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ABSTRACT

The differential cross section in the reaction Tr~p*K°A°,

ir p->-K E has been measured at incident beam momenta of 3 / 4, 5,

and 6 GeV/c and at momentum transfers to t ^-2.0. The polari-

zation of A° has also been measured at 5 GeV/c using the parity

violating decay A ->pir . Wire spark chambers with magnetostric-

tive readout, scintillators, and Cerenkov counters were used

and most of the calculations were performed on-line with an

EMR-6050 computer. Due to the experimental method our results,

Figure 44 and Table 6, have much smaller error than previous

bubble chamber measurements.

- 7 -



CHAPTER I

INTRODUCTION AND THEORETICAL FRAMEWORK

I. Historical Review

The period from 1944 to 1953 saw an accumulation of

evidence from cosmic ray data for the existence of particles

having some puzzling properites.

i) The particles decayed to proton and TT~,

also to 77 ir~, (the marked "V" pattern formed

by the decay in cloud chambers resulted in the

name "V-particles").

ii) The lifetime of the V particles ranged from

— 8 —1010 to 10 seconds.

iii) The V particles were produced in strong inter-

actions .

What was "strange" about these particles was that they

apparently violated the principle of microscopic reversibility.

A typical interaction time for strongly interacting particles

"as 10~ sec, whereas the decay rates for the V particles was

"*r,'/ orders of magnitude different. This principle had been

.««•/] previously to show that the muon was not the strongly

•'•'•racting meson predicted by Yukawa.

'/'he hypothesis of "associated production" for V particles,



TABLE 1

MEASUREMENTS OF ASSOCIATED PRODUCTION REACTIONS

First author
and date

York

Fowler

Cowan

Walker

Eisler

Brown

Leipuner •

Crawford

Bertanza

Keren

Wangler

Kim

Goussu

Ehrlich

Bartsch

Kobler

Dahl

Hoang

Pruss

Bertolucci

Abramovich

Kalbaci

Akerlof

Bashian

Crennel

Foley

This exp.

(1953)

(1953)

(1954)

(1955)

(1957)

(1957)

(1958)

(1959)

(1962)

(1964)

(1965)

(1966)

(1966)

(1966)

(1966) -

(1967)

(1967)

(1967)

(1968)

(1969)

(1970)

(1971)

(1971)

(1972)

(1972)

(1973)

(1973)

Reaction
(up-*)

A°-»-pir

"KA
KA

KA

KA/E

KA/E

KA/Z

KZ
KA

KA

KY
KA/Z

KA/Z

KX
KA/Z

KA/Z

KA/Z/Y*

KA/Z

KZ

KY
KA/Z

KZ/Y*

KZ
KZ/Y*

KA/Z/Y*

KA/Z

KA/Z

Detector
(Chamber)

Cloud

Cloud

Cloud

Cloud

Bubble

Bubble

Bubble

Bubble

Bubble

Bubble

Bubble

Spark

Bubble

Bubble

Bubble

Bubble

Bubble

Spark

Spark

Spark

Bubble

Spark

Spark

Spark

Bubble

Spark

Spark

Energy
(GeV)

Cos. ray

1.4
Cos. ray

1.0

0.91, 1.3

1.1

0.96

1.09

0.77-0.87

1.02

3.0

1.17, 1.32

1.59

7.91

4.0

3.23

1.5-4.2

4.0

3.0-7.0

6.0-11.2

3.9

3.0-7.0

5.0
3.5-14.0

4.5, 6.0

8.0-15.7

3.0-6.0

Approx. #
events

2

9
2

2

263
60

53

100
1100

1800

600
1800

1000

800
1500

380

1500

2200

40000

200
3000

1000

1000

10000

3000

23000

40000

" 9 -
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proposed by Pais, stated that only certain combinations of

V particles could be produced in strong interactions. The first

direct evidence for associated production came in a cloud

chamber exposure by R. P. Shutt at the Berkeley Cosmotron in

1952. The great interest in the V-particles soon resulted in
4

considerable experimental data. Subsequently the introduction

of the strangeness quantum number and the strangeness classifica-

tion scheme of Gell-Mann and Nishijima proved successful in

correlating and explaining the data on associated production.

Associated production thereafter became simply another example

of an interesting class of reactions.

A variety of experimental techniques for measuring

these reactions evolved over the years. The earliest observa-

tions were of cosmic ray interactions in cloud chambers. Sub-

sequently, data was accumulated by means of cloud and bubble

chambers at accelerators. More recently, counter experiments

have measured associated production reactions. As an illus-

trative summary, we present Table 1.

This work describes a measurement of two associated

production reactions using modern techniques involving wire

spark chamber and scintillation counters-, in the energy range

3 - 6 GeV/c. The same reactions have been studied with similar

techniques by Foley et al. in the energy range 8 - 1 5 GeV/c.

II. Introduction and Motivation for Experiment

A. Experimental

Two-body meson baryon scattering with hypercharge exchange

is an interesting subject for study from several points of view.
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There is the virtue on the experimental side, of having appre-

ciable cross sections (̂ 100 ubarns) and of having charged

particles in the final state, (or charged decays from the neutral

modes). Using the complete and sometimes over-constrained

kinematic information, various cuts may be performed on the

data to isolate hypothesized contamination having known proper-

ties. In addition, strange baryons are produced in these

reactions and many of these have weak, parity-violating decays.

This allows the simultaneous measurement of the differential

cross section -J? and the polarization P of the produced strange

baryon, without the added experimental complexity of using a

polarized proton target.

B. Theoretical

On the theoretical side, these reactions are interesting

to study because they have a 'simple amplitude structure in the

t-channel. This allows clear comparisons to be made between

several hypercharge reactions using the charge independence of

strong interaction, comparisons which in turn may be used to

determine iso-spin contribution to the scattering amplitude.

Finally, SU(3) symmetry may be used to relate hypercharge

exchange processes, and to extract the scattering amplitudes

when a sufficient number of dynamic quantities have been speci-

fied by measurement.

There is as yet no fundamental theory that can describe

the broad class of existing high energy scattering data in a

quantitative way. Existing ideas, including absorption models,

Regge poles, and geometrical models, have been used to represent
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portions of the data. These ideas require many free parameters

8
in their fits, and have not yet been able to meet the twin

requirements of providing an overall picture theoretically,

while meeting all the experimental tests. These circumstances,

9—11and the availability of new experimental information have

resulted in new work in extracting the underlying scattering

12—15amplitudes directly from the data.

Despite the large errors in present data, these amplitude

analyses have placed sufficient constraints on the amplitudes

to cause non-trivial rethinking in the case of the absorption

model. ~ They have also provided information on how to

correct some Regge pole contribution in irN scattering.

This thesis describes an experiment to measure the differ-

ential cross section and polarization in the two body reactions

ir~p-*-K°Ao/E°. In addition, these measurements, complemented with

assumptions of SU(3) symmetry (to be discussed later) are then

used to construct the amplitudes which completely describe these

22

reactions.

In Chapter I we will give the theoretical framework in

which we present the data. In Chapter II we describe the method

of analyzing the events and discuss the experimental resolution.

The bulk of Chapter II discusses the experimental method with

descriptions of the major components of the apparatus. In

Chapter III we discuss the data analysis, and give the corrections

which were applied to the raw data distributions. Chapter IV

describes the analysis of the polarization data. Finally, we
22present the results in Chapter V. The amplitude analysis,
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using SO(3) Clebsch-Gordan coefficients at the meson-baryon-meson

vertex, is reviewed in Appendix 1.

III. Theoretical Background

A. Variables

This is a convenient point to define our variables and to

outline the theoretical framework for our discussion. We

restrict ourselves to two body meson baryon scattering, represented

by Figure l(a): 1+2+3+4. For spinless particles we denote the

amplitude for the scattering by T(p^,q^;p2,q2) where the meson

four momentum changes from q, to q_ and the baryon four momentum

from p, to p.. The sixteen arguments of T are reduced to only

two independent variables by applying the requirements of

Lorentz invariance, and of four-momentum conservation. We choose

these to be the Mandelstam variables:

t = -(q 2- q i)
2 (1-1)

u » -<p 2- q i)
2.

2 2 2 2
Only two of these are independent, since s+t+u = m.+rrC+mt+m^.

Taking the spin of the nucleon into account, we write the

amplitude as:24

T(s,t,u) » u(p2){A(s,t,u)+l/2Y
U(q1+q2)pB(sftru}u(p1). (1-2)

T is the amplitude computed in perturbation theory following

the standard Feynman rules. The reduction to the independent

functions A+B is the result of the work by Chew, Goldberger,

Low, Nambu. u and u are the spinors for the final and
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initial state baryons, A and B the Lorentz invariant.scattering

amplitudes, and yv the Dirac matrices. We rewrite this in terms

of the spin flip and spin nonflip amplitudes f,f.# (independent

26 ~
of kinematic singularities):

f = (4m-t)A+m(s-u)B

(1-3)

In general for spin 1/2 two body scattering there are four

independent amplitudes f , f , f , f , which give the amplitude
+ Z t +

for having initial and final spin states: up-up, down-down,

up-down, -down-up. Using parity and time invariance conservation

gives two relations among these amplitudes: f = f_ and

f = -f . Hence, the scattering of spin 0 and spin 1/2 particles
- +

is completely specified by knowledge of the t*?o complex ampli-

tudes f.f.» (four numbers in all) as a function of the two

independent kinematic variables s and t. In the amplitude

analysis we will describe, the f.f. are determined from the

data and from SU(3) relations (see Appendix 1).

B. Crossing Symmetry and OPE

Consider two other reactions that are related to Figure l(a)

by crossing the particle lines and changing particle to anti-

particle, as in Figure l(c) and l(d). We can denote reaction I

and the related reactions as:

l+2->3+4 I Fig. Kb) s-channel

1+3*2+4 II Fig. l(c) t-channel (1-4)

3+2*1+4 III Fig. l(d) u-channel

For concreteness, let I be ir~p •*• ir"p; the related reactions II and



B2(p2)

u-CHANNEL

s-CHANNEL
I. 1 + 2—3 + 4 U. 1+3 — 2+4

7T + IT*-*? + p
BE. 3+2 —

Pig. 1.—High energy scattering diagrams. (a) general
diagram for two body reactions; (b) reaction as viewed in
s-channel; (c) reaction as viewed in t-channel; (d) reaction as
viewed in u-channel 1K
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III are then IT + TT -»-p+p and ir p-+ TT p, respectively. The variables

s, t, and u are related for these three channels, since changing

a particle into its antiparticle changes the sign of its four

vector. For channel I, the "s" channel, s is the cm. energy

squared, and t the momentum transfer squared. In channel II,

the "t" channel, the variable s becomes the momentum transfer,

and t the c m . energy variable. Finally, in channel III, the

"u" channel, u is the cm. energy and t the momentum transfer

variable. The idea of Crossing Symmetry is that there exists

a complex amplitude T(s,t,u) that describes the scattering in

all three channels. The amplitude is analytically continued

in the variables s, t, and u to regions where these take on

physical values corresponding to channels I, II, or III.

C. Peripheral Model

We can interpret vsome of the contributions to the

scattering amplitude T. A branch point in T signifies that the

threshold of a new particle reaction was reached. A pole on the

real energy axis (in the s and u channels at fixed to) signifies

the existence of a single particle intermediate state. Another
2g_29

idea known as the One Particle Exchange (OPE) mechanism,

proposes that there may be contributions to the amplitude in

the physical s-channel, from poles due to the existence of single

particle intermediate states in the t channel. At constant s

the amplitude is a function of t, and as the cm. scattering

angle goes from 0°to 180°, t goes from zero to negative values.

If pion exchange contributes to the amplitude, then T(s,t,u)
2

will have a pole at t = m j which is an unphysical (positive)
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value of t for the s channel process. The s channel amplitude

thus has a contribution from the exchange of a particle in the

t channel. Since the same function describes the scattering in

all three channels, single particle intermediate states in any

one channel influence the amplitude in any other channel. Modi-

fying OPE by adding the postulate that in the physical region

(in s, t, u) closest to a pole the amplitude is dominated by

that pole, has the consequence that small t (small cm. angle)

scattering is most probable. This is in fact what is experi-

mentally observed ~ at high energies. This version of OPE is

known as the peripheral model. Small t corresponds to long range

interactions taking place at the periphery of the nucleon, so to

speak.

D. OPE and Regge Theory

For an s channel scattering process (neglecting spin and

setting masses of the scattering particles equal) the Feynman

amplitude for the t channel exchange of a single meson of spin J

32and mass m_ is (see Figure l(c)):

TU,t) = g(-(s/so))
J/(m^-t) (1-5)

in the limit as s-*-". g is the coupling constant at the vertices

and s an energy scale factor. If we allow the exchanged par-

ticle to be a series of particle reccurances with spins,

J = 1,3,5 . . . (known as a Regge trajectory), then the amplitude

due to a sum of the simple exchanges of particles on this trajec-

tory is: 3 3" 3 4
 2

. T(s,t) - I -y-^-t*"1!. -1) (S/SO)
T (1-6)

j«o nC-t
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2

Assuming all the coupling constants g, to be equal, and paramet-

2 2

rising n»j = \x (J-a) (strongly suggested by empirical classifica-

tion of particles) the sum is evaluated to be:
2 n 2IIa(t). ...

T(s,t) - ^ - ^ S > (s/s o)
a ( t ) (1-7)

2\i sin na(t) °

We will discuss two body scattering in terms of the peripheral

model, where amplitudes are dominated by t channel exchanges of

Regge trajectories.

E. Phenomenology and Peripheral Model

This picture is supported by the following features of

experimental data. There seems to be a strong correlation between

the presence or absence of peripheral forward and backward peaks

in scattering data, and the existence or nonexistence of particles

(trajectories) which can be exchanged in the t or u channels.

For example: v

i) in the reaction Tr+p-»-K+Z+ 3 7~ 3 8

f
two I = 1/2 strange mesons, [K (890) and K*(1420)]

*
are allowed to be exchanged in the t channel and

two 1 = 1 and 1 = 0 strange baryons (£,A) to be

exchanged in the u channel. The data shows a

pronounced forward peak and also a backward peak,

consistent with the peripheral model since there

•allowed by spin and parity conservation.
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exist particles with the allowed exchange quantum

numbers in both channels.

ii) For K'p+i^n, the allowed t channel exchange is of

a non-strange 1 = 1 meson, the allowed u channel

exchange is of a 1 = 1 or 0 strangeness + 1 baryon.

39The data shows a peak at small t, corresponding

to the existence of the p and A2 I = 1 mesons, out

there is no backward peak and significantly also

no known I = 1,0 strangeness + 1 baryon.

iii) As a final example, we consider the reaction

7r p*K E . Here the t channel exchange must be of

a doubly charged meson, while the u channel exchange

must be a strange I = 1,0 baryon. Again, the

40-41data shows no peak at small t, consistent with

the fact that no doubly charged meson is known to

exist, and a peak at small u, corresponding to the

exchange of the A and E.

We note also that for the above examples, which involved charge

and hypercharge exchange, the exchanged objects (when they are

found to exist) fall into the SU{3) octet classification scheme.

The I = 3/2 doubly charged meson required for the t channel

exchange in ir"*p-*-K E~ would not fit into any SU(3) octet classifi-

cation. Mesons not belonging in the SU(3) classification scheme

are known as exotic mesons. This experimental circumstance,

42
along with the success of the Barger-Cline sum rule which we

will discuss next, provide strong evidence for the dominance of

octet exchange in the charge and hypercharge reactions.
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F. SU(3) Symmetry

We continue to restrict ourselves to two body pseudoscalar

meson-baryon scattering. Whether it is valid to apply SU(3)

symmetry to scattering amplitudes at all is yet to be settled.
43

Early work to relate reactions through SU(3) made no attempt

to deal with the inherent dynamics of the 4-particle amplitude.

Some of the cross section relations, as a result, were in

considerable disagreement with the experiment. The nature of

the dynamics evidently accounts for deviations from exact SU(3)

relations-. For example, cross sections in reactions where

strange mesons are exchanged show a faster decrease with energy

than those in reactions where non strange mesons are exchanged.
44

Barger and Olssen addressed themselves to the problem of

finding a context in which SU(3) could be successfully applied,

to relate scattering at high energy. They suggested that one

way to avoid symmetry breaking due to dynamic effects was to

use SU(3) to compare amplitudes only among reactions which had

similar exchanges. They apply SU(3) symmetry within the dynam-

ical framework of the peripheral model outlined above, treating

reactions where the amplitude is dominated by peripheral exchanges,

and explicitly accounting for symmetry breaking effects such as

non degenerate masses and direct channel resonances.

G. Applications of SU(3)

1. Barger-Cline sum rule

SU(3) symmetry is applied to the three particle vertices

in exchange diagrams like Figure l(c). An example of this is
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provided by the charge exchange reactions. We have:

IT p-*ir n p - exchange

TT p-*nn A_ - exchange

K p+K n p ,A2 - exchange

From the allowed t channel exchanges, the following couplings

occur at the meson vertex:

p+TT~tt°f K~K°p
+, I c W / TT~PA 2, K~K°A2

+. (1-9)

SU(3) can be used to find the relative strengths of these

couplings, and from this the four reactions can then be related.

The SU(3) invariant couplings for vector meson exchange are

obtained by taking the trace of (MMV), and for tensor exchange

by taking the trace of (MMT), where M,V, T are the SU(3) invari-

ant matrices for the pseudoscalar, vector and tensor mesons,

respectively (see Ref.v 45.). The amplitudes for vector and

tensor exchanges are independent and have definite G parity. The

former is labeled the F amplitude (G=l), and the latter the D

amplitude (G=-l). The SU(3) Clebsch-Gordan coefficients and the

two amplitudes F and D then give the meson couplings:

C = gF{/27r"Tr°p+K~K
Op-K+K°p} (1-10)

+g_ { K~K°AO+ /T/ln ~nAt-K
+K°A" }3D 2 2 2

The charge exchange amplitudes are obtained from this:

<ir~p|Tr°n> = -/2F

<K~p|K°n> = F+D

<K+n|K°p> = -F+D

<Tr""p|ir°n> • /273b
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The coupling at the baryon-meson-baryon vertex is fixed for

these exchanges and so need not be considered for purposes of

relating the reactions. Thus, there are four processes given

in terms of two amplitudes, so that two sum rules can be

obtained. These are the Barger Cline sum rules,

jjj| : (K~p+K°n) + (K+n->-KOp) = (Tr~p-Mr°n) -3 (irp̂ nn)

: <K~p|K°n>-<K+n|K°p> = -/5"<ir~p| ir°n> (1-12)

(K~p-K~n) - (K~p-K+n) = (7r"p)-(Tr+p)

which are well verified by the data (Figure 2). This illustrates

a successful application of SU(3) symmetry applied in a dynami-

cal framework which will also be used to analyze our data. We

note here that SU(3) invariance places no restriction on the s

or t dependence of the F and D amplitudes. The data used to test

the sum rule above is all at small t, and we will also be apply-

ing SU(3) to data at small t.

2. Dual Absorptive Model

47

The work of Loos and Mathews provides additional confir-

mation for SU(3) predictions of coupling constants at three

particle vertices. Using the Dual Absorptive Model (DAM) of

Harari, ~ these amplitudes are parametrized by forms like:

RefJ (s, t) -vg (s/sQ)
a (t) eAt{l+at+bt2+ct3}eBttan2« (o)

and similar expressions (with J1 instead of JQ) for the spin

flip amplitudes. They fit the experimental data with these

forms / allowing the. coupling constants g, the exponential slope

parameters A and B, the polynomial coefficients a, b, c, and the
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interaction radius r to be parameters determined by the data.

a(t) is the Regge trajectory, taken to be the p and A- trajec-

tory for vector and tensor exchange, respectively, and s is

the energy scale factor, taken to be 1 GeV . With the para-

meters determined, the result is an amplitude analysis on the

basis of DAM. Loos and Mathews compare their amplitudes with

the model independent amplitudes of Halzen and Michaels and

obtain good agreement. There is excellent agreement, moreover,

between the coupling constants from the DAM fit and the coupling

constants from SU(3) symmetry at the three particle vertices.

We take this as additional indication for the validity of

applying SU(3) symmetry at three particle vertices, in the

context of the peripheral model.

H. Input for Amplitude Analysis

Until now we have, been preparing the groundwork for the

amplitude analysis for our data carried out by Rust and Ward.

We have defined the kinematic variables, written down the

general amplitude for two body pseudoscalar meson-baryon scatter-

ing, used crossing symmetry to outline the features of the

peripheral model, and shown a successful application of SU(3)

in relating the charge exchange reactions. We are now ready to

state the assumptions to be used in the amplitude analysis.

The amplitudes for the two reactions:

ir~p->-Koi;0 at 5 GeV/c incident beam momentum

are found by using the measurements of da/dt and polarization, and

the SU(3) Clebsch-Gordan coefficients at the baryon-meson-baryon
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vertex. In general there are four numbers needed to specify

each reaction completely. There are actually only three quan-

tities that can be determined in each reaction - the magnitude

of the spin flip and spin non flip amplitudes and the phase

angle between them. Thus, for the two above reactions six

quantities are to be determined. For ir p+K A°, we have measured

the differential cross section and polarization as a function of

t, giving two quantities, and for ir p-*-K Z , we have measured

the differential cross section and we take the polarization from

the P measurement in ir p-*-K Z .

This gives four of the six quantities needed to completely

specify the two reactions. The SU(3) Clebsch-Gordan coefficients

provide the additional two constraints.

Rust and Ward51 carry this procedure out. We outline their

method and present the amplitudes and further discussion in

Chapter V and Appendix 1.

See Chapter V.



CHAPTER' II

RESOLUTION AND EXPERIMENTAL METHOD

I. General Description

In ir~p interactions o ^40 mb, while a ^150 yb for the

particular final states we studied. Accordingly, we had to
4

discriminate by one part in ̂ 10 or better against all processes

other than the ones in which we were interested. In addition,

the A° and 1° masses are separated by ^77 MeV, and in our initial

planning we had to take particular care to maintain high kine-

matic resolution in order to cleanly separate these two interest-

ing reactions. Wire spark chambers are well suited to providing

high resolution since ^hey are of low mass (small amount of

multiple scattering) and have high spatial resolution (a ̂ 0.25 mm).

Figure 3 shows the plan view of the apparatus.

Events of interest had the beam pion (entering from the left'

in Figure 3) interacting in a liquid hydrogen target. K°'s thus
s

produced then decayed to u TT" at a point downstream of the veto

counters. (All other pion interactions leading to a final state

with charged particles were vetoed.) Both decay pions then passed

through the magnet gap and through the counter hodoscope and the

spark chambers at the rear of the magnet. The result was that we

knew the identity and momentum of the incident particle and the

- 26 -
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momenta of the two (or more) particles passing through the spec-

trometer .

II. Event Identification and Analysis

Conservation of energy and momentum at the production and

decay vertices gives:

pi7+Pp = pKo+precoil

(p = 4 momentum) (II-l)

These relations, and the hypothesis that the spectrometer particles

were pions, provided more than enough information to completely

specify the kinematics of the reactions we studied. K°'s were

identified by calculating the invariant mass of the ir tr~ pair in

the spectrometer, and requiring that this agree with the known

value of K° mass to within the experimental uncertainty.

Figure 4 shows -the TT TT" invariant mass distributions for incident

pion momenta of 3, 4, 5, and 6 GeV/c. The true K° mass value is

then used as a constraint in a fit to adjust the measured TT IT"

momenta. Finally, the recoiling baryon is identified by calculat-

ing the missing mass:

recoil "recoil it p K° *̂n

Figure 5 shows this distribution for our data. The two peaks

correspond to events where the recoil baryon is a A° or Z°

particle. The precision with which we can make unambiguous

separation of events, using the identification procedure above.
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is specified by the experimental resolution with which we can

measure kinematic quantities. We discuss this next.

III. Resolution

Separation of K A from K E events had to be done solely

on the basis of kinematics, since both final states satisfied

the trigger requirement of the apparatus. Using the measured

momentum of the beam and the reconstructed momentum of the K ,

the missing mass of the recoiling strange baryon was calculated

using Equation II-3. With infinite experimental precision the

missing mass distribution would show peaks of zero width at the

A° and £ masses. However, effects such as multiple Coulomb

scattering in the spark chambers, energy loss, delta rays,

limited positional accuracy due to having a given number of

wires per inch in the spark chambers, spark formation jitter,

and effects due to electronic digitization of coordinates, all

introduced errors in the measured quantities of an event. The

errors are distributed approximately in a Gaussian about "true"

values of the measured quantities, and this accounts for the

widths in the peaks in Figure 5.

Assuming gaussian distributed errors, we can calcualte the

missing mass resolution in terms of the momentum and angle

resolution on the beam and spectrometer particles, since

2 APTT A P K °

For present purposes we neglect any correlations between

errors in the angle measurement 8 and the momentum measurements

P* a n d PKo-
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Thus:
2 ,9MM2,2A 2 .,8MM

2,2A 2J,3MM
2 2.-2

2

If we approximate B = $vo = Mp^l, pick typical values for p ,
AP AP

/ 8/ and use the known values — — ^.2%, ^.6%, A9^2 mr, we
P^ PKo

obtain the following calculated missing mass resolutions:

AMM2 = 1 2 MeV at 3 GeV/c

AMM2 = 3 7 MeV at 6 GeV/c

This agrees very well with the experimentally determined widths

from Figure 5 of 13.5, 19, 25.5, 34 MeV, at 3 - 6 GeV/c. The

missing mass resolution is dominated by the error in the K°

momentum determination, which worsens as a function of incident

beam momentum. At higher beam momenta, the K momentum resolution

worsens since the bend angle of tracks through the field decreases'

(from 9 « -£|i).

We can calculate the effective mass resolution in a similar

fashion to the above. The predicted rms values also compare well

with measured values. Since such a calculation gives accurate

results for the missing mass and effective mass resolutions, we

also use it to predict the t resolution, where we have no inde-

pendent measure of the resolution.
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A.2 /It .2. 2, ,3t .2. 2 .,3t.2Afl2
A t = (3p~) ApTr+(9p7o"

) A P K O + ( 3 F ) AQ

_ OR T

lp 2eTrE

* (II-6)

3t _ o

3cosG - "PTTPK°

Making the same approximations as before, and using the same
Ap7r A pK°values for , , A6, as a function of beam momentum as before,
pir pK°

we obtain the t resolution of +.005 (GeV/c) for |t|<0.5 (GeV/c) .

We do the final separation of A from Z events by the more

precise method of fitting two gaussians to the missing mass

distributions. The free parameters in the fit are:

1) the widths of the two gaussians

2) the height of the two gaussians

The mass difference between A and Z° was not allowed to vary.
o

Figure 6 shows a typical fit to the data. The x P©r degree

of freedom is large in the fit, and we believe this is because of

non-gaussian contributions to the resolution, such as scattering '

in the chambers. Cuts are then applied to the data distributions.

This implies that a correction is needed to account for events

which are lost in the wings of the gaussian due to the cut. In

addition, using these fits we obtain corrections due to the cross

contamination of the A° and Z missing mass peaks. Table 2 shows

these corrections as a function of beam momentum.
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TABLE 2

CORRECTION FOR EVENTS LOST IN GAUSSIAN WINGS*

Energy

3

4

5

6

9979

9800

9538

8797

.0051

.0367

.0869

.1515

.0002

.0052

.0166

.0694

.9669

.8976

.8268

.7405

Let A and E denote the corrected number of A
andJT events, respectively. Let A1 and E1 denote the
uncorrected number of A and E° events within the res-
pective missing mass cuts. Then the correction for
cross contamination of the A and 2° peaks and for
losses in the gaussian wings is given by:

A1 - aA°+bE°

I1 - cA°+dZ°.

The corrections were applied separately at each t1 = t-t
'xnin'

- 35 -
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IV. Experimental Apparatus

The remainder of this chapter is devoted to describing

the experimental apparatus. The beam spectrometer is described

in Section A. The fast electronics, which preselects events

likely to be associated production events, is described in

Section B. Spark chambers, the primary detectors in the spec-

trometer, are discussed in Section C. Sectin D gives a des-

cription of the data handling and transfer. The on-line

computer operation is described in Section E, and the analysis

programs in Section F.

A. Beam Spectrometer

The incident beam to the spectrometer, (Figure 7) comprised

of IT'S, K'S and p's, was produced by the interactions of the

12 GeV/c primary proton beam from the ZGS, with a seven interaction

length copper target. The momentum was analyzed by a two stage

beam spectrometer consisting of collimators, bending and quadru-

pole magnets, and counters. Particle separations were done by

four threshold gas Cerenkov counters. A six counter hodoscope

of 1/2" wide, 1/8" thick scintillators defined eleven momentum

regions. At each chosen beam energy, particles having an ̂ 3%

spread in momentum were selected by two bending magnets and then

focussed by two quadrupole magnets onto the momentum hodoscope.

The magnets transformed the momentum spread of the particles into

a spread in their displacement in a horizontal plane about the

beam center. Hence particles of, for example, 3 GeV/c +.0075

were focussed to be within a width ±.08" about the beam center.
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where they were counted in the central momentum hodoscope region.

Each such region specified a 0.25% interval in momentum. The

second stage of the beam spectrometer consisted of more bending

magnets and quadrupoles to refocus and steer the beam achro-

matically to the center of a hydrogen target. We obtained a

spot size at the hydrogen target of about 1.6 cm diameter or

less. The dispersion at the first focus was 0.076 cm per

Ap/P = 0.1% and Figure 8 shows the beam resolution measured

in the apparatus at 3 GeV/c. The momenta of the beam particles

in each of the eleven hodoscope regions was analyzed using the

effective mass spectrometer for this plot. The widths in the

eleven peaks in Figure 9 hence have contributions due not only to

the beam momentum resolution, but also the spectrometer momentum

resolution. Using this data, we estimated the beam momentum

resolution to be 0.243%, which compared very well with the design

and expected value.

B. Electronics and Logic

, The beam was defined by counts in scintillators S,S2S3

(Figure 7) , a count in at least one of the momentum hodoscope

elements, and no count in any of the halo counters A, through

A-. The following pattern was taken to be the signature for an

"interesting" event: A beam particle disappeared into the

hydrogen target, charged tracks materialized downstream of the

veto counters, and two charged tracks emerged from the rear of the

magnet.. The probability of producing a neutral final state at

these energies ( 3 - 6 GeV/c) with pions is ̂ 3%, however, the

added geometric requirements strongly selected the particular



-40-

P l
2.85 2.90 3.10 3.152.95 3.00 3.05

MOMENTUM (GeV/c)

Fig. 9.
Pig. 9.—Hand drawn curves through momentum hodoscope

distributions



- 41 -

neutral states which would cause a trigger, thus reducing the

probability to 5x10 . We ended with a signal-to-noise ratio

{in the triggers) of ^.1, with the signal easily separable from

the noise by analysis. The geometric reconstruction rejected

most of the uninteresting triggers, and the kinematic requirements

were used to eliminate other background.

The suppression of charged particle final states was

achieved by using a three counter paddle, covering a 5" x 10"

area 2" downstream of the hydrogen target. These counters were

labelled VR, VL and VC (see Figure 3). The veto suppression

achieved was 5xlO~ . We also had to guard against the possibility

of triggering on events where the tracks originated at any point

between the upstream end of the K-l chambers and the trigger

hodoscope. Such events lacked sufficient track information to

be analyzed (for example, no momentum analysis was possible on a

track originating at the magnet center). To suppress such triggers,

we had a 36" x 15" x 1/8" counter (CM) in positive coincidence,

so that a charged particle was required to materialize in the t>21N

drift space from 2" downstream of the target to just upstream of

the first spark chamber set. This requirement also reduced other
2

unwanted triggers by effectively eliminating ^0.65 gm/cm mass of

chambers and counters which might otherwise serve as a complex

target for neutrons, or would facilitate gamma ray conversion.

Finally, the two track trigger selection was done by a 40 counter

hodoscope, covering the entire rear aperture of the magnet. Each

counter was 4" wide by 13" high.
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0. Spark Chambers
i

The major constituents of a wire spark chamber built

at Argonne are best shown in an expanded diagram (Figure 10).

The chamber frames, made of a fiberglass-epoxy bond (G-10 for

short), were stressed so as to support a plane of wires which

had been stretched to flatness having variations smaller than

1 nun. The wires (or rather ribbons) were of aluminum .001"

thick and .015" wide, and in order to fasten on to a plane for

stretching without breaking these rather delicate wires, we

used the trick of bonding them to a .003" thick sheet of mylar;

the force was then exerted on the mylar sheet. The planes had

to be kept wrinkle free so that no wires would see large field

gradients which might have caused breakdowns to occur. On the

side of the mylar opposite to the wires was bonded a .0005"

thick sheet of aluminum in order to distribute the high voltage

pulse uniformly over the entire chamber area, and also so that

the rise time of the high voltage at the chambers would be less

than 50 nsec. It was observed that when the high voltage pulse

was delivered to the wires directly, inductance in the wires

slowed the propagation of the pulse across the chamber by about

a factor of ten (as compared to propagation time across a con-

ducting sheet). This produced the undesirable result of making

the chamber more efficient at the voltage feed end during the

(long) rise time. Using the aluminum backing sheet, the high

voltage is coupled capacitively to the wires, with charge drain-

ing from the backing sheet to the wires via a bus bar. In addi-

tion, the chambers were terminated in an empirically determined
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impedance, chosen to maximize the multiple track efficiency.

A Neon-helium gas mixture, with alcohol added at -5°C

vapor pressure, was circulated through the chambers. Neon

has a metastable level of 16.53 eV, and Helium an ionization

energy of 15.76 eV. The primary charged particle causes some

ionization directly, but also excites Ne to its metastable

level. In collisions of these two atoms the excited Ne has a

large cross sectiou (order 10 cm ) for transferring its exci-

tation energy to the He atom and ionizing it. (Penning effect.)

A strong multiplication of charge takes place, leading to a high

probability of avalanche formation. Impurities introduced as a

result of leaks, outgassing, etc. were eliminated by means of a

liquid Nitrogen cold trap, through which the chamber gas was

passed.

1. Magnetostrictive readout

Ribbons of remendur lay over the wires of each plane.

The remendur (when magnetized) had the property that when a small

region was perturbed at a point (by the fields due to a current

pulse in a nearby wire) there was an acoustic propagation of the

disturbance along the length of the ribbon. That is, there was

a coupling (via the flipping of magnetic domains) of the magnetic

and the mechanical properties of the remendur; the effect was the

same as if the ribbon were plucked—a sound wave propagated

RemendUr is an alloy consisting of 49% iron, 49% cobalt,
2% vanadium.
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away from the plucked point. Simultaneous with the application

of high voltage to the chambers, current was fed to two fiducial

wires, and if sparks had occurred, the magnetostrictive line,

figuratively speaking, was "plucked" at the start and stop fidu-

cials, and at all locations between where sparks had occurred.

This pulse train, the analogue representation of the spark

coordinates, was transformed into a voltage pulse train by means

of a pick up coil. The pulses were amplified and finally their

time distributions were digitized as spark locations.

This readout technique required that the magnetostrictive

ribbon have a definite magnetization along its entire length,

serving as the propagation medium for pulses which represent

the spark locations. The remendur was permanently magnetized

according to some fixed convention, (e.g., north pole always

toward peramplifier end). It was essential to shield the remendur

ribbons from stray external magnetic fields since an appreciable

field along the wire would constrain the magnetiziation of the

ribbon, thereby attenuating the pulse amplitudes. Heavy iron

shielding was therefore provided for all chamber readouts which

were close to the fringe field of the analyzing magnet.

A special technique of chamber construction was used to

solve this problem for the chamber set which was placed at the

center of the magnet. This chamber, which had only vertical wires.

*In practice there was actually a difference of t500 nsec between
the time current started to flow in the fiducials and in the
wires struck by sparks. This systematic shift (amounting to
*v».10M equivalent in space) was determined by comparing the spark
positions obtained from measurements of straight line tracks
through the chambers with those expected from surveying the
positions of the chambers.
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was made to work by continuing the vertical wires on their mylar

backing sheets out in a long apron to the bottom of the magnet

gap, and then placing the readout line across the wires in a

region where the field was weak.

D. Data Transmission

The quantities necessary to describe an event sufficiently,

were the momenta and identities of the particles participating in

the reaction. Energy momentum conservation permitted us to

omit this measurement for some of the particles without losing

the specification of the state. This is fortunate from the

experimental point of view since it allows some choice in what

is to be measured given a particular experimental technique or

given existing technological limitations.

In our experiment the raw data consisted of the following:

- The coordinates of tracks at each spark chamber plane.

For a normal K ->-ir TT decay in the spectrometers there

were 160 coordinates in all.

- The fast logic configuration of the event.

This included information on which scintillation

counters and Cerenkov counters fired, and also what

higher level logic conditions were satisfied. For

example, when several alternative conditions could

have triggered the spectrometer, the trigger type

that did actually occur for a given event was iden-

tified in the fast logic and had to be recorded.

Other examples of this kind of information are:
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the identity of the beam particle, or whether the

trigger was accompanied by the passage of a beam

particle through the chambers.

- Other digital information on the event.

This was pulse height in some counters (in our case

the Cerenkov counters), the shunt voltage readings

of magnets, and chosen scaled quantities.

- Fixed data.

This was bookkeeping information such as run number,

date, etc.

All of this data was transferred to a computer (EMR -

Electro-Mechanical Research Inc. Model 6050) for on-line analysis

and permanent storage on magnetic tape. The transfer to the

computer proceeded sequentially via a buffered I/O. channel. The

data from the counters and chamber. ; arrived in parallel (within

less than a few hundred microseconds) and consequently had to be

stored away in a hardware buffer until the computer was ready for

each word of information.

'The buffer consisted of units designed to store the

different kinds of data mentioned above, along with a controller

unit which scanned through the transferred data from each buffer

location through an interface to the computer I/O channel. The

buffer was a Scientific Accessories Corporation MIDAS (Multiple

Input Data Acquisition) system, a brief description of which

follows:

The unit which stored spark chamber coordinates, the

Model 1148 Sealer Bin, consisted of sets of four sealers, with
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each such set assigned to record the locations of sparks in one

chamber readout. The input to a four-sealer set was a train of

pulses (typical height 3V) where the first pulse represented the

front fiducial and subsequent pulses represented the sparks and

finally the rear fiducial. The pulse train is a temporal

representation of the spatial distribution of sparks. A pro-

portionality factor given by the speed of sound in remendur

(5 ysec per inch) and the interfiducial distances, relates the

time representation of the sparks to their actual position in

space. Values for the spark coordinates in a view were given by

the time separation between pulses and the start fiducial,

multiplied by the above proportionality factor.

For each spark chamber plane, the data was stored in the

four-sealer set as follows: The start fiducial pulse turned all

sealers on so they counted at the rate of 20 MHz, subsequent

pulses stopped the sealers sequentially—first pulse stopped

first sealer, second stopped second sealer and so on. Up to

four sparks could be digitized per chamber view; in practice

there'were usually two or three sparks and the rear fiducial was

digitized as the last spark.

The experiment required 48 such four-sealer sets, which

received the WSC data from each chamber plane in parallel and

held the numbers until they were ready to be sent to the computer.

A least count in the 20 MHz clock corresponded to 1/4 mm posi-

tional accuracy, however folding in the wire spacing and pulse

characteristics resulted in a half mm positional accuracy per

chamber view. Finally, each sealer was capable of storing up to



- 49 -

fourteen bits of information.

The fast logic data (tag bits), were stored in the Model

1105 Tagging Modules. Each such module consisted of eight bits

where each bit could be assigned to a counter or to some

derivative logic signal. A given bit was set in this unit when

there was a coincidence between the input at that bit and a fast

gate signal, usually derived from the trigger signal. Hence,

for the ^10 nsec after a trigger, the fast logic elements were

viewed, that is, the gate was opened for the corresponding bits

to be set.

Other digital information, such as sealer or digital volt-

meter numbers, were buffered by means of a Model 1115 multiplexer.

This was essentially an interface which converted logic levels

used in devices such as TSI sealers or voltmeters to standard

levels used in the SAC system. In addition, it had the capabili-

ity of allowing the several devices attached to sequentially

transfer their data. Again, the accuracy was up to fourteen bits.

Fixed data used for identification purposes, such as run

number, date, run condition, was buffered by means of a Model

1107 Fixed Data Module. Each such unit was capable of storing

four three-digit octal numbers set by hand using thumbwheel

switches. These numbers were transferred to the computer and

recorded along with other data.

We have now arrived at the point in this description

where all the data of an event was stored in the buffer either ,

in the form of sealer numbers, or bit configurations, or in

devices which could be interrogated by the buffer system. The
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next step was to sequentially step through each buffer unit, and

through each location in that unit, and transfer the information

contained to the computer. The control functions and logic

necessary for this was provided by another SAC device, the Model

1204 Master Control, along with the Model 1206 scanner.

The above modules were all connected to each other and to

the master controller by a common data bus which consists of

twenty parallel lines. In addition, strobe lines emanating from

the master controller (either directly or via slave scanners

(Model 1206)) went to each module. Since each word of informa-

tion had eventually to be transferred to the computer in sequence,

an ordering of all the buffer locations was made. The order in

which modules were interrogated was arbitrarily chosen; e.g.,

tagging modules first, sealer bins second, multiplexer next, and

so on. Data was read out from a particular module when the master

controller sent a strobe pulse to the module, causing its contents

to be latched on .to the data bus line. This description applies

to those modules which contained or provided access to only one

word 6£ information. The sealer bin was an exception since it

contained up to 96 words of spark chamber coordinates which had

to be transferred, but had only one strobe line. Sealer bins,

therefore, were provided with built in scanners, which accepted

successive strobe pulses from the master controller, and routed

them to successive sealers for readout until all sealers had been

referenced. Only then was the next strobe pulse allowed through

to be applied to some other module.

In summary, then, the data transfer for an event proceeded
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as follows: The master controller, (MC), received a pulse

notifying it that a trigger had occurred. The MC prepared for

the data by first clamping all data modules in reset for a

selected time interval (18 ysec) so that broadcast electromagnetic

noise caused by chambers would not be registered. Simultan-

eously, the start input was disabled until data transfer for

the event was complete, and a wait time was initiated during

which all the modules filled up with their appropriate data.

Finally, data transfer began when the MC sent a strobe to the

first module, so that data appeared on the data bus lines. For

each strobe pulse sent, the MC also sent a pulse to the computer

notifying it that data was on the lines, ready to be entered in

memory. The computer I/O channel and interface controlled the

transfer from this point, and sent a signal back to the MC when

word transfer was complete. This signal advanced the strobe to

the next module or location containing data and then the process

was repeated until all data for an event had been read into the

computer. A signal from the SAC then notified the computer that

data transfer was complete. The full buffer of data was trans-

ferred in about 1.5 msec.

52—53
E. On-Line Computer

The on-line computer was characterized by its ability to

communicate with the outside world in real time—by means of

signal lines, priority and non-priority interrupts, and a display

of chosen quantities as they were calculated. When a given

interrupt occurred the computer stopped whatever calculating it

was doing, (keeping track of its place, however, so that it
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could return to complete the calculation after the interrupt had

been handled) and proceeded to do whatever task was appropriate

for the interrupt that had occurred. Pulses could be sent out

at any point, to be used either for logic purposes (to instruct

devices) or to keep track of frequencies of chosen calculated

quantities. The human finger could also intervene to cause

program branching or to get selected printout by means of

six sense switches and 64 sense lines equipped with switches.

In our experiment we had priority interrupt lines which

signalled the computer to recieve data, to initialize the data

transfer by sending appropriate signals to the SAC buffer, and

to branch to the calculation routines. Up-to-the-moment displays

were made of spark chamber and counter information and of various

data distributions. Of particular use was a CRT scope display

of the apparatus showing the chamber fiducials, position of the

magnet, counters, and also displaying the particle tracks as they

occurred (Figure 11). There were also distributions of spark

chamber efficiency, which served as continuous monitors of equip-

ment performance, and which also allowed hardware problems to be

traced down quickly. The CRT display proved useful in solving

more difficult problems also, by allowing us to see what was

happening to each trigger.

For example, we were able to trace the source of spurious

background triggers by noticing in this display that many triggers

originated at the center of the magnet, in the K-3 chambers.

This problem was fixed by requiring a positive coincidence from

a counter placed before the magnet.
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The CRT display of the apparatus could also be used to

selectively view particular classes of events. For example,

only those events could be displayed which failed at a particular

place in the programs (this will be discussed further in Chapter

III) .

1. Complete on-line analysis

The data rate for the reactions we studied was well matched

to the computational speed of the computer. This made possible

complete analysis of ^90% of the events as they were being received

in the apparatus and recorded on magnetic tape. We were able to

view physics results almost immediately. This was an important

advantage which allowed us to easily optimize the experimental

run, and in a more general sense was also a satisfying way in

which to proceed. We could accurately gauge the rate of data

accumulation, and quickly judge how well we were achieving the

goals of the experiment, or whether changes were needed.

Finally, the on-line computer proved a patient overseer

of most of the operation of a run, once started. The shunt

voltage of each magnet in the beam line, as well as the momentum

analyzing SCM-105 was checked at least once every 30 seconds.

If the reading was not within the specified tolerance, data taking

would stop, and a message would be typed out to the experimenter

telling him which magnet was off and by how much. The spark

chamber readouts were rested for spurious noise each event, and

interfiducial distances were required to be within tolerances,

or again a message would notify the experimenter which chamber had

the problem. The communication link with the SAC buffer and the
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operation of the buffer was checked each ZGS pulse, by using a

SAC Test Generator to load the buffer with known values, then

testing whether these values were in fact received by the computer,

The sequence of SAC words transferred is also checked, since part

of the word contains its SAC address.

F. Programs

1. General description

During the data acquisition mode the computer cycled

through a waiting loop of predetermined duration, where it

received the priority interrupts, processed them, and then

returned to wait for the next interrupt. When the last inter-

rupt in a ZGS cycle (the end of flattop signal) was received,

the data buffer was written out onto magnetic tape, and then

control was transferred to an Executive routine. From there,

calls were made to the calculation routines in sequence, the

failure conditions that each routine set were checked, and

appropriate program branches were determined. As each of the

major calculation steps were successfully completed, a correspon- •

ding sealer was incremented. Hence, the experimenter could pin-

point problems quickly, and more importantly, had a continuous

breakdown of the data into the various failure categories. This

served as a long term monitor on operating conditions, and also

allowed fairly accurate estimates to be made on the quality and

quantity of the data at any point in time.

2. Detailed descriptions

The routine FIDDLE converted the spark chamber coordinates
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to convenient units for calculations. The constants of the inter-

fiducial distances (in space) which had been measured in the

laboratory were prestored in the computer, as were the inter-

fiducial distance (in units of counts on a SAC sealer).

The SAC sealer numbers were available for every event

(for fewer than four sparks in the wand). When no sparks were

detected, or there occurred sparks having values outside the

fiducial region, a message was output (see above) and the event

was skipped. Another important requirement made here was that

one out of every ten events have a "stop" fiducial within speci-

fied limits. If this requirement were not satisfied, it could

mean that the speed of sound in the remendur for a readout was

faulty.

The routine COUNTR set a failure flag if the event had a

beam track through the spectrometer, and also histogrammed

the pulse heights of the Cenerkov counters. This routine also

tested for several failure conditions: did the event have an

unambiguous trigger? and an unambiguous momentum hodoscope

configuration? If the answer to either question was no, then

there was no unique specification of the incident beam, and the

event had to be failed.

The routine PWC examined the beam wire spark chambers; it

calculated the angles and position of the incident beam track

and stored them for later use. If no beam track was present, or

none could be recovered because of too few sparks, or too many

tracks, then the event was failed at this point. .

The routine TRAX performed the geometrical reconstruction of
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tracks. It operated on the raw spark coordinates and found line

segments in front of and behind the analyzing magnet. These line

segments were subsequently linked up through the magnet by another

routine (using information from the chambers at the magnet center

and also the field map description) so that the path of a

particle through the spectrometer was recoverd. A brief des-

cription of TRAX follows.

The basic strategy in this "filter" program was determined

by the arrangement (spacing) of the spark chambers in the

spectrometer volume. Ordinarily, one would want to measure the

path of a particle at uniform intervals along its trajectory in

the detection apparatus (an extreme example being a bubble chamber),

since the best spatial resolution is achieved in this way. How-

ever, when the detector consists of spark chamber planes, i.e.,

limited number of digitizations, one may be led to impose other

requirements. For example, one wants to be able to interleave

counters with the chambers at selected points for greater flex-

ibility in the selection of triggers, and to aid in separating

track related sparks from spurious sparks due to chamber break-

downs. Breakdowns may occur at random times/ usually in regions

of the chambers where there are construction or readout faults.

They may also occur in the beam region, where ions may not be

cleared out efficiently, especially at high beam fluxes. These

problems can be circumvented by grouping several chambers close

together in sets, and having several such sets with gaps of empty

space between them (available for counters), at intervals through-

out the detection volume. Within such a chamber set it is much
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easier to distinguish track related sparks from sparks due to

other causes.

This arrangement suggested the algorithm of looking at each

chamber set independently and trying to find line segments there,

rather than attempting the more general approach of looking at

all the chambers and trying to make line segments by linking

of sparks in one gap with those in all the other gaps. Once a

catalogue of all segments was established within all the chamber

sets, the next step was to try (separately in the front and rear

of the magnet, and separately in the horizontal and vertical

views) to link segments between pairs of chamber sets. The

technique here approaches a minimum chisquare fit, in the limit

of a large number of gaps, and in the limit that the gap separa-

tion is large compared to WSC thickness. We drew a line between

the centers of two segments in our catalogue, and calculated the

sum of the squares of deviations of sparks in the segments about

this line. Using reasonable limits, we then established a new

catalogue of lines (these were now lines front and back of the

magnet/ not lines within chamber sets) ranked according to how

good a "chisquare" the sparks had to the line drawn through

them. Up to four "lines" in each view were found. This essen-

tially completed the job, except that TRAX also used the infor-

mation from the Kl chambers having wires inclined at ±30° to the

vertical to relate the horizontal and vertical coordinates to

a particular track, for lines in front of the magnet. (With

orthogonal readouts." there is an ambiguity as to which horizontal

coordinate goes with which vertical coordinate, when there are



• _ 59 -

two or more tracks through the chambers.) In addition, TRAX set

a variety of error flags for the Executive, identifying the reason

for an event failure.

This program was written in the assembly language of the

6050 EMR computer. It did all integer arithmetic calculations,

and due to the algorithm outlined above was fast enough to be a

useful on-line tool. For example, it took about 200 msec to

search for and completely analyze tracks due to a K decay.

Background triggers, mostly from gamma ray and neutron conver-

sions, were of course handled with greater dispatch, because

they generally did not produce a clean pattern of tracks, and

thus failed early in the program.

When TRAX "found" a line segment, it was still possible

that there were sparks missing in some of the chambers. (As

few as three sparks could comprise a perfectly acceptable line.)

Accordingly, it was possible to find the chamber efficiencies

by counting the number of lines found, and comparing this to the

number of times a particular chamber contributed a spark to a

line. These plots of chamber efficiencies were an important

on-line tool, which enabled us to quickly discover problems in

the operation of the spark chambers.

The remaining task in the analysis, before we could try

fitting the event to various physics hypotheses, was to link up

complete line segments through the magnet, and to calculate the

momenta of the tracks. In the routine ORBIT, extrapolations

were made of the lines from the front and from the rear to the

center of the magnet. If the two extrapolations intersected at

!• ;
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the magnet center line to within a tolerance, an initial estimate

was made of the momentum, and then an attempt was made to calcu-

late the momentum of the particle through the field. A brief

description of the momentum calculation routine follows.

543. Momentum analysis

The geometrical reconstruction identified the measured

coordinates at all the chambers and linked them together as

points on a. particle track. The momentum of the track was then

calculated, in preparation to fitting the tracks to various

possible kinematic hypotheses.

The momentum of a particle which traversed a region of

magnetic field can be obtained from a knowledge of the field and

a measure of the bend in the path of the particle in the field by

p = •fB'dl e - bend angle

p - momentum

B - magnetic field

A good approximation to the numerator can be obtained (for each

track) by expanding the field and the Lorentz force equations

over small step distances and integrating along the length of

the trajectory. The step distance is determined by the grid

size of the measured field map. For example, to keep expan-

sion terms up to quadratic order one would need to choose a

step size to make the field vary no more than quadratically

between measured points. As this method is very slow and required

too much computer memory storage, a more economical method was used.

In this method (Predictor-Corrector) the Lorentz force

equations were integrated analytically in four large (̂ 20") steps
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through the field. For each step, the integration limits

(endpoints of the step) were chosen to correspond to nominal

spark chamber locations. With the integrated force equations,

coordinates and angles at an endpoint were expressed in terms

of- coordinates and angles at the beginning point, and also in

terms of integrals of field components along particular orbit

trajectories.

The integrals were of the form

(y)Bn(x,y,z)dy (1)

where x, y, z, are the coordinate axes to the beam's right,

along the beam, and vertical, respectively. The integral is

the polynomial representation of the field along a given

trajectory defined by x(y), z(y); A are coefficients depending

only on y, and B are chosen polynomials in x and z. One way

this method achieves economy is by avoiding storage of the many

coefficients A at each point in space. Approximating B by a
4 n n

series, E kn^v^Y) then

4 k r 2

(1) becomes Z b* J K (y)f. (y)dy.
k=l y±

 n K

This has the virtue of separating out the integrals which depend

only on y, which are hence independent of particular orbits.

These integrals need only be calculated once, and they contain in

compact form the information resident in the polynomial coeffi-

cients. Instead of saving ^20 of these coefficients along each

step through the field, just one is saved—the integral of the
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coefficients multiplied with known functions fk(y)•

The coefficients in the series representation for B are

the terras in the calculation of (1) which depend on particular

orbits. The functions fk(y) were chosen in advance using the

knowledge of the form of the polynomials B (x,z). Terms in b

were calculated starting with the measured coordinates and slopes

at the beginning of an orbit/ then calculating coordinates at

the endpoint of a step, and finally checking once to correct the

initial quantities. After one iteration, endpoint quantities

were found to have converged sufficiently.

The precision of this predictor-corrector tracking method

was tested by generating orbits of chosen momentum and angle

through the field using the Runge-Cutta integration prescrip-

tion. The orbits were then reconstructed by the predector-

corrector technique, and since the "true" orbits were known the

reconstruction error could then be obtained. The error in momen-

tum was found to be small compared to momentum error due to spark

chamber resolution and multiple scattering. Figure 12 chows Ap

(reconstruction)/a (wsc resolution) for 400 generated events.

The momentum, coordinates, and angles of a particle track at

the production point are parameters in the orbit trace through

the field. Starting with estimates for these parameters, the

orbit is fitted to measured coordinates. Adjustments are made

*-o parameters to minimize the x of the fit. For successfully

'•.'̂ nverged fits, the momentum was then recovered as one of the

final parameters for the orbit.

The efficiencies of the programs will be discussed in

"h ill.
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CHAPTER- III

DATA AND ERROR ANALYSIS

I. Introduction

Most High Energy Physics experiments are hybrids of

several complex systems, hardware and software, linked together

and interacting with each other. There are individual effi-

ciencies for the component systems, and there is an overall

efficiency for the whole system ("spectrometer"), which may

include effects due to the interaction of the parts. To obtain

quantitative information on measured quantities, one must weight

each event which passes the battery of hardware and software

tests with the reciprocal of the probability of its overall

detection efficiency. There are usually a wide variety of items

under the heading of "corrections to the data"; we distinguish

two major categories, corrections derived from the data distri-

butions and corrections derived independent of the data.

Under the first category, we include the following discus-

sions. Section IIA deals with corrections to the beam flux.

Section IIB discusses inefficiencies in- the reconstruction

programs, earlier described in Chapter II. Section IIC deals

with corrections due to kinematic ambiguities, and Section IID

with corrections for backgrounds which may erroneously be

- 64 -
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included in the data. Finally, in Section H E we discuss those

events for which no satisfactory kinematic hypothesis was found.

Under the second category of corrections, Section IIIA

will discuss the geometric acceptance calculation, which used

the Monte Carlo method. Section IIIB discusses calculated

corrections, including such effects as scattering, interactions,

decays, delta rays, and so on. Finally, Section IIIC reviews

overall consistency checks and gives a summary of the normali-

zation uncertainty. In addition, we will discuss the problem

of double counting the corrections in those sections where we

found it to be a significant effect.

II. Corrections Derived from the Data

A. Corrections to the Beam Flux

A beam particle was defined by scintillation and Cerenkov

counters, and by a group of spark chambers, as previously

discussed. It was necessary to reject about 20% of the beam

particles so defined because of certain losses. For example,

1) there was an ambiguous pattern in the momentum hodoscope;

2) there were too few (zero) beam tracks; or 3) too many (two

or more) beam tracks present in the beam spark chamber; 4) a

beam track passed through the apparatus within the resolving

time of the chambers. For cases 1, 3, and 4 above the losses were

random, i.e., the fraction of good events in these categories was,

within the errors, the san;e as that for bona fide beam particles.

For category 2 the loss was not random, and a correction had

to be applied accordingly. For the random losses the fraction
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of observed good events was simply scaled up by the appropriate

factor.

The contamination of the beam due to e and V was measured

using a Cerenkov counter and a correction of ^5% was applied.

Finally, corrections of ^2% were applied for beam particles

which interacted or decayed in the beam line.

B. Program Efficiencies

1. Reconstruction efficiency

The efficiencies of the analysis programs were determined

by "visual" scanning of a limited sample of events, using a

CRT display scope, and by studying the effects of using wider

tolerances in each routine. Empirically determined criteria

were applied to events as the calculation passed from one program

to another. The processing stopped at that point in the analysis

stream where an event failed to meet a given test; events had

to pass all tests in order to be included in the final data

distributions. For each failure category (there were several

for each routine) we were able to examine events in complete

detail and reconstruct the reason for the failure. It was

possible to view a CRT display of an event, and to print out

various measured and calculated quantities for the event. We

then estimated how good a job a particular program was doing in

passing good events and failing bad ones, by relying ultimately

on the judgment of physicists.» Physicists looked at events in

each failure category. Events judged to be legitimate failures

were sorted from those good events which appeared to fail due

to a program error or due to too stringent a tolerance. The
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human eye is much better at pattern recognition for something

like the typical "vee" particle pattern produced by a K°-»-TT ir ~

decay (Figure 11) than is a computer program. Using the visual

display of the events, it was quite easy to distinguish V

particle triggers from other triggers. The programs are designed

to be analytic, that is, to reconstruct tracks out of individual

sparks (see IIB) and they do not use the overall pattern of the

sparks. We believe the scanning to be more reliable and depend

on it for determining the efficiencies of the programs.

For each failure category i we thus determine the fraction

fi of events which ought to have successfully passed the analysis

at this point. We can easily tally up the ratio Ci of failures

in category i to total successes/ and finally sum over all cate-

gories i to obtain the overall correction factor f.due to program

inefficiency:

ST * Se-|=1
fiNi - V ^ V i * " Sef

(S^ = corrected number of total successes, S = uncorrected number

of total successes, N. = number of events in failure category i.)

For example, preparatory to momentum analyzing the particle tracks,

we took the precaution of requiring them to be continuous lines

through the magnetic field. Line segments from the front and

rear of the magnet were extrapolated to the center and required

to meet there within a tolerance. A small fraction of the time

(̂ 2%) this requirement was found to eliminate perfectly good

events. • That these were, in fact, good events was established

by making the association of front-rear line segments on the
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basis of the more complete information, from both the horizontal

and vertical views of the event. The "eye" not only extrapo-

lated the segments to the center of the magnet (a requirement

which is approximate—not all segments meet in the center),

but could judge whether the segments would meet anywhere in

the field, which is an exact requirement. In addition, when

there was more than one track, the typical "vee" particle spark

pattern could easily be recognized. Other failure categories

included: an insufficient number of straight line segments in

the chambers, bad matchup of line segments between two chambers

and so on. Table 3 summarizes the corrections found by scanning.

TABLE 3

PROGRAM INEFFICIENCIES FOUND BY SCANNING

Beam momentum: 3 4 5

TRAX Front 3.3+1.3% > .4±0.9% .8±.5%

TRAX Rear 2.8±1.6 2.3+1.2 1.6+.8

ORBIT 2.7±1.0 2.4±0.8 1.0±.5

FITT 4.3 4.3 4.3

2

4

6

0 ±

.5+

.5+

. 3

.4%

.9

. 3

13.1±2.3% 11.4±1.7% 7.7±1.2% 7.3 \.1%

After decay subtraction and averaging:

4.7±3% 4.7±3% 4.7±3% 4.7±3%

2. Momentum analysis efficiency

The momentum analysis routine (FITT) was the last in the

chain of event reconstruction programs. Events passing FITT went
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on to the next major analysis stage, that is, the fitting of

kinematic variables to various physical hypotheses. This fact

allowed us to improve on the determination of the FITT program

efficiency over that obtained from the scanning technique. Now,

failing events could be passed in FITT by relaxing the FITT

program tolerances, allowing them to be analyzed by the kinematics

routines. This allowed more insight to be gained into the nature

of the failing events than was possible from the geometric con-

siderations of scanning alone.

As we did for the other programs, we first scanned the

events which failed in FITT to determine the fraction of these

which appeared to be good events. One scan was done using the
o

normal FITT x tolerances (see Chapter II, sec. IV.F for FITT

description), and one scan with these tolerances greatly enlarged.

Table 4 summarizes the results. The correction factor obtained
2

for the large x tolerances was negligible (factor of ^35 smaller)
2

compared to that for the normal x values. In other words, nearly
all the events which failed with the normal x were passed with

2 2

the large x values. This assures that if we use the larger x

tolerances, the kinematics routines will be operating on almost all

of the events normally failing in FITT, so that valid (normalized)

comparisons can later be made of the efficiencies found by pro-

grams and by scanning.

Proceeding to the kinematic analysis, and using the large

X events, we calculate the K° effective mass. For the identical

data, but now using the normal x / we again plot the K effective

mass (Figure 13(a)). Subtracting the two distributions gives
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the effective mass of the events which ordinarily fail in FITT

(Figure 13(b)). This distribution shows a clear peak at the K°

mass, with a width that compares well with that found in the

good data. After making background subtractions, we finally

obtain the fraction of the failing events which are kinematically

identified to be good K 's. Table 4(b) summarizes the results.

As a consistency check, we compare the scanning and the

program results. According to scanning, there should be an

8.5%±1.8% correction, approximately independent of momentum,

in the number of total successes. This compares well, within

'the errors with a 9.4±.5% increase in the number of "successful"

events found by the kinematics routines when the large x toler-

ances are used. However, after imposing cuts on effective mass
2

width and subtracting background on the large x events, we find

that the correction obtained by using the programs is 4.3%±.4%.

That is to say, of the ̂ 8.5% events that appear to be good vee par-

ticles by "eye", only about half, or 4.3% turn out to be K°'s or A°'s.

The vee events identified by the scanning but rejected by

the kinematics (a difference in the correction of ^4.2%) are what

populate the background under the K° peak in Figure 13. In general

we have no testable hypothesis as to the physical origin of this

background; however, we can make some definite statements about

physical processes that do not contribute to this background.

For example, we consider the possibility of e e pairs

from Y ray conversions, since our neutral trigger frequently

selects- events with many y's in the final state. By assigning

electron masses to the tracks we are able to calculate the
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e e effective mass for the events having large FITT x • Compar-

ing the resulting distribution (Figure 13b) with a typical e e~

effective mass spectrum (Figure 16(a)) (which we obtained by
2

other means), we see that the large x events do not evince the

typical peak above background at small values of effective mass.

We conclude that e+e~ pairs do not contribute to the background

under the K peak, for the events with large FITT x 's.

Given the measured quantities available, we can know little

else about this background. We note that it is flat, in fact

we estimate the level by extrapolating from either side of the

K° effective mass region in'the distribution of Figure 13a. The

final FITT program efficiency is obtained by subtracting the

background in the region of the K° mass. We assign some system-

atic error in this procedure (±^2.5%) in consideration of the

fact that in principle it is possible that a fraction of the

background events may be actual decays of Tr-̂y vor small angle it

elastic scatters. The systematic error arises from possible

double counting, since corrections for decays and scatters are

applied elsewhere. We conclude that the correction due to

inefficiency of the momentum analysis routine FITT, found by

kinematic analysis of events failing in FITT, is 4.3%±2.5%.

x 2 ,
nominal

large

TABLE 4

(a)
FITT SCANNING

#FITT fails/success V-part./fail.

30,

1.

.4 ±.

,48±.

.7%

.17%

33.8±6.0%

20.0±9.0%

V-part./success

8.5±1.8%

0.3±0.%
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TABLE 4

(b)
PROGRAM RESULTS ON FITT FAILURES

Inc. Momentum Events in K° peak Large x events V-part./succ.

3 440 20 4.5+1. %

6 2651 113 4.3+0.4%

3. Track coalescence

A possible loss or inefficiency may occur when two tracks

from a vertex follow nearly the same trajectory. A spark chamber

cannot resolve two sparks which occur £0.2" apart due to the

magnetostrictive readout technique. Current flowing in adjacent

wires, for example, produces a double humped pulse, digitized

as only one coordinate by the SAC sealer pulse-center-finding

circuit. Two almost collinear tracks, as might result from a

$+K K~ particle decay, would be very inefficiently detected by

the spark chambers; most of the time only one track would be seen,

and it would be difficult to reconstruct the <|> particle event.

We gave the example of the <j>->-K+K~ because its low Q value

(31 Mev) makes almost collinear laboratory K+K~ very likely for

incident beam energies of around 3 - 6 GeV/c.

We investigate this effect for the decay K°->-ir TT~ in the

data by plotting the number of reconstructed K°'s as a function

of the ir ir~ track separation in the front chamber set Kl (see

Figure 14). Comparison with a similar distribution produced by

a Monte'Carlo program can indicate whether such an inefficiency

is present, and allow us to calculate its magnitude. Figure 14
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shows the distribution for the data, and for the Monte Carlo

events, normalized to the same number of events. Figure 15 is

a histogram of the number of K 's as a function of track separa-

tion in the ±30° views in the Kl and K2 chambers. The curve

represents the Monte Carlo results. Within the errors, we see

no inefficiency due to track coalescence for K° decays. The

large Q(220J MeV of the K° decay is responsible for this in large

part; however, we also were aware of this problem early on and

gave special attention to it in the reconstruction routine.

That is to say, whenever two or more tracks were detected in all

chamber sets except the front Kl, we assumed coalescence had

taken place, and remedied the situation by simply using the Kl

coordinates twice in the analysis for that event.

The way that possible coalescence of tracks would mani-

fest itself as an inefficiency in our system, was that such

events would fail in the geometric reconstruction program under

the category of "not enough tracks (̂ 2) in the Kl chamber"

(called category A here for short). We found in fact that fail-

ures in category A were quite frequent—three for every totally

successful event. As a check on the above Monte Carlo result,

and also on the scanning technique as applied to the geometric

reconstruction, we examined failure category A in greater detail.

Prom the scanning, we distinguished three main types of

events in category A. Ninety percent of the time there was no

clear pattern of continuous tracks through the spectrometer, due

probably to interactions of neutrons and also y^ay conversions;

these were classified as legitimate failures. (This type of event
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would have failed in any one of several other categories, and

ended up in category A simply because A was early on in the

routine.) About eight percent of the category A failures

showed a good "vee" particle pattern in the spectrometer, and

upon hand calculation we found that these events had only

slightly exceeded a tolerance; these were the events for which

we had to correct (see Chapter II, IV. E). Finally, 2% of the

time a good "vee" particle spark pattern was present, except

... ...that there was only one track visible in the front chambers.

Here the geometrical configuration could tell us nothing about

what the event was physically—whether it was a K° or A° or

e e~ or p° or any other hypothesized "vee" particle.

We then applied kinematics, trying various hypotheses

and calculating effective mass. Figure 16(a) shows the effec-

tive mass distribution under the assumption that the spectro-

meter tracks were e e~, Figure 17(a) under the assumption that

they were IT IT", and Figure 17 (b) under the assumption that they

were pir . We conclude that these are primarily e e events

coming from the conversion of yrays either in the CM counter or

in one of the Kl chambers (Figure 3). Some of the events do

fall in the K° and A° mass region. After subtracting background

we find .15 ±14% of the failures may be true K°'s and 0 ±3% are

true AO|s. Our conclusion is that the Monte Carlo result—

namely that there was negligible loss of K°'s due to front

coalescence, is verified and also that the scanning is reliable,

since it did not miss a significant number of K°'s.
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C. Kinematic ambiguity

We now turn to corrections arising from kinematic ambigui-

ties in the identification of events. It is possible to misi-

dentify a A°-»-ptr decay as a K ->ir ir decay for certain ranges of

proton and TT momenta, such that when the TT mass is assigned

to the proton track, the calculated effective mass is close to

the K° mass. We calculate the correction as follows:

First we assume the ir ~ masses for the two spectrometer

tracks and calculate the ir ir~ effective mass. For illustration

purposes we use data at 3 GeV/c, shown in Figure 18. Events

within the dotted lines are normally fitted to the K° mass.

We want to find the fraction of these events which in fact are

really A 's, "accidentally" considered to be K°'s due to kinematic

ambiguity. To do this we take those events inside the K° cut,

assign the proton mass to the positive track (and TT" mass to the

negative track), and plot the effective mass distribution in

Figure 19. We see a distinct peak at the A° mass above a back-

ground of true K 's. Three percent of the K 's appear to be

these misidentified A events. That these are mostly events of

the kind ir ~p-*A°K° (A° forward) is further borne out by looking

at the missing mass from the A°. Figure 20 shows the clear

peak in missing mass at the K° mass, as expected for such events.

Not all of the 3% misidentified A°'s which slip in as K°'s

contaminate the data. This is due to the fact that good ir *"p-*-K°A°/

1° events must pass a cut on the missing mass from the K . We

find the proper correction factor by taking the misidentified

events which we now know to be A°'s, purposely consider them
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to be K 's, and plot their missing mass. Only events in this

missing mass distribution which satisfy the usual cuts placed on

good data contaminate the data. Figure 21 shows this plot

(solid line) and also shows for comparison the scaled-down missing

mass distribution from true K events (dotted line). Final

correction factors found in this way are summarized in Table 5

as a function of incident beam momentum.

D. Backgrounds

1. t-dependence

Since we measure -rr it is important to study the behavior

of the background as a function of t. For example, if the back-

ground increased at higher t, the measured g^ distribution would

be inflated there unless a t dependent correction factor was

applied.

We study this correction by plotting the missing mass

distribution for the data as a function of t; Figure 22 is a plot

of missing mass from the K° at incident beam momentum of 3 GeV/c.

The dotted curve is for events at large t(|t|>.2), the solid

curve for events at small t(|t|<.2), and the two histograms are

normalized to have the same number of events in the A° peak.

"• What is relevant to possible t-dependence of the background,

is to compare the size and shape of the background just above the

£° missing mass cut (at about 1.5 - 1.6 GeV ) for the two t regions.

Within the errors it is evident that the distributions show no

t-dependence in the level of background that may slip in under

the A° - Z° peaks. We apply the same analysis to data at incident

beam momentum of 6 GeV/c, with the same results (Figure 23).
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2. Inelastics

Possible sources of the above background events which may

mistakenly be included in the data come from reactions such as

ir~p*K°y , where the Y mass is close to the mass of the L°, or

from reactions like TT ~p-»-KoAoir ° or ir ~p-*K°i:OTro where the A°Tr°

(Z°Tr°) are uncorrelated.

The Y resonances have intrinsic mass widths in addit5.on

to a mass width due to the experimental mass resolution.

Figure 22 shows the enhancements at the E{1385), A (1405) masses,

and also at the A(1520) mass, so clearly these reactions are

present in our data. Such events, in the tail of the 2(1385) -

A(1405) peak especially, may be included within the cut on the

Z° missing mass. Uncorrelated A°TT° and E°ir° events have K°
2

missing mass distributions which start at 1.57 and 1.74 GeV ,

respectively, shown by the two arrows in Figure 22. The exper-

imental resolution smears these values, so that it is also

possible for these events to appear at lower missing masses and

within the cuts. We estimate the shape of the missing mass

distributions for these events by using the data. With our good

estimate of the experimental resolution, we can draw .in the tail

from the £° missing mass peak. Extrapolating by eye, we also

draw in the tail from the Y peak. The difference between these

curves gives the contribution from the A°TT° and Z°it° events.

Figure 24 (a) and (b) shows the three curves. Finally, using

Figure 24, we obtain the following correction factors due to

background contamination in the missing mass: .01% at 3 GeV/c,

and .3% at 6 GeV/c.
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This essentially completes the subject of corrections

determined from the data. For reasons of continuity and clarity,

however, we have allowed some overlap between this subject and

other discussions, e.g., in the section on resolution. Chapter II,

and on corrections independent of the data. Before getting on

to discussing the latter more fully, we mention briefly a feature

of the raw data which posed an interesting puzzle.

E. Hypothesis Failures

We found a component in our data consisting of tracks

passing all the geometric and momentum analysis tests, but which

were not identifiable as K 's or A°'s. This is a consequence

of the fact that we did not attempt to search for more than five

possible kinematic hypotheses. We were, however, able to isolate

out e e pairs in these hypothesis failures as follows:

Figure 25 shows the e e effective mass distribution for

a sample of events which fit no hypothesis. We compare this

with Figure 16(a), previously identified to be due to e e~ pairs,

and conclude that indeed a large fraction of the non-fitting

events are e e pairs. At 3 GeV/c, "v-27% of the non-fitting

events are pairs. As a further check, we find the point of

origin of the pairs by calculating the intersection point of the

two tracks. Figure 26 shows this vertex distribution along the

beam axis, for the "pair" events. Clearly, most of the pairs are

produced in the CM counter; the ratio of events originating inside

the CM counter to those originating in air is 5.5±.8. We expect

this ratio to be 5.2, by comparing the mass of 21" of air with
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that of 1/8" of scintillator—in good agreement with our

result.

We can think of the remaining ^23% of the analyzed events

which do not fit the hypothesis of being K°'s, AOfs, or e e~ pairs,

as events which "fail" the kinematic requirements. As was done

previously for other failure categories, we want to determine the

extent to' which these events are legitimate failures so as to

insure that there is no systematic loss or uncorrected inefficiency

at this point.

In plots of effective mass (Figure 4) it is clear that there

is very little background in the K° effective mass peaks, at all

incident momenta. The applied cuts are generous, and in addition,

a 2-C fit to the K effective mass and to the A (or E°) missing

mass further cleanses these peaks of background contamination.

The non-fitting events (with identified e e pairs subtracted)

have effective masses well outside the cuts used to select KO|s..

No doubt a fraction of these events are K°-*ir ir~ where one of

the pions has decayed before the Kl chamber. Such tracks would

have no problem in any of the reconstruction routines, but would

show up as not fitting any kinematic hypothesis. The corrections

we apply for decays already account for such events. We conclude

that no correction need be applied to the data due to these non-

fitting events and that they are "legitimate kinematic" failures.

III. Corrections Independent of Data

We now turn to the corrections obtained independent of the

data. We will discuss first the geometrical acceptance of the
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spectrometer, which was obtained by means of a Monte Carlo

calculation.

A. Acceptance

In pseudoscalar meson-baryon scattering, an event is

completely characterized by a number of parameters, where only

two of these, s and t, are relevant to the dynamics. We find

the probability that an event will be detected in the apparatus

by picking values for s and t, and then averaging over all other

quantities which specify the event. Using a computer, we gener-

ate many events at given s and t and choose the other parameters

randomly within several distributions which we will describe.

The acceptance at each s and t is then obtained by dividing the

number of events which would have been detected within the

physical boundaries of the apparatus, by the total number of.

events generated. We now give a table listing the kind of

quantities that were averaged over (K), how many numbers were

needed to specify each quantity (N), and the distributions from

which these numbers were randomly chosen (D).

K N D

1. Incident beam angle. 2 A gaussian, with width

10 milliradians.

2. Production point. 3 Uniform within an 8"

long, 2" diameter

cylinder.

3. Azymuthal angle of the 1 Uniform from 0 to 2ir

production plane. radians.
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K N D

4. Decay point of the K° and 1(1) Exponential, using

the recoiling A . the known lifetime

of the K° (A°).

5. Decay angles about the K° 2(2) Uniform from 0 to 2TT

(A°) cm. directions. radians. (Probabil-

ity of proton decay-

ing at Q from A

direction: N(0) =

l+aPcos0; P meas-

ured polarization.)

The above distributions were taken to correspond closely

with those observed in the data. For example, the width of the

distribution in incident beam angle was taken from the observed

angles/ as measured in the spark chambers KO (Figure 3). In

using an isotxopic cm. decay angle distribution for K°-»"ir ir~

we are following the known properties for this decay. For the

A°-»-pTT~ decay, the Monte Carlo calculation used the measured polar-

ization of the A° (Chapter IV) and the known angular distribution

of the proton about the A° spin in the A center of mass.

- Before showing some typical acceptance curves we will point

out some major ingredients and problems in the calculation. The

extent to which the decay products of the K° fall within the phys-

ical boundaries of the apparatus determines the acceptance function

in large part. There is an additional contribution, however, due

to the decay products of the A° (or E°) particle, which must be

carefully considered. This arises from the requirement that no
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charged particle in a successful event may pass through the

5" x 10" x 1/8" veto counter (VC). This requirement is

satisfied by those Monte Carlo events having the KO|s decaying

downstream of VC, and having A decay products which do not

intercept the veto counter.

The proton from the A°-*-prr decay tends to follow the

direction of the A° in the laboratory. At small t this direction

is almost directly forward, so that there is a high chance that

the proton will strike the veto counters. Figure 27 shows

the detection efficiency (independent of what happens in the K°

branch) for the A decay as a function of t. The sharp dip in

this efficiency at small t is due to the prcton intersecting the

veto counters. If we now take into account the effect of the

liquid hydrogen and of the walls of the target vessel and its

wrapping in stopping the protons by energy loss due to ionization,

we notice a significant change. The momentum distribution of

protons from A° decay at, for example, 4 GeV/c is maximum at M20 Mev/c.

An average of .04 gin/cm of hydrogen or other materials must be

traversed by these protons. Except for the high end of the momen-

tum spectrum, the result is that most of the protons are stopped.

Figure 27 shows the A° efficiency, with this ranging taken into

account. The pion contributes to this efficiency also. However,

the pion is not as constrained by kinematics as the proton, and

can decay at almost any lab angle. This results in a relatively

t-independent contribution to the efficiency. A typical result

for the overall Monte Carlo acceptance is shown in Figure 28.

For proper normalization, we used identical criteria to
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select "successful" events in the data and in the Monte Carlo

calculation. This included cuts on the angle and position of

particles in the spectrometer, vertex positions for the vee

particles and other cuts. The same criteria were also applied

to the target empty data, so that this subtraction correction

was also properly normalized. In addition, wherever possible

we used the identical routines to operate on data events as on

Monte Carlo events. Examples of this were in the fringe field

correction applied to tracks, and also in the routine which

tracked particles through the magnet.

B. Double Counting; Dacays and Absorption

We next describe other corrections obtained "independent"

of the data. A difficult task in making corrections to the data

was to guard against correcting for the same effect in several

places. For example, a straighforward application of the correc-

tions due to strong interactions of pions in the material of the

spectrometer, or due to the decay of pions in flight, would make

the assumption that all events in which pions interact or decay

are in fact absent from the data. This of course is not true

as has already been mentioned, because the analysis routines use

finite tolerances in selecting and calculating on events. As a

result some fraction of the interactions and decays will be analyzed

as good events. We determine this fraction by applying the anal-

ysis routines to Monte Carlo generated events.

For pion decays, we obtain the result that about 1/3 of

the pions decaying to p's appear as perfectly good events in the
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data. This fraction is found to be independent of the incident

beam momentum. This can be understood as a geometric effect—

decays which occur upstream of the analyzing magnet or inside the

magnet will fail the event because the decay p's, since they have

lower momenta than the pions, will be considerably bent by the

magnetic field. Their tracks will have kinks to which the re-

construction routines are sensitive. On the other hand, the

muons decaying from pions downstream of the magnet are much less

severely affected by the magnetic field, and less easily dis-

tinguished as decays in the programs.

A rough calculation bears out this interpretation. We take

a typical pion momentum of ^2 GeV/c and consider the longitudinal

laboratory momentum (along the direction of the ir) of the decay

rauon. For decays which occur upstream of the magnet, tracks

differing in momentum by ^3% are bent by the field through angles

which also differ by ^3%. For the typical bend angles of ^270 mr,

this amounts to an ̂ 9 mr difference between the bend angle of a

non-decaying pion and that of a decay muon with momentum differing

by ^3% from the pion. When we include the additional angle dif-

ference due to the decay alone, we estimate that two such tracks

would strike a spark chamber downstream of the magnet at points

separated by nearly an inch. Such differences are easily distin-

guished by the programs. Most decay muons have longitudinal

momentum differing from the pion momentum by more than 3%; the

iiuon momentum as a function of the cm. decay angle is pp » A

cos6 + B, where A * .429 GeV/c and B ~ 1.569 GeV/c (for 2 GeV/c

pions). Hence, decays that occur upstream of the magnet can be
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distinguished from non-decaying pions. For the pion decays

downstream of the magnet, the angle difference between the

tracks is due to the decay alone, with no additional effect

due to the magnetic field. For the maximum cm. muon decay

angle, there is a laboratory angle difference of ^15 mr between

the muon and the pion tracks, corresponding to a .2" difference

in the coordinate of a y and that of a non-decaying pion, as

measured by the spark chambers. Most decays occur at angles

less than this maximum and hence will not be distinguishable

as decays. We use the Monte Carlo result that ^1/3 of the

ir->ii v decays which take place are undetected as such, and included

as good events in the data. This factor does not depend on

momentum of the pions, but rather only on the distribution of

decay points in the spectrometer.

The calculated correction for the decay of pions in the

spectrometer was obtained using the known pion lifetime, and

by averaging over the pion momenta at each incident beam momen-

tum value. Other corrections that were obtained independent of

the data were due to absorption of the beam in the hydrogen

target, absorption of K's in the target and its walls and absorp-

tion of the decay pions in the material of the spectrometer. A

complete accounting of these corrections, along with their uncer-

tainties, is given in Table 5. The overall normalization uncer-

tainty, obtained by adding the uncertainties in Table 5 in

quadrature is *v» 3%. Not all of these errors are independent,

however; we estimate that a more realistic value for the normal-

ization uncertainty is ±10%.



TABLE 5

OVERALL CORRECTION FACTORS

Factor

a
b
a
d
e
f
g
h
i
j
k
1
m
n
o

Overall

Quad,
Sum

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

3 GeV/c

.966+0.

.998±0.

.980+0.

.949±

.950+0.

.977±0.

.981+0.

.982±0.

.982+0.

.956±0.

.932+0.

.976±0.

.751+0.
-950±0.
• 996±
.823+0.

3.9%
10.3%

007
0011
010
_
01
01
002
005
002
004
007
01
003
03
—
070

4 GeV/c

0.948±0.005
0.997+0.001
0.985+0.007
0.962+ -
0.966±0.007
0.977+0.01
0.981±0.002
0.983±0.005
0.982±0.002
0.956±0.004
0.949±0.005
0.978±0.01
0.781±0.003
0.950+0.03
0.999+ -
1.637±0.059

3.6%
9.3%

5 GeV/c

0.956±0.005
0.996±0.001
0.986±0.007
0.963+ -
0.976±0.005
0.977+0.01
0.931±0.002
0.978±0.005
0.981+0.002
0.956+0.004
0.960+0.004
0.978±0.01
0.825+0.003
0.950±0.03
0.999± -
1.533+0.055

3.6%
9.9%

6 GeV/c

0.938+.0.004
0.994+0.001
0.984+0.008
0.964+ -
0.987±0.003
0.977+0.01
0.981+0.002
0.983±0.005
0.981+0.002
0.956+0.004
0.967±0.003
0.979±0.01
0.811+0.003
0.950±0.03
0.998+ -
1.48810.05

3.4%
8.5%

Key to Correction Factors

a = target empty

b = kinematic ambiguity

c = dead time

d = accidental vetos

e = decay of beam ir

f = "slow" beam particle

g = strong alternation of K°

h * trigger hodoscope ineff.

i = scattering of spectrometer ir

j = interactions of spectrometer ir

k = decay of spectrometer ir

1 = delta rays

m * logic config. and beam chr.

n = computer programs

o = tape reading losses

- 103 -
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We briefly mention here a final instance where we explicitly

avoided double counting in the analysis. The correction for pion

decay in flight depends on incident beam momentum, since the

average momentum of the decay pions increases as the incident

beam momentum increases. Figure 29 shows the calculated correc-

tion factor as a function of incident beam momentum. The correc-

tion due to the geometric reconstruction program inefficiency

(obtained by scanning — Section B) is also shown in Figure 29.

Some of the events which had the good vee particle spark pattern,

but whose tracks failed to be reconstructed, failed because a

decay took place (between Kl and K5 only) spoiling the track.

The 7r-»-iJ v decays cannot be distinguished by eye.

In the scanning procedure, we have over-corrected for such

events. We obtain the final value for the reconstruction in

efficiency by subtracting the calculated decay probability from

this correction, (Figure 30) and by averaging over the beam

momenta. This results in the correction factor for reconstruction

program inefficiency given in Table 5.

C. Consistency Checks

We made checks at several stages in the analysis for overall

consistency. To avoid biases in the scanning, for example, the

independent work of several physicists was compared and required

to agree to within the statistical errors. A total of over 3000

events were scanned, covering all the failure categories previously

discussed. To insure the correctness of the rather complicated

Monte Carlo program, two separate and independent calculations
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were done by two workers. Subsequent comparisons at different

stages of the calculation were often found to be useful in the

elimination of errors. An additional check was also possible

since we measured the same reactions in two different experimen-

tal running modes. We calculated the cross sections in each

mode separately, applying corrections to the data that were

appropriate to each mode, and then compared the results, which

should agree.

The data which was collected in the measurement of A°

polarization (Chapter IV) in ir~p->-KoAo, could of course also be

used to measure ^ . The aim in Mode 3 was to trigger on events

likely to have particle tracks in the A° chamber (beam's right)

(Figure 3 ) . Accordingly we desensitized the right half of the

counter hodoscope to prevent triggering on events with final

state charged particles passing to the right of the beam line,

and we removed the veto counter to the right of the beam to

allow A° decay products to enter the recoil chambers without

vetoing the event.

The largest difference in the corrections that were applied

to data taken in the two running modes was in the acceptance

calculation as a function of t. Figures 31 and 32 show the

acceptance for Mode 1 and Mode 3. One might expect that the two

curves would differ only in a scale factor, since at first glance

the difference between the two modes is only in their fiducial

volume. When we scale up the Mode 3 acceptance curve by a factor

of 1.7 (Figure 33)t it does seem to agree with the Mode 1 accep-

tance for t-.4. We expect this to be true at the higher t values
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because these events have the K produced at sizable lab angles,

so that the decay pions are likely to both go either through

the right or left half of the trigger hodoscope. More than just

a scale factor accounts for the difference between the Mode 1

and Mode 3 acceptance, however, because the Mode 3 acceptance is

extremely sensitive to spatial correlations between the K° decay

pions, whereas the Mode 1 acceptance is not. The difference

between the two at smaller t is due to the effect of at least

one decay pion going through the right half of the hodoscope in

the Mode 1 trigger. This occurs more frequently for the small

t than the large t events, as is reflected in the curves in

Figure 33. The comparison of gx in these two modes is a valuable

check to have, since the corrections are different for the two

cases, yet the -?r must be the same. Figure 34 shows the comparison

of -ĵr as obtained from the Mode 3 and Mode 1 running modes. We

believe that the agreement, within the overall errors, is reasonable.

Finally, the reaction K p-*-K°n, also studied with the same

apparatus (in fact concurrently with the IT p-»-K A/E) , provides a

third albeit statistically weaker consistency check. Namely, in

this reaction only the K°-»-ir+Tr~ acceptance applies without const-

rains of hyperon decays. Good agreement was found with other K

charge exchange data independently for both triggering modes.



CHAPTER IV

POLARIZATION MEASUREMENT AND ERROR ANALYSIS

I. Introduction

Previously, we have been concentrating primarily on the

K°'s in the reaction ir ~p-*KoA°/KOZ°. We will now consider the

recoiling hyperon. The produced A° has mainly two decay modes,

p it" and -n ir°. We are able to detect only the charged mode,

constituting 64.5% of the total. The A°'s decay by weak inter-

action, with parity-violation, with the consequence that the

directions of the decay particles are correlated with the

polarization of the A° particle. Hence, we can measure the

polarization of the produced A° by observing the decay. Our

results are shown in Figure 45 and Table 7. For the measure-

ment of the decay we do no momentum analysis of the A decay

products (except for a subsample of events having both p and

ir ~ detected), but use other kinematic constraints to identify

the decay particles. Specifically, we use the fact that in

the laboratory the protons emerge in a cone of angles about

the A° direction, the size of the cone angle depending on the

A° momentum. A set of side spark chambers (see Figure 3)

measures the direction of the decay proton. For the reaction

TT~p*K°Z°, this simple experimental setup did not provide enough

-113 -
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information for sufficiently precise event identification, and

thus polarization was not measured for Z°.

A. Calculation of Polarization

A°*s produced in rr p-»-K A may be polarized only along (or

opposite) the normal to the scattering plane. The angular distri-

bution of the decay protons in the A° cm., about the polarization

axis is given by,

N(cos8) = l+aPcos8

9 -• cm. decay angle

a - weak decay parameter = 0.645 (IV-1)

P - Polarization

Integrating distriubtion IV-1 over 6 we obtain the probability

of having a proton above (U) and below (D) the scattering plane:

e a u+D u v ^ '

The sign convention used for the polarization is as follows:

"up" is defined as the direction of the normal to the scattering

plane irxK°; a positively polarized A decays preferentially

with the decay proton "up".

Only events identified as 1) K°'s, 2) having missing mass

in the A° region, 3) having a track detected in the A° chambers,

and 4) having that track within the allowed A° cone angle, are

binned as "up" and "down" events to be used in the measurement

of polarization. In addition, for a subsample of the A° decays

where both, p and ir~ are detected in the spark chambers, we were

able to do a four-constraint fit to determine the p and it"

momenta. This was used as a consistency check on the alignment
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constraints of the A chambers. (Section III.)

We next discuss the possible sources of error that may

contribute in this method of measuring the polarization.

II. Sources of Error

Sources of error may be divided into three major categories:

A) There may be bad survey and alignment of the spark chambers

(rotation, skewness). B) There may be non-uniform efficiences

in the spark chambers. C) There may be errors in the determin-

ation of the scattering plane.

A. Survey

The precision in the placement of spark chambers was on the

order of ^10 mils, and the alignment of wires with the vertical axis

was to within a milliradian. The relative position of the chambers

was checked by reconstructing irp elastic scattering events, where

the proton was detected in the side chambers. Good agreement

was found with the survey constants. Figure 35 shows the

deviation of measured from predicted angles for elastic scattering

tracks. The peaks at zero indicate correct alignment.

To check for relative rotation or skewness of chambers, we

again make use of elastic scattering events. He plot the angular

deviation of measured from predicted tracks as a function of

position of the tracks in the side chambers. A skewness would be

indicated if the peaks shifted systematically as a function of

position in the chambers. Figure 36 and 37 show no such indica-

tion of skewness.
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B. Non-Uiiform Efficiencies

This effect, if present, would bias the P measurement

since events with the proton "up" or "down" with respect to the

scattering plane would be detected with different efficiencies.

Figure 38 shows a distribution of events across the area of the

chambers (horizontal and vertical). No statistically significant

"holes" in these distributions are evident.

C. Scattering Plane Errors

Polarization is calculated, as mentioned, by finding the

asymmetry in the number of protons up or down with respect to

the scattering plane, with the extra constraint that these protons

lie inside the maximum decay cone angle.

If a systematic error placed the "measured" scattering

plane consistently higher (or lower) than the "true" scattering

plane, the polarization calculation would be affected. We in-

vestigate this by plotting the ratio of the measured proton angle

to the maximum proton angle, for "up" and "down" events separately.

Figure 39 shows distributions of the two ratios for events having

|t|<.25, and Figure 40 for events having |t|>.25. There is no

appreciable shift in the position of the "up" peak relative to

the "down" peak. Such a relative shift would be caused by an

error in the scattering plane determination.

Again elastic scattering events, known to be azymuthally

isotropic, were used to check for biases of this and any other

kind. This way the apparatus was checked to be free of any

effect which would result in spurious polarization.
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III. Overall Check Using Four-Constraint Fit

A. Detection Efficiency

Systematic error could be introduced in the polarization

measurement if the detection efficiency for tracks within the

A° decay cone angle were not uniform. For example, if the effic-

iency were uniform (constant) then for U true "up" events only

cU are detected, and for D true down events only cD are detected.

P = 1 cU-cD = 1 UzE _ p ,1V_3.

expt. a cU+cD a U+D *true u v '

If the detection efficiency was not constant, then of U

true up events only c.U are detected, and of D true down events

only c2D are detected. Then
_ 2 C i u - C

2
D

Pexpt. ~ a c^U+c^D ^ Ptrue (IV-4)

For events in which both the p and ir~ from the A° decay are

detected in the side spark chambers, it is possible to do a four

constraint fit and find all kinematic quantities for all final

state particles. Thus, we can plot the cm. decay angular dis-

tribution of protons about the scattering plane normal. This

distribution (from Expression IV-1) is N = 1+aPcosG. We can see

how well the. actually measured distribution is fit by a straight

line of arbitrary slop (slope here corresponds to polarization,

the quantity to be measured). If there are gross deviations we

can say that the efficiency is not uniform. Figure 41 shows the

data split into two t regions. Figure 42 shows the same com-

parison for the data split into t bins of width .1.

Within the statistical errors, we can draw a straight line

through these distributions. Accordingly, we can conclude that

there are no significant systematic effects on the polarization
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measurement due to detection efficiency.

B. Calibration of Angle Measurements

We can also use the 4-C fit as an overall check as follows.
o

We use the. fit to calculate the angle of the proton from the A
o

decay, and compare it with the angle actually measured in the A

chamber. A systematic error would result in a distribution of these

differences which was not centered at zero. The width of this dis-

tribution is a measure of the resolution in the angle measurement
o

in the A chamber.

Figure 43 shows the deviation of fitted from measured an-

gles, horizontal and vertical, in bins of events per 4 milliradians.

Overall shifts of the peaks of these distributions from zero are

of order *v»4 milliradians. This is very small compared to the average
o

opening angle in the A decay, which is ̂ 50 milliradians, and

would not significantly affect the measured polarization.

It is possible to do a four constraint fit to the reaction
_ o o

IT p •* K A only for those events which have both decay products

of A -*• ptr detected in the A chamber. We have drawn a typical

such event in Figure 3 and can briefly demonstrate this, Of the

21 quantities needed to completely specify the kinematics of the

reaction (3 quantities per particle, 7 particles) we measure 13.

These are— 3 momentum components for the incident and decay pions
o

from the K , and 2 angles for the decay proton and pion from the
o

A . Included as assumptions in the fit are the masses of particles

and the momentum of the target proton. The four equations of

energy-momentum conservation can separately be applied at three
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places, the production point, the decay point of the K , and the
o

decay point of the A . This gives a total of 25 quantities either

measured or calculated, when only 21 are needed for complete kin-

ematic specification, resulting in a four constraint fit.

The constraints manifest themselves as (1) the requirement

that the two decay pions detected in the spectrometer have in-
o

variant mass equal to the K mass, (2) the requirement that the
o

recoiling ("missing") mass be equal to the A mass, and the re-
o _

quirements that the decay particles of A •*• pir have (3) the cor-
o

rect opening angle and (4) be co-planar with the A particle.

Roughly a third of the events used for the A polarization meas-

urement (obtained by the Mode 3 running condition) were of the

kind that a 4-C fit was possible. These events were primarily used

to study the systematic errors. For example, polarization was cal-
' o

culated by means of the cos 0 distribution in the A rest fr;jne

(Figure 41 and 42) rather than the "up" "down" distributions des-

cribed earlier. In addition, the 4-C fit was used to work back-
o

wards to try to find possible shifts in the A chamber alignment

constants. Finally, detailed comparisons were made between sev-

eral distributions for the 4-C events and for the remaining Mode 3

events. We found no evidence for any systematic difference between

the two categories of events, or any systematic error in the meas-

urement technique.
IV. Conclusion

In conclusion, we believe we have considered the possible

sources of systematic error which might affect our polarization'
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measurement. We particularly were interested in investigating

this at values of t greater than 0.8 (Gev/c) ,, where our data

(Figure 45) shows the measured values exceeding 1.0 in absolute
o

value. Our studies using the 4-C fit to the A reaction, of the

instrumental asymmetries using the elastic scattering data, of
o

the possible alignment errors and of dead spots in the A chambers,

all led to the conclusion that the apparatus had no statistically

. significant: non zero asymmetry. Our measured polarization points

which exceeded 1.0 in absolute value could only be explained as

a statistical fluctuation in the measured up-down asymmetry.



CHAPTER V

PRESENTATION OF RESULTS AND DISCUSSION

I. features of the Data

We present the results of our measurements of d o/dt for the

two reactions ir~p-»-KOAo and ir~p-*-K 1° in Table 6 and in Figure 44.

The results of the A° polarization measurement in ir p->-K°A° (the

so called mode 3 data) is presented in Table 7 and Figure 45.

The errors shown are statistical only, and do not include the

systematic errors of ^±10%, arising from the overall normaliza-

tion procedure (Chapter III).

We point out the following common features in our data:

A. Diffraction Peak

The differential cross sections are well represented by

an exponential of the form g^ = ̂ .e for |t|<.4. The slope

parameters b for the forward peaks are given in Table 8. We

note that the Z° cross section falls more rapidly than that of

the A°, but that both reactions show the same general shape.

B. Energy Dependence

In Table 8 and 9, and Figure 46 and 47 we show the energy

dependence of the slope parameter b, and of the integrated

C eddifferential cross section c. . « ) 57 dt where |t I is .9, 1.3,

- 130-
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3. 0 GeV/c

TABLE 6

DIFFERENTIAL CROSS SECTIONS,
IN yb/(GEV/C)2

5.0 GeV/c 6. 0 GeV/c

-t 1

.0125

.0375

.0625

.0875

.1125

.1375

.1625

.1875

.2125

.2375

.275

.325

.375

. 4 5

. 5 5

.65

. 7 5

.0125

.0375

.0625

. 0875

. 1125

.1375

.1625

. 1875

.2125

.2375

.2625

.2875

.3125

. 3375

.425

.475

. 5 5

. 6 5

. 7 5

. 8 5

.95
1.05
1.20

do- (A)/dt

438. ±16.
380. ±16.
301. ±14.
225. ±13.
202. ±14.
171. ±13.
137. ±13.
111. ±12.
101.±12.
112. ±14.
65. 2±8. 1
47. 9±7. 6
48. 3±8. 2
37. 1±5. 6
30.4±5. 7
17. 4±5. 0
34.3±11.

4. 0 GeV/c

368. ±11.
302. ±10.
242. ±8. 8
186. ±7. 6
158. ±7. 1
125. ±6. 4
107. ±6. 1
84. 1±5. 6
78. 6±5. 7
61. 8±5. 3
59. 2±5. 5
43.4±4. 8
45. 1±5. 1
34. 6±4. 6
?Q 1+3 2

23. 7±3. 0
15. 8±2. 6
15. 5±2. 0
14.4±2. 1
9. 9±1. 9

11.3±2. 3
12. 4±2. 6
8. 0±2. 3
6. 6±1. 8

d«r(Z:)/dt

318. ±15.
262. ±14.
211.±13.
161.±12.
110. ±11.
83. 7±10.
73. 3±10.
62. 8±10.
34.4±7. 9
37. 5±8. 6
21.3±4. 9
21.6±5. 3

8. 8±3. 8
10. 5±3. 1
11.7±3. 6
11.4±4. 7
10.7±7. 9

246. ±9. 7
200. ±8. 6
168. ±7. 9
127. ±6. 8
97.4±6. 1
75. 6±5. 5
61.8±5. 1
50. 2±4. 8
40. 5±4. 5
28. 3±3. 9
28.4±4. 1
22. 2±3. 7
16. 6±3. 4
17. 5±3. 5
11. 6±2. 2
10. 4±2. 2
5.4±1.7
5. 3±1.2
9. 6±1. 8
4. 2±1. 3
6.4±1.8
6. 9±2. 0
9. 6±2. 7
7. 1±2. 0

-t1

.0125

.0375

.0625

. 0875

. 1125

. 1375

. 1625

. 1875

.2125

.2375

.2625

. 2875

. 3125

. 3375

. 375

.425

.475

. 55

. 65

. 7 5

. 8 5

.95
1.05
1. 15
1.30
1.50
1.70
1.90

d<r (A)/dt

303. ±11.
247. ±10.
204. ±9.0
165. ±8. 1
143. ±7. 5
103. ±6. 4
94.
71 .
58.
48.
41 .
39.
31.
24.
2 1 .
19.
16.

8.
6.
7.
7.
5.
8.
8.
4.

3±6. 2
5±5. 4
8±5. 0
9±4. 6
8±4. 4
4±4. 3
5±4. 0
8±3. 6
9±2. 5
9±2. 6
1±2. 4
9±1.4
5±1.3
4±1. 5
3±1.6
7±1.5
7±1.9
5±2. 0
4±1.1

1.01±. 62
.82±.71
2. 1±1. 3

d<r{S)/dt
192. ±10.
176. ±9.
129. ±8.
111. ±7.
87.9±6.
70. 1±6.
51.9±5.
41. 8±4.
33.7±4.
24. 0±3.
23. 4±3.
17. 8±3.
10. 6±2.

6. 8±2.
8. 1±1.
6. 9±1.
6. 4±1.
4. 5±1.
4. 0±l.
3. 5±1.

7
2
6
8
1
3
8
4
9
9
5
9
4
9
8
8
1
1
1

1.95±.95
6. 4±1.
3. Oil.
1.4±1.
3. 1±1.

7
3
0
1

. 77±. 61
2. 3±1.
1.6±1.

Momentum
GeV/c

3.
3.
4.
4.
5.
5.
6.
6.

0 (A)
0 (S)
0 (A)
0 (S)
0 (A)
0 (S)
0 (A)
0 (S)

2
3

- f

.0125

. 0375

.0625

.0875

. 1125

. 1375

. 1625

. 1875

.2125

. 2375

.2625

. 2875

.3125

. 3375

. 3625

.3875

.425

.475

. 525

. 575

. 6 5

. 7 5

. 8 5

. 9 5
1.05
1. 15
1.25
1.40
1.60
1.80
2.00

Intercept

476
371
391
279
333
232
261
176

a

. ±14.

. ±13.

. 4± 8. 8
2± 8. 0
0± 8. 6
9± 8.2
8± 6.0
3± 5.3

d<r (A)/dt
245. ±8. 1
200. ±7. 2
150. ±6. 1
133. ±5. 7
99. 1±4. 8
85. 1±4. 4
71.0±4. 0
60. 7±3. 7
51.6±3. 4
41.5±3. 0
29.4±2. 6
27. 8±2. 5
23. 7±2. 3
19. 3±2. 1
14. 3±1.9
15.4±2. 0
11.4±1.2
11.0±l. 3
7. 5±1. 1
8. Oil. 2

6. 41±. 81
2. 67±. 60
3. 90±. 75
4. 81±. 89
2. 82±. 72
2. 91±. 77
3. 10±. 81
1.50±. 45
. 72±. 36
. 35±. 31
. 89±.40

Slope
b

7. 39±. 28
1O..O7±. 40
7.79±. 19
9. 06±. 25
7. 95±. 20
9. 17±. 28
7. 95±. 17
8. 56±. 22

d<r(S)/dt
161. ±7. 3
108. ±5. 9
110. ±5. 8
91.2±5. 2
77. 9±4. 7
58. 4±4. 0
43. 8±3. 5
34. 3±3. 1
24. 2±2. 6
23. 0±2. 5
19. 9±2. 3
15. 3±2. 1
9. 4±1.8

10. 3±1.8
10. 2±1. 8
5.8±1.5
5. 6±1. 0

3. 75±. 91
2. 48±. 77
3. 56±. 92
2.44±. 58
2. 55±. 58
2. 51±. 62
3. 95±. 81
2. 52±. 67
2. 76±. 73
2. 47±. 73
2. 02±. 48
1.46±. 44
1.27±. 45
.26±.27
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TABLE 7

A° POLARIZATION IN ir~p->-KOAO a t 5 GEV/C

- t P AP

0.055 0.045 ±0.84

0.150 0.175 ±0.091

0.250 0.364 ±0.137

0.350 -0.641 ±0.197

0.500 -0.566 ±0.201

0.700 -0.930 ±0.296

0.900 -1.57 ±0.300

1.100 -1.59 ±0.42

1.400 -1.55 ±0.45
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TABLE 8

SLOPES AND INTERCEPTS A AND b IN

FITTING CROSS SECTION WITH A e b t

Energy
(GeV/c)

4' 5a
6.0J
4.5
6!oa

4.5*
4.5J*
6.0.

10 -°b14.0*
6.0*

10.0*14-° c1.9-2.1°
j. • y jZ • x

3.0*.
3.25d

4.of
5.0d

7.Of
8.0

10.7®
15.7®
8.0®

10.7®
15.7®
3.0*
4.0f
5.0f
6.0f
3.Of
4.Of
5.Of
6.0

Reaction
Up-*-)

Ko Ao
K°A°
K*(890)A°
K*(g90)A°
K°Z°
K*(890)
K+Z+
K+Z+
K"*"Z"*"
K+Y*(1385)
K+Y*(1385)
K+Y*(1385)
K°A°
K°Z°
K+Z+
K+Z+
K +Z +

K+Z+
K +Z +

K« An

K°A°
K Z°
K°Z°
K°Z°

K°A°
K°A°
K A°
J-OyO

K°Z°
K Z
K°Z°

318
231
130
92
186
52
564
265
223
97
70
34

500
540
430
360
320
158
117
70

145
103
64
476
391
333
262
371
279
233
176

A

.±12.

.±14.

.±11.

.±14.

.±28.

.±08.

.±26.

.±12.

.±11.

.±12.

.±10.

.±05.
-
_

.±40.

.±40.

.±30.

.±40.

.±50.

.±04.

.±03.

.±02.3

.±04.

.±03.

.±03.

.±14.

.±09.

.±09.

.±06.

.±13.

.±08.

.±08.

.±05.

7
6
2
3
7
2
9
9
10
5
6
5
6
7
6
7
7
8
9
7
7
7
9
9
9
7
7
7
7

10
9
9
8,

b

.3 ±.3

.7 ±.3

.5 +.2

.2 ±.4

.0 ±1.0

.1 ±.2

.7 ±.5

.7 ±.5

.5 ±.5

. ±.5

.2 ±.6

.7 ±.6

.4 ±.5

.5 ±.5

.4 ±.4

.2 ±.4

.6 ±.4

.8 ±.5

.3 ±.6

.17±.23
•85±.18
.97±.19
.16±.32
.38±.24
.69±.24
.39±.28
•79±.19
•95+.20
.95±.17
.07±.4
.06±.25
,17±.28
.56±.22

Crennel et al. Ref. 56

Bashian et al. Ref. 57
cDahl et al. Ref. 41

Pruss et al.
eFoley e t a l .

Ref. 37
Ref. 58

This experiment
- 137 -



TABLE 9

TOTAL PERIPHERAL CROSS SECTIONS Tr~p-*K°AO/Z°

Energy afcot for A° (ub) a t Q t for Z° (yb)

3 a

4a

5a

6a

8b

10.7b

15.7b

78.

58.

41.

36.

22.

15.

9.

aThis experiment

bPoley et al. Ref

96+2.

88+0.

66±0.

48±0.

1

7

1

. 58

79

92

41

44

41.7211.73

35.86+0.73

25.39±0.37

23.59±0.36

16.7

11.0

7.0

- 138 -
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2.0, 2.1 at incident beam momenta 3, 4, 5, and 6 GeV/c respec-

tively. For comparison we also plot data from other hypercharge

exchange reactions, ' ' ' and at other measured energies.

From Figure 46 there appears to be evidence for shrinkage in

tr p-»-K E , but not in 7r~p-*K°A° or 7r~p->K°Z°. The total cross

section can be well represented by o^P^^ for K +S + and K°Z°,

and by c r ^ p ^ 1 for K°A°.

C. Break in ~ at t^.4

At |t|^.4 the differential cross sections have a change

in slope, becoming much less steep. We also note that the

polarization of the A° changes sign at |t| close to .4.

D. No Turnover of g^ at Small t

As t approaches t J the spin flip amplitude f+ must vanish,

since it is not possible to define scattering plane at tm±n'

da _ I - 12 I_ 12= | f + I +1 f ± |

It is possible to infer the relative magnitudes of f and f_ by

looking for turnover in -r̂ . at small t. Our data confirms the

evidence from other hypercharge exchange reactions, namely, that

these reactions are dominated by the spin non-flip amplitude,

since no turnover is present. We compare our data with previous

bubble chamber measurements, which had much lower statistical

precision. Figure 48 shows our data at 4 GeV/c compared with the

measurement of Abramovich et al. at 3.9 GeV/c. Figure 49 shows

our data at 6 GeV/c compared to D. Crennel et al. Both

comparisons show good agreement.
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Pig. 48.—Comparison of 4 Gev/c Data with Abramovich, Ref. 60
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II. I = 1/2 Exchange

The charge independence of strong interactions relates

the cross sections in the three following reactions by the

triangle inequality:

(2)

ir+p->-K+E+ (1)

TT~p-»K+E"* (3)

According to charge independence, the amplitudes (determined

from t-channel exchanges) may be expanded in terms of inter-

mediate states of total isospin. The only possible values of

the i-spin for the exchanges possible in the 3 above reaction

are: I = 1/2, 3/2. Hence,

Amplit (K+E+) = 1/3 T3/2+2/3

Amplit (K°E°) =

Amplit (K E~) =

T3y2
 an<3 T, y2 denote the amplitudes for I = 3/2, I = 1/2 exchange,

respectively. The coefficients are the Clebsch-Gordan coeffi-

cients for the coupling of spins. There is no experimental

evidence for the existence of an I = 3/2 (exotic) meson,

(AJcerlof, Ref. 40) hence, we set T3 .2 = 0» This gives the result

that the cross section for the K°E° reaction should be 1/2 that of

the K 2 reaction. We make this comparison in Figure 50, and

conclude that there is no appreciable I = 3/2 component present.

The absence of the T3/2 amplitude is the justification in

the amplitude analysis for setting the polarization in ir p-*-K°E°

(not measured) equal to the polarization in ir p*K I ,

(Pruss et al., Ref. 37).
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III. Models

As mentioned in Chapter I, there do exist models that can

represent the hypercharge exchange data.

Regge pole models assume that the reactions are
*

dominated by the t-channel exchange of the K (890) and the

K (1420) trajectories, and that these two are approximately

coincident (Exchange Degeneracy, Ref. 63). The cross section

is then expressed as

a --(t)-2
§ £ - f(t)s eff (V-l)

where <*ff is the effective trajectory function for the

combined K (890) and K (1420) poles. Figure 51/ taken from

Reference 64, shows a -_ and includes our data.

The assumption of exchange degeneracy leads to the

predictions that: (1) pairs of reaction related by the reversal

of meson lines, e.g.,

TTN-+KY N - nucleon

KNOTTY Y - hyperon

should have equal differential cross sections. 2) The polariza-

tion is predicted to be zero. In the region 4 - 8 GeV/c,

prediction (1) is violated by a factor of 2. At 14 GeV/c there

is conflicting experimental evidence ' ' ~ on this point, with

the prediction satisfied at 14 GeV/c, but violated by a factor of 2

at 16 GeV/c. The polarization is found to be non zero over the

t-range. In the Regge models the non zero polarization may be

obtained by "weak" exchange degeneracy, which is a relaxation of

the requirements placed on the residues f(t) in V-l. The residues

are not requi:

trajectories.

* **
are not required to be equal for exchange of the K and the K
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Non equality of line reversed reaction may be obtained by
* . **

allowing non-coincident K and K trajectories, with equal

residue factors f(t). This seems unlikely, however.
£"7—"fi ft

There are other models, involving cuts and absorp-

tion. Exchange degeneracy is not assumed here, and the hyper-

charge exchange data is well represented. However, these models

require a large number of parameters to be determined from the

data.

IV. Qualitative Observations

In conclusion, we would like to make some qualitative

observation about the hypercharge exchange (HCEX) reactions,

with reference to elastic scattering processes.

There are certain regularities in HCEX data (Figure 44)

which bear some resemblance to elastic scattering (Figure 52).

Both show sharp exponential falloff of gr, a break, and a flatten-

ing out in •£ at the larger t. For HCEX the break takes place

at t ^.4, while for irp elastic scattering the break is at t ̂ .6.

For irp elastic scattering the slope of the forward peak is

7 - 9 (GeV ) and shows slight energy dependence. For HCEX there

is energy dependence in the K Z channel, but not in the K°A°

and K°E° channels. The HCEX slope parameters are in the range
_2

6 - 9 GeV . The total cross section of the HCEX falls more

rapidly with energy than for the elastic scattering processes.

If °tot'vPlab fcken no!«2-.4 for elastic scattering, while n^l.5-2.5

for HCEX.

There are additional resemblances when we compare the
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polarization data for KCEX and elastic processes. ir~p elastic

polarizations (Figure 53) shows the striking mirror symmetry

about zero. Figure 45 shows a similar symmetry for the HCEX

reactions IT p-»-K £ and TT p-»-K A . In addition, the zero in the

polarization occur at t values where there are breaks in the

differential cross section.

These resemblances are interesting in view of the exten-

sive data currently available over a very wide energy range

for both elastic scattering processes, and hypercharge exchange

processes.
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APPENDIX

AMPLITUDE ANALYSIS

Under the assumption of unbroken SU(3) symmetry and of

K exchange in the t-channel, it is possible to specify the

amplitudes for the following hypercharge exchange reactions:

Reaction Measured Quantity Energy Range

7r~p-»-KOAo P,|£ 5,3-6 GeV/c

f>K oZ° P**,|£ 3-6 GeV/c

For complete specification of the amplitudes, the real and

imaginary parts of the spin flip and spin non-flip amplitudes

must be found for each reaction. Since there is an indeterminate

overall phase, only three numbers are required (in each process).

The measurements above give two quantities for each reaction.

The following describes the method for applying SU(3) symmetry

at the baryon-meson-baryon vertex in the scattering diagram (below),

used to obtain the.remaining two quantities needed for the complete

amplitude analysis.

*See D. R. Rust and C. E. W. Ward (to be published)

••Polarization data taken from Pruss et al. ir p-»-K E , Ref. 37.
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m

y
IT

*

From the assumption that the A,E,K belong in SU(3) octets,

only two types of independent couplings are possible—denoted

by the F and D couplings. SU(3) Clebsch-Gordan (C-G) coeffic-

ients are then used to find the relative coupling strenghts at

the baryon vertex for the A and Z reactions (above).

In general, for the scattering diagram shown the decay at

the vertex v is represented as follows:
>d (baryon)

1 (meson) » ^ Bd"*Bb+Ml t1"2)

b (baryon
8 8The B and M stand for the baryon and meson SU(3) octets,

respectively, and the subscripts stand for the quantum numbers

(Y,l,iz). At the vertex V, the coupling G giving the relative

strength with which two members of the B, octet, (namely the

8 8A and Z) couple to the B, and M. octets is:

G = const. A'B'OD

where: A = a sum over all possible coupling constants,
multiplied by appropriate SU(3) C-G coeffi-
cients .

B = Phase space factor. (1-3)

C = SU(3) symmetry breaking factor.

D = Model dependent barrier factor.

In this application, all factors except A are neglected. For
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the reactions we have measured, then:

where the quantities inside the brackets are the SU(3) C-G

coefficients. These are reducible to products of SU(3) isoscalar

factors and the usual C-G i-spin factors. Referring to the

wallet card, we have for the A and E reactions:

G(A°+pK*) = (-/l0/10gD+v'"272gp)/272 ^ (1-5)

+ i-spin factor
SU(3) isoscalar factors

G(i>pK*) = (-/30/10gD+/6/6gF) 2/2

G(N-N ir.) - (3/2/5gD+l/2gp)

As a definition we set: G(N-*-N+ir) = D+F

hence: gD = 2/5/3D and gp = 2F

This <ilk!2«*± iZ32±I

and setting x = F/D, (x = F/D .) gives, R - G(A)/G(£) =

(3x+l)/(/3(x-l)) (1-7)

The measured quantities ^ and P are expressible in terms

of the spin flip amplitude f+ and the spin non flip amplitude

f~, for each reaction.

at ( A ) " lfA' + | fA !

(1-8)

Rewriting (1-7):

if
(1-7 )
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gives:

f£(A°) = (3x++l)2 | f+ |2+(3x_+l)2 | f" |2

§£<S°) = 3(x -D 2 | f + | 2 +3(x - l ) 2 | f " | 2

d t + (1-9)
| ° ) = 2(3x++l) (3x_+l)lm(f

+*f")

f must vanish at zero scattering angle (since no scattering

plane is then defined), this gives,

(3x++l)
2

dt ( Z >o 3<x
+"

1>

and this ratio is obtainable from our data. Moreover, by using

the relation ^a°)/p^a°) = (3x++l) (3x_+l)/6 (x+-i) (X__i) t x_

can also be obtained from the data. Using our data at 5 GeV/c

incident beam momentum, and also using the polarization data of

Pruss et al. at 5 GeV/c, the following values are obtained:

x + = -2.74*0.17

x_ - +0.491±0.118

|f+|2 » .0283||(Zo)-.C036||(AO)

|fT|2 - .l94||(AO)-.24l|2(ZO)

sin++- - Hs.n\t+\\i

The magnitude and phase of the amplitude obtained by this method

is presented in Figure 54.
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