditions one did not trigger
exclusively on TFp-—?KQA events. The background from other

reactions is discussed in the next section.
1.4,.3 Background Reactions

The main background reactions for this experiment
were as follows
(1) wp=> K°A produced on unpolarized bound protons
(2) m p— k%1%, 3°> YA and the ¥ is undetected
(3) mp—™A Ko*(bacliward peak)
() wp—=>Kk%%° , Y= K°n
(5) mp— K°K°n
(6) Events containing charged tracks or gammas which have

escaped detection in the veto counters.

The effects of (1) are discussed in 1.4.5 and (2) is
discussed in Chapter 5. Reactions (3), (&) and (5) are
easily identified in the reconstruction and kinematic fitting
and can be analysed separately. Background from (€) can

also be identified and rejected.
1.4,4 Beam Energy

At beam energies of { 3 GeV, scattering amplitudes are
best described in terms of s-channel resonance production,
whereas at higher energies t-channel exchanges provide the

better framework for describing the amplitudes.,
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We are interested in the structure of these t-channel
exchange amplitudes and at low energy these could be
complicated by resonance production in the s-channel, hence
to overcome these problems it was decided to perform the
experiment at 5 GeV ., At this energy there is other
selected data available for comparison including a good

measurement of deé/dt in our channel,
1,4,5 Measurement of Polarization using a Frozen Spin Target

In Chapter 5, the polarization parameter PO in
T p = K°A is measured using information from the forward K°
only. Since only the free protons of hydrogen in the
propanediol target are polarized, one needs to separate
events off these polarized protons from background events
off protons bound inside carbon or oxygen nuclei, If one
uses the lambda information in addition to the K°
information one can separate kinematically since the bound
protons will have fermi momentum which will cause a
momentum imbalance at the interaction vertex, If only the
K® information is used one cannot do this unless one's

experimental precision is extremely good.

In polarization measurements of this kind the effects

of the background can be separately determined (Ref. 5).

From equation 1.1 it follows that the polarization Py
at fixed momentum transfer t can be expressed as

P = n, - n_

1
)
PTcos¢ n, +n




-23-

Cosd

where PThis the product 'Bi.ﬁl and n, are the counting rates
of events on positively (up) or negatively (down) polarized

protons,

With a polarized frozen spin target we have
N4+ = ns + my where Nj are the total rates and my is the

background rate which is independent of the target

polarization i.e, m, = m_
‘.. Po - 1 N+ - N- . N* * N-
PTcos¢ N, * N_ n, +n_
where N+ N = g is the ratio of events on all protons
n, 4+ n_

to events on free protons, thus

P = R N, - 1N
PTcos¢ N+ + N

Hence one does not need to know for each event whether
or not it was produced off a bound or unbound proton, The
ratio R does not depend on target polarization and can be

measured with unpolarized targets.
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Table 1,1

t_channel exchanges for charge and hypercharge reactions

Reaction t channel exchange
T p->1’n e
- o
mp-~n'n Ay
K p-»K°n Q’AZ
o o
K p>Kgp g w
wpaK'E? K* K
T p-+K°z° K K
- - % %%
K P> L K ,K -
- (s) *
™ p-K°A K ,K#*
K'p-»n"/\ K*,K**
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Figure 1,1

Mandelstam Variables
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Figure 1,4

Hyvercharge Exchange Data
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Figure 1.5
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CHAPTER 2

The Experimental Setup and Data Taking

2.1 Introduction

A 5 GeV/c negative pion beam was incident on a frozen
spin polarized target. A neutral final-state was demanded
and the momenta of the decay products from this neutral final
state were measured in the CERN-ETH magnet filled with

optical spark chambers viewed by Plumbicon TV cameras.
2.2 Apparatus
2,2,1 The Beam

The beam line was designed to produce 5.105 negative
pions per P.S. burst with momenta of 5 GeV/c, An upstream
momentum slit ensured an accuracy of ~ 1%, The beam line
consisted of bending magnets, quadrébqles, a Cerenkov
counter, beam defining scintillation counters, multiwire
proportional chambers (MWPC's) and surface barrier diode

counters, as shown in fig., 2.1.

The trajectory of the incoming beam particle was
measured by three groups of MWPC's, MWPC1 and 2 were at
each end of the Eerenkov counter C1 and consisted of'h
plaﬁes with 2mm, wire spacing, With the x direction along

the beam line, the wires were aligned along the 2z, y, z=y
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and 2z=-y directions. MWPC3 was mounted just upstream of the
cryostat entrance window, It consisted of 4 planes with 1mm,
wire spacing also with the wires aligned along the z, y, z=y,

and z=-y directions,

An incoming beam particle was defined as S1.S2,S3,Sk,
S5.86.Kl.01, where S1 to S3 and S6 were scintillation
counters, S4 and S5 were surface barrier diode counters
inside the target cryostat. Al was a large scintillation
counter with a hole in it which was put into anticoincidence
to veto beam halo. C1 was the Eerenkov counter filled with
ethylene at 1 Kg/cm2 to reject K~ and antiprotons in the
beam. The discriminator of S2 was set to 50ns; the resolving
timg of the MWPC's, but was clipped to 5ns for beam
coincidences to ensure that no other particle passed through

S2, 50ns before the particle giving the trigger.
2.2.2 The Target

The polarized target was of the 'Frozen Spin' type
and was constructed and operated by the CERN-Helsinki
frozen spin target group (Ref. 6). The target was made of
1,2-Propanediol and was 150mm. long. Before April 1975 it
had a diameter of 17mm. which was reduced to 16mm, after

this date.

The target was first polarized in a 2.5 Tesla magnetic
field produced by pole pieces mounted alongside the beam
entrance, Polarization was achieved by irradiating the

target . with microwaves, Once the required degree of
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polarization was achieved, the target was cooled to<,50mK°
and moved into the main volume of the spectrometer magnet
where the polarization was 'held' by the 1 Tesla magnetic
field. The target was polarized in the *z direction where

z 1s vertically upwards and x is down the beam line,

The average polarization achieved was 85% with a loss
rate of 1-5% per day. The polarization reversal time was
1-2 hours and the target had solid angle access of 4w x 0.94,
The target was repolarized to the opposite parity, i.e. from
spin up to spin down or vice versa, every 24 hours to avoid
any systematic errors between 4+ve and -ve polarization data,
for example running for a week on positive polarization and
then finding that the number of K°A events was very low

could bias the results.
2.2.3 The Spectrometer Magnet

The CERN-ETH magnet (Ref. 7) has a magnetic field of
1T over a volume of 200 x 90 x 80 cm.3. There is a hole in
the upper pole piece over which the camera hut was mounted,
The magnet was open at both ends to allow the polarized
target and the spark chambers to be readily accessed. A side

view of the magnet is shown in fig., 2.2,
2.2.4 Veto Counters

In order to enhance the signal in the final state
KOA.it was necessary to veto events with charged tracks or

. .
n° s coming from the primary vertex and also events with

1fL;BU\.
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Surrounding the target was a veto counter consisting
of two cylindrical scintillation counters Rl and R2 each
5mm. thick, These were separated by émm, of tantalum which
is approximately 1 radiation length. This acted as a gamma
converter, the electrons being detected in R2, The average

gamma conversion efficiency was ~ 70%,

Obviously events where the lambda decayed before
reaching the R counters would be vetoed, but since these
lambdas would be slow in the laboratory frame, the loss

is greatest at low ltl.

The downstream end of the target was covered by 3
'F' veto counters each 5mm, of scintillator with 5mm,
tungsten between each pair, The F counters vetoed forward
np's and charged tracks., The veto counter arrangement is

shown in fig. 2.3.
2.,2,5 'E' Counters

To ensure that we had a charged decay of one of the
neutral particles, a hit was demanded in one or more of 8
downstream 'E' counters. These counters were in the form
of a hodoscope at the downstream end of the spark chambers

and were each 11,5cm, wide and 82cm, high,
2,2.6 The Spark Chambers

Nine modules of optical spark chambers were used in

this experiment, The 3 downstream modules had 12 8mm, gaps
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with 1.2mm, dead space between gaps. The 6 upstream modules
each consisted of 14 1lem, gaps with no dead space. The most
upstream 3 modules had a hole down the centre in which the
polarized target and the veto counters were inserted (see

fig. 2.2).

2
The chambers had an active area of 60 x 67 cm” each
and were pulsed with 11Kv with a 450v/em, D,.C, clearing
field.

2,2,7 The Camera System

The chambers were viewed by 7 plumbicon television
cameras (Ref. 8). 6 of these were mounted above the chambers
forming a stereo pair of 3 chambers each, The seventh
camera was mounted downstream alongside the chambers and
viewed, via a large mirror, modules 3, 4, 5 and 6, This
camera was to improve the z accuracy of sparks located near
the target where most lambda decays were expected, and

hopefully to improve lambda finding.
2,2.8 Data Acquisition System

Two Hewlett Packard 2100-32K word computers from NP
computer division at CERN were used during data taking. One
of the computers read in the data from the CAMAC system in
the form of scalar data, MWPC data and camera data. The
data was stored in core and then written to tape. Sample
data was sent to the second computer which performed checks

on counter and chamber efficiencies etec., printed trigger

rates and gave a visual display of selected events. An
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example of such a display of a K°A candidate is shown in

fig., 2.4,
2.2,9 Timing

The dead time of the data taking system, i.,e. the
time for the cameras to 'read' the data and for the computer

to read out the buffers, was 22ms.

The 450 volts/cm. clearing field gave a spark chamber
memory time of 600ns. There was a 400ns delay between the

passage of the particle and the firing of the spark chambers,

Data Taking

Data were taken during 5 PS cycles of approximately
3 weeks each., These are summarized in Table 2.1. Cycle &4

was interrupted for about a month by a fire at the PS.

Each data taking run (given a separate number)
comprised a separate file on output tape. A run normally
consisted of a full daté tape equivalent to about 1 hours
data taking or 11,000 triggers, but could be shorter if
for some reason data taking was stopped. Thus a tape could

contain several runs.

The raw data tapes were transfered to the Rutherford
Laboratory and compressed 3 into 1 onto 6250 b.p.i, tapes

for analysis.
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2.3.1 Targets

As well as taking data on the propanediol target,
data were taken on Carbon, Hydrogen and 'Empty' targets.

These data are discussed in Chapter 5.

The details of these targets and number of triggers
recorded on each are shown in Tables 2,2 and 2.3. FEP
(Fluorinated ethylene polypropane) refers to the bag in
which the propanediol beads were contained. The propanediol

polarized target was hydrogen free,

The later part of the Sth cycle was used to test am®©

detector which is discussed in Chapter 7.

Trigger Conditions

2,4,1 Normal Triggers

The initial trigger conditions during the 1st, cycle

weres
2 - 8

TT Si+ Ay, Cy. SoR,. ip. 3E

it RN R P BN = S 5

During the other cycles Ki was removed from the trigger
to improve the trigger rate and Cl was not included in the
trigger but was flagged. This enabled events with incident
K~ or antiprotons to be recorded alongside w~ events., The

amount of K /P in the beam was 3%,
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2.4.2 Relaxed Trigger

From the 2nd cycle onwards, R2 was also removed from
the trigger and flagged., This meant that events with a
final state¥ ® could be taken in parallel with the final

state A events,
2.4,3 Beam Trigger

From run 1209 onwards a beam trigger was introduced
whereby every 100 events an event was recorded which only
had one beam track on it; This was to enable the beam
parameters to be monitored during analysis. Beam tracks

are discussed in Chapter 4,

The trigger for beam tracks wass;

6 8

T s;. 2 E,
i=1 j=1

In addition to beam tracks being recorded every 100
events, two complete tapes of beam track events were recorded

at different times during data taking.
2,4.4 Fiducial Events

At the start of every run and between PS bursts,
fiducial events were recorded. These consisted of
illuminated slits arranged in specific patterns between

the spark chamber modules,
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Because the number of slits on a bar was greater than
the number of digitizings allowed per camera line, the bars
were illuminated half at a time, one half being called a
left fiducial event and the other a right fiducial event.
Between PS bursts a left/right pair was recorded with the
order alternating to produce the sequence:- (LR)(RL)(LR)
etc., in order to cut down systematics., 20 such pairs of
events were recorded at the beginning of each data taking

run,
2.4.5 S1it Box and Slewing

Whilst the target was being repolarized, events were
recorded, consisting of flash tubes illuminating wires
stretched above the prisms covered with 'scotch-lite’.

The intensity of the tube was varied so that the variation
in apparent position of a spark with pulse height (slewing)

could be investigated.

We also digitized a box with slits illuminated by
fluorescent tubes inside it which could be inserted inside
the magnet in place of the spark chambers, The slit box was
normally used after each cycle for calibration purposes,

evaluation of distortions etc.
2.4,6 Trigger Rates

The trigger rate for most of the experiment wasw 50
triggers per 106 incoming pions which gavew 10 events per
burst on average, Trigger rates are discussed in more detail

in Chapter &4,



Table 2,1

Data Taking Cycles

Cycle Started Ended Runs Targets Comments
1 31 Oct 74 21 Nov 74 500-879 Propanediol, Empty Normal trigger
2 7 Apr 75 3 May 75 1015-1444 Propanediol, Carbon | A1 out, ¢ and
R2 flagged
3 6 Jun 75 25 Jun 75 1445-1821 Propanediol, Carbon "
L (a) 28 Aug 75 29 Aug 75 2015-2049 Propanediol "
(b) 26 Sep 75 16 Oct 75 2070-2575 Propanediol "
5 6 Dec 75 18 Dec 75 3001-3131 Hydrogen, ™ test "

‘8€"



Table 2.2

Target Details

Material Mass Mass FEP | Length |Diameter
Propanediol (Cycle 1) 21.5¢g L,99¢g 147mm 17mm
Propanediol (Cycles 2-4){ 21.56g L,99g 147mm 16mm
Carbon (Cycle 2) 18.31¢g L,99g | 5x10mm 1 5mm
Carbon (Cycle 3) 17.63¢g 5,282 | 5%10mm 1 5mm
Hydrogen - - 1 50mm -

Iable 2,3
Number of triggers recorded
Target Number of data tapes Number of triggers
Empty 9 100,000
Unpolarized 5 60,000
Polarized +ve 502 5,500,000
Polarized -ve Lg92 5,400,000
Carbon 77 850,000
Hydrogen 58 650,000




Figure 2,1

Schematic Lavyout of Beam Line
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Figure 2.2

Schematic Diagram of Side View of
CERN - ETH Magnet
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Figure 2

Cross—-section of Target and .Veto Counters
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Figure 2,4
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CHAPTER 3

Data Reduction

3.1 Introduction

Due to the very large amount of data,~ 107 triggers
occupying 400 6250 b.p.i. magnetic tapes, and the difficulty
of recognising slow recoil lambdas which decay near the
target and at large angles to the beam direction, it was

decided to enrich the data,

In principle this enrichment consisted of doing a
relatively quick and simple analysis of all the data to
pick out potential w p = Koﬁ\candidates which would be
more fully analysed later using a more sophisticated

program,

In this chapter, the analysis program ROMEO is briefly

described together with the details of the data enrichment.

[

3.2 ROMEO

ROMEO (Ref., 9) is a program written at CERN for
recognition and geometrical reconstruction 'of spark chambér
events taken by the OMEGA magnetic spectrometer system.
Since our experimental system was very similar to that of
OMEGA we were able to use their program extensively

modified to suit the geometry of our experiment.
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The program consisté of several modules corresponding
to different phases of the analysis, A schematic diagram
of the program structure is shown in fig., 3.1. During
debugging the various modules were overlayed to save
space but in the final version only GEOMETRY was overlayed.
The different modules are described below. All constants
for the program are preset in Blockdata in the ROOT module
which also deals with input and output, event selection

and overall control of the program.
3.2,1 The Initialization Module

The initialization module is called once at the start
of the program and reads in control cards which can be used
to change the standard values of certain constants, It
allows the user to’control event selection and the amount
of output one getsﬁgach event, Some secondary constants

!
are calculated in the units required by the program,

3.2.2 The Fiducial Mark Module

The fiducial mark module is called at the beginning of
every run on tape and computes the transformation
coefficients which convert the raw plumbicon digitizings
into the system of coordinates used in ROMEO, If the
required number of fiducial events are not found at the
start of the first run then the program skips to the start
of the next run and so on until they are found. Once the
coefficients have been calculated the tape is rewound to

the first run again,
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For the purposes of the enrichment the coefficients
were found to be sufficiently stable throughout a run to
make it unnecessary to update the coefficients from the

fiducial events between bursts,
3.2.3 The Pattern Recognition Module

The pattern recognition module sorts out tracks from
the raw digitizings for each event and sends the ordered

coordinates to the geometry module.

The spark chamber system is scanned gap by gap from
the downstream end. Once a digitizing is found, a
temporary track bank is set up. An area within certain
tolerances is then searched in the next gaps and if
digitizings are found in at least 2 of the next 4 gaps
the track bank is made permanent; otherwise it is
abandoned, Further digitizings are added as each gap is
scanned, The bank is closed if no digitizing is found

for 14 gaps.

To overcome the necessity to correct for the
staggering of sparks in the crossed electric and magnetic
fields, tracks are only followed in odd numbered gaps.
Digitizings in even numbered gaps are later complemented

to the tracks.

Finally tracks in different views are matched together
to find which are the projections of a track in space. As

long as there is at least one track of each sign found in
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at least two views, the information is passed to Geometry -

otherwise the event is abandoned,
3.2.4 The Geometry Module

The geometry module takes the tracks in the different
views and reconstructs the track in space. The track
parameters - momentum, dip and azimuthal angles - are
calculated. Pairs of positive and negative tracks with a
common %@rd that points towards the target are traced back
through the magnetic field and a vertex fit is attempted
(Refs. 10 and 11), If a vertex is successfully fitted, a
one constraint kinematic fit is attempted in order to
decide whether or nof the event is a likely 7t p—> K°A

candidate. This kinematic fit is described in Chapter &4,
3.2.5 The Close Module

The close module writes a short summary after each
file has been processed as an aid to bookkeeping as well
as resetting some constants ready for the next run to be

processed,

3.3 Timing Considerations

After it had been modified to suit our setup, ROMEO
took ~ 200ms to process an event on the IBM 360/195 at
the Rutherford Laboratory. This would have required in
the region of 700 hours of CPU time to process all of the

data which would have made progress impossibly slow, A



48~

reasonable amount of time was thus spent in'trying to
reduce the time per event without reducing our final data
sample too much, The various methods tried are described

below.

3.3.1 Beam Window

About 20% of events have a stray beam track associated
with the event which is no use in the analysis but wastes
the computer's time being parameterized. The idea of a
beam window, or road as it sometimes called, is that the
average position of the beam in each gap is determined and
any sparks occuring within a certain distance of that

position are eliminated before pattern recognition,

The positions of sparks in a gap for a given view is
given by a digitizing which corresponds to the distance of
the spark from the edge of the chamber, One digitizing is
equivalent to about 0.1mm, The first 100 events per run
were analysed and the digitizings for each gap histogrammed.
The bin with the most digitizings was taken as the central
position of the beam in that gap, assuming that it agreed
with a rough estimate made from an eye scan of events,

This eliminates false values caused by breakdown in the
chambers or dead spots on the camera for example, The beam
window for that gap is defined as this value * 50 digits -
corresponding to a lem. road through the chambers. Once

this had been done, the tape was rewound and normal analysis

proceeded.,
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By looking at pictures of events with and without the
beam window it appeared that beam tracks were removed quite
well, However we can see from Table 3.1 that although the
number of beam tracks was reduced from 194 to 4% with the
time per event falling from 263ms to 237ms, the number of
K%'s found fell from 29% to 26% leaving the time per K°

unchanged.

The beam window was operational from gap 43 onwards,
gap 43 being the first after the target., Gap 3 was the

most upstream, 124 the most downstream,

In order to regain some of the lost Ko's the window
was not started till gap 85 with the hope that beam
tracks would still be eliminated but k°'s would not.

What actually happened was that some beam tracks were
eliminated but others were left as short tracks between
gaps 43 and 85 which no longer qualified as 'beam tracks'
but were considered for V°® candidates which did not

reduce the time/K°,

Beam tracks are defined in Geometry as tracks which

satisfy all the criteria

1+

1/p = - 0.2 * 0,015 (GeV/c)™*

"~

DIP = 0.0 10.0 mrad

AZI = 10.0 % 10,0 mrad

Once a track has been désignated as a beam track it

is not considered for the formation of vertices.
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3.3.2 Chamber Cut

For the enrichment of the data we were looking for
fast forward K° s and it was thought +that time could be
saved without significant loss of events by ignoring all
gaps upstream of gap 43 i.e. upstream of the target exit,
The information contained in the side view was not used

for this analysis.

From Table 3.2 it can be seen that the best combination
is no beam window with the upstream gaps ignored, resulting
in a reduction of time but no loss of potential K°A events,

A beam window was therefore not used.
3.3.3 Pulse Height Cut

Each digitizing as well as giving the postion in a
gap of each spark also contains coded information on its
pulse height, Sparks caused by ionization left by old
tracks not associated with the trigger should be less
bright and hence have lower pulse heights than tracks
associated with the trigger. By setting a pulse height
threshold it should therefore be possible to eliminate

background and cut down analysis time,

From Table 3,3 it can be seen that raising the pulse
height threshold does reduce the time but also decreases
the number of potential K°A events more rapidly. Setting

a threshold of 1 could show some improvement but it was
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felt that it was better not to delete any sparks on the

basis of pulse height,
3.3.4 E Counter Test

Since tracks associated with the trigger hitting a
downstream E counter should give a count in that counter
it was hoped that one could distinguish between tracks
from the event and 'old' tracks by extrapolation of the
track to the E counter and seeing whether or not the

relevant counter fired,

For tracks that were reconstructed to form vertices,
76% were correlated with a hit in the appropriate E
counter, Tracks that could not be formed into vertices

were only correlated 43% of the time,

Three categories of track were defined
(a) Tracks which should have fired an E counter but didn't,
(b) Tracks which would have missed the E counters,

(¢) Tracks correlated with a hit in the appropriate E counter.

The K° effective mass distributions were examined for
the case where both tracks of the V° came from categories
(b) or (¢). This removed 25% of the K° peak and 31% of the

background.

The cut was then tightened so that one track had to be
from category (e¢) and the other from (b) or (e¢). This

removed 18% of the K° peak and 69% of the background as
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shown in fig. 3.2. The saving of time by geometry only
having to consider these categories was only 3.7% and

was not considered worth losing 18% of the data for.

A breakdown of the timing for various parts of the
program is shown in Table 3.4, The time per event was
eventually reduced to about 180ms by removing some

redundancy in ROMEQO and making some routines more efficient.

3.4 Enrichment

A diagram of the logic for - the enrichment is shown
in fig. 3.3. The analysis was done without slewing
corrections and without the information from the side
view, The pattern recognition part of ROMEO was set up
so as to look only for fast forward tracks from forward

K° decay and not to attempt to analyse the recoil lambdas,

For every input file, corresponding to a data taking
run, an output file was written. The contents of the
records on the output file depended on what type of event
was input to ROMEO, The different types of event are
listed below, Each event consisted of a scalgr record
containing the electronic counter data, a MWPC record

and a camera data record.
3.,4,1 Fiducial Events

A1l the fiducial events at the beginning of each run

were copied directly onto the output tape, Pairs of



-53~

fiducial events were also copied every 19 bursts, hence
preserving the LRL... pattern and providing the option
of updating the transformation coefficients during the

run if required in the final version of ROMEO,
3.4,2 Beam Events

All beam trigger events were copied directly to the
output tape so that the parameters of the beam can be

monitored during future analysis,
3.4.3 K~ or Antiproton Triggers

When the 5erenkov was not included in the trigger but
merely flagged, about 10% of the data consisted of a K~
or P beam particle, The K /P contamination in the beam
was ~ 3% but the trigger cross-section into neutral
final states is higher for K~ or p interactions leading

to a 104 trigger rate.

If in the analysis of these events, Ko's or lambdas
were found then the event was copied onto tape but
without the camera data i.e. only the scaler, MWPC and
the geometry output banks from ROMEO were written on the
tape., The majority of these events will probébly be
K'p-%»Kon and no extra information could be gained from
a reanalysis since the neutron will escape detection in

our chambers, The amount of Pp-»AA is small,
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3.4.4 Sigma Events

Whilst R2 was only flagged and not included in the
trigger, the final state K°2° was taken in parallel with
K°A, the gamma from $°-» YA being responsible for the R2
hit., At the moment no attempt is being made to analyse

this channel, so events having R2 hits were skipped,
3.4.5 Normal Triggers

Events with no R2 flag and no gl flag were passed
through the pattern recognition and geometry stages of
ROMEO and dealt with in 3 ways,

(a) Events with no K° or A found were skipped.

(b) Events with 1 X° or 1A identified by the kinematic
fit were subjected to a cut on their missing mass squared
to see whether they were possible K°A or AK® events,

The cuts were i1- >
0 2\ 2
0.4 < MMK® < 1.9 (GeV/c“) or
0.5 < MMA® < 1.0 (GeV/c?)?

The unfitted K° and A effective masses are shown in
figs. 3.4 and 3.5 and the missing mass squared to the
fitted K° together with the cuts are shown in fig., 3.6,
If an event satisfied these criteria it was copied
completely to output tape with scalers, MWPC, camera and
Geometry data and is known as a 'full' =vent, Events not
satisfying the criteria were output with scalers, MWPC
and Geometry data only and are known as 'half' events.
(¢) Events with m&re than one K° or A or one of each were

output as full events.
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3.4,6 Summary

The statistics of a typical run equivalent to =zbout
1 hours data taking were as follows :-
12,269 triggers
6,403 (52%) had R2 flagged and were skipped

.Of the remaining 5855, 1477 failed,

1428 in pattern recognition
4 with incorrect raw data

and 5 in geometry.
Failures in pattern recognition are usually due to there
not being one track of each sign recognised. Incorrect raw
data is usually attributed to some error in decoding the
data from the cameras or a tape error. Failures in
geometry sometimes occur when pattern recognition finds

more tracks than geometry can handle.

The content of the remaining 4389 events is shown in
Table 3.5. What was written on the output tape is shown

in Table 3,6,

3.5 Recognition of ILambdas

In order to measure Po' A and R it is necessary %o
measure both the forward K° and the recoil lambda. The
enriched data tapes contain events with a measured K°
with the missing mass in the lambda region. The second
stage of the data reduction involves the reanalysis of
these events to measure the recoil lambdas. This reanalysis
has not yet been completed due to the difficulty of finding

the recoil lambdas as explained below,
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3.5,1 Improvements to ROMEOQ

(a) Tolerances

The tolerances controlling the track finding obviously
needed to be relaxed since the program was set up to find
fast forward tracks whereas the tracks from lambdas tend

to be slow and wide angles.

Since the angles of the tracks tend to increase as one
gets nearer the target region, the tolerances were adjusted
accordingly so that downstream the tolerances were still
fairly tight whereas close to the target region they were
much more relaxed, Although this allows larger angle tracks
to be found, it increases the amount of ambiguity if

several tracks are close together.

(b) Side View

The data from the side view was incorporated and
although track recognition seems to work fairly well, the
problem of matching the tracks found in views 1 and 2 to
those in view 3 (the side view) has still not been solved

satisfactorily.

(¢c) Upstream Gaps

Data from all the gaps including those gaps upstream
of the target are used, Lambdas where one of the tracks
goes backwards are dealt with correctly, and the sign of
the track is correctly computed, but the program gets
confused if a track turns back on itself and is often

treated as more than one track,
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(d) Short Tracks

Some of the tracks from the lambda decay are extremely
short, consisting of less than 6 sparks in one view., Most
of these tracks are not found by ROMEO because of the need
to find sparks in odd parity gaps and then complement them,
Most of these tracks are present in module 3 and some

other method of identifying them is needed.
3.5.2 Scanning

In order to see how well the program was doing and
what type of events were giving problems, several events

were drawn out as pictures and scanned by eye.

The results of scanning 96 K°A candidates (as defined
by missing mass) are shown in Table 3,7. In addition
the K°K° events yield 2K°A events found (both K° and A
identified), 2 probable XK°A events and 12 possible K°A
events, This 1s probably the source of the first peak in
fig. 3.7, the missing mass squared to K°K°. the lambda
being misidentified so that the missing mass squared is

shifted from zero.

One can calculate how many lambdas one expects to see
in the chambers from the branching ratiocs
A - ni¥ (35.8%)
and A - pm  (64,2%9)

Using the acceptance calculated in Chapter 5 of 25,6%
for neutral and 10,8% for charged decay, one expects 55

neutral and 41 charged lambda decays.,
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In the original proposal (Ref., 12) we define a
measureability criterion for lambdas of 8 sparks in one
track and 20 in the other. 60% of lambdas were expected
to meet this requirement. Putting in this requirement
one therefore expects

55 KO events with no lambda seen

25 K° events with a measureable lambda

16 K° events with an unmeasureable lambda
From Table 3.7 one can see that the numbers of events
with no lambda seen are in reasonable agreement, but
that the number of measureable lambdas is lower than
expected. This means that to reach the total numbers of
events for the full analysis (60,000 events off free
protons) quoted in the proposal, we need to rescue a
large number of ’lambda possible' category assuming we
can recognise all the events with a lambda seen., The
reason for failure of 5'events where the lambda should

have been picked up are shown in Table 3.8.

3,5.3 Conclusions

A lot of work is required on program developement to
enable us to recognise lambdas in confused events and
where the tracks have few sparks before a full Po' A and

R analysis can be done,
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Table 3,1
The effects of the beam window
No window Window gap 43 Window gap 85
/
vO's 52, 5% 48, 8% 55.2%
K°'g 29, 2% 26.0% 2L, 8%
A's b, 6% b, 4% 6.0%
Tracks 201% 168% 192%
Beam Tracks 18.9%4 3.6% 7.6%
Patrec time 1€7ms 139ms 159ms
Geom time 66ms 60ms 68ms
Time/event 263ms 237ms 267ms
Time/K° 0.90s 0.91s 1.07s
Table 3,2

The effects of the chamber cuts

No window No window + 43 Window gap 43

clear gaps + 43 clear gaps
vO's 52, 5% 5k, 7% 50.2%
K%'s 29.2% 30. 8% 27.6%
N's I, 6% 4, 8% 1, 6%
K°A's 7.8% 7.9% 6.3%
Tracks 201% 195% 161%
Beam Tracks 18.9% 19.6% 7.1%
Patrec time 167ms 148ms 120ms
Geom time 66ms 62ms shms
Time/event 263ms 241ms 202ms
Time/K°A 3.37s 3.03s 3.18s
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Table 3,3

The effects of the pulse height cuts

Pulse Height Threshold
0 1 2 3
Patrec | 158ms 1sbkms 151ms 143ms
Geom 67ms 66ms 69ms 60ms
Time/event 2L 2ms 238ms 237ms 221ms
vo's 55% 54% 48% 36%
K°'s 304 304 264 204
K°A's 9% 9% 7% 6%
Time/K°A 2.7s 2.6s 3.3s 3.7s
Table 3.4

Timing in ROMEO

Initialization 0.23s 0,09%
Read Fid, record 7ms/call 1,75%
Read non Spark record| 3ms/call 4,209
Read Spark record 3ms/call 1.39%
Patfern Recognition |[143ms/call 69,09%
Geometry L4L9ms/call 22,82%
Fiducial Module 0.32s 0.,12%
Other time 1.12s 0.43%
Output of Events 0,.30s 0.12%
Time per event 207ms
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Table 3,5

Breakdown of a single run by event tyves

vPs L1166 71% (of non R2 triggers)
K°s 1855 32% "
K%s 801 14% "
AK°®s 80 1% "
As 291 5% "
K%k°s 210 174 "
Table 3,6

Content

of output tave for a single run

138 Fiducial Events
985 'Full' Events
1502 'Half' Events
122 Beam Events

214 K7/p Events
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Table 3,7

Results of eve scan of KA candidates

Number of Events Type Number Expected
L9 no A visible 55
6 N found 25
6 /\there but not found
5 /\ there but <8 sparks 16
19 A possibly there (31 track)
L A found but doubtful if real
3 A found but event confused
L probably KK event
Table 3,8

Reasons for failure of wvisible K° Aevents

Number of Events Reason
1 1st 4 sparks in odd parity gaps
1 sign wrong for one track
1 1 track treated as 2
1 1 track turns through 360°

- treated as 3 tracks

-

track appears to kink in 1 view

1 very narrow opening angle
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Figure

Structure of the ROMEQO Program
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Figure 3,3

Logic Digram for Enrichment Runs
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Figure 13,4

KO Mass Distribution
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Figure
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CHAPTER 4

Analysis

L.,1 Introduction

Because of the difficulty of recognising the recoil
lambdas, as outlined in Chapter 3, it was decided to make
a high statistics measurement of the polarization parameter
Po using the forward K° data only, before attempting the
full Po’ A and R analysis. This measurement is described

in the remaining chapters.

L,2 Kinematic Fitting

The geometry output data on the enriched tapes contains
information on the momenta and decay positions of the
forward particles but does not identify the particles
uniquely. Thus it was necessary to perform a kinematic
fit to identify the event with possible decay and

production hypotheses,
b,2.1 Beam Tracks

In order to fit the event to an interaction hypothesis
it is necessary to know the parameters of the incoming
beam particle. These parameters were obtained by analysing

the events taken with the beam track trigger. ROMEQ can
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be easily modified to analyse these events by no longer
requiring that pattern recognition finds more than one
track, The distribution of measured momentum

for the beam 1s shown in fig. 4.1 for one of these

beam trigger runs., Because tracks are only visible
downstream of the target the tracks were extrapolated
upstream to get the azimuthal angle at the centre of the

target,

The parameters of the beam are shown in Table 4,1.
They are in good agreemenf with those expected from the.
beam optics. It was not necessary for this analysis to
use the MWPC's to obtain the trajectory of every beam

track individually,

There is another source of beam tracks. These are
background beam tracks as discussed in 3.3,1., From
fig., 4,1 and Table 4,1 one can see that the distributions
of beam parameters are much broader than for triggered
beam tracks, This is because they are mostly 'old'
tracks and hence the ionization has drifted away from
its original position before the chambers are pulsed,

thus increasing the measurement errors.
L,2,2 The Fitting Program

A one constraint fit was performed at both the decay
and interaction vertices separately. For each hypothesis

a quantity %2 was defined by
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n n
A2 - )y ) (qneas _ gfitted)q (qmeas _ fitted,
i=t j=1 M7 j

where q; = 1/p,>\,¢. the inverse momentum, dip and
azimuthal angles for each track. 1/p,)\and¢ are chosen
because their errors are approximately normally distributed.
Gij is the inverse of the external error matrix.

If 51, 52, m, and m, are the momenta and masses of
the measured particles and m, is the mass of the missing
neutral particle “l:henx2 was minimized subject to the

constraint equation

£ =V5,%m2 +V5,%m,2 -/ (545,)%m 2 = 0

The fit was deemed to have converged if the residual

th

f after the n iteration was less than 0,1 MeV, The fit

was abandoned if after any :’.“l:era‘t:'.onx2 exceeded 100.

For each hypothesis axz probability P(‘Xz) was
calculated. On the basis of the P(X°) distribution a

statistical choice between hypotheses could be made.
L,2.3 The Decay Vertex Fit

At the decay vertex the following hypotheses were
tested

(1) K°san'n”
(2) A aprw
(3) A =57
(8) Y =e’e”
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If s is the sagitta, L the length and e the projected

radius of a track in cm, we can write (Ref, 11)

s ~ chost
¢

For a 1T, field we have that p=0.0039 where p is in GeV/c,
If we assume that the error in s is the spatial resolution
o, we can write

¥
A (1/p) = 8.6y
0.003(Lcos) 2

Assuming maximal correlation between the errors on 1/p

and ¢ we can write

= Leosh A(L/p) = &y
A¢ ;s ¢ Lecos A

Similarly for the dip angle we can write

AN = 4,5,
Lcos A

These values of A (1/p),AN andA@ were fed into the error
matrix, The values of G‘Y and ¢, were then varied until

the P(?{z) distribution was flat as shown in fig. 4.2. The

final values were: a‘y

6, = 2mm,

0, 5mm,

The value of ry is compatible with the value obtained
from the residuals on the tracks, A cut on the distribution
at low P(XZ) eliminates those events which are not genuine

K° decay without biasing the data.

L,2,4 The Interaction Fit

Events which satisfied the decay hypothesis K°s= n*n"

were subjected to a fit to W p- K°A using the wvalues of
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the beam calculated in 4.2.1. The values and errors on the
K° were passed from the decay fit. The P(Xz) distribution

is shown in fig. 4.3.

Some events contained 2 Ko's. In these cases the K°
giving the highest P(Xz) for the production fit was
accepted, Distributions of P(%X%) for the 'good' and 'bad’
K° are shown in fig. 4.4, It can be seen that the
distribution for the 'good' K° is the same as for single
K° events whereas the distributions for the 'bad' K° is

heavily peaked towards low P(X?).
4,2,5 Stretch Functions

The stretch (or pull) of a quantity q (=1/p.%.¢) to

be fitted can be defined as

Sq = q{unfitted) - aq(fitted)
J&q(unfitted))Z-qu(fitted))z

The distributions of these stretches are shown in
fig., 4.5 and are expected to be gaussian with zero mean
and unit standard deviation, All the stretches are
consistent with this, which gives us confidence that the
errors have been correctly estimated and that the values

of the beam parameters are correct.

4,2,6 Cuts on the Data

In order to distinguish genuine 3w p—> KQA events from

background, cuts were-made on the data, requiring that



-73-

the P(X2) for both fits be ) 3%.

The effects of the cuts in reducing contamination

from lambdas is discussed in the next section.

L.3 Contamination

One of the main sources of contamination comes from
the reaction mwp—=A K° (backward peak) where the lambda
goes forward and is fitted as a K°, Background from

™ p=> K°s° is discussed in Chapter 5.
4,3,1 Decay Distributions

The lambda contamination can be estimated by looking
*
at the distribution of cos® where® 1is the angle
between the direction of the positive decay product and

the V° direction in the centre of mass of the V°.

_ If q is the momentum of the positive decay product
in the V° centre of mass and q, is its component
perpendicular to the v° direction then

cos§ = <1 - (q_,_)z)%

q

For K°s |qu2 = 0,043 (GeV/c)2 and for lambdas
lquZ = 0.01 (GeV/c)?. If a genuine lambda fakes a K°

decay then q, ¢ P but we fit the event as a XK° so that

4 = Qg.
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Hence cos® > (1 -(&) 2)%

Ak

cos@ Y 0,876

e
-
®
.

Thus lambda contamination will cause an enhancement
in cos 9* above this value. We can see from fig. 4.6 that
the amount of lambda contamination is quite large before
the P(%?) cuts are applied. After the cuts have been

applied however the amount of contamination is very small,

We can also see that the amount of antilambda
contamination is negligible, This is not surprising
since the threshold for mp- A+anything is at 4,87 GeV/c,
Thus the chances of producing a fast forward 7\ are very

small,

Since asymmetric Ko's are as likely to fake lambdas
as antilambdas and we know we have almost no antilambdas,
one can estimate the amount of genuine lambda contamination
from the ratio

number of A fits - number of A fits
total number of events

After the P(‘Xz) cuts have been applied this gives a value
of 0.006 which is acceptably small,

4,3,2 Asymmetry in the Decay Distributions

The distributions shown in fig, 4.6 are for |[t]>0.15

(GeV/c)z. The distributions for all |t| are shown in
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fig. 4,7. It can be seen that there is an asymmetry in
the distribution which peaks towards -ve cosB* and is
entirely due to events at |[t]< 0.15 (GeV/c)?. Possible
causes of this asymmetry have been extensively

investigated.

It is not clear whether this is really an enhancement
at -ve cosb* or a depletion at 4ve coser. A depletion
could be caused by some anomal 'y in the detection
efficiency for fast forward K°s. In this case this
asymmetry does not bias the polarization measurement,
but merely cuts down the statistics, the effect being

the same for spin up and spin down,

An enhancement could be caused by some non x°
background, If so these would be events with a fast
negative track and a slow positive, The obvious source
of fast negative tracks are beam tracks, Plots of
momentum before the kinematic fits failed to show any

enhancement around 5 GeV/c,

Slow positive particles could come from nuclear break
up in the propanediol target or from interactions in the
F counters, Since the effect is present both in Carbon
and Hydrogen data, the former is excluded. Cuts on the x
value of the decay position should show if the effect

originates in the F counter region but nothing is observed.

The effect is still present if measured values are

%
used instead of fitted ones to calculate cosbh . Hence the



kinematic fit is not causing this effect, Cuts on track

length or residuals also fail to show any differences,

It was noted that the effect was more prominent in
the early data and had gone away completely towards the
end of the experiment and is hence probably caused by
some initial misalignment somewhére in the apparatus

which was later corrected,

If the asymmetry is due to non K° events then one
would expect these to be uniformly distributed in general
and hence one would expect to see a changing lambda
polarization with cosb*. This is investigated in Chapter 5
and no effect is seen, Hence we conclude that although
the origin of this decay asymmetry is as yet not fully
understood, it does not bias the polarization.measurement

in any way.

L.,4 Exverimental Precision

The precision of momentum and spatial measurements
and their dependence on track lengths and clearing fields
have been investigated by M.C.S. Williams (Ref, 8). Only

points arising from this analysis are discussed here.
4,4,1 Spatial Precision

The spatial precision s‘y and &, can be expressed in

terms of three quantities, €5 the R.M.S. spark fluctuation,
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G'M the R.M.S. measurement error in each view and a stereo
constant N related to the stereo angle between the two

views, in this case =4,7, Hence

= (€F2 + ZA%:MZ)%

q
|

Z
. — 2 2, %
ang Ty = €F * #6y°)
Putting in our values of e'y=0.5mm. and 6'Z=2mm. we can
solve to get
G‘M = 0,29mm,
and 6 = 0,46mm,

M.C.S, Williams gets values of 6'M=0.13 and 6‘F=0.35 but
these were obtained from triggered beam tracks which are
at well defined small angles and only involve one track
in 8eneral. Hence one expects a better precision from

triggered beam tracks.

A previous experiment using a similar setup (Ref, 10)
but measurement by H.P.D. obtained & ,=0,11mm, and €F=0.34mm.
M.C.S. Williams finds that spatial precision falls linearly
with increasing clearing field so that since we used a
clearing field of 450v/cm, whereas previously only 125v/cm,
had been used, the values of G'M and &y are within

expectations.
L,4,2 Accuracy in Determining the Decay Point
The distribution of the x value of the decay point

is shown in fig. 4.8. The cutoff, corresponding to the

downstream edge of the F counters, can be used %o
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calculate the error in the x position of the decay vertex
position (Ref. 10)
6" (x decay)~ % [x decay(max height)-x decay(% max
height)]

which gives a value of ~ icm., for e (x decay)
4,4,3 Accuracy in Determining the Interaction Point

Since no MWPC data was used and hence no accurate beam
trajectory for each event, only an approximate value of
the interaction point can be calculated. This is achieved
by extrapolating the trajectory of the K° back to the
(x,y) plane at y=0. The distribution of x position is.

shown in fig. 4.9.

The distribution can be expressed as

b
N(x. .) =N -{b-2a) -ga-xzz da _1
int 0 e "1, e > -
0 (o} 2¢ /2
where b is the length of the target, o is the measurement
precision and Lo is the decay length of 4,8 GeV/c K%s

(in this case 25.8cm.).

The first term arises from the cutoff due to the F

counters, whilst the second is due to the measurement errors.

N(xint) fore-=7cm, is shown in fig. 4.9. This is
slightly worse than previous experiments where MWPC data

has been used,
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L,4,4 Momentum Precision

The momentum precision for this experiment calculated
by M.C.S. Williams is shown in Table 4,2 for tracks which
traverse the whole of the spectrometer from the downstream

edge of the target i.e. ~ 11icm.
L,4,5 Missing Mass Precision

The missing mass precision depends critically on the
track lengths of the K° decay products. The missing mass
squared to the K® is shown in fig., 4.10 for 2 different
track length cuts., Only events with 1 K° are included to
remove some of the background from K:Kgn. The A (1520) is

clearly visible,

Also plotted is the distribution obtained from a
previous experiment by this group (Ref. 13) using the
same apparatus but measurement by H.P.D. The precision

is comparable for track lengths ) 110cm,

It can be seen that there is a slight asymmetry in the
lambda peak for our distributions. Some of this asymmetry
can be explained by fermi momentum in the target (Ref. 10).
However the asymmetry is also present in data taken on the
Hydrogen target. The origin of this asymmetry is discussed
in Chapter 3,
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L,4,6 t Precision

Let Py El’ my and Pj’ Ej, m3 be the momenta, energies
and masses of the incident W~ and outgoing K°s. Let © be
the scattering angle. Then#

_ 2 2
t=m,“ + mqy® - 2E Eq + 2p1pjcos e

1
2
Thus At? = (2E3P1 - 2p3cosez)Ap12
E

7 2E,p 2
+ 1713
( E3 - 2plcosez)dp32

+ ( 2p3plsin9) 2p0°

We find that A® is~ 0.005rad independent of t and with
Ap1=0.05 GeV/¢ from the momentum slit and4 p3=0.12 GeV/c
from the error on the fitted K° we get the values ofAt

listed in Table 4,3,

4,5 Event Losses

The losses and number-s of events at each stage of the
data reduction and analysis are shown in Table 4,4, For
the measurement of the polarization we are left with ~
435,000 events on polarized propanediol, approximately

equally divided between spin up and spin down.
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Table 4,1

Beam parameters

Triggered Background
1/p (Gev/e)~ 1| 0.202  0.001 0.200 % 0,007
N (rad) ~0.005 ¢ 0,008 -0,008 % 0,011
¢‘(rad) 0.0%t1 % 0.008 0.012 * 0,011

Table 4,2

Momentum precision for 11l#cm tracks

Momentum (GeV/c) Ap/p
0.5 0.011
1.0 ' 0.012
2.0 0,016
3.0 0,017
b,o 0.020
5,0 0.024
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Table 4,3

t precision

-t (GeV/c)2 At
0.05 0,01
0.1 0,015
0.2 0.02
0.4 0.03
0.6 0.04
0.8 0.04
1.0 0.05
1.4 0.06
2.0 0.08

Table L, 4

Event losses during data reduction

Stage % loss Events remaining
. Raw data b,025,000
Initialization 0.2% 4,017,000
Pattern recognition 15% 3,414,000
Geometry 79% 717,000
Kinematics 18% 588,000
P(X) cuts 26% 135,000
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Figure 4,1

Beam Parameters
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P(%2) For Double K° Events
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Figure 4,9

Stretch Functions
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Figure 4,6

Centre of Mass Decay Angle for -t > 0,5 (Gev/c)?
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Figure 4,8

Distribution of K° Decay Point
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Figure 4,9

Distribution of Interaction Point
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CHAPTER_5

Experimental Results

Introduction

In this chapter the experimental asymmetry in the K°
production distribution and the ratio of all protons to
free protons in the target are measured. The polarization
parameter is calculated and using data off the Hydrogen

target, the differential cross-section is measured.

The Experimental Asymmetry

5.2.1 Formalism

The measured differential cross-section on a polarized

target can be written as

2 2 ~
de = _d€ 1 * P Ip Ald,t
(d't dsz.) (dt dx)o ( o [Pal cosf) 46, %)

L 3

where 2 refer to target polarized up/down and o to the true
differential cross-section on an unpolarized target. A(f,t)
is the experimental acceptance in the range ¢ -»$+ d¢

and t = t + dt. P_ is the polarization parameter and |§;]
is the effective target polarization. If;l = lPTI/R where
PT is the polarization of free protons in the target and R

is the ratio of all protons to free protons in the target
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material which is discussed later in this chapter. ¢ is
the angle between the direction of positive target

polarization and the normal to the scattering plane n,

- -
- Kn= A KKO
B B

where E;- and ﬁ%o are the directions of the incidentT™

and the outgoing K°,

For a small t range dt we have;

~N
(d—") = (—QS) (1 2P Ippleosp) A(P) - 5.1
g/, d¢/,
If n'+ and n'_are the number of events observed on target

spin up and target spin down normalized to equal numbers

of incident pions then

¢ ~
n', = J (gg) (12 POIPTlcos¢) A(¢)d¢

¢1 d o

We can define an experimental asymmetry « such that

O( - n|+ - nv_
n'y, +n'_
> (* A(@)cospdd
N cos
i.e, oL = Bl .« [y ¢ C s

r

-

$2
$1 ) af

If A(?) is constant then we have that
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where cos@ is the mean value of cos¢ in the interval

¢1 -§¢2. The error on & is discussed in Appendix 3.
5.2.2 Normalization

We need to normalize the number of events observed on
each parity target to the number of pions incident on that

target.

The number of incident pions is monitored throughout
the run by counting the numbers of particles: passing
through the beam telescope, This number has to be corrected
for accidental losses caused by pions passing through the

veto counters.,

Another method of normalization is to take events
around cos¢==0, where the number of events observed
should be independent of the target polarization and

hence proportional to the number of incident pions.

Because the scalers counting the numbers of pions were
sometimes subject to pick up, every run would have to be
carefully checked to ensure correct normalization. For
this reason the second method was preferred since the data

could still be used even if the scaler data was useless,

A carefully checked sample of 56,000 events where the
scalers were known to be accurate was used to check the
compatability of the two methods. Using uncorrected numbers

of pions, the two methods agreed to within 1%#% and with
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the number of pions corrected for accidentals they agreed
to within 0.2%. Thus we are justified in using the internal

normalization method.
5.2.,3 Maximum Likelihood Method

From equation 5.1 we have that the probability of an

incident w~ producing an event at angle¢ is
~N
b ()d$ = RNSA(p)dd (1 * P [Pyl cosd)

where N is the number of free protons in the target and

o is the cross-sectlion.

The probability of no event is

~N
Py = 1 - RNG'(A1 z AZPOIPTlcos¢)

: 2w 2w
where Aq JO A($)de and A, =.jo A(¢)cos¢d¢

The likelihood function for the experiment can now be

written as

n+ N N, _ n_ N -n_ _
L o= JT 2. TF 7 5.7 ~ »_($).TT B_
i 1 J k

where n, are the number of observed events on spin up and

spin down and N! are the number of incident pions.

When L is a maximum so is In L i.e.

n
InL, = % "1np(¢.l)+(N“'-n") In 5,
i=1

n
+$ - 1n p_(¢j) 4+ (N =n") 1n p_
J=1
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- - 4 5 . 3 3
If we use n, NtRcN(A1 AZPOIPT|) and differentiate

with respect to PO we get

La 4

din L _ zn+ II_;TI cos¢i zn- IPT]cosﬁ.

‘3;% i=1 (1+PO|§;|cos¢i) j=1 (1-PO|§Elcos¢j)

~

~(1 - 1n §+)RNGA2|PT1 (.N‘,_ - N)

Since 1 - 1n ﬁ* ~ 1 we have at maximum likelihood

oy cosf n_ cosdg
i=1 (1+POIPTlcos¢i) i=1 (1-POIPT|cos¢j)
~ ARNe(N, - N) = 0

Hence if N+ ~ N_ we do not have to worry about any non-

uniform acceptance.

If Polﬁ;l is small c.f. 1 we can expand the denominator

in a power series

n n

+ ~
Z cosf, (1-P_ |Pnl cosp,) =Z

-cos (1#P Iﬁ'lcos .)
i=1 3=1 ;{178 [Pyl cosf)

_ Zﬁ n, f n_
o RlBgl = Cim coshy ~hay ooshy - 5.4

n, n_
§=1 (cos¢i)2 + §;1 (cos¢j)2
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5.2,4 Measurement of P° Pq

Three methods were used to calculate Polﬁél. Firstly
the acceptance A(¢) was assumed to be uniform and Polﬁ}l
was calculated from equation 5.3 in each of the &4

quadrants 1

-T< g -T2
-m2< $< 0
0L $pLT/2
/2K pLT
This method provides a sensitive test of beam normalization.,
If n; and n§ are the number of scatters into the left and

right hand sides of the apparatus on targets up and down

and N, are the number of incident pions, then since

*
o~ n n
P, | By oc(_z - _;)#_
N+ N_ cos¢
and cos 1 = 1 and cos R = -1
~ ny n,
then (POIPTI)L = L - _L
N# N_
~ nt Ng
and (Po'PTl )R = -_E * _E
N* N_

Thus if N, or N_ are incorrect they will produce apparently

different polarizations on each side of the apparatus.

Values of Po PT are shown for each quadrant in Table 5,1,
There is good agreement and hence we conclude that the

method of normalization used in 5.1.2 is correct.
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Secondly, the acceptance functions Al and A2 were
calculated for all 4 quadrants using 43,000 events off
the carbon target. The values of (Al/AZ).(Z/W) are shown

in Table 5.2.

Polﬁél was then calculated from equation 5.2 and is

shown in Table 5,3,

Finally cos¢was calculated for each event and
equation 5.4 used to calculate Polﬁkl' This is the mos%t
accurate method and the one used to calculate the final
polarization value. From Table 5.3 we see that it is

compatible with the other 2 methods.

5.2.5 Checks on the Asymmetry

In order to be certain that the non-zero value of

~nN ~
POIPTI was not caused by acceptance effects, POIPTI was
measured for several values of cos¢‘using the uniform
acceptance method. As can be seen from fig. 5.1 the result

is independent of cos¢.

As shown in 4,3.2 there is a non-uniformity in the K°
centre of mass decay angle, In order to prove that this
was not biasing the results in any way, Po'ﬁ;' was
measured as a function of cos G* where 6* is the decay
angle, for low -t where the effect is dominant. The
results are shown in fig., 5.2 and we conclude that the

non-uniformity does not bias the result,
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Since the target was polarized in the vertical direction,
any polarization effects in the final state should cause
an asymmetry in the horizontal plane but not in the vertical,
If the method of analysis is correct we should not see any
preference for the K° to go up or down (the basis for our
normalization in 5.2.2)., To check this Polﬁ}l was measured
assuming a target polarized in the horizontal plane and
normalized to the number of incident pions. The result for
a small sample of data is shown in fig., 5.3 and is

consistent with zero as expected.
~
5.2,6 PolPTl as a Function of Missing Mass

In order to investigate the asymmetric distribution in
missing mass squared to the K° seen in 4.,4,5, Polﬁél was
measured as a function of missing mass squared, Obviously
if all the events are true K° events then Polﬁél should

be constant.

From Table 5.4 we see that Polﬁél decreases with
increasing missing mass squared. This could be evidence
for some contamination or be due to the fermi momentum
in the target and be compensated for by an increase in R,
The effect of the fermi momentum will be to broaden the
distribution hence causing a decreasing asymmetry as one
moves away from the lambda peak, In 5.3 it is shown that
R does increase but not enough to explain the decrease in

~
POIPTI. This is discussed in more detail later,
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5,3 The Effective Target Polarization IPTI

As shown in Chapter 1 we can measure the polarization
without having to separate bound protons from free protons
kinematically, if we know the ratio R of all protons to
free protons in the target., This was done using the Carbon

and Hydrogen data,

Naively since propanediol CBHBOZ has 42 protons of
which 8 are free one would expect this ratio to be
42/8 = 5,25, However this is reduced due to nuclear
shadowing effects, i.e. interactions are more likely off
protons towards.the exterior of the nucleus. Another
factor which reduces this ratio is that interactions with
complex nuclei will produce nuclear fragmentation leading
to several charged particles which may cause hits in the

veto counters,
5.3.1 Run Selection

To calculate R one needs to know the event rate off
different targets. Event rate is defined as the number of
np-> K°A events per incident pion. Careful checks were
carried out to ensure that the event rates were correctly

calculated and that the data were of good quality.

The event rate for each run off the various targets
(propanediol, Carbon, Carbon 4 Helium, Hydrogen and target
empty) was plotted as shown in fig. 5.4. Any run which

was more than 2 standard deviations from the mean was
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rejected as unreliable. Out of 493 runs considered, 22 were

rejected on this basis.

The quality of the data was checked by looking at the
percentage of potential K°A events found by ROMEO and
applying the same criterion as above., Only 2 runs were

rejected on this basis.

There was no evidence that the event rate was affected

by any change in the upstream momentum slit setting.

The event rates for the selected runs are shown in
Table 5.5. The rate for propanediol is not constant but
seems to increase with time. This is probably due to
improvements made to the camera system. For this reason
only the data from run 1763 onwards was used for this
calculation. The empty target data, taken at the start
of the experiment, was scaled up to allow for this
improvement - the effect on the calculation of R is very

small,

5.3.2 Formalism

g = pumber of events off polarized provanediol target
number of events off free protons in propanediol

Let E(X) be the event rate on the target material X and
ev(x) be the measured event rate i.e, E(Carbon) = ev(Carbon
target) - ev(empty target)

Let R=R1.R2

_ Eggronanediolz+E§Target container)+E(Helium)
where R2 = E(propanediol
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where E(Target container) and E(Helium) are due to events

off the target container and the helium in the cryostat.

_ E(Propanediol
Also let Rl = E%free protons)
R2 is easily calculated from the event rates of Table 5.5

R2 = ev(propanediol)
ev(propanediol) -ev(empty)-(ev(carbon+He)-ev{carbon))

R2 is shown in fig. 5.5 and is independent of *t.

Rl = effective number of orotons(bound and unbound)
number of free profons in propanediol

If FC and F0 are the effective numbers of bound protons
in carbon and oxygen that can participate in the reaction

then

1 = 3FC + 2F0 + 8
8

R

The contribution from oxygen is discussed in the next

section. If Fo = KFC where K is some constant then

R1=ﬁ-1‘§—2~§)-Fc+1 - 5.5

Fc is the ratio of the cross-sections on carbon and hydrogen
targets. FC = FE where the cross-section is given by
EE

6 =

E
Nav

~o >

where A is the atomic number, E the event rate, che areal

density and NAv is Avogadro's number,
5.3.3 Oxygen Contribution

Since no data were taken to deduce the oxygen rate

directly - such as using a Hzo target, the contribution
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has to be estimated.

0. Guissan et al (Ref, 14) have studied the reactions

(a) wmA> wos’ and

(b) wA->RA

at 7.82 GeV/c where A is a nucleus and A is the nucleus
with 1 proton transformed into a neutron. Only X's from
forward n° or n, were detected and anticoincidence counters
were employed to veto charged particles, Hence the effects
of nuclear breakup can bé expected to be similar to those

in this experiment. The nuclei studied were uHe, 6Li, 7Li,

12 6L

c, 2741, %*cu and 27pb with 0.0 < -t < 0.5 for (a) and

0.0 £ -t £ 0,75 for (b),.

If we parameterize the cross-sectione as

N
2 A
G‘o(A

and plot loge A/Z against log A, the data lies reasonably
well on a straight line with N = 0.47, If only nuclei on
the nuclear rim contribute then N = 0,33 whereas if the
cross=section is proportional to the nuclear area then
N = 0,66, One expects the true value to lie between these

limits which is what is observed.,

With N = 0,47 we get K = 1,14 hence
Rl =14+ 0,66 Fo. - 5,6

5.3.4 Values of Fc and R1

Fc the effective number of bound protons in carbon,
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was calculated from the event rates and R1 was calculated
from (5.6). The value of R is then obtained from R = R1.R2.

Values of F_, Rl and R are tabulated in Table 5.6.

As shown in Table 5,7 Rl is independent of the
P(Xz) cut for the interaction vertex. The t dependence is

discussed later on.
5.3.5 Dependence of R on Missing Mass

In 5.2.6 it was shown that P_|Pyl decreased as the
(missing mass)2 to the K° increased, In order to check
whether or not this is compensated for by an increase in
R, R was measured in different missing mass regions., The
results are shown in Table 5.8, The polarization Po is

calculated from

P

o| T'

P Iyl
R

The weighted average target polarization IPTI for each run

whether positive or negative gave -

lPTl = 0.85 % 0,04

In fig., 5.6 P, is plotted for the two regions
(1) Mm% < 1.25 and (1i) 1.25 <MM? < 1,55, It can be seen
that P is reduced in region (ii) especially at high -t.
Thus there appears to be some contamination at high values

of MMZ,
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5.,3.6 Sigma Contamination

From fig, 5.6 we see that for -t 0.4 then the
polarization for 1.25 £ 2 & 1.55 is approximately half
the polarization for MM < 1,25, Since NG K°e°) ~

-P(wp = K°A) (Ref, 15), we can write that

Pomeasured N, = NX

Po real NA+ Nt

where No and Ng are the number of /\/Z’s in the region

1.25 < M2 < 1.55,

Thus N hence N £

= 1 A -
This is equivalent to an overall ¥ contamination of about

10% consistent with what one might expect from the

inefficiency of the target veto counters.,

In order to ensure that no sigmas are included in our

final sample, a cut was made requiring that MM2 £ 1.25.
5.3.7 Consistency Checks on R1

As outlined in 5.3.2, R1 was calculated using the
carbon and hydrogen data only. One can calculate R1 in two
other ways using the ratio of the propanediol to the
hydrogen data, and by using the propanediol and carbon data

and doing a subtraction to find the hydrogen contribution.

Obviously all these three methods are not independent

but do serve as a consistency check in case, for example,



-105-

the hydrogen cross-section is wildly wrong.

The values for R1 using the three methods

(a) R1 = 1 4+ 0,66 ¢ carbon/ehydrogen
(b) R1 =€ propanediol/86 hydrogen

(¢) R1 =€ propanediol/(€propanediol - 5,286 carbon)

are plotted in fig. 5.7 and it can be seen that they are in
good agreement, Method (a) is the most accurate and is the

one used for the final polarization measurement.
5.3.8 The Structure of F,

Fc’ the ratio of the cross-sections on carbon and
hydrogen is plotted in fig. 5.8. F, is essentially constant

for -t 9 O.15(GeV/c:)2 but peaks at low -t.

Kolbig and Margolis (Ref, 16) compute an effective
nucleon number N(A,§ ,0‘2) which is the ratio of the
cross-sections on that nucleus to that on free protons,

and takes into account nuclear screening inside the nucleus.

N(4,6,,5,) = (-g%)A /(%%)

where A is the Atomic weight and 6‘1 and &, are the total

free protons

cross-sections of particles 1 and 2 in 1 4+ A-> 2 % A on
Hydrogen, Interpolation of their results using & (r p)a 30mb

and & (K°p) ~ 20mb predicts that

%) /(&) ~ =
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K8lbig and Margolis however do not take into account
the affects of nuclear breakup causing hits in the
anticoincidence counters, which would tend to lower this

value,

The average value of F_ for -t % 0.,15(GeV/c)? of a 2

is in good agreement with this prediction.

In K'p > K%n (Ref. 10) F, has been seen to decrease
at low -t and this has been attributed to the Pauli
exclusion principle preventing the production of a neutron
in an already full nuclear level. In our experiment however
the opposite effect has been observed. In order to explain
this effect, Monte Carlo methods have been employed and

are explained in the next section.
5.3.9 Monte Carlo

The Monte Carlo program SPRUCE (Ref. 17) was used to
generate w p K°A events from stationary protons and from
protons with fermi momentum to simulate both the carbon

and hydrogen data,

Cuts were made on the generated events to take into
account the effects of the veto counters. In the case of
moving protons the events were weighted by a factor

’ -1.93
(Plab)
5

to take into account the variation of 6 with J~S P’

1ab
the equivalent 1lab energy of the beam to produce the same

is
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centre of mass energy on a stationary proton. The factor of
-1.93 (Ref. 18) is to account for the fact that the cross-
section is higher if the incident ™ and the target proton
are moving in the same direction, than if they are moving

towards each other,

In fig. 5.8 we can see that there is indeed an
enhancement at low -t values, At low -t the lambda goes
forward as well as the K° and the effect of the fermi
momentum is to 'push' the lambda further forward so as to
clear the F counters. Hence events which would have been
vetoed if they had occurred on stationary protons now
survive hence increasing the ratio of carbon to hydrogen

cross-sections at low -t,

In fig. 5.9 the experimental acceptance of the apparatus

is shown both for the charged decay A< pw and for the

neutral decays A~ nt° where the w° decays to YY .

Results

5,4,1 Polarization Parameter

Polﬁ;l was measured using the maximum likelihood
method for (missing mass)z:s 1.25 in order to avoid any
sigma contamination. R was measured in the same region.
Since there is no reason to believe that there is any
t dependence of R for -t 7 0.15, in order to smooth out

statistical fluctuations R was fitted to the expression



-108-

Aot

R = Ao 4+ A, e 2

1
The fit was performed by minimization ofﬁﬁz using the program

MINUIT (Ref. 19). The values were found to be 1

A, = 2,25 * 0.17
Al = 4,43 % 1,41
A, = 11,82 T 4,11

R and POI§EI were combined with the target polarization

lPTI to give the values of the polarization parameter P,
listed in Table 5.9 and plotted in fig. 5.10., The error on
the target polarization is not included and hence there

is an overall normalization error of ~ 5%. Also plotted in
fig. 5.10 are two previous measurements of Po by Ward et al
(Ref, 21) and Beusch et al (Ref, 13)., It can be seen that
there is good agreement with both previous results. Three
high -t points of Ward et al are not included because they

involve unphysical values of Po'

P, was also calculated for 2.0 < -t< 7.9 (GEV/C)Z
where 7.9 (C—eV/c)2 corresponds to the maximum value of t
or U . . For this data a cut was made for cos® » 0.75
for the K° decay to eliminate lambda events faking Kots.
The values of Po are plotted in fig. 5.11 over the whole
t range along with the values measured in the backward
peak by Astbury et al (Ref. 20), It can be seen that
although the statistics are limited at high values of -1,

the polarization is consistent with that measured in the

backward peak.
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Comparison of the values of Po with the predictions

of various phenomenological models is made in Chapter 6,
5.4,2 Differential Cross-section

Using the event rates calculated using the hydrogen
target and the experimental acceptance calculated in 5.3,9
one can work out the differential cross-section ds/dt. For
the full Po’ A and R analysis one needs to measure de¢/dt
in order to determine the helicity amplitudes. We do not
intend to measure de/dt in this experiment but it is useful

as a check,

There are several correction factors to be taken into

account and these are listed below and tabulated in Table 5.10.

F1 takes into account the fact that only half of the
events in the lambda peak have been used due fo the cut
imposed on the missing mass squared to the K°, F2 and r3

take into account the branching ratios Koa»Kg and Kg-at?n:.

F4 corrects the cross-section for losses caused by the
3%;{2 cuts imposed on the data. F5, F6 and F7 are corrections
for estimated losses due to the Ko's interacting
inelastically in the F counters, absorption of thew ™ or x°
in the target and inelastic lambda interactions in the R

counters,

F8 is an estimated correction for $ rays produced by

the beam causing hits in the veto counters, F9 is a
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correction for losses due to inefficiencies in the pattern
recognition estimated to be ~ 20%., The total correction
factor is 9,04 * 0,62, The main contribution to the
uncertainty in this factor is-due to the uncertainty in

determining the pattern recognition efficiency.

The differential cross-section d¢/dt is tabulated in
Table 5,11 and fig. 5.12, It is in good agreement with
previous measurements (Refs, 42 and 22), This gives us
confidence that R has been correctly estimated and that

the method of analysis is reasonably efficient.
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Table 5,1

~N
PolPTl for all quadrants assuming uniform acceptance

-t (GeV/c)? 1 2 3 N
0.0-0.05 0,017%0,012| 0.004%0.012| 0.019%0.012| 0.009%20.011
0.05-0.10 | 0.006%0,012| 0,023%0.012)|-0.,014%0,012] 0,022%0.012
0.10-0.15 | 0,005%0,014|-0.,003%0,014| 0.033%0.014| 0.023%0,014
0,15-0,20 | 0.034%0,017] 0.041%0.017| 0.040%0.017| 0.050%0,016
0.20-0.25 | 0.023%0,020| 0.046%0.019}|-0.008%0,019| 0,018%0,018
0.25-0,30 | 0.044%0,023| 0.007%0.022| 0,016%0.022| 0,016%0.021
0.30-0.40 { 0.012%0,019{-0.003%0,.019}-0.003%0.019| 0,012%0,018
0.40-0,50 |-0.033%0,025|-0,023%0.023|-0.062%0,023| 0.029%0,023
0.50-0,60 |[-0.057%0,028{-0.085%0,028|-0.089%0,028|-0,068%0.026
0.60-0,80 |-0,091%0,023}|-0.105%0.023|-0.149%0,021|-0.120%0,022
0.80-1,00 |-0.127%0.025{-0,115%0.025(-0.120%0,024[-0.165%0,026
1.00-1.30 [-0.102%0,024{-0,097%0,025{-0,133%0,024(-0.135%0.025
1.30-1.65 |-0,098%0,032(-0,099%0,031{-0.095%0,031(-0,101%0.,032
1,65-2,00 |-0,103%0.049| 0.022%0,047}-0.046%0,046(-0,062%0,050

Table 5,2
Accevtance functions (A1/A2).2/w

t (GeV/e)? | -midg-1/2 |-n/24d & o [0< P2 (V2 <pg T

0,0-0,2 -0.970 0,993 0.983 -0.980

0.2-0.4 -0.957 0.969 0.958 -0.953

0,4-0.8 -0.965 0,979 0.929 -0.951

0.8-1,2 -0.934 0.998 0.919 -0.897

1.2-1,8 -0,922 0,936 0.905 -0,851
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Table 5,3

~n
Values of POIPTI

-t (GeV/c)2 With acceptance Maximum
correction likelihood
0.0-0,05 0.010 % 0,006 0.010 ¥ 0,005
0.05-0.10 0.015 * 0,008 0.005 ¥ 0,006
0.10-0.15 0,023 ¥ 0,007 0.010 ¥ 0.006
0.15-0,20 0.043 ¥ 0,008 0,034 £ 0,007
0.20-0,25 0.027 ¥ 0.010 0,016 % 0,008
0.25-0.730 0.031 ¥ 0,011 0.023 ¥ 0,010
0.30-0,40 0.011 % 0.010 0,004 % 0,008
0.40-0.50 -0,032 ¥ 0,012 -0,038 ¥ 0,011
0.50-0,60 -0.,070 ¥ 0.014 -0,081 % 0,012
0.60-0, 80 -0,115 % 0.011 -0.120 ¥ 0,010
0,80-1,00 -0.142 I 0,012 -0.141 ¥ 0,011
1.00-1, 30 -0,116 ¥ 0.012 -0.119 ¥ 0,011
1,30-1,65 -0.085 ¥ 0,016 -0.083 ¥ 0,014
1,65-2,00 -0.051 X 0,024 -0.050 ¥ 0,021
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Table 5.4

~
POIPTI as a function of missing mass squared

-t (GeV/c)? mi2{ 1,25 [1.25¢ M%< 1,55 [ 12D 1,55

0,0-0.05 0.016%20,011 -0.003%0,013 -0.005%0.015
0,05-0.10 0.015%0,012 0.029%0.013 -0,019%0.015
0.,10-0.15 0.030%0,014 0.009%0,016 0.009%0.017
0.15-0.20 0.060%0.016 0,035%0,018 0.046%0,020
0,20-0.30 0.015%0,014 0.052%0,017 0,021%0,017
0,30-0,40 -0,021%0.019 0.076%0,022 0.,032%0.021
0.40-0,60 -0,066%0,017 -0,058%0.021 -0.033%0,020
0.60-0.80 -0.196%0,021 -0.094%0,027 -0.048%0,024
0.80-1.10 -0,223%0,021 -0,150%0.025 -0.041%0,023
1.10-1.30 -0.249%0,032 -0.100%0.038 -0,048%0.032
1,30-1.60 -0.225%0,035 | -0.094%0,042 -0.,002%0,033
1,60-2.00 -0.136%0,049 -0.124%0,059 0.017%0,041
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Table 5,5

Event rates off different targets

Runs Target Events Event rate x 106
500-527 empty 210 0.46 ¥ 0,03
530-568 unpolarized 3,143 3.58 £ 0,06
576-653 Propanediol 21,032 3,78 ¥+ 0,03
1312-1375 Propanediol 26,253 4,81 ¥ 0,04
1376-1444 Carbon 18,570 3.73 £ 0.05
1465-1520 Propanediol 13,785 4,70 * 0,05
1701-1755 Propanediol 14,860 4,81 * 0.05
1763-1794 Carbon 8,306 n,00 ¥ 0,05
1795-1821 Carbon + Helium 6,982 4,23 * 0,07
2510-2575 Propanediol 22,681 5,16 2 0,07
3000-3092 Hydrogen 13,377 1,62 ¥ 0,02




Values of Fc, R1 and R
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Table 5.6

-t (GeV/c)? F, R1 R

0.0-0,05 9.98't 2,31 7.79 T 1,57 10,90 % 2,21
0.,05-0,10 6.2 * 0,92 5,24 1 0,62 6.55 £ 0,79
0,10-0,15 b,24 % 0,47 3.89 ¥ 0.32 4,89 % 0,41
0.15-0,20 4,10 % 0.60 3.79 T 0.41 %.97 * 0.55
0.20-0.25 3.71 ¥ 0,49 3.52 ¥ 0,33 4.55 X o,uu
0.25-0.30 3.07 2 0.31 3.09 X 0,21 3.61 X 0,27
0.30-0,40 3.68 X 0,50 3.51 2 0.36 3.95 2 0,42
0.40-0, 50 3.5 % 0,66 3.3% 1 0,15 4,73 % 0,65
0.50-0,70 3.53 ¥ 0,56 3.50 % 0,38 4,23 % 0,48
0.70-0.90 2.89 ¥ 0.35 2,96 * 0,24 3.46 T 0.29
0.90-1,730 2.33 2 0,13 2,58 ¥ 0,09 2.75 2 0,12
1.30-1,70 2.57 X o,u4 2.75 X 0,30 3.17 2 0,36
1,70-2,00 2,60  0.53 2,77 2 0,36 3.31 2 0,45




Values of R1 for different P(x%) interaction cuts
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Table 5’,7

-t (GeV/c)? 3% 10% 50%
0.00-0.05 7.79 £ 1,57 8.88 % 2,32 | 7.32% 1,89
0.05-0.10 5.24 t 0,62 5,28 £ 0,68 | 4,74 0,58
0.10-0.15 3.88 * 0,32 | 3.73%0.28 | 3.85% 0.4
0.15-0,20 3.79 T 0,41 3.83 % 0.43 | 4.62 % 1,17
0.20-0.25 3.52%2 0,33 | 3.55%0.36 | 3.83 % o.44
0,25-0,30 3.09 X 0,21 3.14 ¥ 0,26 | 3.11 % 0.16
0.30-0.40 3.51 Y 0.36 | 3.7 Y 0,37 | 3.84 % 0.69
0.40-0. 50 3.3 20,85 | 3.15% 0,39 | 2.71 % 0.15
0.50-0,70 3.50 * 0,38 | 3.7 T o.481 | 3.40 ¥ 0,52
0,70-0.90 2,96 * 0,24 | 2,87t 0,22 | 2,78 ¥ 0,16
0.90-1.30 2.58 * 0.09 2,53 £ 0.10 | 2,48 % 0.20
1.30-1.70 2,75 2 0.30 | 2.75 % 0.38 | 2.58 ¥ 0.65
1,70-2,00 2.77 0,36 | 2,54 t0.23 | 2.20 ¥ 0.15
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Table 5,8

Values of R as a function of missing mass squared

£1.95

-t (Gev/c)? |o0.75¢ Mm% 1.25 | 1.25¢ M%< 1,55 |1.55<mm°
0.00-0,05 6,91 * 1,04 12,00 ¥ 3.93 -5,43 2
0,05-0,10 4,95 0,70 8.43 t 1,88 7.39 %
0,10-0.15 3.64 X 0,38 5.84 ¥ 0,89 7.28 1
0.15-0,20 3.23 ¥ 0,27 7.41 % 2,17 12,30 %
0.20-0.25 3.12 ¥ 0,22 6.37 T 1,45 8,34 %
0.25-0.30 2,66 X 0,23 5,16 X 0,81 b,b1 %
0.30-0.40 2.79 ¥ 0.31 4,98 ¥ 1,25 6,02 ¢
0.40-0,50 3.10 % 0,30 4,75 £ 1,24 2h,94 2
0.50-0,70 2,97 % 0.26 5.45 X 1,59 10,48
0,70-0.90 2,38 * 0,18 3.27 2 0.33 21,21 %
0.90-1.30 2,22 ¥ 0,14 2.86 * 0,23 4,29
1,30-1,70 3.62 ¥ 0,99 2,68 ¥ 0,20 b,ug X
1,70-2,00 3.14 ¥ 0,47 3.18 ¥ 0,66 5,36 %

5.99
2,61
2,12
12,62
€.04
1.08
1.50
64,07
9.43
Lo, 64
0,69
1.64
5.11
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Table 5,9

Values of the polarization parameter Po

-t (GeV/c)? P,
0.00-0.05 0,099 % 0.153
0,05-0,10 0.039 ¥ 0,071
0.10-0.15 0.079 ¥ 0,082
0.15-0,20 0.168 * 0.110
0.20-0.25 0.119 X 0,077
0.25-0,30 0.016 ¥ 0,064
| 0.30-0,40 -0.051 * 0,054
0.40-0. 50 -0.133 ¥ 0.070
0.50-0, 60 -0.210 ¥ 0,085
0,60-0,70 -0.408 % 0,115
0,70-0,90 ~0.660 T 0.149
0.90-1.15 -0.570 * 0,134
1,15-1.540 -0.537 ¥ 0,139
1.40-1,70 -0.557 * 0.157
1,70-2,00 -0.406 t 0,181
2,0-2,5 -0.24 T 0.20
2,5-3.0 -0.39 T 0.34
3.0-4,0 -0.16 X 0,31
4,0-5.0 -0.31 % 0,36
5,0-6.0 0.03 ¥ 0.35
£.0-7.0 1,09 ¥ 0,43
7.0-7.9 0.56 L 0,76
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Table 5,10

Corrections to the differential cross-section

% A peak cut F1 = 2.0 ¥ 0,05
K% =»n’n” B.R. F2 = 1,46

K-> K°s F3 = 2.0

losses due to P(ZZ) cuts F4 = 1,06

K° interactions in F counters F5 = 1,03
Absorption in target F6 = 1.04

A interactions in R counter F7 = 1,06

® ray production F8 = 1,03
Pattern Recognition losses F9 = 1,25 0.08
Total correction factor = TTFi = 9,04 ¥ 0,62




-120-

Table 5,11

Values of the differential cross-section

-t (GeV/c)? de/dt (un/(GeV/c)?)
0.0-0.05 258 T 45
0.05-0,10 177 £ 31
0.10-0.15 122 ¥ 16
0.15-0,20 93.1 ¥ 9.9
0,20-0.25 63.8 % 4,8
0.25-0,30 43,4 % L,2
0.30-0,40 21.5 ¥ 3.2
0.40-0.50 14,9 ¢ 1,8
0.50-0.70 8.38 * 0.93
0.70-0,90 6.31 % 0,51
0.90-1.30 4,00  0.32
1.30-1,70 0.86 ¥ 0.36
1.70-2,00 1,39 % 0.28
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Values of R2
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Figure 5,6

Polarization as a Function of Missing Mass Squared
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Figure 5,7

Consistency Checks on R1
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Figure

The Acceptance of the Apparatus
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The Polarization Parameter
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CHAPTER 6

Thedoretical Discussion

6.1 Introduction

Hypercharge exchange reactions such asT p=~ KA above
~ 2 GeV/c are dominated by the exchange of the K*(890)
(0F = 17) and the K (1420) (J¥ = 2¥), the exchange of the
K meson being excluded by spin parity.(Ref, 23). One of the
important consequences of duality is exchange degeneracy
" between Regge pole exchanges., Exchange degeneracy (EXD)

relates the trajectories and couplings of Regge poles of

opposite signature,

The K (890) and K"¥(1420) mesons lie on a common
trajectory as do the Q and the f mesons which implies that
EXD is a good symmetry in the time like region. However
strong K -K " EXD predicts zero polarization (Ref., 24) for
7w p-> K°A in severe disagreement with the data, Thus in the
space like region EXD is definitely broken., In order to
retain the concept of EXD one therefore needs additional
contributions to the dynamics in addition to pure Regge
pole exchange. Regge cuts and absorptive corrections can
des@roy the underlying symmetry and hence help to explain

the data,

In this chapter the predictions for the polarization

inw p> K°A for several models are compared with our data,
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Some predictions for the spin rotation parameters A and R

are also given,

6.2 Comparison of the Data with Various Models

6.2.1 Basic Regge Pole Theory

The first order amplitude for an s channel scattering
process (A # B= A #+ B) involving the exchange of a single
meson of spin J and mass M; in the t channel (A + A> B + B)

is given by

2 J
2J4+1 =-8/S
F(s,t) = 85 L2IPU(8/507 o o (Ret. 28)

ng is the product of the coupling constants and So is an
energy scale factor, Now if the exchanged particle is a
member of a Regge trajectory with an infinite series of
particle recurrences J =1, 3, 5 ... 0orJ =2, 4, 6 ...
then the amplitude due to summing over all these mesons

on the trajectory is given by

o0
F(s,4) = ) g;2(2741) [(-1>J+z](s_)‘f
7=1 M2 -t 2 S,

where T is the signature of the trajectory given by
T= (-l)J. If the coupling constants are assumed equal
and MJ2 increases linearly with J as is observed for
certain sets of mesons then the resultant s channel

amplitude can be written as
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tst) o § [240 @ 1T (Y [ 1 +zre-i"°§<t>3(s )urm

So

r sin'lTolr(t)
where d(t) =o _+ ol t is the trajectory. b’r is the residue

function associated with the pole,

The trajectoryd(t) determined for t » 0 from assignments
of resonances as Regge recurrences is a smooth continuation
of the trajectory for t £ 0 that describes scattering due to

Regge pole exchange,
6.2.2 Duality and Exchange Degeneracy

Duality (Ref. 26) is the idea that resonance formation
and Regge pole exchange, which appear to dominate low energy
and high energy scattering respectively, may be simply and

directly related. If f is the scattering amplitude then

Im f(resonance + background) & Im f(Regge poles # Pomeron)
Im f(resonance) # Im f(Regge poles)

Im f(background) ®« Im f(Pomeron).

The Pomeron has the quantum numbers of the vacuum
(gF¢ = o**, I,=B8=5=0).

If one considers an inelastic reaction where the t
channel allows Reggé pole exchange but the s channel is
exotic i.,e, cannot be described by three simple gquarks or
a quark-antiquark pair, then in general there will be no
s channel resonances, Thus Im f(Regge poles) = 0, Since all
the exchanged poles cannot decouple from the interaction
this can only be satisfied by cancellation of terms in the

amplitude. This implies exchange degeneracy of the
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tra jectories and residues.
6.2.3 Simple Regge Pole Models

The helicity non-flip and flip amplitudes from a
single Regge pole have the same phase and energy dependence,
Thus any non-zero polarization must come from the interference
of two poles, Since only the e trajectory is allowed in the
reaction W™ p » w°n, one expects zero polarization., Data at
3.5 and 5 GeV/c (Ref., 27) suggest that the polarization is
zero for 0,6 £ -t < 1.8 (GeV/c)2 but positive for
-t € 0.35 (GeV/c)Z. Thus pure Regge pole exchange models

are unable +to describe the data,

In general simple Regge pole models predict the
differential cross-sections quite well, however they are
unable to describe polarizations which depend on the
interference between helicity flip and non-flip amplitudes,
hence providing a much more sensitive test. Helicity flip
amplitudes appear to have mainly the simple Regge pole form

whereas helicity non-flip amplitudes do not (Ref, 28).

InTtp=> K°A where two Regge poles are exchanged then
non-zero polarization is allowed as long as there is not
strong exchange degeneracy. Predictions from two simple
Regge models (Refs. 29 and 30) are shown in fig., 6.1. These
models have different prescriptions for the residues but
essentially the same trajectory functions. There is large
disagreement with the data. It can be seen that even

without exchange degeneracy the exchange of simple Regge
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poles alone is not adequate to describe the data., Hence

modifications are required which are described below.
6.2.4 Regge Cuts

A t-channel Regge pole can be considered as a pole
of the partial wave amplitude aj(t) in the complex J-plane,
It is possible to have othér singularities as well as
poles such as branch points with associated cuts., Cuts
can be thought of as multi-exchange effects consisting of
a continuum of trajectories lying below db and approximated

by some mean trajectory o rp (see fig. 6.2),

The cut trajectorytxc from the exchange of two
]
trajectories o{l = °‘10 + o(l't and 0(2 = olzo +d2 t is given
by

oL (B) =ty +Xyy -1 *(“—%'(—2—) T (Ref. 31)

oy *0%

The intercept is generally lower than either pole
unless one of them is the Pomeron. The most important
Regge cuts are those involving Regge pole exchange and
Pomeron exchange. These are shown in fig. 6.3 and can be
considered as elastic scattering in the initial or final
state as well as Regge pole exchange., This is also known

as Absorption, which is discussed later.
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6.,2,5 The Model of Navelet and Stevens - (Ref. 32)

A Regge pole plus effective-cut parameterization was
fitted to all experimental data available up to 1975 for

0"3*> 073* nypercharge exchange reactions.

The pole amplitudes were as follows with K* and K**

amplitudes being treated separately

KIH (Z + e'im‘(t)) sd(t) eZaat

K {-%' X.,._ (T + e-iml('t)) A(t) a, t

Fos

F,_

K is a kinematic factor and VC%' = J—(t-tmin). The a's and

the residues are considered different for A and ¥ channels,

The effective cut amplitudes read

_ i —im/2 oL (t) a.t
F’.* - KK’..’XC{_l} (e S) c e C
where (i) is for vector exchange, (K*) and (-1) for tensor

* %
exchange (K ). ¥ . is the strength of the cut trajectory

c
relative to the pole., The relative sign convention is that

used by Martin et al (Ref, 33) i.e.

F** = -K - K

Both vector and tensor pole trajectories are found to be
close to the trajectory passing through the particle masses
(0,35 + 0,82t%) whereas the effective cut trajectory is

flatter and lower,
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The prediction for the polarization parameter in
rp> KAis shown in fig. 6.4 and is in quite good agreement
with our data points. Only a slight adjustment of the
parameters is required to produce a good fit to the data.
This is perhaps not too surprising since our data agrees

with previous data which this model was fitted to.

However new data (Ref, 34) on the line reversed
reactions w'p > K'¢T and X™p > 7"g’ find that
*) =0 for 0 <-t < 1.0 (GeV/c)?

P(Wp=>KZ") 4P (Kp>nTE
whereas this model predicts a fall to Pon:-o.é at

-t ~ 0.3 (GeV/c)2 rising to zero at -t~ 1,0 (Gev/c)z.

Fitting our polarization data and the cross-section
data of Ward et al to Navelet and Stevens model we are able
to deduce the structure of the helicity amplitudes which
are shown in fig, 6.5, The relative strength of the cut
term Xc is of order 1 so that the helicity non-flip
amplitudes have to be extensively modified from the pure

Regge form in order to fit the data,
6.2.6 The Model of Girardi (Ref. 35)

A Regge-Cut model applied to elastic and charge
exchange reactions has been used to predict the behaviour

of hypercharge exchange reactions.,

The starting point of the model is the expansion of

the amplitude in terms of Regge poles and their iterations.

M =R+ (P*R) + (R¥P) 4+ (R*R) + (P%R*R) + ...
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where P#*R means the convolution between Pomeron and Regge
exchange amplitudes and is represented by a diagram such

as fig., 6.3.

The Regge pole contribution has the standard form
and the Pomeron pole amplitude for a process AB<» AB is

given by
i 635(AB) v exp [t(a(AB) roL'y 1n(1)/\30))] . exp(-%iﬂ'ol'pt)

where 6= (AB) is the asymptotic total cross-section for the
channel AB,V = %(s-u) and v is fixed at 1 (GeV/c)z. The

Pomeron trajectory is

olp(‘t) =0(p(o) + A p‘t = 1,0 + 0,2%

The model uses fits to data in charge exchange reactions
and then uses SU(3) symmetry relations to predict behaviour

in hypercharge exchange reactions,

The predictions of this model for Po(nrp-e'Kgﬂ) are
shown in fig. 6.4 and are not in good agreement with the

values measured in this experiment,

6.2.7 The Model of Irving, Martin and Michael (Ref. 36)
* *%
This model employs an exchange degenerate K - K
pole trajectory parameterized in the normal way and a Regge
cut, The Regge cut is generated by absorbing the pole with

a Pomeron with trajectorw'dp =14+ 0,5t,
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The prediction for the polarization inw p- KA is
shown in fig, 6.4 and there is reasonable agreement with

the data,
6.2,8 Absorption

Absorption is an initial or final state interaction
looked at from a purely s-channel point of view, as opposed

to Regge cuts which are t-channel exchanges.

The main feature of absorptive models is that
scattering will be dominated by the most peripheral partial
wave, If kX is the centre of mass momentum and R(~ 1 fermi)
is the radius of interaction, then the scattering can be
described by f ~ J,, (R.f:%). where AN is the net s-
channel change in helicity and J,, is the Bessel function

of order A\ .

Harari (Ref, 37) has proposed a Dual Absorption Model
(DAM) in which the imaginary part of any amplitude is made
up of two components
(a) contributions from all s-channel resonances, equivalent
to all non-Pomeron t-channel exchange, and
(b) non-resonant s-~channel background corresponding to
t-channel Pomeron exchange.

Contribution (a) has the form of the Jp, Bessel function
as shown above., The background term (b) is assumed to
conserve s-channel helicity. The real parts are deduced
from the imaginary parts either by dispersion relations

or from theorems relating high energy behaviour to the

phase of the amplitudes,
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6.2,9 The Model of Loos and Matthews (Ref, 38)

This is a Dual Absorption Model in which the imaginary
parts of the s-channel helicity non-flip and helicity flip
amplitudes are assumed to have the "Jo“ and "J1" structures
respectively, as specified by the dual absorption model of

Harari.

The authors apply their model %o charge and hypercharge
exchange data to determine empirically the real part of the
s-channel non-flip amplitude which the model does not

predict,

The predictions for Po(n’p-a K°A) are shown in fig, 6.4

and are seen %o be in fair agreement with the data,
6.2,10 Finite Energy Sum Rules

Finite energy sum rules (Ref. 39) (FESR) determine
high energy Regge parameters from integrals over low energy

scattering data,

The relationships are of the forms

j(s-channel physics) +,f(u-channel physics)

+.[(Regge poles) = 0

Field and Jackson (Ref. 40) using FESR for the
reactions K 'n->»> 1w A and ™ n > K*A determine the effective

* ¥* 4%
pole parameters of the K and K Regge trajectories from
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a knowledge of the low energy resonances and their couplings,

Good fits are achieved for X" n & w A over a wide range of
energles whereas they are unable to it n -» XA at
intermediate energies. This is possibly explained by the
fact that the contributions to K"'n >n A mainly come from
peripheral resonances whose angular momenta increase with
their masses, whereas the contributions tonTn » K*A are

mainly from small spin non-peripheral resonances,

The predicted polarization inTt n > k*A at 3.9 Gev/c

is also shown in fig., 6.4.

Predictions for A and R Parameters

In section 6,2 several models have been shown to
predict Po(w'p-a K°A) with varying degrees of accuracy.
Most of these models have some degrees of freedom which
allow them to be fitted to the data., Thus a measurement
of the polarization alone is not enough to decide which
model or models are best at describing the data and a more
sensitive test still is required., Since most of these
models are parameterized in terms of the helicity
amplitudes they are able to provide direct predictions

for the parameters A and R as described in Chapter 1,

In fig., 6.6 the predictions for A and R from the
models discussed so far are shown forT p-» K°A in the

region of 5 GeV/c., Also plotted are the predictions from



~14k-

a direct amplitude analysis carried out by Ward et al

(Ref. 41) which is described below.

6.3.1 Amplitude Analysis of Ward et al

Using data on de/dt and polarizations in Ww™p -> K°A
and T p - K°2°% at 5 GeV/c and assuming SU(3) octet
dominance of baryon couplings in s-channel helicity
amplitudes, the amplitudes are determined up to an overall

phase,

As shown in Chapter 1 the differential cross-sections

and polarized cross-sections can be expressed as;

dea = (2% » D251 % 4 (2 + P22
dt
Pa dea = 2(2d, 4 1)(2e + 1)]£,] 21z | %ing,
dt
- A - t -
where A = F+* = f+
2+ 1 5(2¢+ - 1)

with similar expressions formw p = k°g°, ¢+_ is the phase

of f_ relative to f*.

Since the helicity flip amplitude vanishes at 0° one

can calculate ol.+ from

R

ds/at¥(0%) = 3(2d, - 1)2

z - ArnO
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which is constant with energy between 3 and 6 GeV/c
(Ref. 42) with an average value of 0,708 ¥ 0,014, In

addition & can be calculated from

R, = Prde/dt 3(2«, - 1)(24 - 1)

Prde?/dt

(20, + 1)(2w + 1)

which at § GeV/c is found to be independent of t with a
value of -0,304 ¥ 0,067, From these results they obtain
&, = 1.445% 0,007 and ® = 0.327 2 0,031, Using the
values Tor &, and & they solve for [f,], |f_] and sing_
enabling the parameters A and R to be calculated., The

predictions are shown in fig., 6.6.

Conclusions

Since the polarization inm ™ p » KA is non-zero, then‘
simple Regge pole exchange and strong exchange degeneracy
of the K*-K** trajectories is ruled out. They may however
be weakly degenerate with equality of the trajectoriés but
not the residues. In fact since- the s-chamnel for N = KA
is non-exotic strong exchange degeneracy is not required

by duality.

The overall picture seems to be that pure Regge
exchange can only explain helicity flip amplitudes' and
that the imaginary parts of the helicity non-flip
amplitudes need to be extensively modified by absorption

or Regge cuts in order to describe the data.
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Although several models correctly predict the
polarization form p - K°A their predictions for the spin
rotation parameters A and R differ wildly. Hence
measurement of these ﬁarameters which will eventually be
extracted from our data, will be of the utmost importance

in choosing between these models,
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Figure 6,6

Predictions for A and R Parameters
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CHAPTER 7

Test of a % Detector

7.1 Introduction

In Chapter 1 it was shown that more stringent tests of
exchange models could be made if data on SU(3) related and
line reversed reactions were compared, It was proposed
(Ref. 43) that the study of the reaction®w p » K°A at
5 GeV/c be followed by a study of the line reversed reaction
K'p »T°A at the same energy, although this has been
indefinitely postponed due to group participation in CERN

SPS experiment WA11l,

The experimental setup would be every similar to that
described in Chapter 2 i.,e, a 5 GeV/c K~ beam, frozen spin
polarized proton target, magnet spark chamber spectrometer

to analyse A decay and an additionalT® detector.

This chapter deals with a small test W° detector which

was installed in our beam line and tested during December

1975.

7.2 Them?® Detector

In order to fully reconstruct each event it would be
necessary to know the direction and energy of both the

gammas from T° decay to good accuracy. It was proposed to
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measure both these in a counter a few metres downstream

from the target after the spark chamber spectrometer.

The counter consisted of a heavy metal plate spark
chamber followed by lead/scintillator sandwich counters.,
The positions of the gamma's could be measured by observing
tracks of showers in the heavy metal plate chamber viewed
by television cameras and the shower energy measured by

the lead/scintillation hodoscope.
7.2,1 Description of the Counter

The spark chamber consisted of 12 copper plates each
3mm, thick separated by 17mm, of argon, a total of 2,5
radiation lengths corresponding to a 924 probability of
conversion. Thus 85% of W°'s with both gamma's hitting the
counter will have both ¥'s showering in the chamber, The
area covered by the chamber was approximately 50cm, x 50cm,

A cross-section through the counter is shown in fig. 7.1,

Behind the spark chamber were 18 lead/scintillator
shower counters arranged in three planes of 6 counters each,
2 'y' planes and 1'z' plane. A schematic of the detector
showing the spark chamber and 4 of the shower counters is
shown in fig. 7.2. Each shower counter consisted of 6 3mm,
lead sheets separated by 6 2mm, scintillator sheets. Each
shower counter was a total of 3.4 radiation lengths making
the complete detector 12,7 radiation lengths long, enough

to contain~90% of a 2,5 GeV gamma,
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The two faces of each shower counter were not the same
width since they were originally constructed as a cylindrical
neutron counter with wider faces adjacent. For our
application however the counters were placed together with
the wider faces alternately at the front and then the back

to produce a flat counter,

7.2.2 Monte Carlo Studies

A Monte Carlo shower program GERBE, written by the
Strasbourg group at CERN, was the basis for the Monte Carlo

simulation of the counter.

The program is able to track the passage of all
secondaries, above a certain minimum energy, from an
incident photon or electron through various layers of
different materials, The program stores the values of the
energy deposited, positions and momenta of all particles
etc., in each layer, as the simulation progresses through
the material, and is able to repeat itself several times
in order to get a statistical distribution for all required

quantities.,

By modifying the existing GERBE program to suit our
needs it was possible to know how much energy would be
deposited in each shower counter for a given energy
primary gamma at a given point on the detector face., A

sample result is shown in fig. 7.3.
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The program was run with gammas of incident energy
0.5, 1,0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 4,5 GeV at
approximately 2cm. intervals over the whole face of the
detector. By interpolation it was then possible to use
the results of these runs to obtain the energy distribution
in the shower counters for any energy (4 5.0 GeV) gamma
incident anywhere on the detector face i,e. the problem of

energy sharing was dealt with by pattern matching,
7.2.3 Event Reconstruction

For a given 0% Y¥Y event with both gamma's hitting the
detector, the positions (Zl'yl) and (z2,y2) relative to the
beam direction (x-axis) of the§'s in the detector would be
given by the spark chamber readout. To determine the w©°
energy the following method was used.

An energy E.i', being the sum of the energy in the ith
counter given by the Monte Carlo when a gamma of energy El'
was incident at (zl'yl) and a gamma of energy E,' was
incident at (zz,yz), was calculated, Ax.z was then
calculated by

2 _ (€, - €17
XEllEzv Zj_=1.,1.8 ;—-El.;

where ii is the observed energy in counter i and G€i' is

the error on Ei" The sum is over all the counters.

Various combinations of El' and E2' were taken and by

minimizing theX? the best estimates of the 'real' gamma
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energies E1 and E2 could be found where E1 and E2 are the
gamma energies corresponding tox? minima, The values of
‘xz for 2 gamma's of energy 3.75 GeV and 1.25 GeV incident

on the detector are shown in Table 7.1,
7.2.4 Precision in 7° Mass Determination

The program was used to simulate the decay of 5 GeV/c
¥'s , 6 metres from the detector, track the two ¥'s through
the detector and use the method outlined above to reconstruct
the gamma energies and hence the w° mass, The mass
distribution is shown in fig, 7.4. The mass precision is
approximately 3% compared withw~ 2% for the K°'s in the
present experiment., These are however m°'s constrained to
be 5 GeV and the energy precision is much worse than this

being ~ 35% (FWHM) (see fig., 7.4).

VE

The Test Run

It was hoped that charge exchange W p ->1°n would provide

m°'s of a suitable energy to test the detector,

The same apparatus as described in Chapter 2 was used
except for the removal of the tungsten in the F counters and
the fact that the E counters were placed in front of the 1°
detector and put in anticoincidence ensured that we did not

trigger when charged particles entered the w° detector.

The heavy plate spark chamber was viewed from the top
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and side, both views being recorded by the same TV camera

via a mirror and prism system.

It was attempted to calibrate each shower counter
separately in the beam with the Eerenkov counter adjusted
for electrons but it was found that there were large
variations in pulse height over long periods and eventually
it was decided to rely on a running calibration using light
diodes (which were built into the counters) and minimum

ionizing particles during the data taking.

Approximately 200,000 triggers were taken during this
run. By looking at the heavy plate chamber by eye, it was
estimated that showers were seen in about 5% of the triggers.
Some care had to be taken as the spark chambers sometimes
broke down along the side facing the camera, which gave the
appearance of a 'track' in one view, In fig, 7.6 online

computer reconstructions of possible 2Y¥ events are shown,

Conclusion

Since the K'p »> oA experiment has been indefinitely
postponed, the data from this test run has not yet been
analysed, Tﬁe Monte Carlo studies show that we are able to
recognise 5 GeVT's although the energy measurement would
not be very good, We feel confident that a larger and better
constructed purpose built detector of this design would
enable us to identify and measure W°'s sufficiently well to

enable the experiment to be performed satisfactorily.
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Table 7,1

Values ofX 2 as a function of gamma_energies

E} (GeV) E} (GeV) %inEé
0.5 b5 517. 3
1.0 4,0 144, 2
1.5 3.5 83.6
2,0 3.0 31.3
2,5 2,5 32,7
3.0 2.0 15.3
3.5 1.5 4.3
4.0 1.0 5.1
4.5 0.5 37.8
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Figure 1

Cross~-section of 1 O petector
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Figure

6

Online Display of Shower Candidates
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APPENDIX 1

Density Matrix Formalism

A pure state |¢>, can be represented by a basis
1970 = Z <x1¢»lk>
K

The expectation value of a hermitian operator Q is

K@y = §¢m|¢> = T I<PIOKKIPIN<I 19>
jk i

A mixed state is an incoherent sum of pure states.
The expectation value for a mixed state is the sum of the
expectation values of the pure states weighted by the

probability Wy that that state appears in the mixture,

<¢>M = zn<¢> n"n

G L, (T Z<hlal 319,
J

Zj §{<le! L w P18,

n
The Density Matrix is defined to be the quantity
ejk = Zn “n §¢’k><3|¢>n

If we use matrix notation for Q@ we have

Qg = <klali>
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<Q> = ;(ZJ % O =ZK(Qg)KK = Tr(Qp)

where Tr is the trace of the matrix., e is Hermitian and has
unit trace (unitarity constraint). For baryons of spin %
Qwill be a 2 x 2 matrix which can always be written as a

linear combination of the Unit Matrix 1 and the Pauli

Matriceso,
g=2a.1l+be since Tr(f) =2a =1
p= 3(1 + p,&) where p is the polarization

The initial and final pure states are related via a Matrix M,

1" = ulgl> for the n*® pure state
L LPLI = <Pl
05 = I ol 16>
0 3k = T whIciig>

-5 w 31> 1>

T w I x>
n

7w ;Z{.ilMll)(lMi)(Q‘ilmel | 6

(,gk = ZLIMID Q1 <ml 16>
5 :

+
= Z Malelm mk

So the matrix relation between gf and i is e =M (iM*
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APPENDIX 2

Parity Violating Baryon Decays

We use as an example A->pT where parity is not
conserved, Thus a 3* decays like a 3* and 2 3~, The first
decay is 1 = 1 and second 1 = 0., Let them have amplitudes
ap and ag.

| JM> for A is |3,% 3D

]
o

If decay is pure 1 3,2 3)= L l%,t 3

1

If decay is pure 1
13,230 =313 v, 13,2 2 J2/3 v 4|37 3D
Thus if M is the matrix for the decay
15,2 4>+ a (311/37,013,2 >
12/37,4, 13,5 3

Mi2,2 30 = ay

S 00

Thus M= ag - apcose -apsinee'l¢ )

a

—apsinee:qu a_ + apcose

If we specify the direction of the proton in the A centre

of mass as k = (sinBcos@p,sinésing,cos6) then

ke = ( cos® sinGe_i¢>

sineei"b -cos @

where & are the Pauli matrices,

M = 1 - k.6
1 (a ap_ )

S
Jum
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Since pf = Mg'M" and p* = 3(1 + pl.g) with p* = ) then

A % %
pf 1 (ag - apg.s;)(l + Bh.8)(a - a_ k.g)

D
aw

1 [lasl2 + lapl2 + (Iasl2 + la_ 1P s

D L +8
81
* A
- (2Re agay, J(B7.k + E-E)]
' *
Let A = - 2Re ag2
2 | 2
lagl? + 1]

where « is the A decay asymmetry parameter = 0,647,

da

Now (gs )decay = Tr Ef

2 2 A
—éTr(laS, + lapl ){1 +o{ P .5}

) §1 242t

O-IO-
&lq
Ela

(35) - (8

ecay
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APPENDIX 3

The Error in_ the Asymmetry

If n* and n~ are the observed number of events on
target spin up (4+) and down (-) and N* and N~ are the number
of incident pions on these targets respectively, then the

asymmetry o is given by

n' _n”
A
ol = y —
Sy D
N* N

The error in the asymmetry is then given by
2
(8a2) 2 =( a_d)z An* 4 (25)2
on* on”

If the events are distributed according to poisson

statistics then Ant = fn_:

b= (g.. r_ll)LF
(v*N—) 2 * N
b(n ( g:)b’
(n*N—) 2 N~

2 —2 L |
(ML) = (g_rl_g_ + bn? n )/(n + n )
(N*N7) 2 (N*N7)2

then AW = 2N' Pn(n +nl

N (n + N )

o |
(o]
£
—_
) |gf
il
N
0

m

=

[ )
FSYIY
:Sl |7~
N
o

I

=
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2R
(n* + RA)?Z

+ -
n_-Rn
n* + Rn”

v[;4n'(n* + n )
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