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ABSTRACT

This thesis contains an account of some of the work
carried out by the authpr whilst at Durham University. The
work has been carried out by the High Energy Nuclesr Physics
Group of the University of Durham in collaboration with similar
groups from_the Universities of Bonn, Nijmegen, Paris, Turin
and Strasbourg.

Bubble Chamber analysis is concentrated on thoese events in
-Which 8t most there is only one neutral particle involved. The
remainder, the NOFIT events,.can often_amduﬂt to a considerable
proportion of the totsal events unless these are analysed they
represent a loss in the total knowledge of the.physicséqﬁ‘the:
interaction. The events, .in aléense,'afe-ﬁf lower qﬁ;lﬁ#y:.

than the nermsl sets of events thet are énaiysqd, sinéeziﬁéu
létter haweundergone the fitting processthiéﬁ feduceé:ﬁhe,:
effects of érrors of measureﬁents‘and also reducés'éﬁbigdﬁties
-of interpretation.

In this thesis events produced by 5 Gev/c positive pions
on protons, in which theke sre two charged secondsry particles
and two or more neutral particles have been selected for analysis.
The problem of ambiguity of identity of the charged secondaries
is discussed st length and 2 successful method has been devised
to divide clearly these two pronged events into those with PJr*
and those with JT* JT'* as the two charged secondaries.

For each of these groups the effects of messuring errors
on the estimated invariant masses is considered in detsil snd
the expected mass resolution in each inverisnt mass combinations

is determined.
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With the resolution of ambiguity and the calculated
precision of mass determination,resonant particle production
is sought. Clear signals corresponding to the production of

£Y+, '7°, £°, A1+ and A2+ are seen. There is some evidence
for the N¥+(1700) resonance.

The consideration of mass resolution is preceded by a

general consideration of the accurscy of the determination of

momentum in the chamber.
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CHAPTER 1

INTRODUCTION

Currently, in preparation for bubble chambeir experiments
at 300 Gev, there is considerable prediction on the kinds of
interactions that will be avsilable for analysis. It is est-
imated that at 150 Gev sbout 5% of interactions will comprise
charged secondarf particles (tb form an elaétic or an inelsstic
event, i.€. L-Constraint FIT channel), sbout 10% will also
include one neutral particle in the final state of known mass
 (neutral pi-meson or neutron and to form an inelastic event,
i.e. l=Constraint (77'°or'n)FIT channel) and where the remgining
85% of events will include two or more neutrsl particles
(i.e. NOFIT channel). Only the 4-C and 1-C (7F or m) FIT
channels (i.e. 15% of the total) will be available for coﬂvent-
ional film analysis.

The problem st 300 Gev is obvious.- To a lesser eifent
the problem is still s serious one at 5 Gev/c. In all the
inelastic reactions that have been considered by Bonn - Durham -
Nijmegen - Paris - Turin (B.D.N.P.T.) collsboration in its
snslysis of intersctions of 5 Gev/c positive pi-mesons in hyd-
rogen about 43% have given 4-C FIT; sbout 35% have given 1-C
( 7°and N ) FIT channels whilst the remaining 22% have fallen
into the NOFIT category. These numbers are averages over
all sizes of interactions {largely two and four pronged events).
In table (1-1) there is a detailed bresk down .of the-topologicalv
cross-sections (4-C FIT; 1-C (7°or n) FIT and NOFIT channels)

for the JF P collisions st sn incident momentum of 5 Gev/c in

WO guicung
QA& JUN1973 >
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Table (1-1) Cross-Sections for the Various Pronged of‘ﬂ’P Reactions
' at 5.0 Gev/c in the B.N.H.B.C. :

+ | no. OF .| CROSS-SECTION | % RATIO
REACTION 7T P 5.0 Gev/c EVENTS fmb) OF EVENTS
TWO PRONGED INTERACTIONS:-
P ot L-C FIT | 13992 5,85 * 0,18 4249
P 7t oar’ 1-C () FIT 3100 1,30 * 0,03 9.5
n 7t ot 1-C{ n)FIT 1700 0.71 % 0.04 502
P’ mr® NOFITx| 8562 3.57 £ 0.40 6.2
n 7' g my’ NOFITx 5286 2.21 ¥ 0,40 16.2
TOTAL | 32640 | 13.64 I 0.1y
FOUR PRONGED INTERACTIONS:-
P 2t L=C FIT 6994 2,76 1 0.04 2744
p 2t o’ 1-C (/) FIT 7300 | 2.88 % 0.04 28,6
n 3 1-C{ N)FIT 2164 0.85 X 0,02 8.5
P AT o7 m,7r° NOFIT 6030 2.39 * 0.17 23.8
n 3w mr’ NOFIT 2976 | 1.18 * 0.17 11.7°
TOTAL 25464 | 10,06 I 0.06
. SIX PRONGED INTERACTIONS:- *
P 3t A 4=C FIT 1055 0.41 ¥ 0.02 30,8
- 0
P3N as T 1-C (77 )FIT 1597 | '0.61 ¥ 0.03 L5+9
n $rtams 1-C(N)FIT 279 0.11 I 0.01 83
P 37"+277'_.m,z7r” NOFIT 378 0.15 ¥ 0.01 11.3
n Yo m,:'r’ NOFIT 14,0 0.05 £ 0,01 | 3.7
TOTAL 3449 1.33 ¥ 0.05
TOTAL OF 2,, and 6 PRONGED
EVENTS 61553 25.03 ¥ 0.09

Where m; grester than O and mp greater than 1
* These are revised in chapter 4.
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the British National Hydrogen Bubble Chémber (B.N.H.B.C.) of
the two, four snd six pronged events (see refp'l,lz and 3
respectively) excluding the strange particle-evenbs. The total

7T*P crods-secpion (obtained by interpolation from éounter
results, see ref.l) is 26360 : 0.01 mb. In ﬁhe case of the
two pronged events ambiguities between the'tﬁo NQFiT channels
hafe been divided betyeen bo;h channels on the baais_of the
lsboratory momentum spectra of the chargedﬁsécondaries (see
ref. 2) as observed in the unambiguous end'ambiguous events
respectively, these are revised in chapter L. If the two
pronged events separstely are considered then about 42% of
ghese fall into the NOFIT categories snd are lost to convent-
ionsl anslysis. This represents a consideraﬁle loss of inform-
ation and in this thesis an attempt is made to exploit the two

pronged NOFIT channels.. It.begins.with an écdount of resolv-

- ing the smbiguous events followed by a discussion of the prec-

ision of measurements in these channels in Chapter 4.

The sim of the work is to show that the multi-neutrsl
particles final atsate events can be snalysed by using the
missing mass technigue. The way in which. this is done is to
predict from the four-pronged events which have been snalysed
in the normal way what is to be expected in ﬂhe two pronged
NOFIT_events. For this purpose, the predictioﬁa that may be
made are given in chapter 5. |

In chapters 6 snd 7 results of the observation of reson-
ances in the two pronged NOFIT channels are described end a check
hes been ﬁadg on these predictions.

General conclusions are given in a short finsl chapter 8.

Precision .of messurement is an important festure of this
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workoe. Because of this it has been of great interest to examine
the basic errors in bubble chamber messurements. The bubble
chamber, devised and developed by Glaser (1952), has been of
great importance in the study of high energy nuclear physics
and elementary particles. The present chambers, when backed
by accurate measuring machineg,are capable of considerable
precision; |

When a chamber is placed in a magnetic field, the curv-
ature of a track can be used to calculate the momentﬁm of a
particle. In the B.N.H.B.C., 1.5 m long, the magnetic field
is 13.5 kilogauss. An accuracy of 1l.4% in momentum can be
" achieved at 5 Gev/c when tracks 100 cm long are measured with
nine points over the track. This accuracy can be determined
from the spread of the measured points about the fitted track
(so called "internal error™) or an expected value can be cal-
culated by knowing the basic accuracy of the measuring machinés,
the length of a track and the geometfy of reconstruction from
the three views (so called "external error"). The external
error is used in subsequent analysis.,such as that of hypotheses
fitting,whereas the internal error is only used as a guide.
It will be worthwhile to consider the validity of error formulae
that are used in programmes such as THRESH and GRIND. For this
purpose, chapters 2 and 3 have described briefly the exposure
st 5§ Gev/c in the B.N.H.B.C. for thé TP collisions followed
by the sources of error in a typicsl bubble chamber whereas

. the multiple scattering and the meassuring error are considered

in some detail.
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CHAPTER 2

GENERAL EXPERIMENTAL CONSIDERATIONS

2. 1 The Exposure

The exposure took place in the beginning of 1965, using
the 02 besm at C.E.R.N., with positive pi-mesons at an incident
momentum of 5.0 Gev/c, directed into the British National
.Hydrogen Bubble Chamber (B.N.H.B.C.). At the end of the expos-
ure, about 150,000 pictures had been obtained. The films have
‘been distributed among the following collaborating laboratories:
Bonn - Durham - Nijmegen - Paris (Ecole Polytechnique) and Turin
for the analysis of two, four and six prong interactions.
Later, the film ﬁf Paris was shared by Strasbourg for four prong
event analysis.

Brief descriptions of the beam and of the chamber are given

in the following two sections.
2. 2 The Beam

The 02 besm (see ref.1) in which 5.0 Gev/c positive pions
were sélectéd by electrostatic separation was reduced ﬁo ébout
12 pions per picture for the exposure. The beam momentum as
defined by the beam line, and confirmed by meésureménts on the
film was (4.985 I 0.006) Gev/c with a momentum bite of 0.15
Gév/c; The contamination of the beém from hadrons'is negiig-
ible and that from muons and electrons (from pion decay) is est-

imated (see ref.2) to be 3%.
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2. 3 The British National Hydrogen Bubble Chamber
(BeNeH.B.C.)

The B.N.H.B.C. (see ref. 3s and 3b) was filled with liquid
hydrogen at a temperature of 27%. Figure (2-1) shows the
B.N.H.B.C. with surrounding magnet. Its volgme is_l50 by 45 by
50 cm3. The chamber was photographed by th;eé‘caméras placed,
l.h-m away from the chamber, on the corners ﬁf an isoégeles tri-
angle, of which the base (= height) is 480 I 0.01 mm. The

observable volume, therefore, wes 300 litres.

2.3.1 .The Operation of the Chamber

An autématic system is used to control thé 6peréiing-cycles
of the expaﬁsion system. The Proton Synchrotron giveé a signal
before the beam arrives; thereafter the expansion cycle starts
from a static pressure Py (in this experiment Py = 6.3 Kilograms
cm'2) which is higher than the vapour pressure’ Py. Then the Pg
‘is'rapidly removed and the pressure in the liquid falls below Py,
passing into the sensitive region and decreasing to the minimum
pressure Pmin st the time t(Pmin)., At this time, the pfessure
is constant and the chamber is sensitive to ingoing and outgoing
particles. The paths of the charged particles appear as a
string of bubbles. These are allowed to grow for 1 or 2 ms
before they are photographed under strong illumination. The
final phase is the recompression cycle, when the-preésure is
roised back to its initial value of the Pg and the chamber is
ready for the next expansion.

However, the expsnsion and the recompression cycles are the
critical parts of the operating system for the following reasons:-

I - if the expansion cycle is not fast enough, the boiling -
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at various surfaces will prevent the Ps from dropping below the
Py and so the liquid will not become sensitive.

IT - 1if the recompression cycle is slow, then so much liquid
will be boiling off that it will tske a long time before all
vapour is returned to the liquid phase.

A typical pressure curve of the operating system is shown
in figure (2-2),

Figure (2-3) shows a four prong interaction és'observed»in_
the B.N.H.B.C. where the bubbles are photographed some l-of'2 ms
after formation. The bubbles are still small but their spparent
size which is determined from their images on the photographic
film corresponds to about 250)um in the chamber. The image on
the film is a diffraction image since the problem of depth of
focus necessitates that the lens apertﬁres are stopped down and
theése reduced apertures produce images which are in fact the

Airy disc images of the bubbles.

2.3.2 The Relstion between Bubble Density snd Particle
Velocity : .

Many experiments (see ref.L) have been made to determine a
relationship between the bubble density (nuhber'éf bubbles pér
cm of track) and the particle velocity (B¢). Experimentally,
the bubble density n is inversely proportional to the particle
velocity squared in the bubble.chamber, i.e.

2 2
neg l/p = no/p- 2.1
Rewriting (B ) as 2 function of momentum P and the mass M of the
particle, then
2
n = noés = ny(1 + M2/P2) : 262

For'large values of momentum n approaches ng which is the mini-
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mum value of the ionisation. Hence the relstive bubble density
(i.e. bubble density referred to the minimum value) is given by:-
| n/ng = 1+ M/P? | 2.3
This is shown in figure (2-4) for pion, kson and proton.
Experimentally,rélative bubble density in excess of about l.4
can be distinguished by eye from the minimum value of 1.0. In
terms of momentum it means thst pions can be distinguished from
protons at momentum below 1.5 Gev/c and pions from kaons ﬁelow

0.8 GeV/Ca

2. 4 The Limitation of Accuracy in a Txpicg;;Chémber

The accuracy of the chsmber is an important feature 6f an
experiment, obviously, since it controls the qverall_precision._
Indirectly it is important in that selection criteria are based
on assumptions about the precision. In-this'seétion the preci-
sion is considered theoretically and later, in chapter 3;_an
| éxperimental check on the accuracy is'described. |

There are many different sources of erfor‘which.cqntfibute
to the oversll inaccuracy of the determination, from-ité track,
of momentum (or curvature) end the spatisl angles of a particle
in the chamber in a known magnetic field. These may be divided
into two groups. Firstly there are the intrinsic errors in the
chamber due to thermal convection, thermal turbulence and mult-
iple (Coulomb) scattering, and secondly there are errors due to
distortion in the optical system, inaccuracy in the strength of
the magnetic field and errors in measurement. The mﬁltiple
scattering and the measuring error are very important and asre

considered in some detail. The other sources are considered

first and described briefly.
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26461 Varistion of Magnetic Field

The magnetic field in the chamber is usually denoted by
its central value (see ref.5) and in the B.N.H.B.C; this is
(13.46 = 0.03) kilogauss. However, the field varies through-
out thé chamber but the variation, which is worst at the edges,
amounts to sbout 5%. Since the field is the saturation value
of the electromagnet, current variations produce'virtually no
fiéld variation. The magnetlc field is accurately mapped and
the deviations from the central value known to about l%.

Hence variations in the paths of a particle due to field varia-

tions may be corrected.

2ol 62 Optical Distortions of the Chamber and Csmera System

By accurate aurveying of the system, it is found (see
ref.6) that the distortions can be represented as a simple
power series. By mesans of that the apparent coordinates (f ’
y ) on the ideal film plane e¢an be written as follows:-

'
X

x(1 + a;x + agy + agxy + a.hx2 + a5y2 + a6(x2 +‘y2)2 Yeos)

y = y(l+ bix + boy + bjxy + bx < 4 bsy + b6(x + y2)R +--»-)2°l+
when the effect of film stretch has been remo@ed. The terms
including a; and bj correspond to distortions in the'Optiaal
system and these are determined from measurements on the film

of the known positions of the fiducial marks (they are shown in

figure (2-5)). Usually terms with i less than 7 are sufficient.

2.4.3 Thermal Convection and Turbulence

These are motions of the liquid arising from the température

differences in the system. The convection gives rise to liquid
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(sand hence bubble velocities) of about 3 cm.sec'l. For a
"growth time of 1L ms for the bubble before photography, the
.bubble will have moved 30‘pm from its original position.

The optical effects of turbulence result from associated
variations in refractive index of the liquid. Thomas (see
ref.7) has estimated the r.m.s. deviation of the apparent move-
ment. of the bubble due to this "twinkling" effect. In 1iduid_
hydrogen he has shown that at distance S cm (from bubble ﬁo
chamber window) where the heat flux is Hg watts em~? ‘the dev-
iation is given by:= |
f7/833/2 pm

E, = 45.6 H 2.5

For example, assuming that S = LO cm and Hy = 10"3 watts cm"z,
then the above expression gives, Et = 27‘pm. Both of these

are small compared to the apparent size of a bubble.

2.4.4 Multiple Scattering

Multiple scattering gives a spurious curvature to a track
even when the magnetic field is zero; In the presencé of a
magnetic field this error in the measured curvature is inter-
preted as an error in the momentums. Similarly there are errors
in the measurement of angles (see ref.8,9 and 10). = The experi-
mental analysis which follows later (in chapter 3) is concerned
almdst entirely with primsry tracks. These are selected be-
cause their momentum is constant and known. Their angles are
not so well defined. Hence, in what follows, the errors on

momentum only are considered.

The relative error in the measured momentum P from the

multiple scattering is given by:-
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dP/P = z,s.o/ (BH Ll/zxol/z) 2.6
The scattering constant (45.0 in hydrogen) represents the basic
quality of the liquid to cause multiple scattering.' It depends
upon the atomic number. (Bc) is the velocity of the particle
and H is the magnetic field in kilogauss. L and x, are the
length of a track and the radiation length of the liquid, both
in cm.

From the above expression, it can be seen that the multiple
scattering becomes important for short tracks ahdmfor low values
of 2 (H and x, are constants).

Now, writing momentum P in terms of the magnetic field and
the radius of curvature (R in ¢m) as follows:- |

P= 0.3 HR Mev/c 2.7

0.3 H/C Mev/c 2.8

where C is the curvature (C = 1/R), then

}dP/PlE{dc/C\ 2.9
Therefore,

{aP/Ply,s. = ldc/Clu.s, = usoo/‘ﬂﬂ_ L1/2xo}/2) - 210

2ely o5 Messuring Error

The source of the messuring error on the film can be seen
from the determination of curvature of the track by three point
location,

Assuming that the track of length L, which is accurately
known, has a sagitta S (both in cm) and that it is measured
symmetrically at three points (see figure (2-6)) then the curv-

ature C is given by:-




I} =Av=xv NV SIXV 4 IHL OL 137IVHVd S
VLLIOVS ‘€ZU=1°3OVHlL 3IHL 3O NOILVYIOT

SINIOd 3F¥HL IHL J0(K*i) aHL (9-2) 914

ﬁx

2P F




-12-
C - 85/L7 cm 2.11

Hence, the relative error in the messured curvature is related
to that in the sagitta by:-
dc/C = dS/s 2.12

But dS = f,( 3/2)1/2, where fl is the r.m.s. érrot made in
measuring a point on a track, the relative error on curvature
is

dc/c = 8r, ( 3/2)1/3/EL2 2.13
where_substitution has been made for S. This calculation
refers to measurements made on a single film. In practice
three stereographic films are measured and from these three-
dimensional reconstruction is made in chamber space. Equation
2.13 will hold approximeately inside the chamber where C is now
the curvature of the track (rather than on the film), provided
L is interpreted as the length in chamber space and fy is ﬂﬁe-
"measuring error in chamber space', Usually about N = 9 points
are used in messurement which leadsto an improvement in accuracy
1/2

given approximately by (N/3) Then the relative error in the

measured curvature due to the measuring error is given by:-

| 1/2 1/2 2 :
(a0/C)y,g= 8 (3/2) "2,/ (/3)* %er?) 2.1
Hence, the relative error in the curvature is given by:- _
(dP/P)M.Ef (dC/C)M.E.= SfIE/Qb.B (2)1/2HL2 2.15

where substitution has been made for C.

In practice the uncertsinties in the three-dimensional
reconstruction of - the track tend to increase the error in the
curvature. It is found that for tracks measured with nine
points that the working value of the measuring error in curv-

ature (or momentum) in chamber space is given by, (CERN kine-
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matics programme, GRIND),

(dP‘/P')M.Eo = (dc/C) = 60) f P/(o 3 HL ) 2,16

M‘EO

where f; and L in cm, P in Mev/c and H in kilogauss.
Rewriting the above expression when f; in um and P in Gev/c

2
(dP/P)y . g. = (dc/c:)M“E - (60)1/2f1P/(3.,0 HL ) 2.17

The total relative error in the curvature (or momentum)
from the multiple scattering and the measuring error can be
written in the form

_ 1/2
(dP/P)y = (dC/C)T = ((dP/P)I%I.S. + (dP/P)l%I.E) /: 2.18

using equations 2.10 snd 2.17.

One can define a momentum Pp when the relative errors
from the multiple scattering and the_measqping error are equél
as follows (usihg equations 2,10 and-2,l7)$- : :_._ _

Pp = 135 L3/2/ ( (60)1/28¢, xi/z) Gev/c 2.19
The total relative error in momentum is not a minimum at Pg,
but below Pp the coulomb term dominates and sbove Pg the error
is dominated by the measuring error.
| ‘Similarly, it can be seen that the track length Lg when

both are equal is given by:-

Lg = ( (60)1/2 £,P 1/2/ 135) 203 om 2.20

Again, the total relative error is not a minimum at Lg,
buﬁ below this length the error is dominsted by measuring error
and above Lp by multiple scattering. For any given value of
momentum P it is possible to calculate a track length LE for a
given fl(,Qand X, are constants). For example in the B.N.H.B.C.
this length Lg is of about 96 cm at P = 5.0 Gev/c, f) = 100 pm,
ﬂ = 1.0 and x, = 1050 cm (liquid hydrogen at 27°K) .
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In figure (2-7) the expected inaccuracies due to Coulomb
scattefing and measuring error are compared for p?iﬁarY»particles
of 5.0 Gev/c in the B.N.H.B.C. For most of the 1engtﬁs |
(L = 100 cm) available in this exposure, measuring error is the
dominating source of inaccuracy (using primary tracks only).

Similarly, in the CERN 2M H(D) BC the critical length
Lg is in excess of sbout 168(152) cm at P = 11.7 Gev/c, f) =
100 pm, B = 1.0 and x, = 1050 (= 764) cm. In the exposures
which are considered later the lengths available are less than

100.0 cm and so the precision is dominated by messuring error.
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CHAPTER 3

THE EXPERIMENTAL DETERMINATION OF CURVATURE ERRORS

In section 2. 4 san outline of sources of error in a bubble:
chamber experiment hss been given, in particular theoretical
estimatés of the megnitudes for the important multipleISCatter-
ing and measuring error have been presented. With the accumul-
ation of dsta from threé experiments in Durham (ﬁhese are, the
5.0 Gev/c r'P in B.N.H.B.C. and 11.7 Gev/c 7T P(d) in CERN
2MH(D)BC) an experimental cﬁeck on accuracy has been possible.

‘The methods and the results are given in the ensuing sections.

3. 1 The Experimental Dats

No specisl attempt has been made to meesure tracks épécif;
ically for the purpose of determining errora'Instead the aCCﬁm_
ulated data on GRIND output tapes hésvbeen"used.'. Thié accummul-
-ated data is the better sample to test since:-

_a)_ it has been measured under ordinary working conditions
b) the track lengths are the normsl ones-availéble, in that -
they have been selected by scanning for interactions.

In the BeN.H.B.C. and the CERN 2MH(D)BC films the maximum .
length of these primary tracks is sbout 100 cm. . From figﬁres
(2-7) and (3-1) it is not expected that the messurements on the
primaeries will be limited in any way by Coulomb scattering.

The only way of making messurements under multiple scattering
limitetién is by selecting secondary tracks whose measured momen-
ta are relatively small. |

The adventage of using primery tracks is that they are of



P,

RELATIVE ERROR ON CURVATURE (OR MOMENTUM) _
o) .

-3 :
o] T T T LB
| 10 50 100 SO0
TRACK LENGTH CM
FIG.(3-I) THE EXPECTED ERROR AS A FUNCTION OF THE

PRIMARY TRACK LENGTH IN THE CERN 2M BC.

d) — LIQUID HYDROGEN
b)—— LIQUID DEUTERIUM




-16-

well determined momentum from the characteristics of the beam
line. The danger of selecting secondary tracks is that they
are selected on their measured momentum rather than their true
(but unknown) momentum.

A summary of the data is given in table (3-1).

.3. 2 A comparison of Expected and Measured Errors as -
Determined in THRESH and GRIND

The CERN programmes THRESH and GRIND have been used to
reconstruct events in chamber space and to determine their
kinematicse. In THRESH the curvature is estimated from the
nine points measured on a track in each view. = From the recon-
spructéd track an "internal errér" on the curvature is eStimated
from the spread of these points sbout the fitted curve by least
squares fitting. In GRIND the "external error" on the curvat-
ure is calculated from equation 2.17 assuming thét measuring
erfor alone is important. The mezsurement is defined to be
gobd-when-the interngl error is less than three tiﬁes'the exter- .
nal.errorr _

Obviously, the asverage value of the internal erfér should be
equal to the average value of the externsl error and it shbuld

ivary with length according to equation 2.18. A comparison of-
:the errors calculated in THRESH and GRIND will form an experl-
mental check on equatlons 2,17 and 2,18,

~ An overall comparison of errors is given in table (3-1)
where the average internal and external errors (columns 9 and
10) for all data are compared. A more detailed check has been
made by dividing primary track lengths into groups in 10 cm

steps. For each group the average internal and externsl error
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has been determined from GRIND output records. In figure
(3-2) the average internsl errors are shown for thée three
sets of the primary data. Through them is drawn the line
corresponding to the average external errors (i.e. a line of
slope = -2, see equation 2.17). In each case it can be seen
that there is a good sgreement between the internsl and the ext-
ernal error.

In table (3-2) the fitted slopes to the internal erfors
(by least squeres fitting) sre given. There is some indica-
tion that the internsal errors do not fall off quite so rapidly

as 8 slope of -2 would imply.

TABLE (3-2)

CHAMBER B.N.H.B.C. |CERN 2M H.B.C.| CERN 2 M D.B.C.
The fitted + + +
.8lopes by -1.76 - 0,04 -1l.64 - 0,03 -1.60 - 0.0y
Least Squares ,

Fitting

Some further evidence for this is given in figure (3-3)s  There
the internal errors and the external errors are difectlyféompared.
fof the 11.7 Gev/c 'ﬂ:P'exposure. Through them is drawn the
iine corresponding to the ratio between the average values of the
internsl error and the external over all the data (Eoi/Eoe); the
dashed line is the expected line and corresponds to the average
internsl error (Eoi) being equal to the avérage external (Ege).
It can be seen that the internsl error is asbout 90% of the ext-
ernal. This means that the internal error is related to the

externsl ss follows:-

E' = t Ee 301
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where t is the slope (égual to about Eqi/Ege). A summary

of the results fbr the three exposures is given in table (3-3)
where the value of t (the fitted slope by léast squares fitting)
of equation 3.1 snd the ratio betweeh'the errors c2lculsted in

THRESH and GRIND are shown.

TABLE (3-3)
CHAMBER B(N.H.B.C. CERN 2M H.E.C, CERN 2M D.B.C.
t 0.92 ¥ 0,03 0.83 ¥ 0,02 0.83 £ 0.03
The Expected value is t = Egi/Ege = 1

As indicsted in section 3. 1 Coulomb scattering is not
axpected to contribute te the oversll sccursacy. This can be
seen also in figure (3-2) where the dashed lines correspending

to the expected multiple scattering contribution are shown.

3. 3 Demonstration of Multiple Scattering Limitation

In figure (3-4) the expected multiple scattering (dashed
line), measuring error (solid line) and the total error (solid

curve) are shown fnr tracks with momentum of 2. 0 Gev/c (1n the

. CERN 2M HBC). From equatlon 4.?0 end figure (3-4) it can be

seen that for lengths in excess nf about 50 cm the accuracy
should be limited by Coulomb scattering. On the other hand,
below this length the accuracy should be limited by messuring
error.

About 370 secondary tracks with a variety of lengths whose

measured values of momentum were in the range (1.6 - 2.4) Gev/c
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were selected from interactions in the CERN2M HBC at an.incident
momentum of 11.7 Gev/c. It is sssumed that these mgagurédf=
values correspond to an average true momentum of 2 Gev/co.
For various intervals of track lengths the average internal
errors were determined. The relative errors on thg'curiéture
are displayed in figure (3=4). |

.The transition from limitation by measuring errors to
limitation by Coulomb errors can be clearly séen, _There.
may be a discrepancy in the appsrent size of thezmﬁitiblé
scattering as displayed by the internsl error. This could
arise from the fitting procedure in THRESH which adJusts the-
curvature. of the fitted circle to a track, unpll the“r.mos.
deviations are a minimum. This process Qili'pend to reduce

the effect of multiple scattering.

30 4 Ap Experimental Check on the MEasuring.Errors-l'

The results in figures (3-2), (3-3) and (3 L) - seem to .
show that errors calculated in THRESH and GRIND are consistent
with one another. This may not be so surpr131ng sinceuxhe,-
expression in GRIND which is used to determinéithe exﬁerpél-.
error contains a parémeter £y (see equaﬁion 2.17)-wn1qh;é§h’be7

adjusted to give consistency. A much better checkJonfaccdfaéyV

_would be afforded by a direct compsrison of the érrbr'célchléﬁed'

~in THRESH with the experimental error determined by_spme:éxperi=

mental means. Working wi th primaries provides thisfpossibility
since they form a monoenergetic sample of known momentum.

Measured niomenta or curvatures can be compared directly with the

known values. From their r.m.s. deviations an error can be

determined experimentally and compared with that estimated error
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by THRESH or that calculated error by GRIND.

The data in table (3-1) was used for this purpose. The
primaries, as before, were divided into groups according to
length. For each group the average internal error was deter-
mined from THRESH. Also for each group the deviations of the
measured curvatures from the average primary curvature were
determined and from these the r.m.s. devisations were- found.

A comparison of both estimates of error is shown in figure
(3-5) for the data from 11l.7 Gev/c 7T+H2. It can be seen
_thaﬁ zero internal error does not correspond to a zero of the
experimentally determined errore The relation betﬁeen the
errors ca2n be seen when their squares are plotted.  It'is
found that the experimentally détermined error D, is related -
to the internal error E; as follows:- | _
IS 3.2
where A = 0.149 * 0,003 pm™' ond S = 1.195 £ 0.022.  This is
shown slso on figure (3-5) as the solid curve. On the whole
phe measured errors are about 28% larger than the expectéd errors
from the programmes THRESH or GRIND. An adjustment to the
programmes would correct this, However, from the expression
3.2 the minimum value of Dy is A(= 0,149 %:0,003) pm™'.  Now .
this minimum is reached with extremely long tracks.oniy and
this result means that the benefit of measuriﬁg long traéks is
not being fully realised. For example, for tracks of 90 cm
length the standard devistion determined above would be, from
figure (3-5), eqﬁal to (0,12 % 0001)}mfl which is twice as
lerge s the value expected from THRESH. or GRIND, for this
length, which is sbout (0.07 % 0..01)}um=l°

The corresponding results for the other two exposures of
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the fitted values of A and S of equation 3,2 are contained in
table (3-4). The standard deviation for the three experiments

is about 20% to 50% larger than the expected value.

TABIE (3-4)

THE VALUES OF A AND S BY LEAST SQUARES FITTING

CHAMBER  De vy By Dc v Ee
A (Pm‘l) S A (pm'l) _ S
B.N.H.B.C| 0.377 % 0.010{1.360 % 0.033{ 0,470 * 0.012|1.220 % 0.030
CERN 2M 1 0.149 Z 0,003{1.195 * 0,021] 0,206 * 0.004|0.957 0,017
|GEEN.2M | 0,358 % 0,010[1.232 * 0,030Jo,a28 2 0,011/0.917 £ 0,024

The Expected values asre A = 0.0 and S = 1.0

3.401 The Origin of A

The intercept A indicates 3 source cf error obher than thsat
appearing in the internal error. It is not due to any random-
ness in the position of bubbles in the track which would arise
from the messuring error, the Coulomb scattering, turbulence or
field variations since these would sppear aslso in the internal
errore.

One possibility is that A srises from the basic property
of THRESH. This programme reconstructs tracks in three dim-
ensional chamber space. To do this it is forced to take the
demagnified image on film, estimate the magnification from the
measurements there and reconstruct in chamber space. For. this
the messurer messures four-fiducial crosses on each of the three-

views and THRESH matches these with their known position on the
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window., - Suppose the fiduciasls sre measured somewhat roughly,
so that in the matching of the crosses the track is, for example,
straightened. In this way no further randomness will be introd-
uced to the measured points but the curvature will be smaller
(in this case) than its expected value.

Hence, the internsl error will be unchanged but the stand-
ard deviation of curvatures will be increased. To test this,
an event with a well messured long primary track was selected
from the records and the measurements of its fiducial merks
were replaced in turn by those of the next 100 measured events.
For these 100 artificisl events the curvature of the same prim-
ary wass determined using the original fiducial merks and then
using the replacement fiducial crosses, The standard deviation
of the varistion between the two determinations was found. It
accounts for about one half of the value of A. No source -has

been found for the remsinder of the error.
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L)
ct
3
[}

3. 5 A Detailad Consideration of the Distribution
Messured Error

So far we have examined average errors on a variety of
track lengths and find that in general the externsal errof as
calculated in GRIND and the internal error as estimated in
THRESH are in reasonable agreement. When these are compared
with errors calculated from r.m.s. devistions of the curvature
of primaries, discrepancies were observed in that GRIND and
THRESH errors underestimate the reasl errors by about 28%. In
this section the distribution of the error on individual tracks
rather than averages is considered,

The measurements on individusl primary tracks have legd to
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the messured estimates of their curvature 3 and their internal
error Ej j. In figure (3-6), for example, the distribution is
shown of the curvature measurements in the 11.7 Gev/c 7T’P
exposure in the CERN 2M HBC. Since the tracks are of different
lengths the values of E; will vary. To obtain one common dist-
ribution the normalised quantities

(Cy - Coy) / By

are plotted where Coi is the weighted average curvsture

NO No
Coy = 2 (Cj/Eij)/// z (l/Eij) 3.3
Jet J=1
where N, is the number of primsries. This distribution
should be Gaussisn with a standard devistion of unity prov-
ided that the internal error is s good estimate of precision.
If internal error really underestimates the true value of
error, for example in the 11.7 Gev/c 7T+P exposure by about

28%, then the standard deviation of the experimental distrib-

ution should be larger than unity by this amount.

This Gaussian (with standard deviation equal to 1) is
drawn on figure (3-6) as the full line on the histogram. |
By inspection it csn be seen that there are discrepancies
between the observed and the normal distributions. There
is an excess of large deviations from the mean value at the
expense of small deviation. This can be summarised in the
standard devistion of the experimental distribution. This
is found to be 1.26 I 0.02 which is significantly different
from the expected value of unity. This and the correspond-
ing results for the other two exposures (and for normalising

"against the external error) are contained in table (3-5).
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TABLE (3-5)

EXPOSURE Standard Deviation Standard Deviation
using Internsl Error | using Externsal Error

5.0 Gev/c 77 P 1.27 % 0.02 1.27 1 0.02
11.7 Gev/c 47*P 1.26 * 0.02 1.13 * 0.02
11.7 Gev/c 373 1.43 X 0.04 1.28 * 0,02

These values of standard devistion confirm the result found
earlier that the internsl error and the external do under-
estimate the true error by sbout 20% to 50%.

It is convenient to display the dsts in an alternative
way.‘ If the distribution of the dats is Gaussian, i.e.
N = K BExp (—(Cj - Coi)%/é Eij)s then a plot of LogoN against
(Cy - Coi)2/EfJ should give 2 straight line graph of slope
equal to - 0.5, In figure (3-7) data is plotted in this way
from the 11.7 Gev/c jf*P‘exposure, The slopes instead of

being equal to-0.5 are typically about .-0.3. The results

are summarised in tsble (3-6) for the three experiments.

The vslues of these slopes can be accounted for if the
errors involved in the experiment are given by equstion 3.2,

2
that is by De- = A° + S

E2. A detailed calculation of

the shape of the expected distribution of (C - Co)/E, if the
true errors are as given above, is presented in the appendix (I).
In summary, after suitable approximation, the slope t in figure

(3-7) should be given by:-

t = - E° /2(A2 + 52 E?) 30l
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where E is the average internal or external errors over all

data. Using the value of E in table (3-1), columns 9 and 10 ,

snd the values of A snd S in table (3-4)j; the expected slopes

(using equation 3.4) and the observed slopes (by least squares

fitting) sre shown in table (3-6) for the three exposures.

The expected slope of the 11l.7 Gev/c 7r+P experiment is drawn

on figure (3-7), solid line, and also compared with the experi-

mental one by least squares fitting, dashed line, on the graph.

TABLE (3-6)

The Expected and Observed Slopes

Using the Internal Error

Using the Externsl Error

Exposure
Expected| Observed Expected Observed
5.0 Gev/c g7 Pl -0.24 {-0.31 I 0.01 | -0.27 -0.28 I 0.01
1107 GeV/CTr‘*P -=0033 -‘0938 :' OoOl ) -'e'olpé ’ -Ool.ps : Q.01
11.7 Gev/cqrtd| -0.22 |-0.24 I 0.01 ~0.27 -0.30 * 0.01

These results further confirm the validity of the error

expression given above(by equation 3.2), that is, internal

and external errors of THRESH and GRIND sre underestimates

of the true error,

3. 6 Conclusions

In the three exposures the meximum length of available

primary tracks is sabout 100 cm.

The messurements on these

primsries are not limited by Coulomb scattering since this

should only appear in excess of about 100 cm.

The transition

from limitation by measuring error to limitation by Coulomb

scattering has been clearly seen by selecting secondary tracks

whose measured momenta are relastively small.
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I Internal, External and Experimental Errors

It was found that, there was good sgreement between
the estimated error in THRESH and the calculated error in
GRIND that is the internal error E; is related to the external
error Ee 33 follows:-
E{ =t Eg
where t which should be unity is found experimentally to be
sbout 0.95. On the other hand, it was found that the error
experimentally determined from the distribution of measured
curvatures of primsries D, is related to the error.returned
by THRESH or GRIND by:-
2 2

D, = A

2 o2
c + S® R

where E is the internsl or the externsl error, A and S are
constants. This means thst both internsal and external error

underestimste the experimental error.
IT - Use of Errors

a - As Reijection Criteria

In THRESH the internal error E; is just used as & guide
to the quality of measurement; in GRIND the externsl error
Ee is calculated and if this is such that Ej is greater than
three times Eg the track is flagged as badly messured. This
current flagging of E; greater than 3 E, is of course not effect-
ed by the underestimation of internal and external errors since

both are underestimgted in the same way.

be In the Fitting of Dats to Kinemsatic Hypotheses

External errors are used in GRIND in fitting hypotheses.
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For particularly long tracks the error used is badly under-
estimated (since we should use D%: = A2 4 g° E-2) and this
will lead to an overestimation of the chi-squared of the fit
and hence to 3 lower probability of the fit. Usually there
is & lower probability limit to the acceptance of a fit and

hence it is possible that some fits will wrongly be rejected.
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CHAPTER 4

RESOLUTION AND PRECISION IN THE TWO-PRONG NOFIT CHANNELS

In chapter 1 it was pointed out that NOFIT interactions
represent s considerable proportion of the events (and hence
of the information) in an éxperiment. At 5 Geﬁ/c it was seen
that in the case of two pronged reactions about L42% of the events,
because they are NQFIT, are normally not available for standard -
analysié. " In this and the subsequent chapters this problem-is
reconsidered and an sttempt is made to extract the physics under-
lyiﬁg the NOFIT interasctions. It begins with.an account of res-
olving the events into the two NQFIT channels snd then a-considy
erstion of the precision of messurements in’thesé channels. In -
chapter 6 and 7 resonasnce production in these chéhnéls'isAexamiﬁéd.

Two pronged events were produced in the exposure of 185K

~pictures to 5 Gev/c, positive pions in the B.N.H.B.C., according

to the following main elastic and inelastic reactions:-

P == P At s 4-C FIT (A)
TP == P gt g0 ; 1-C( JTO)FIT (B)
TP = n g+ ;s 1-C(n)FIT (C)
TP > Pt (mog°) ; NOFIT (D)
7P = n ot 7t (m A°) ; NOFIT (E)

with my greater than zero and mp greater than 1. Strange
particles are produced in only sbout 2% of the interactions and
these are ignored in the following sections.

Experimentally, measured events do not fall unambiguously

into these five éategories (AyooogE)o What is observed in _'



Bl B e it

-30-

the chamber is s primary pion approa,chiﬁg the interaction point
and secondsry charged tracks leaving it. For example, in the
case of reactions (A), (B) and (D) it.is observed that a second-
ary pion and proton leave the interaction, but for interactions
(C) and (E) two secondary pions leave. By accurate measurement
of the momenta oflt@e particles (beam and secondaries) from their
tracks in the chamber_it is possible to determine into which of
the categories above an event shoﬁld be classified. For exsm-
ple; if tﬁe event is descfibed by resction (A) then the follow-

ing sums over the secondery psarticles should be satisfied

' £ 2 ' ' :
P (x) = ?_'_" P; (X) = ? P, % cos ')\1 % cos § Lol
=4 =
2 z‘,
Poly) = 3= Pi(y)= 3 Pi % COS A. % sin @, bo?
1=4 {21 1
P (z) = 2_ Pi(z) = %:' P, % sin ')1 bo3
_ _j.n_’._ - -1=4. _ N L.
2 2
(PO + m02)1/2 = ‘ E (Piz 2)1/2 MP ’ . llrollt

where.Po;and‘Ei_neﬂgr:to the primary andﬂsecondary_moméhna;in

the labOratory system, m_ is the mass of beam and m; refers to

o
the mass of- secondary particles, ')‘1 and 91 are the dip and
azlmuthal angle of the secondary trackse. If the secondary
particles are all charged and provided the event is well meas-
ured then p;, %; and @y are known for every particle involved.
Then there are four simultaneous equations and no- unknowns .

This is known as a 4-C FIT, as in reaction (A).  If there is

one neutral secondsry (unobserved) as in reasctions (B) and (C)

~ then the three values 15, A and B are unknown for the neutral

perticle, Then there are 4 simultaneous equations with three

unknowns. The equations can be reduced to one equation with
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no unknowns. This is s 1-C FIT. For reactions such as (D)
and (E) with at lesst two unseen neutrsls then there are four
equations and six unknowns. Hence the equations can not be
solved and the event is classified as a NOFIT iﬁteraction
Fitting techniques combined with ionisation estimates are
used conventionally to resolve reactions (A), (B) and (C).
In the case of the NOFIT channels, such as reaction (D) or (E),
the fitting techniques hsve obviously not been successful.,
- Reaction (D) can only be distinguished from resaction (E) if
the proton can be recognized by ionisation. . The quality of
'the chamber and the film is such, in this experiment, that pion
'.and proton can be distinguished by eye from each.other ﬁﬁ‘tona
momentum of 1.5 Gev/c in the lsborstory system (see sub-section .
2+3+2 in chapter 2). On the other hand, no track.wh;ch:has a
momentum in excess of l.5 Gev/c can be identified unémbiguously
as a pion or a protone.
By msking use of the ionisation estimate events.can be

classified as follows:-

I - Unambiguous Events

a - If both secondary tracks have momenta below 1.5 Gev/c
they can both be identified and then the event is completely
unambiguous snd it csn be classified into either reaction (D)

or reaction (E).

b - If a track with a momentum less than l.5 Gev/c is

identified as s proton then, even if the other track is unident-
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ifiable by ionisation,baryon conservation demands that it is

due to a pion and the event is classified into reaction (D).

IT - Ambiguous Events

8 - In the case of a track with a momentum less than l.5
Gev/c which is identified as a pion, when the other track is
_ due to a particle with a momentum greater than l.5 Gev/c, there
is no corresponding conservation law which will help to dist-
. inguish between pion and proton smbiguities. The évenp'must

remain ambiguous between reaction (D) and reaction (E).

b - If both secondary tracks have momenta abbve 1.5 Gev/c,
a pion and a proton ambiguity always results and again the
event is ambiguous between both reactions (D) and (E).

A similar discussion could be given for the reaction (B)
and (C} in the 1-C FIT channels. Theé relevant numbers of the
1-C FIT and the NOFIT channels are given in table (4-1) with
the percentage of the ambiguous events in the total number.

In this table only the 1-C (7r°) FIT and the 1-C (n) FIT are
included. The rather rare use of the 1-C ( ?oj FIT, where
'7°decays entiyely into neutral secondary partiples, is ignored

at this stage.

TABLE (4-1) |

1 2 3 b 5 6
No. of Unambiguous | No.of Ambiguous

TOTAL Events Events

CHANNEL g\?;:N'(I?g P ogr* 7t ot | P 7%,_+ﬂ,+ 'F?-acgtéion

1-C FIT & NOFIT| 19660 94,91 2136 | 8033"' 40.8
1;c FIT: (B)+(C)| 6365 3188 . | 85 3092 48.6
NOFIT: (D)+(E) | 13295 | 6303 2051 WLl | 37.2
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he 1 Resolution of the Ambiguous Events

In table (4-1) it csn be seen that about 41% of the total
number of events are ambiguous. The experimental problem is
to resolve the ambiguities between the inelastic reactions, for
example, the ambiguous events between reactions (B) and (C),
1-C FIT chsnnel, or (D) and (E), NOFIT channel, arising from the
insbility to identify tracks with high momentum. For this
purpose several attempts have been made to find a characteristic
of unambiguous events and to use this as a criterion to resolve
the émbiguous.bnes. The ouly method that has been_founsto<bg
successful with these data is to predict.from'the distfibution .:
of messured momenta of identified protoﬁs'(that is momentum léss
than 1.5 Gev/c in the iaboratory system) how many -protons would
have momenta in excess of 1.5 Gev/c. These protons would be
unidentifisble and the events in which they are produced would be

ambiguous, but they should be properly classified as reactions

(BY or (D).

Lelel Momentum Distribution of the Identified Protons
in Channel (D)

The experimental distribution of the momenta of identifiéd
prouons is shown in figure (4-1) for reaction (D), NOFIT channel.
The maximum momentum shown is 1.5 Gev/c which is seen to corres-
pond to the momentum below which pions and protons can be res-
olved by ionisation. The data sre presented again in figure
(4L-2) in a logarithmic plot. The data have further been sub-
divided into events which probably include a ZS++'formed between -
proton'and pion and those which do not (i.e. where the mass of

the [Yﬁnsin the region 1l.12 - 1l.35 Geu). The spectra of the
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momenta of identified protons are not very different if they do
or do not arise from £f+ production, see figure (4-2). Above
s momentum of about O.4 Gev/c it can be Seen that the distribu-
tions fall off approximately as an exponential. In the region
0.6 - 1.3 Gev/c the data have been fitted with a distribution of
the form

| dN = K Exp( - mP) dP LS
where K and m are constants and P is the momentum of.identified'
 protonsin the laboratory system. The fitted value of m is
aﬁbuﬁ 2.4 42 0.03. If the tail is truly exponential then some
fall off in the efficiency of idenﬁification qf protons appears
to'Sét in at about 1.3 Gev/c. However, if the fall off of,thef
tail represents the true spectium then the projection from the _
assumed exponentisl (equation L.5) behsviour will -lead to:aﬁ -
overestimate of protons with mpmenta_aboveil.j;ggy/cl _

The discussion above has concerned the NOFIT reactién (D)
and a similar discussion could be given for the FIT reaction (B).
Mofeover, the NOFIT and FIT channéls can be considered jointly
before fitting. In this case the combined data form the UNFIT
reaction
7P —> P T (my 7r°);UNFIT (F)

with my greater than zero. The fitted value of m of equation 4.5
and the percentage of protons with moments in excess of 1.5 Gev/c
are given in table (4L-2) where all events have been used in which
a proton has been identified for the UNFIT channel firstly and
then for its sub-channels the 1-C ( JT°) FIT and the NOFIT, re-

action (D), channels.
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 TABLE (4,=2) The Percentage of Protons with Momenta above-i.S.Gev/c.

1 2 3 1 b 5 6
CHANNEL SLOPE NUMBER OF EVENTS | RATIO _
' (m) N N1 No=N + N1 | /N %
I-UNFIT: .
ALL EVENTS 2.29% 0,02 | 9401 | 576 10067 547
ouT A'*REGION |2.18% 0.03| 7383 | 478 7861 6.1
IN A**REGION |2.54% 0.06| 2108 | 116 2221, 5,2
II-1-C(7T°)FIT}
_ALL EVENTS 1.92% 0,03 3188 24,8 3436 7.2
OUT A TREGION |1.68% 0.03{ 2728 | 290 3018 9.6
N A" REGION |3.85% 0.18 | 460 4 L6k 059
|1T1-NCFIT (D): Tt ) )
" ALL EVENTS 2,445 0.03'| 6303 | 353 . 6656 5,3
| our. ATREGION |2.45% 0.04 | 4655 | 237 4892 L8
IN- A'REGION {2.382 0.06 | 1648 .| ‘120 1768 - - 6e8- -

Ih table (4L-2) column 3 gives the number of identified protons,

column 4 gives the number of protons in excess of 1.5 Gev/c

‘(estimated from equation 4.5) , Column 5 gives the total.

number of protons and in column 6 the percentage of unident-

ified protons belonging to these channels is given.

These

are the events in the ambiguous category which really belong

to channels (B) or (D).

From table (4=2), column 2, it can be seen that:-

I -

the fitted values of the slope in the 1-C( 7r°) FIT
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channel are different from thst in the NOFIT channel (D) for
the following reasons.
1 -~ The number of secondary particles (seen and unseen

tracks) in the final states is not constant (e.g. three particles

© in the 1-C(71°) FIT and four, or more, particles in the NOFIT.

channel (D). Because of this difference the momentum distribu-
tion to the protons will necessarily be dlfferento
2 - The energy of A*™ in the comes. in the 1-C( 7r ) FIT

is higher than the energy when l§ is produced in the NOFIT

- channel (D) Therefore, the momentum in the laboratory system

of a proton associasted with A** is lower ‘in the 1=c(. or° ) FIT

channel than the momentum in the NOFIT channel (D)-and.this

would lead to a smaller value of slope in the NOFIT ( Z§+f)
channel (D).

II:, for the 1-C( r°) FIT channel, again, the fitted values
of the slope are not identical although the number ‘of the out-

going particles in the final state is constant. The £f+

géﬁeral, is producéd in the backward direction'in the c.m.s. so

that maximum proton momentum in the laborsatory System will occur
for the proton emitted backwards from the A™* relative to its
CeMesSe. direction. The higher the c.m.s. momentum of A'*, the
lower is the proton laboratory momentum. In the FIT reaction

a A has energ& of 1.84 Gev in the ce.m.s. for 5 Gev/c zr*P
collisions. This means that the maximum moméntum in the laboraA
tor& system of the forward proton assoéiated with Af* is 1.32
Gev/c.e:

IIT - in the case of the NOFIT channel (D), it can be seen

- that the fitted values of the slope are identical.



-37=
In columns 4 and 6 of table (h-é) for the all events of
the NOFIT channel (D) it can be seen that there are less than
353 events (i.e. sbout 5.3%) of tyﬁe (D) which are contained in
the amhiguous groﬁp of reactions (D)/(E). Consequently, all
but approximately 353 events of the ambiguous group must belong
to reaction (E) and so without much loss of accuracy all ambig-
uous events can be grouped ss channel (E). Then the situation
is that identified events in reasction (D) comprise 94 .7% of this
reaction. Events tsken as reaction (E) will'coﬁprise all such
unambiguous and ambiguous events and will cqhtéiﬁ no more than
a small admixture (sbout L4.8%) of channel (D). Despite the |
ambiguities it would appear that quite pure samples of reactions
(D) and (E) can be obtained.

Acceptlng this method of separatlon then the numbers 1n
table (4-1), NOFIT chsgnnel only, (columns 3, 4 and 5) have been
revised and are shown in table (4=3) together with the cross-
_section for the processes, It should be noted that:ﬁhéée cross-
.sections are somewhat different from ﬁhoqé published pfé;iéusly by

- thé.collaboration (see ref.l).

‘TABLE (}~3) The Revised Numbers and the Cross-Sectlon of
i the Two Pronged NOFIT channels,
1 2 3 & 5 | -6
: . No. of Events and the Cross-Sections
Total Noo. —
CHANNEL of Events np grtn : w1t ogrtn
, N O (mb) N o (mb)
NOFIT: (D) 6303 6303 2.63 0,03 - -
NOFIT: (E) 6992 353 0.15 20.01 | 6619 2.77 = 0.03
NOFIT: TOTAL| 13295 6656 | 2.78 20.03 | 6619 | 2.77 * 0,03
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In table (4-3) columns 3 snd 5 give the numbers of each type

mP M gnd " FTY AT " and columns 4 and 6 show the cross-

sections. These correspond to a microbarn equivalent of

1 0.418 % 0.003 pb/event.

In figure (4-2) it was seen that the spectra of identified
proton momenta in the NOFIT reaction (D) are identical whether
or not a A" is produced. This mesns that events containing
AT production are subject to the same problem of pfbtdﬁ_ am-
biguity. Hence, if all ambiguous events are classified as re-
actionl(E)Ithen a calculable number of these have rééultéd'from
AN eveﬁts in reéétion (D). Anticipating resultélprésented
later O'* is produced in sbout 26% of tﬁe NOFIT channel (D)
events. Hence, the number of A'" events from reaction (D)
which have been wrongly classified in reaction (E) is expected
to be_26% of the misclassified events with proton moments in
excess of l.5 Gev. For the 353 events discussed;above'theﬁ:
sbout 92 A'* events are expected to be. wrongly classifie& in
the ambiguous groups. This can be used as é check oﬁ the mis-
classification. For this purpose, 3ll events ambiguous between
reactions (D) and (E) have been reinterpreted in figure (4-3) as
resction (D). Therelthe inveriant " P T'1 mass is plotted.
The number of events above the hand-drawn backgEQQnd-in’the'région
of A** (1,12 - 1.35) Gev is sbout 100 ¥ 12 events. This number
ofu £f+ events is consistant with the number expected from the
misclassification of about 353 events of reaction (D) and confirms
the general correctness of this method of the resolution of am-

biguities.
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FIG.(4-3) THE INVARIANT (Pg+) MASS IN THE #+P COLLISION AT 5 GEV/C
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Le 2 Magss Resolution in the NOFIT Channels

In two pronged interactions the number of visible tracks
" is so small (two tracks) thet missing and invarisnt masses and
their errors involve almost identical variables; For example,
in the lgboratory system a two pronged NOFIT event is shown in
figure (L4-L) with the appropriste measured variébles. The
neutral particles, of which théré must be at least two, form
the;missing mass (MM) as follows:-

| 8 - 'in the NOFIT channel (D) the m1331ng mass is at 1east
'two neutral plons, see figure (4-4)a.

b - in the case of the NOFIT channel (D) the missing mass
will be a neutron and st least one neutral pion, see_f1gure
(b )b N

However, the missing mass is given in terms of the missing

energy ME and missing momentum MP by ‘-

me - ME° . MP b
which in tarn is a function of the measured variables
2 : .
MM =F(Mi’ Pi’ )i’ 91)’ i = 1’2"3 L7

the varisbles are the particle masses M;, their momenta Pi’ the

dip and azimuthal angles 'Xi_and é; and i runs over the primary
and the two secondary particles. The error on the missing mass
is given by:-

(AMM)2 = ( ®F/ ‘opl)?‘ d®P*. .+ ( BF/ 2M)° 42 ’A1+.....+
+ (2F/ 93)2 d293 | Le8

The invariant mass (IM) combination for the two visible se¢ond-

aries is

IM2=F( My, Pgi':‘Ai’ 6.) i= 2,3 © he9

1



FIG. (4~4) DIAGRAMMATIC REPRESENTATION OF A TYPICAL TWO
PRONGED NOFIT EVENT IN THE LABORATORY SYSTEM.

T (+): (My,P2,A2,62)

PION(+): (M,P; 7, 8)) NEUTRAL PARTICLES, UNSEEN

BEAM: ﬁ)} ----------

TARGET :PROTON Ty (+): (M3 ,P3,A3,63)

a. IN THE NOFIT CHANNEL (D)

ot (Mhpz ,Az ,92)

ﬂ":(M|,P|,A|,0|) MM;: 3 M2 n° M3 2

P:(M3,P3,7\3,93)

b. IN THE NOFIT CHANNEL (E)

at (Ml .pz ,A2,92)

a*+: (M],P,A,6))

e

P MM210*2M|ﬂ°,M|)|

n* (M|,P3 313103)
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~ and the error by

(AIM? = (>F/ )P2)2 a? Py +o0 + (DF/ )'93)2012 €5 4.10

'Expression 4.10 has six terms comprising the error. The same

six terms together with a further three form the error expreésion
L.8. This means that the error on inveriant msss is smaller
than the error on the missing mass.

It is difficult to appreciate the simultaneous effect of
all these variables on the error. Instead, o consideration
of errors calculated in GRIND and subsequent programmes give a
good guide to mass resolution in the NOFIT channels. These

éré:summarised in the next two sections.

‘e 3 The P JIT Channel (D)

The invsrisnt mass combinations of interest are the missing

mass (MMy) ond the invsriant combinstions (P, 77*), (P,MMy) and
( 7r+1 M ).

} Le3.1 The Misgsing Mass (MM;) -

In figure (h-s) the error on the missing mass .(as éélculétedg

by GRIND etc) is displayed. It is shown for all events which

include "P AT *", channel (F), firstly and then for its sub=

- channels the 1-C ( 7T°)FIT and the NOFIT channel,.reactions (B)
.Léhd-(D). From the figure it can be seen that the error is.}ei— '

V'atively dependent on the mass.

1 - For the UNFIT channel (F) the error on the d etermination

of missing mass decreases with the mass. For example, for

missing mass in excess of 1 Gev the error is-less thon 40 Mev.

Below 1 Gev the error rises, and for missing mass in the region of
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one neutral pion the error on the mass is as lafge as 200 Mev.
2 - Events in the UNFIT channel (F) subsequently form |
1-C ( 97r°%) events and NOFIT events. These are shown, also
in figure (4-5). As might have been expected it is the events

with the larger error on the missing mass that are pulled into

the FIT channel, The events remaining in the NOFIT channel

. are, on average, more precisely determined.

'3 - Since events with missing mass up to 1 Gev. are puiled“

into-the FIT channel then the possibility ékists that the.signarj'

of. a resonant missing mass exsmined in the NOFIT channel below

1 Gev mlght be serlously distorted by the f1tt1ng process.»

For example, it is expected that the missing mass spectfum corr-:
espotiding to the all neutral decay of the 7° - mesoﬁ:mey be
distefted.- To avoid this possibility of distortion if it exists,

in--the- subsequent analy81s, the missing-mass - spectrum—to the UNFIT

chennel (F) (rather than NOFIT) could be used. A more detailed

consideration will be given in chapter 7.
The expected full width at half height (. f}), by assumlng

a normal distribution, is given by (for a resonance):«

[7 = [%f + f;2)1/2' bell

whe're f;l is the natural full width of resonant signal and

[;-refers to the experimental full width which is given'by'

[e = 2B (2Loge 2)1/2 = 2.355 E Lel2

where E is the measured error. Now, in the‘7° - meson region

the .error on the missing mass is sbout E = 60 Mev. Consequently,
the ‘7° signal (mass = 549 Mev) should appear as a broad.Gaussian

distribution with a full width at half height ( [7) of sbout 140 -

‘Mev becsuse the natursl full width ( /) of the 70 - meson is
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about 2.63 Kev. On the other_hand; the f° - meson (mass =

1260 Mev) decaying to two neutral pions will be subject in the

.missing mass to an error'of abouf E = 30 Mev, This will only

slightly alter the natural width of the f° signal ( [7 = 150 I

25 Mev) and it should appesr as a Breit-Wigner signal with /?

“of about 180 Mev, where the expected full width at half height

(by using s Breit-Wigner signal) is given by:- : o
/"' /3 +E o 43

L.3:2 - The Inveriant ( P, JT') Mass Combinatiqh _.

N

" Similar discussion to that for missing mass can be presented
here for the invariant (P, 7T"), (P, MM}) and (7T- ) MMl)@rhere
MMl contains two neutral plons at leasﬁ) mass comblnatlons by ref- '
erence to figures (476), (4=7) and (4L-8) respectively. The
resonant signals expected sre_in_general not affected by. the
fiﬁting process (ss was the csse with missing mass).; However,
the NOFIT channel (D) rather than UNFIT channel (F) is preferred
for use in the eubseduent analysis of fhe'{hvariant mees séeetfa'
beeause-t'he combinations from the 1-C (7r°) FIT will give A++,
A and € signals in the UNFIT channel in the invariantw
(P, Th), (P;7T°) snd (7T, 71°) mass spectra respectively.

As can be seen from figure (h-é) the error in the regien
of the A" (mass = 1236 Mev) is so smsll (E = 10 Mev) that
phe A should appear a3 a Breit Wigner signsal with virtuailf

no broadening in the (P,7T+) events.

Le3.3 The Invariant (P,MM;) Mass Combination

Again, the NOFIT: channel (D) will be used and in the reglon
zlof Nx+(1700), see ref.2,.decaying to P 7T 7T s the: error on the
(P, MMi) combination is about E = 4O Mev, see figure (4=7).
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This will slter the natural width of the N**(1700), /n = 66 %
26 Mev (see ref.2) and it should appear as a Breit-Wigner

signal with /; = 115 Mev, A more detsiled account on the Na+(1700)

will be given in chapters 6 and 7.

Le3elh The Invariant ( 1%, MM;) Mass Combination
1

Finally, the NOFIT events, chamnnel (D), will be used in
the subsequent analfsis of the (71", MM;) mass spectrum. For
.example, in the region of the K2+- meson, decaying to wt roar©
via @' o O, the efror in its region (mass = 1300 Mev)
is about E = 25 Mev, see figure (4-8), on the (Ir%, MMy) comb-
ination. The natursl width of the A" ( /5 = 92 .28 Mév)
(see ref.3) will be slightly sltered and the A2+ should appesr as

a Breit=Wigner signal with /? = 120 Mev.

he L The--7T+ JT* Channel (E)

To_distinguish'the two charged pions in thé final ;tate of
channel (E) rewrite the resaction as follows
7* P-n s y*f (my 77°) ; NOFIT (E)
with my greater than zero, where s and f fefer to the 510w and )
the fast pions ss seen in the laboratory system. Moreover,
the FIT and the NOFIT channels (C) and [E) cen be considered
jointly before fitting and the combined aata from the UNFIT fe_
actions
gv* P=> n 7's 7*; (mg JT°) ; UNFIT (G)
with m, equal or greater than 0. Again, the invariant mass

combinations of interest are the missing mass (MMp) and the

invariant combinstions ( J1%g, 7T+f )s (7T+f,MM2) and (7T's y MV ) o
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Lehel  The Missing Mass (MM))

Figure (L;9) shows the error on the missing mass (ss calcul=-
ated by GRIND etc) firstly for all events which include "7T*3 7T+f“
channel (G), and then for its sub-channels the 1-C(n) FIT and
the NOFIT chsnnel (E)s Their characteristics are similar to -
those of‘reaction (D). A detailed discussion of this figure is
not given since, as will be seen later, there is no significant

resonant signsl in the NOFIT channel (E).

‘Lekhe? The Invariant (7T+s, 7T+f) and ( JT}, MM ) Mass
Combinations

In the NOFIT chsnnel (BY and for the invariant (‘ﬂﬁs, fﬂ#f)
snd ( 7T"¢, MMy) mass combinations the resonant signals expected
are in general not affected by the fitting process by reference
to figures (4-10) snd (4=11) respectively. However, the NOFIT
channel (E) rether than the UNFIT channel (G) will be used in.
the subsequent anslysis of the above invariant mass distributionsA
because the combination from the 1-C(n)FIT will give:signals in the
UNFIT channel (G) in the invariant (77"s, 77%f¢) and ('J_'l"'f,..n')- |
mass Speétrao | : l

Now, in the subseguent snalysis of these two mass speétra,
as will be seen in chapter 6, there are no significant reggnaht"

signals in the ( 77%g, 7f+f) and ( 77%¢, MMp) mass'syétéﬁS:ffji o

Lelhe3 The Invariant (jT*s, MM>) Mass Combination

Again, the NOFIT channel is preferred for use in the
subsequent analysis of the (JT*S, MMy ) mass distribution since

otherwise the UNFIT channel will give signal in the (91*g, n)
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vcombination from 1-C (n)FIT. Figure (4-12) shows the error

on the (7r*y, MMy) mass combination . Now, if N**(1700)

(see ref. 2) exists it should be menifest in the (7T's, MM, )

mass distribution. For the (71*as, MMp) mass combination in the
region of N°T(1700), decaying to n T s 7WD, the error is about

E = 20 Mev, see figure (4-12). This will only slightly alter

the natural width., The N**(1700) should appesr as a Breit-Wigner
signal with a full width at half height of about 80 Mev.

Le 5 Check on the Estimastés of Errors

As stated earlier (in asections 4. 3 ond ke 4) the errors on
the missing messes and the errors on the invariant mass combin-
ations , displayed in figures (4-6) to (4-12), are those calcul-
sted by GRIND and similar progrsmmes and hotvby épy difectuméphod;_
That these errors are adequate estimates céh;bé.sééh'by'é'qompar-
ison of the errors on the missing masses with thé widtﬁ 6f the
neutral pion (JT°) pesk and the neutron (n) peak in‘the”FIT
data of reactions (B) and (C) shown in the missing méss-or the
missing mass squsred spectra.

From figure (4-5) it can be seen that the error in the
region of the neutral pion is sbout E = 200 Mev and this corre-
sponds to & full width at half height of [ = 470 Mev. In
figure (4-13) the missing mass spectrum is shown for those events
which subsequently give a 1-C (7T°)fito It can be seen that the
width at helf height /? is in asgreement with that expected sbove.
The maximum of the distribution, figure (4L-13), can be seen to
be:displaced from the 77° mass (mass = 135 Mev) to sbout 200 Mev.
In fact in the missing mass sousred distribution, figure (4-14),

the peak is approximately Gaussian and correctly placed at
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FIG. (4-13) THE MISSING MASS SPECTRUM FOR
THE |-c («°) FIT EVENTS AT 5 GEV/C.
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0.018% 0,001 Gevzo The displacement arises from the distor-
tion in going from missing mass squared (MM?) to missing mass.
(MMi). In the missing mass distribution it can be shown that

the maximum occurs at MM1 when

e - /2 s (MM 4 20-)1/2/2 L4
where O~ is the standard deviation _of the missing mass squared
distribution and MMO2 is the mean value which should be eeual'

to the 7T° - mass squared. In the present case the standerd

deviation squared is much greater than MMolP and theh

wy? - w2 =/} Lel5
Substituting MM, =(0.018)1/2 Gev and @& = 0;06'0, * 0,001 Gev2
in the equation 4.15 then the pesk occurs st MMy = 210 Mev.

Only when (MMb%/U') is large the missing mass and missing mass
squared peaks coincide a8 shown in figure (h-lsy;
'_ Thls effect is most pronounced for small missing masses,._
So that no distortion is expected, for example, at mlssing
masses in the %° region in the channel (F) or at the-neutron
region in the 717 7% channel (C). -

Similarly, in the case of the channel (C), the error. on ,e
the missing mass, see figure (4=9), at the neutron mass. region
(mass = 940 Mev) is about E = 120 Mev and leads to a full
width at half height of f; = 280 Mev. Again, this corres-
ponds in figure (4-15) to the observed width of the ﬁeuﬁron
pesk in the missing mass spectrum to 777 7T+ events'which
'subsequently give the 1-C(n) FIT.

This agreement gives confidence in the errors which have
been displayed in the earlier figures. Consequently, it also

gives confidence in the consideration of the mass resolutions
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to be expected in the NOFIT channels and in the exﬁected widths - -

of resonance mass signsls,
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CHAPTER

ESTIMATION OF RESONANCE PRODUCTION IN THE TWO PRONGED
NOFIT CHANNELS '

The selection of events and the resolution of the two

pronged NOFIT channels

JTVP — P T MMy )

TP Ty M, (B
have already been discussed in chapter 4. The missing massés
MMl snd MM2 asre composed of two neutral secondary pérticies.at
least. For example, in channel (D) the missing mass should
be two neutral pions at lesst, in the case of the channel (E)
it will be & neutron and at least one neutral pion.:

" In the case where the missing mass is-madéﬁfféh&twowneﬁ%ral
secondaries, for example two rieutral pions in féaqtipn'(D);~it
is possible to make estimstes of crbss-seqéions for variﬁus o
'physical processes from‘the reaction's equivalent h+C FiT o
channel where the neutrsl secondaries arejreplaced bf éhafgéd
secondary partiéles_(i.e. the four pronged.chénnel): Simiiséiy;'
when the missing mass is composed of three neutral papticlesil"
then cross-sections in the sbove two channels can be deﬁerminéd
_ from the equivalent four pronged l-C'( Ir°) FIT and 1-C (n) FIT
channels.

In the 7T'P collisions at 5 Gev/c, the cross-seétion for
four pronged final states (see ref.l) have already been determ-
ined, see table (5-1), and of which the 4-C FIT and the 1-C(77°)
FIT hsve been anslysed in detsil, (see ref. 1, 2, 3, 4, 5, 6 and
7). |
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TABLE (5-1)

FINAL STATE No. OF CROSS-SECTION
EVENTS (mb)
4-C FIT: PIITIT 6991, 2.76 £ 0.04
1-C( IT)FIT: PJTJTJT . 7300 2.88 X 0.04
_C(n)FIT: rlTrJTJT'JF 2161, 0.85 X 0,02
TOTAL 164,58 6.49 ¥ 0.06
Microbarn Equivalent is 0.40 I 0.0l‘pb/event._

In many cases the prediction can be made;accuréﬁély.
For example, the production of Ag+ (see ref. 5), in the four

pronged 4-C events in the channel

7P > PAE
L——>'ﬂ'7T

where A%, decays to m € » should be accompanied by'exactly
the same amount of production of A2 decaying into 7T et in
the two pronged NOFIT reaction (D), where e decays to 7T oT°

a8 follows:-

'7T P -—>]’/ﬁz
Lsor’e”
-]
Ls 577 7
Other processes are more complicated. For example, some [f+
(see ref.7) production is seen to occur in the four pronged

1-C(f7T°) FIT events in the channel

TP o & T
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where O'% decays to P 7T'.  In the majority of cases the

three pions (or their di-pion combination) do not resocnate.

The problem then is to calculate how many events of this kind
will lead to two pronged NOFIT channel (D) where the three pions
in the above channel are all produced in the neutral mode.

For this purpose it is necessary to consider the general three
body state and using Clebsch-Gordon coefficients to calculste -
the relative proportion of the possible charged.body states,

To do this the three body state is broken down ihﬁb'é
substate of two associated particles whose ispin 13'112 with
third component lez. These two particles are then coupled to
the third to give an oversll ispin of T and its third component
T3. A particular ispin state is made up from the mulﬁiplicity

of charged body states as (see ref. 8) .-

1o o 1 2 10, . 12 '
T2, 1, 1,> -5 <t 1 1R, 10 | TR >
i . ?51.

12 12 3 m L n 2 3 .

x<112, 7,75 T3, 137 | T, T3, 15 1> )

where Tl, T2 and T3 are the ispins of the three particles and
T3l; T32 and T33 sre their third components respectively.
Returning to the channel |

P At
from which we wish to determine the cross-section for

7P P— N7 7’ |
The three pions must form s state with ispin of 0, 1, 2 or 3.
The fact that a Z&** with T(¢ A™) = 3/2 is produced in
association can be shown to impose no limits, thrbugh ispin
conservation, on the ispin of the tri-pion. The three pions

are regarded as having s di-pion substate with ispin'le.
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As an example, 713 will be taken to be 2. When the

di-pion is coupled to the third pion (T1 =T =1 2 1) then

the total ispin (T) is 1, 2 or 3 with T3 0. Applicstion

of equation 5.1 shows that this ispin configuration is made

up of pion statesin the following way:-

| T T > 251,05 = | 7° 7> s Qlars )+
+| TSI ) + | 7o aA> e Glas) +
+| 7T > pus + | P A> 2 ne +
HITT S T >f2 5710 + | R sw> 7 e

o
In equation 5.2 it can be seen how the 7T 71° 7T° state

5.2

is related to other three pion ststes. From the squsred
amplitudes Qf the various substates, the re;ative proportion
of 7r° 7m° 71° to 717 7~ 97° is given by:-

Crem™r®)/ (rin™m ) =(415) /(245 +9/15) = 4711

Similar results are obtained for T = 2 and 3 with T3 = O and
T12 = 2 | T
| 2325 o> (ﬁ”ﬁ‘ﬁ”)/(ﬂ'*f#o)fo

| 253, 0> s (X)) (Ara) 223
Since the cross-section of £f+jr+7r’7r’has been measured
(see ref. 1, 5 and 6) to be 0,83 ¥ 0.02 mb (sbout 2076 events),
then the above calculation shows that for a di-pion substate
of 712 _ 2 the three pions can not exist in the three neutfall
pion mode if the tri-pion ispin is T ; 2o However,if the
tri-pion ispin is 1 or 3 then the cross-section for T P —»
N I ®ar®(NOFIT) is either 0.30 mb for T = 1 or 0.55 mb
for T = 3.

The usefulness of this kind of ispin anglysis is thsat:-
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a) it enables predictions of cross-section to be.madé
for NCF IT channels and b) the predictions vary with the ispin
of the tri-pion substates and it might be possibleﬁby comparison
with the observed cross-section in NOFIT channel to be able to
pinpoint the particular ispin state which is present in the
reaction.

The estimates for cross-section for various physicsl proc-
esses in the two pronged NOFIT events determined from the corr-
esponding four pronged resctions sre given in the ensuihg sect-
ions. It should be remembered in predicting the number of
events and the cross-section likely to be seen iﬁ the two pronged
NOFIT channels that all deats (two and four pronged interactions)
were obtained from the same exposure (that is the JT P colli-

sions at 5 Gev/c in the B.N.H.B.C.)-

5, 1 Four Prohgéd Reactions

First let us assume that the missing mass in the two pronged
NOFIT channels comprises two neutral particles. The réacﬁions;'
(DY and (E) sre then described as follows:- .

7P s Pttt (1)
ﬂ;fP . 7Gr7ﬁ; n JTP _ 1,':. (i1)
These two categories are equivslent to four pronged h-C FIT

interactions +

+ 4+ -

7TP — P 1 (1)

An (N9 JT JT) system then is seen to occur ss channel (H)
with a certain cross-section, The problem is to calculste

from that cross-section what would be expected in the (NJT JT IT)

system of reactions (i) and (ii), these are the two pronged
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NOFIT channels. This can be done by use of Clebsch-Gordon
coefficients and following the method described earlier (that
is using equation 5.1). The assumption that is made is that
the N JI JT JT system is regarded completely as one of the
following configurations:-

a) the N 7T JT JT system is made up of NJT and 7T T
substates _
or b) it is made from JT and N JT 7T substates
or c) it is made from N and 77' J7 JT substates.
For each of these assumptions the expected contributions to
channels (D) and (E) can be calculated from the obsef?ed '
P 7 7T'+ T channel. The result of the calculation for the
above configurations (s, b and c) sre shown in tables (5-2),

(5-3) and (5-4) respectively for a pure ispin state.

TABLE (5-2)

1 | 2 | 3 I | 5 | 6
ISPIN SUBSTATES BRANCHING RATIéS | |
(NJT 77 7)) FIT CHANNEL NOFIT CHANNELS ﬂ%%%I
T(N ) | T IT). (H) 1) |un |
3/2 0 2/3 1/3 0 1/2
3/2 1 3/5 0 2/5 2/3
3/2 2 7/15 2/15 | 6/15 8/7
1/2 2 8/15 0 7/15 7/8
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TABLE (5-3)
p 2 3 b 5 6
(N 7T 7~ )* ISPINS BRANCHING RATIOS NOFIT
SUBSTATH FINAL STATE|FIT CHANNEL| °NOFIT CHANNELS FIT
' (H) (i) | (ii)
712 ; T, T3>
0 ; 1/2, 1/2>| 2/3 1/3 0 1/2
1/2 5 1/2, /2> 4/9 1/9 /9 5/k
1 s 1/2, 1/2>]  1/3 0 2/3 2/1'
3/2 5 /2, 1/2>| 5/9 " 2/9 2/9 L/5
12 5 32, 15>| 2/ 279 | /9 7/2.
1 s 3/2, 1/2>| 2/3 0 1/3 1/2
|32 s 3/2, 1/2> 26/15 2/45 | 17/45 19/26_
2. 3 32,1/ 2/15 | w15 | o5 | 132
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TABLE (5-4)
1 2 3 | 5 6

(7r 77 m)*: ISPINS BRANCHING RATIOS NOFIT

SUBSTATE|FINAL STATE| FIT CHANNEL| _NOFIT CHANNELS FIT
(H) (i) (ii)

|T12 s T, T3>
|o . 1, 1> 2/3 1/3 0 1/2
|1 ;1 > 1/2 1/2 o 1/1
|2 s 1, T> 1/2 1/2 0 1/1
|1 0 2, T> 19/30 | 11/30 | © | 11/19
E 5 2, 1> 1/2 1/2 0 1/1
|2 ;3 1> 1/5 L/5 0 L/1

Inspection of tables (5-2), (5-3) and (5-4) showsispin con-
figurations corresponding to well known physical processes.
For example, in table (5-2) T(N 7T) of 3/2 and T( 7w ) of 1
will include A €° and T(N7T) of 3/2 and T(IT 7 ) of O
will include £§+ £° and so on. For tHese specific processes
the ispin configurstion is well defined. From events of this
kind occurring in P T ot JI7 events their coentribution to
the NOFIT channels can be directly calculated from specific
parts of the tables.

For the remainder of the events which do not fall into
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well known processes then sll poessible ispin configurations have
to be considered. For exsmple for /N 7" 77 the possible
ispins ere T = 3/2 for the A'" and T = 0, 1, or 2 for the
dipion. All these possibilities have to be considered. As 3
more complicated example, N 77 7T 77 , T(NJT) = 1/2 or 3/2 and
T(7F 7T ) = 0, 1 or 2 and all four possibilities for P b
have to be taken into account.

In table (5-5) 2 breaskdown is given of P JT' 7" s~ events
from the h;C FIT reaction of this experiment (see ref. 1, 5 and
6) into well defined processes and remsinders. The réaction
final state, the totsl number of events and the observed numbers
of events in each channel which are given in columns 1, 2 and 3
were found in the snalysis of the four pronged 4-C FIT events.
Column 4 gives the cross-section in each channel.

From table (5-5) it can be seen that:-

a) in the case of A'™ ¢° and in the case of those ':P‘7'r"' Q°
events where the 71t is associsted with thelprdton, thgre‘can
be no contribution to the NOFIT channél (D).since the Q? can
only decay by the 77" 77" mode and not by the o’ o’ mode.

b) for the PA2+ events and for those Pyr* e°

events where
the 7T+; now, is associated with the Qo through a tri-pion
state there can be a contribution to the NOFIT channel (D)
through the related P7I° €' events. Here, the e can'décay
to J1° I to give a final state of Py 7T°r®  For the
A2+ meson decaying to 37" €° there will be an equal number of
A,* meson décaying to 771° € in the two pronged NOFIT channel
(D).

c) where the QO is associsted with the proton as a P Qo

state there can be a contribution from the related n Q+ state
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TABLE

(5-5)

2 3

4

THE FOUR PRONGED

4-C FIT EVENTS

REACTION FINAL STATE

No. OF EVENTS

CROSS-SECTION

Total [Observed| (mb)
I- Patata- no A** 3006 - 196 * O-0O17
Pa*p®, p° - a+a—;AJEXCL. 1709 [0-680 £0-010
PAY ., Ay = p®a* 286 |O-114 £0-002
a* N**(1I700),N**=> P+ o~ 211 0-084 £0-002
P nta*n- ; REMAINDER 800 |0O318 £ 0-005
11 - A% % a- 3935 - 1565 * O-023
At p° 2186 |0O-870 % 0-013
A**° 1o ata- 427 |[O70 £ 0-003
A**a* 7~ ; REMAINDER 1322 |[0O-'525 £0-008
TOTAL : P w*a*a- 6941 2.762 £ 0-041

Cross -sections are not corrected for unseen decay modes.




AOODVI.Z JO J2qWNU 2y} woJ} Pp2IDINJID> 24D (2| 03L mc_._:_ouv $IU2A2 1|4 ON JO SUOII2S SSOJD PUD SJaqUNU 2yl

'SIU2A2 11T IOqQD s1 Ydiym’ (§-5) 219Dy 2325 “|30uDy> 113 D p2bucJd JNO} Y} Ul UDDS SIUAD

-58-

8LE0 | 0S6 891-0 (444 9¥S-0 2LEI BN B|@NeE || 8
$S0-0 g€l 900-0 91 1900 vSi » s N|@NeERE]| ¢
9 01€ suunjo3(g-G) 21903 225
Zvo-0 90! o 0 Zvo-0o | 901 Ns o|@neeet]| 9
o120 | cres »80-0 ne v62-0 | 8EL s s N|@neefen]| s
(oocD) v
PEO-O ve v€0-0 ve 890-0 69| s s N|Gnentere|l| v
891.0 | 2ev o o g91-0 | zev NB s|@ntent )] e
901 € suunjod (€-5)2190y 225
¥80-0 ne 120-0 €S SOI-0 v92 s s N|Gnenten|| z
o o evo-o | 9ol zvoo | 9o N2 s (@nento]l
AoocM N
SUOID25-5504) Suar2 W:o_uuﬂnmmo._u Siuar2 1925-5504)) siuaa2
: . H : ¢ (4
1 J0 ‘oN jo-on [ oon| | @] @] W 300m Amh 1 .N_h_
(3) 12uupy> 3 oN| (@) 12uuoyd 3 oN | (IHQ): siPuuDYd 3 ON| —— [sipwpp s oN] ¥4 | avoag MOY
(Qu) SNOILD35-SSOD ANV SIN3AJ 30 ¥3SNNN a31d3dx3| 114 ON['SOIvY SNHONVER) lvis
e ] nm ] o T 6 T & T ¢ 9 ST v € < _ o)
(9-s) 31aw1




-59..

to the NOFIT channel (E) in the resaction
TP—mne
N nh/ o

d) in the case of »r* N**(1700) events where the N“*(l?OC)
decays to P7* s~ there can be contributions in both two pronged
NOFIT channels (D) and (E) from the relsted Ps° 7° state and
n 77:*TTP state. The amount of the contributions are given
in table (5-6), see columns 7 to 12.

e) for the A" fo and . for those N*' 717 717 where the 7T°
is associated with the 7T through a di-pion state, there can
be a contribution in the two pronged NOFIT channel (D) from the
related 71° 77° state since the £° can decay by the 7.1’0 '5"0 -
mode. |

f) where the JT is associated with the A'H as a ATH' T
state there can be contributions in both NOFIT chennels (D). and
(EY from the related N 71° state and [& 7T state. -<The- .
branching ratios are given by:- |

N ATt AT
1/5 + 2/5 -« 275
where A’ decsys to P 77° to give a finsl state
TP — P '
and A decays to nsr°to give a final state
7P —mm arm’
From inspection of table (5-5), using the above calcﬁlation,
the expected number of events and cross-sections in the twol
pronged NOFIT channels for this kind of process sre given

in tsble (5=7).




~60-

TABLE (5-7)
AR ; '
REMAINDER ¢ ZX mr 7TF EXPECTED NUMBER OF EVENTS AND
CROSS-SECTIONS
FIT CHANNEL (H) NOFIT CHANNEL (D) NOFIT CHANNEL (E)
No. of |Cross-Section No.of | Cross- - | No.of | Cross-
Event (mb) Event Section Event | Section
(mb) (mb)
1322 | 0,525 I 0.008 26044 1,050 2641, 1,050

g) in the case of P 7w oA (remainder) there sre
three possibilities, ss stated ea;lier, where the tri-pion
(or their di-pion combinations) or any pion associated with
the proton do not resonate. These possibilities'are;-'.' |
I -the P o1 57 system is made’ up'of N)Tahd 77'7T' .
substates. | a .
II - the dipion substate is associated wiphiﬁhe'prﬁtsnf
III - the three pions are associsted through a tri;pion state.
Inspection of tables (5-2), (5-3) end (5-4) show there can be .
contributions in ﬁhe two pronged NOFIT channels. The expected
number of events and the cross-sections for each possibility
are given in tables (5-8), (5-9) and (5-10) respectively.
From tables (5-6), (5-8), (5-9) and '(5-10) it can be seen
how the expected cross-sections in the two pronged NOFIT channels

vary with the ispin configurstions through the substates.

5. 2 Five Pronged Reactions

Let us assume that the missing mass in the two pronged
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NOFIT channels is composed of three neutral secondary particles.

Reactions (D) and (E) would then be written as follows:=-

7T+P > P AT (iii)
-+ -+ e o
TP — 757 nir o (3v)

These two channels are also equivalent to four prongéd l;C(JTO)
FIT and 1 -C(n) FIT events :
+ + +_-_°
TP  Pmwmr (1)
-+ + + + -
7T P — T T n (J)
In the'present case a3 N 77" JT 7T JTcsn be seeﬁ to oceur
as channels (I) or (J) with s certsin cross-section. In
principle the contributions to the NOFIT chonnels (D) and (E)
can be calculated. However, the large multipliciﬁy of comb-.
inations of the substates makes the calculationé more cdmplex.
Instead discussion will be limited to quasi two body_and three'
body reactions involving resonances. These are given in ﬁébie
(5-11) where a summery is presented of the 1-C ( J7°) FIT resc-
tion: (I) as found in an earlier part of this collsboration
(see ref. 1, 5 and 6). Column 1 shows the resction fiﬁal‘stéte
of well defined processes and remsinders. The total nﬁﬁbér4of
events, the observed numbers and théif cross-section in each
channel are given in columns 2, 3 and 4 respectively. From
similar arguments to those presented in section 5. 1 and using
table (5-11) the expected contributions to NOFIT channels are
determined as follows:-
a) in the cases of P JT" wo, pB* (where BY decays to s ), |
FANM 7T! Q; , Nt Azo (the Aigo - meson decays to ITI Q:; ) and

£f+ (»o there can be no contribution to the two pronged NOFIT
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TABLE (5-11)

2

3

4

THE FOUR PRONGED I-C (#°) FIT EVENTS

REACTION FINAL STATE

NO OF EVENTS EROSS-SECTION

Total bse (mb)

I-. Patata~a%: no. att | 2340 0-932£ 0014
P ntn®, 1% a'nn®; A3 EXCL. 65 | 0-026% 0-002
ARNES 35 | 0014t 00O
P rte®, - ataw®; BYEXCL. 891 | 03551 0-0I10
pat , Bt, uont 230 | 0-:092% 0-016
w*a°N** (1700), N5 P it~ 55 | 0022¢ 0008
P atata~a° ; REMAINDER 1064 |0-423% O-010
II. Attata—a® 4880 1941 * 0-025
s+ 3, Ead e a3 ExcL 1831 |0-728% 00l
at+aS ,adi E: 367 |0-146 1 0-022

at+y° 60 |0-0241 0-004

atte° 704 |0-280% 0-014

Att otata®; REMAINDER 1918 |0-763 * 0012

TOTAL : P atata—go 7220 2873t 0-043

Cross-sections are not corrected for unseen decay modes
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channels (D) or (E) since, for example, the w’ does not decay
to o |
b) for the A ’70, PA2+(A2+ decays to ot '70) and for

those P JT" ’70 where the JT  is associsted with the 7"_0

(or with the proton) through s ot 70 (or JT'P) state th"er'.'e can

be s contribution in the NOFIT channel (D) since the ‘70 - meson

can decsy by the neutral mode (as ar° 7° 7T°) as well'és by the

charged mode (as - a° 71 ;°).  The branching ratio is given

by:';- |
(neutral mode) / (charged mode) = 71/29 = 2;h5

Then the number of events and the cross-section expected in the

NOFIT channel (D) for these well defined processes are given in

table (S—l? ) °

TABIE {5-1R2)

1 2 3 s | s | 7
FOUR PRONGED 1-C ( 7T°) FIT | EXPECTED NUMBER OF EVENTS AND
CHANNEL (I) CROSS-SECTIONS. |

Reaction|{No.of Cross-Section NOFIT CHANNEL | NOFIT CHANNEL

Events (mb) (D) (E) A

No.of |Cross- |No.of | Cross-.

Events|Section|Events | Section

(mb ) (mb)

Pt %" | 65 |0.026 % 0.002 160 |0.064 | - -
P A; 35 Ooolh : 0.001 86 0:03’4. - -
N*% |60 |o.02, t 0,00, | 17 |0.059 | - -

Cross-sections are not corrected for Unseen Decay Modes.

c) for. the JT* JT° N%(1700) events where N*¢*(1700) decays to

P T JT~ there can be contributions in both two pronged NOFIT
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channels. Thgn the expected contributions are>showp in
table (5-13), see columns 7 to 12.

d) in the case of JANMED ol ol i (femainder), where the
three pions are associated through a tri-pion state, there can
be a contribution in the NOFIT channel (D) and the smount of
the different ispin configurations is given in table (5-<14).

Again, from tables (5-13) and (5-=14) it can be seen how
the expected cross-sections in the two pronged NOFIT channels

vary with the ispin configurations through the substates,

5¢ 3 Conclusions

I. In the case of the missing msss in the two pronged
NOFIT channels comprising two neutrsl secondary partidles it
can be seen that in the majority of cases there can be contri-
butions to these channels from resonsnces seen in ﬁhe equival-
ent four pronged L-C FIT events. The predicted signals are

xpected to be strong enough to be detected and it might be
possible with quasi two body and three body reactions involving
resonances to pinpoint the particular ispin state or ispin sub-
state which is present in the interaction. As an example,'fof
the N*'(1700) in the channels. o

77'+P—> 7T_+P n_oyro

| P — T n o’
there are many possibilities for the ispin configurations |
through this substate, gnd by comparison with the observed cross-

section it might be possible to determine the ispin substate.

II. If the missing mass in the two pronged NOFIT channels
is composed of three neutrsl secondary particles it can be seen

that in the majority of cases for well defined proceésés in the
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equivﬁ;ent four pronged 1-C { Jr ©) FIT there can be no contri-
butions in these channels. However, in the caée of qgasi two
bo@y and three body interactions involving resonanqesijtpe
prédiction of signal expected in the two pronged NOFIT channel
(DY is much stronger than the observed signal in'the equivalent
four pronged_l;C ( 7r°) FIT events. For example, in the quasi
two body”reaction (PA2+) the expected signal in the two pronged
NOFIT channel (D) is more than twice the observed.§ignélfin the

four prohged 1-C( 7T°)_FIT events,
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CHAPTER 6

- + o+
AN ANALYSIS OF THE TWO PRONGED NOFIT 7T 7T CHANNEL

The selection of events and the resolution for the two

pronged NOFIT channel (E),

7P > nmt 5 (myr®) (B)

with my greater than zero, have already been discussed in chap=

ter L (see sections 4. 1 and 4. 4). This channel contains about..}ﬂ

7000 events which include about 350 misclassified E‘?T* MMy
events that is the two pronged NOFIT channel (D). The total
cross-section is 2,77 ¥ 0.03 mb after.correcting‘fof'these-mis-
interpreted events. Indeed, in examiniﬁg the:missiﬁg.masé and

the invariant mass combinations it should be remembefed_that they

contain some misclassified events. So any unusual-strtcture must = ;

first be considered as due to a misinterpretation of phese events

as Tr;, 71? MMy » MMp = n (ml 7T°)e o |
An snalysis of the spectra of the missing mass (MMQ)_.and

the invériént mass combinations ( JW:; 71?), ('Tﬁt MM>) and

( jﬂ;t MM, ) aré given in the fdllowihg'qectidns.

6. 1 The.Missing Mass Distribupion

The missing mass comprises a neutron and ét-leastfone
neﬁtral‘pion. In general the programme FAKE (whiéh is a Monte
Carlo pfogramme to simulate the production of events) suggésts
that the missing masses are composed of a mixture of.two"neutral
particle states and three neutral particle states ( n 7% &nd

n r° 7T°). The mixture is approximately 50% each. Figure
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_A (6-1) shows the missing mass (MM,) spectrum. By using the

programme FAKE about 6000 events of reaction

-+ -+ '
TP —- wty " n e (11)
and the ssame number of events of reaction )
+. + + Y- J— - : ‘
TP —- T I nmw 7T - (iv)

have been generated. For these two reactions the missing

masses (n 7r°)‘and (n Ir° I°) are plotted on figure (6-1)

where the dash-dot curve displays the phase space pagkgfqund of
the (n 7T°) and the dashed curve shows the phase space background
of the (n 7T° 7T°). It can be seen that neither of theselwill
fit the experimenpél data. However, the experimental aafa has

been fitted by mixing the above two reactions as follows:-

aXj +by; = 324 v '601 
where a2 and b are cpnstanﬁs to be determined in the fit andlii, 
y; and zy are the expected numbers for n 7°, n 77° Jro_ana-£59
mixture events of i th bins of the missing mass. For this
purpose assume that the observed number of evénts in ;he'iith'biﬁ,f:?
of the experimentsl dats is N; and constants a and b aré adjusted‘
until - : “
| _ :E:(zi‘- Ni)2_=_minimum | - . 6.2
This gives a = 0.46 ¥ 0.0, and b = 0.54 ¥ 0.05. The result of
equation 6.1 is shown in figure (6-1) as a solid curve. Now; it
can be seen that the phase space background of the admixtufetof- |
reaction (i1i) and reaction (iv) fits the experimental diépriﬁution: 
of the missing mass quite well, Any structure in the miésiﬁé ﬁéss¢ i
spectrum can be seen to have no significénce. Conéeqﬁénﬁiy; there -
is no evidence for the decay of neutral baryons to 2ll neutral

secondsaries, This does not mean that there is no resonance
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production at all. It could be that
+ +_ +
7P —BM
where B and M refer to baryon and meson respectively, As an
example, assume that the above reaction gives
7P — Ate?t
L r* r°
+ :
(NT) | (vi)
This could lead to either
+ o _ -+
P — P o o’

' . (vii)
which would be classified in channel (D), or '

+ + .
TP nim ata°
(viii)
which corresponds to channel (E).
Events of the kind channel (vi) have béen generated. by

- the pr@gramme FAKE and it is found that the missing mass to -

the two positive pions of reaction (viii) is very similar to

the missing distribution of events of this same reé¢tion gen-

erated as phase space by the programme FAKE, see figure (6-1)

the dash-dot curve.

6. 2 The Invariant Mass Combinatioris

From a2 similargrgument to that discussed (missing mass
phase space) in section 6. 1, the phase space background of
the invariant mass system is calculated using the programme
FAKE and equation 6.1 for the admixture of reactions (ii) and
(iv). Here again, the invsriant masss combinations (‘)T;, j'f;-) |
( j1g; MM,) and ( jTg, MM>) sre given in figures (6-2), (6-3)
and (6-4) respectively, The solid curve in these figures shows

the phase space background and it also fits the experimental
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distributions quite well.

6.2,1 The Di-Pion System

The effective mass distribution of the di-pion system is

shown in figure (6-2)sthere is no structure to be seen.

6.2.2 The (77", MMy) System

The invariant mass combinations of ( 77*}*Mﬁé)}ére‘givén in
two figures (6-3) and (6-4). In the first the faét pion is comb-
ined with missing mass, and in the other the sloﬁ!pion is assoc-
iated with the missing mass. From the subsequeﬁt-énalfsis of
these two figures it can be seen that:-

a) 1in the case of the { Tﬁ;, MM>) mass combinstion there is no
structure to be observed.

b) in the ( jﬁ:; MM,) mass spectrum the structiires seen appear
to be consistant with statistical fluctustions. However, in
chapter § (section 5. 1) it was seen thatasighal was expected in
the mass region at about 1700 Mev corfesponding tothe alternative
decay mode of the N** (1700) resonsnce (see ref. 1, 2, 3, 4L and 5).
There is an enhancement at this mass in figure (6-4) and for the
present purpose it will be assumed that this is significant. A
check has been made to determine whether these enhancements are
due to the small contamination from the wrongly interpreted
P ot MM; events. For this purpose all events in the channel (E)
with the invsriant ( JT:, MM>) mass between (1600 - 1800) Mev
have been reconsidered as P Jy* MM; and the P ot invarisnt mass
plotted, Now, it was seen earlier thet a characteristic of the
P 7r* combination is pesking in the A'™ region (sée figure (4-3)

in chapter 4). This is not seen in the present case which shows
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FOR THE REACTION n'psn} af MM, AT 5 GEv/C.
THE SOLID CURVE DISPLAYS THE PHASE SPACE
BACKGROUND OF THE ADMIXTURE.
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that the apparent structure at 1700 Mev is not due to the misinter-

pretation of the P JT* MM; events,

6. 3 N°*(1700) in the NOFIT Chsnnel (E)

The most likely origin of the structure at 1700 Mev in
figure (6-4) is by the production of the Nx+(l700) in phé
reaction

P — T N (1700)
Lsm*nre
where N**(1700) decays to 7T+S n or° directly. Experiméntally,
there is no evidence thst N¥* decays indirectly via 2° 7h&*
where £§)decay§ ton JTO; since otherwise there would be a
corresponding pesk in the missing mass spectrum figure (6-1).

As stated earlier, the phase space background has been
calculated by FAKE for reactions (ii) and (iv)e The n sl o’
and n 7° J° T A" interactions have been mixed according to
the same prescription as in figure (6-1) and is shown as a solid
curve in figure (6-5). Figure (6-5) is a part of figure (6-4)
but with the invariant ( jT:; MM>) mass between (1400 - 2200)
Mev replotted. Below 1800 Mev the phase space background is
entirely made up by reaction (ii). Possibly there islan
enhancement gn the mass region at about 1700 Mev, where the
N**(1700) is expected to appear. | N

The lower méss region (1660 - 1900) Mev of figure (6-5)
has been fitted with a background and a Breit Wigner signal
added incoherently, that is

Signal = BG +B.W. (Mg, [3) 6.3
where BG is the phase space background and B.W. is an S - wave |

Breit Wigner signal centred at mass My with width fz, that is
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the dotted curve in figure (6-5). In the fitting My and [

are free parameters, The result of the fitting is:-

Mo

[o

1.734 + 0.021 Gev

0.084 £ 0.013 Gev

N(number of events above BG) 79 £ 10 events

o (cross-section) = 0.033 % 0.004 mb

If the signal is significant then reference can be made to
table (5-6) in the last chapter where predictions were made
in the expected intensity of N¥*(1700) in the NOFIT channels
given that the N¥*(1700) had beeﬁ observed in the four pronged
L=C FIT channel (H). By sxamining columns 11 and 12 of that
table the present astimsted cross section of (33 I 4) pb is
consistant with the ides that the signal in NJT JT seen at
1700 Mev is:- :
a) an N**(1700), see row 4 of table, or b) an Ay (1700),

see rows 6 and 7 of the table. |

It can be seen that the ambiguity in this interpretatidn-
can be resolved by searching for the signal in ihe other twé
pronged NOFIT channel (D) where for the N** interpretatioh
there should be an equal signsl to the one ébove, whereaé in
the - A" interpretation there should be negligible signal.

This point will be referred to again in the chapter on
channel (D).

Attempts have been made to isolate any signal in the 1700
Mév region by demanding small 4 - momentum transfer from the
primery JT' to the fast secondsry JT?L The danger of this

is that apart from removing background, the signal looked for
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is also reduced. Figure (6-7) shows the effecf of demanding

t 7r*/ jT;) to be less than 0,25 (Gev/c)z. Relatively the
enhancement at 1700 Mev is seen to be more significant.

The Breit Wigner signal (equation 6.5) shown has been fitted to
the data assuming smooth curve hand-drawn background. The
fitted parameters of the Breit Wigner signal are:-

M 1,758 ¥ 0.030 Gev

o]

lo

0.100 X 0,016 Gev

The dotted curve in figure (6-6) corresponds to this fit.
The. observed numﬁer of events above the background is equal
to 69 X 8, implying-a cross-section of 30 3 pb. " These are
consistant with the earlier determination.

In chapter 4 (see sub-section L.4.3) it was seen that the
 expected full‘width at ﬁalf height, for the N*' (1700), of about
80 Mev. This value agrees very well with the experimental

values.,
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CHAPTER 7

CHARACTERISTICS OF THE TWO PRONGED NOFIT P JT’ CHANNEL

The events belonging to this channel,

TP — P T (myr®) (D)
with mp greater than 1, sll have a proton slow enough to be
identified (that is these are the unambiguous NOFIT events).

In chapter L details have been given about the seieétionlof :
events for this_chennel. It contains about 6300 eﬁentgxéxclud-
ing 350 with a proton momentum in excess of 1500 Mev/c in the
laboratory system which'haﬁe been misinterpreted as '7T: jfg
MM? events. The tbtgl cross section is 2.78 ¥ 0.03 mb after
correcting for these misclassified events,

An analysis of the distributions of the missing mass and
the invariasnt mass combinations is given in the following Sec-
tions. In the subsequent analysis of thevmissing mass it
should be remembered that the signsl of s fesonance éxpected in
the missing mass below 1 Gev might be distorted by the fitting
proceés (see sub-section 4.3.l in chapter 4). Because of this
it is essential to study the missing mass distributien in both
chennels UNFIT and NOFIT events to determine which of these chan-
nels should be used‘in_the subsequent analysis of the missing |
mass.  For this purpose, the missing mass systems were each
divided into 60 Mev bins. For each bin the ratio between the
numbers of NOFIT records to the number of UNFIT records has'been
determined. In figure (7-1) these ratios are piotted as a
function of the missing mass. From this figure it can be.seen,

for example, that in the ’7ﬁmeson region (550 Mev). 96% of the
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signal is contained in the NOFIT records and in the f% meson
region (1260 Mev) all the £° signal is in the NOFIT records
rather than UNFIT records. Therefore, it is sufficient to use

NOFIT rather than UNFIT records in the subsequent analysis of

the missing mass.

7. 1  The Experimental Dats

In this section the general features of the missing mass
system and the invariant mass combinstions are examined after
selecting positive missing mass sauared, In particular an
eStimate is made of the phase space background by uéing the

programme FAKE.

7.1e1 The Missing Mass (MM;) Distribution

The missing mass is composed of at léast two- neutral pions

in the two pronged NOFIT chahnel (ﬁ)o The missing mass distri-
.bution is presented in figure (7-2).. Here agaih, programmeL.
'FAKE was used to determine the phase space baékground fof reacn.
tion _ - |

T*P — Pty - (1)
with 5000 events and with the same number for reaction

P — Pttt (1i1)
The missing masses in the above two reactions are plotted in
figure (7-2) where the solid curve shows the phase space back-
ground for two neutral pions after normslising at MMy equal to
0.96 Gev and the dashed curves for the unnormalised three neéut-
ral pions. It can be seen that the phase space background of
the three neutral pions can not be fitted successfully to the

experimental data in any way whereas the phase Bpace background of
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FIG(7-2) The missing mass spectrum for the reaction

T +ppTT*MM, (5420 events)at 5 Gev/c.
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the two neutral pions fits the experimental distribution quite
well. Consequently, the above two channels (i) and (iii) have
been mixed by using the same method as before (see section 6.1
in chapter 6) and it is found that the msjority of the missing
masses corresponds to the two neutral pion phase space. The
mixing required sbout 94% of the two neutral pion and 6% of

the three neutrsl pion phase spaces. Thgrefore, in the sub-
sequent analysis of this channel it will be assuméd that the MV]
mass , in general, comprises two neutrsal pions only.

The significance of any structure can now be " judged rela-
tive to this fitted background. It can be seen thét'theré is
evidence for the decay of neutral mesons to all neutrsl second-
aries.  For example, the structure to be seen at a mass of
about 550 Mev corresponds to the '7imeson and that at a mass  of
about 1280 Mev corresponds to either, or both, the £0 meson -and:
the Ago meson. Here the f° decays tolﬁwo ﬁé@tral bioﬁs and . -
the Ago decays to TT°”7°with the subééquént décay of.the ’7bto-
all neutral secondariés. |

The lower mass region (300 - 750) Mev of figure”(7_2) has
been fitted with the two neutral pion background above and a
Gaussisan distribution added as follows:=-

100 D) 7.1

where BG is the phase space background and GD is a Gaussisan

Signal = BG + GD(M

distribution signal centred at mass M10 with standard deviation
D and is showvn as the dotted curve in figure (7-2). Again,
the higher mass region (1140 - 1440) Mev in the same figure has
been fitted with a background and sn S - wave Breit Wigner sig-
nal centred at mass My , with width [g (see section-6.3 in

chapter 6 ) shown as dash - dot curves in the figure. In the



fitting Mlo’ D, Mho and [3 are free pérameters, The res-
ults of the fitting are given in table (7-1) followed by the

observed number of events sbove the BG and the cross - section

for each signal.

TABLE (7-1)
. ) ° . 0/, O
The Fitted Parameters 7 Nbson Region | f /A2 Meson Region
Centrsl Mass (Gev) 0.540 = 0,008 1.285 % 0.011
Full Width at Half | - | .
Height (Gev) 0.145 £ 0.006 0.185 = 0,008
No. of Events above the . .
Background L30 = 20 275 £ 30
Cross - Section (mb) 0,180 Z 0,008 | 0,115 = 0,013

As stated earlier in chapter L (see sub-section 4.3.1) _
that the expected full widths at half height in the 9°and the
f°‘regions are asbout 0.14L0 Gev and 0.180 Gev. These values

agree very well with the experimental values in the . table.

70le2 The Invariant Mass Combinstions

The possible invarisant mass combinations are the ( P, ),
( JT+, MM;) and (P, MVy). Here, in the subsequent snslysis of
these combinstions the NOFIT channel will be used. Now, in
figures (7-3), (7-4) and (7-5) are shown the effective mass
distributions of the above three combinations respectively.
The solid curves in these figures are the phase space background

(calculated by FAKE) corresponding to two neutral pion phase




space. Here again, the significance of any structure can
now be judged relative to this fitted background.
Brief descriptions of the invariant mass combinations are

given as follows:=-

a) The (P, or*) System

The (P, sr*) mass spectrum is shown in figure (7-3).

The only structure to be seen there is s very strong pesk in
the Z§++(1236 Mev) region. The lower mass region, from the
threshold to 14,00 Mev, in this figure hzs been fitted with sn
S - wave Breit Wigner signal centred at mass M, with wi&th o
added incoherently to the background (see equation 6.3 in
chapter 6) and is shown as the dotted curve.in figure (7-3).
As before,. M, gnd_ [; are free'parameters'ip'the.fitting and
the result iss- . '

M'°'_= 1,220 £ 0.003 Gev

[2 = 0,116 t 0,002 Gev

The observed number of events above the background is equal to

1400 £ 0, implying a cross-section of_0;585 4 0.0l?lmb;

From the sabove result it can be seen that ﬁhe-prpdﬁction:
of the A** (1236), T = 3/2, in the NOFIT channel (D) is’ about
26%.

b) The (Jr*, M¥;) System

Figure (7-4) displays the invariant ( JTA; MM; ) mass
distribution. None of the struéture in this figure can be
seen to be very significant. However, in chapter 5 (see
section 5. 1) it was seen thaﬁzéignal is expected in the mass

region of A>" (1300 Mev) corresponding to the alternative decay
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mode ( 71° €") of the A>" resonance. " Now, relative to the
phase space background of the two neutral pions there is an
enhancement at this mass in the figure and for the present
purpose it will be assumed that this is significant. Here
again, by using an S - wave Breit Wigner signal and the back-
ground, the mass region (1170 - 1410) Mev of the figure has
been fitted, the fitted mass M, centred at mass of sbout 1.272
Gev with a full width at half height of about 0.182 Gev. It
can be seen that the fitted Breit Wigner curve does not include
all of the excess above background. In particular there is a
considerable excess in the region around 1050 Mev. This could
correspond to an Af (1079) signal where the A;* . decays to ¢,
An S - wave Breit Wigner signsal and background have been used in
the mass region (Suof- 1170) Mev. 'The result of the free para-
meters in the fitting is:; ' |

Mo (A1*) = 1,054 2 0,010 Gev

I (A;*) = 0.154 ¢ 0.007 Gev

Moreover, the mass region (840 - 1416) Mev of the figure, which
includes the Ay* and the Ay’ signsls, has been fitted by adding
two Breit Wigner signals incoherently with the backgrdﬁhd. The
central masses with the widths are frge parameters and the
number of events above the backgfound in the Aj' region,N(A{),
is a free parameter whereas the number of events above the BG
in the A>* region, N(A>*), is given by:;>

N(Ao*) = Total number asbove BG - N(A1+) 7e2
The fitted curve of the double Breit Wigner signals is shown in
the figure as s dotted curve, The results of the fitting (for

a single Breit Wigner signsl and double Breit Wigner signals
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are given in table (7f2) followed by the observed number of

events above the BG and the cross-section.

TABLE (7-2)
The Fitted Single B.W. Signal Double B.W. Signals
Parameters -
M* Region | A,* Region A" Region A" Region

M, (Gev) 1.054,0,010 | 1,272%0,011| 1.050£0.005 | 1,290%0.006
7 (Gev) 0.154£0.007 | 0.182£0.007| 0.072%0.004 |0.120%0.003
No.of Events ‘ - +
above the BG 260%22 300%30 20520 350235
Cross-Sectim . | + |

(mb) 0.10920,009 | 0.12520.013| 0.086=0.008 | 0.146%0.015

Attempts have been made to isolate the 31gnal in the 1050
MEV and 1300 Mév regions by removing the Z} +;_a. more-deta;lgg.

ana1y31s will be g1ven later.

c) The (P, MMy) System

In the case of the effectlve mass dlstrlbution of the

(P MM;) system see figure (7-5), the structures seen appear
to be consistent with statistical fluctuations. In the last
chapter (see section 6. 3) it was seen that there was possible
evidence for an enhancement in the (N Jror )* system. There
it was pointed out that the ambiguity of whether it is an Nt
T = 1/2) or A*(T = 3/2) could be resolved by reference to
the (P, MM;) system in the present channel. -It can be seen
that there is an enhancement at a mass of about 1700 Mev in

figure (7-5). This could possibly correspond to the altern-


http://_l.290i0.006

_gs..

ative decay mode (P JT° Jr°) of the N**(1700) resonsnce; det-
ails have been given in chapter 5 (see section 5. 1 and table
(5-3)). If this signal is significant then reference can be
made to table (5;6) ip chapter 5 (see row 4 of the table).
The moss region(1640 - 1860) Mev of figure (7-5) has been
fitted with the background of the two neutral pions and an S -
| wave Breit Wigner signsl (by using equation 6.3) centred at
mass Mgy with full width at half height [§ which are free para-
meters in the fitting. The fitted perametérs of the ﬁrgiﬁ"
Wigner signsl are:-

0,018 Gev

i+ -

M

1.740
0.150 £ 0,010 Gev

(o)

o

The dotted curve in figure (7-5) corresponds to this fit.

The width [Z in the present channel is expected to be larger
then the observed width in the NOFIT channel (E), see sub-
section L.k.L in chapter Lo However, the observed number of
events asbove the background is equal to 80 I 10 implying a
cross-section of 0.033 ¢ 0,004 hb. By examining columns 9
and 10 of tatle (5-6) the present estimeted cross section above
is consistant with the idea that the signsl in (N 2T JT )* seen
st 3 mass of sbout 1700 Mev is an N¥*(1700), see row 4L of the
table, and not an A (1700), see rows 6 and 7 of the table,
becsuse for the N**(1700) interpretation theré should be an
equal signal to the oﬁe above. In the pmresent channel the
number of events above BG is identical to the observed number
of events in the channel (E). |

If a resonance does occur in the P MMj system then the proton
cannot be associsted with the remaining 7% through a Z§*+(i236)

resonance., Hence, by demsnding the absence of A" the P MM1
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signal at 1700 Mev csan be enhanced as shall be seen later in the

detailed analysis.

7¢ 2 The Use of the Van-Hove Plot

The Van-Hove plot has been successfully used as a tech-
‘nique of sanalysis for the description of s three-body final
state (see ref. 1, 2 and 3). The basic idea is that because
the transverse momenta of particles are approximately constant
at abouﬁ 350 Me§/c, then this information is redundant. The
longitudinal momentum components qj (i = 1, 2, 3) of particles
. op resonances in the c.m.s. of the final state are such that
ql. + ds + q5 = 0 703
These three variables can be represented by a single point in
a two - dimensional space. The space is defined by thrée axes
at 120° to each other, see figure (7-6) which shows 2 disgramm-
stic representation of the hexsgonsl Van-Hove plot. .Then.qi‘_
is measured st right angles from axis (S1), qé from axis>(52)u'
and finally qy from axis (53)s These define a.pdint. - In
terms of the conventional (x,y) plane the coordinates of the
points are given by:-
a) the longitudinal momentum gy of the first particle in
the final state which can be plotted on the x - axis.
b) in the case of the y - axis the component to be plotted
is given by:=
qy tan 30 + q2/cos 30 = (ql + 2q2) / (3)1/? 7oly
The Van-Hove angle w is the angle between the y-- axis, where
Q1 = O, and the radius vector r from the centre of the hexagon

to the point. The measurement of the angle corresponds to

the anticlockwise direction. The Van-Hove angle can be used




y-axis

LH.S. Regions

-

RH.S. Regions

—

q, negative I q, positive

Q)

X-axis

FIG.(7-6) Diagrammatic Representation of the
VAN-HOVE Hexagon Plot.
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'to define the hexagonal plot into six regions Rl, R2, R3, Rk,
R5 and R6 as shown in figure (7-6). Each region can be sub-
divided into two sub-regions (e.g. (Rl = A) and (Rl - B)).
For angle w between 0° and 180°, i.e. the left hand side of
the hexagon, the first three regions are defined where the
first particle is backward in the c.m.s., the right hand side
of the plot contsins the other three regions with w between
180° and 360o where the first particle is always forward over
all these regions. The other two partiéles might be backward
or forward in the c.m.s. depending upon the region.
As an example of the use of the Van-Hove plot consider
the reaction
7P — Pator’ (B)
st 5 Gev/c in the same exposure; Detailed analysis slready
exists. for this channel (see ref. 2 and 4). However, in
figures (7-7), (7-8) and (7-9) the inverisnt mass combinstions
for the (P, T°), the ( J7*, 7T°) and finally the (P, 7T¥)
systems are given for all_data.' The data are shoWﬁ again in
figure (7-10) a8 a Van-Hove hexagon plot where, now, Qs Q2 |
and q3 refer to the longitudinal homentum components (in the
‘c.m,s.) of thé proton, the gr* and the JTO respectively.
Round the extremes of the plot are shown the apprOpriéte
Feynman exchange diagrams (see ref. 5) where it is assumed that
particles with low relstive velocity are produced from the same
vertex. These disgrsms then represent the physical reactions
occurring in each region. For example:-
1. in region Rl it can be seen that the proton and the y°
are moving together backwards in the c.m.s. and both of them

are forwsrd in region Rk, This is the condition expected for
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FIG. (7-10)

n+

‘\a‘ w\

n‘p_.pn:’ n

?o“”a‘d

Sac oy
]

The

Hexagonal

VAN - HOVE plot

for the

reaction

'p—pn*n’® at
5 Gev/c



Q
P o1 © production through s resonance. Hence, in region Rl,

At production is expected to be manifest (backward production).
p p P

Similar forwsrd A\ production might be expected in region RiL.

2. in the case §f region R2 the 7 and the Jr° are both
travelling together forwardsin the c.m.s. and are both back-
ward in region R5. Again, e _ meson production then is
expected in regions R2 (forward production) and R5 (backward

production).

3. finally, backward and forward production are expected
in regions R3 and R6 regpectively where the proton and the Jr+
are going together and here the production of  £f+ is expected.

For the individusal regions R1l, R2 and R3 only (because
asbout 95% of the present dsts, chznnel (B), have backward
protons in the co.m.s. and are concentrated in the left hand
side of the hexagonal plot) the invariant mass plots are shown
in figures (7-11) for the'(P; 37°), the ( 7T+, TTQ)fand the |
(P, 3T*) in region Rl and the same invarisnt mass combinaticns
are plotted in figures (7-12) and (7-13) for regions R2 and R3
respectively. It can be seen that the A%, the Q* and the

A" are produced only in region Rl, R2 and R3 respectively
and the resonaht signals become much clearer than in fiéures
(7-7), (7-8) and (7-9) which correspond to the whole Vanpﬁbvé
plot. In this case, each sector seems to contain resonant
production corresponding to a particulsr combination of particles.
‘For example, figure (7-12) shows the invariant mass combinations
in region R?2 where it can be seen that:;

a) there is no structure in the (P, Jr ©) systenm,

b) a very strong peak exists at a mass of about 760 Mev,
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" and corresponds to the €% - meson,
¢) in the (P, ") system there is no structure.

In using the Van Hove plot for analysis, the plot should
be divided into its six regions and in each one resonant signals
should be sought only in the combination of the two particles
which sre travelling, either both forwards or both backwards.

It is intended to apply this Van Hove snalysis to the
NOFIT dats channell(D); Now, an essential difference is that
the channel (B) comprises three particles only (for which the
hexsgonal Van Hove plot is appropriste) whereas the NOFIT data
“are composed of at least four particles in the final state.
However, if the missing neutral secondary .particles are regarded
as a single body (the so cslled missing ma;s) then the outgoing
particles in the NOFIT chsnnel (D) are reduced to thfee partiéle
states. It is importsnt to reslise that for each value of the .
missing mess there is a Van Hove hexagon whose radius'depénds
~ upon missing mgss. So'the Van Hcve plot‘in phe:caae bf.tﬁg_
NOFIT events will correspond to the édperpésiﬁioﬁ.of many.Van
Hove hexagons. However; the general discuséion about the
contents of regions of the plot will still hold. vChnsequently,
'ql; qo and Q3 refer to the longitudinal momentum components (in
the cem.s.) of the proton, the JT* and the missing mass. " Here
again, the hexagonal Van Hove plot in the case of the NOFIT
reaction _

TP o= Pt My (D)
is displayed in figure (7-14) with the appropriate Feynman
disgrams round the extreme of the plot for each region. Ffom
8 similar argument to that discussed esrlier for the channel

(B) it is expected then that resonant signsls for the following




Oﬁ-t
n+
P
6 Oev/e
p 6 Gev/c MM,
n#

’\MM'

FIG. (7-14)  The Hexagonal VAN- HOVE plot for the reaction n’p—-pn‘MMi
at 5 Gev/c.
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- particle combinations will correspond to the individual regions

a8 shown in tsble (7-3).

TABLE (7-'3)

Particle Combinations | Expected Regions

L.H.S. R.H.S.

(P, MM,) Rl Ry
(Irs, MM, ) R2 © Rs |
(p, ") R3 R6

It is worth emphasising again that only combinations of
particles travelling both forwards or both backwards should
be used. |
Since the (P, Jr*) system, see figure (7-3), displays
ﬁhe strongest resonant signal then sector R3 (R6)-will_be
considered first, followed by sector R2 (R5) and finally ﬁy
sector R1 (R4). Here again, the'left_hand side sectors
(R1, R2 and R3) where the proton is backward in‘theic;m,s;“wi;l
be used since the remsining regions (proton forward) aré Qerf
- poor statistically. The ensuing sections diséuss the invar-

iant mass combinations for each sector.

7¢ 3 Analysis of Region R3

In this region (w = 120° to 180° in the co.m.s.) the
proton and the 'J'l"+ = meson are travelling together backwards

and the missing mass is then forward. It contains about



=9l
1790 events after selecting the positive missing maSS'éqﬁared.

7¢3.1 The (P, JT*) System

As stated esrlier A" production (backwafd) can only be
expected in the sector R3. Figure (7-15) shows the invariaﬂt
(P, 1T+) mass combination in this region. Indeed, most of
the signal is resonant relative to an appfoximate phase space
background . This background is giv;n 88 a solid curve as shown
in the figure, Here.again; san S - wave Breit Wigner signal and
phase space background (see equation 6.3) were used to fit the
mass region (1080 - 1400) Mev of the figure. The central ‘mass
My and the width [ (full width at half height) are free para-
meters in the fitting. The result of the fitting is:«"

M
o

I3

The fitted Breit Wigner curve is shown in the figure as »

1,212 I 0,003 Gev

0.115 % 0,002 Gev

dotted curve. The number .of éventé abb&e'the backgfbuﬁd‘is
equal to 1390 X 40 whiéh is e@uivalent to a3 croés-sectibh“of.
0.581 X 0,017 mb. Thése are consistent with the esrlier deter=
minstion by using the full data. | _.

Since this sector R3 is dominated by'4£f+ then the missing |

mass can be examined for a quasi two-body reaction in this region.

7e3e2 The Missing Msss Distribution

Figure (7-16) displays the missing mass distribution where
the solid curve, agsin, shows the assumed phase space background
corresponding to two neutral pions (see sub-section 7.1.1).

Now, relstive to this background it can be seen that there are




2001 1.?2 Gev
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160} . ‘l‘
: n'p—=mntp MM,
i (1790 events)
5 1201 |
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= !
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£
= 40}
‘ l | )
1.00 1.20 1.40 1.6C 1.80 2.00
M(p,nt*) Gev
FIG.(7-15) The Effective Mass Distribution of

the (p,m*) system in sector R3
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two strong pesks in the figure; The first peak appears at a
moss around 570 Mev and the second at a meas of about 1260 Mev.
These two significant structures correspond to the '7inmson (for
the lower msss) and to either, or both, the £° - meson and the
A2° - meson (where the A2° decays to o1 ° ’70) for the higher mass.
Here sgain, the lower mass region (300 - 750) Mev and the higher
mass region (1170 - lth) Mev have been fitted with an approx-
.imate phase space background to which was added a Gaussian distr-
ibution (see equation 7.l1l) to represent the 47oand an S - wave
Breit Wigner signal for the f° respectively. The central masses
and the full widths at half height are free paramétéfs. The
results of the fitting are shown in table (7¥h) followed by the
observed number of events above the BG snd the equivslent cross-

sections for both signals.

TABLE (7-4)

- - . ) ° . o . . - ) .-
- The Fitted Parameters " Region £0/4,° Region |}
Central Mass (Gev) ' 0.560 * 0,011 1.275 & 0.013',

- Full Width at Half Height

(Gev) 10,110 ¥ 0.008 | 0.180 * 0,009
‘No.of Events above the BG| 145 * 20 190 £ 25
Cross-Section (mb) 0.061 * 0,008. | 0,079-% 0,010

_From the gbove table it c2n be seen that the results obtained for
the central masses and widths are consistent with the esrlier
results which were given in table (7-1). The dotted curve and

the dash-dot curve show the fitted Gaussian distribution and the




Number of events per 30 Mev

M*p = pIT+*MM,

80, (1790 events)
O55Gev
4
.
1-26 Gev
6o
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C L] LE | L | 1 | | | v L] |  § ) | 1
00 O3 06 o9 -2 |'5MM G|'8 2!
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FIG.(7-I6) The missing mass spectrum in section R3
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Breit Wigner si#nal in figure (7-16).

As the sector R3 was dominated by A++ then these two
signals correspond to AN ’7° and A" fo/A20 production
(’yoand £° decaying neuprally); _For this purpose reference
can be made to tables (5-5) and (5-11) in chapter 5 to predict
the number of these two signals relative ﬁo the alternative
dgcéy modes of ”70, £° and A2° in the four bronged L-C and
1-C( JT°) FIT events for the same eéxposure.  Moreover, the
émbiguity in the £f+ f°/A2° intefpretation can bé'resolved by
looking at the prediction of the AN £ in the. four pronged
FIT and the two pronged NCFIT channels. ,This éan be dore by
use of Clebsch-Gérdan coefficients to calculaﬁe the branching
ratios for each case. These branching ratios are:=

7qneutral mode)/‘?o(charged mode) = 71/29

£f°  (neutral mode)/f® (chsrged mode) = 1/2
In table (7-5) the reaction final state is given in column 1.
Columns 2 and 3 show the expected and observed number of-events
above the background. The cross-section corresponding to the
observed number is shown in column Lo _ |
It can be seen that the resonance in:the f°/A2° region is

consistent with this being entirely due to the £°.

Te L Analysis of Region R2

The sector R2 indicates that the'JT+ - meson and the MMy
are going together forwards and the proton is backward (w = 60°
to 120° in the comess)e It contains about 2720 events, again,

after removing the negative missing mass squared.
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TABLE (7-5)
1 2 3 L
Reaction Final State NUMBER OF EVENTS Cross-Sectior
Expected | Cbserved (mb )

+ ' '

N wy o (7°,£%/80)INC. - 1390 ¥ 4,0 |0.581 ¥ 0.017
147 145 £ 20 10,061 ¥ 0.008

N o 213 190 * 25 0,079 * 0,010
guue - | | N
A7 my ; @°,5°/0°)ExcL - 1055 2 35 |0.441 % 0.015

+ . ' ’ . .
8w, rREMAINDER - 400 2 34 0,167 X 0,014

Microbarn equivalent is 0,418 : 0.00B‘Pb/event

7¢4.1 The ( J7*, MM1) System

An outline of the production of resonances in ﬁhe ( 7r+,MMl)
system haé been given in the sub-section 7.2.2 by using the whole.:'
data. It was seen earlier that the .£g+ production is dominant
in region R"j.. Therefore, in the resent region(R2)the ANM
channel is excluded. The invariant ( 7T+; MMy ) mess combina-
tion is displayed in figure (7-17) fitted with an approximate
phasé space background. The significance of any structure can
now be judged relative to the fitted background. By reference
to figure (7-4) and table (7;3) it can be seen that the Al+ -
meson and the A2’ - meson production (forward) corresponding to
the alternative decay mode ( TTO Q+) of the Al+ and the A2f
resonances and the other alternative decay mode ( 7r+’7°) of

the A2+ can only be expected in the sector R2,. From the

figure (7-<17) relative to the assumed background it can be seen
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that there sre two peaks corresponding to the Ay

resonancese.
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and the Ax*

As before, the background and an S - wave Breit

Wigner signal were used to fit the mass region (840-1170) Mev,

for the A1+

the A2+

signal.

signal, and the mass region (1170-1410) Mev, for

Moreover; by adding two Breit 'Wigner signals

incoherently with the background the mass region (840-1410) Mev

has been fitted,

The central masses and the widths are free

parameters for a single Breit Wigner signal and the number of

events above_the BG in the Al+

signal N(A1+) is a free parameter

in the fitting, whereas the number of events above the BG in the

A2+ signal is given by equation 7.2.

in table (7-6).

as a dotted curve in figure (7-17).

The results are presented
The double Breit Wigner signals are displayed

Table (7-6) contains the

_ obserﬁed number of events sbove the BG and the c ross-section.

By reference to table (7-2). it can-be seen that the

results in table (7-6) are consistent with the earlier determ-

ination.

- This means that of the signals (Al

are contained in the sector R2,

TABLE (7-6)

and A2" resondnces)

The Fitted - Single B.W. Signal Double B.W. Signal
Parameters . " - . . + .
A" Region | Ay* Region A1* Region | A2" Region
M, (Gev) |1.060%0.010 | 1.280%£0.013 |1.040%0,004 |1.27520.012
[o (Gev) |0.190X0.007 | 0.200%£0.009 [0.090%0,003 |0.140%0.006
No.of Events . + +
above the 258-20 34,2225 200120 355=35
B.G.
Cross- + ' + i ' +
Se?ti?n 0.10820,008 { 0,143-0,011 |0.084%10,008 |0.148=0.015
mb )
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From the analysis of the four pronged 4-C and 1-C({ I °)FIT
events, for the same exposure, it was found that the A2+ - meson

. . ++
can be produced vis two channels ( JA excluded) as follows:-

TP —> PA}

1=, o e°

. I + -
P — P A, .o T
L=, 7ty
L 5t 57°

Reference can be made to tables (5=5) and (5=11) in chapter 5

to predict how many events of these kinds could be expected in
the two pronged NOFIT events (again, A'* excluded). Now, when
A2+ decays to Jf+ Qo'it} should be asccompanied by exactly the
same améunt.of A2+ producﬁion decaying into-7T°_€+fin3thé two
pronged NOFIT channel (D). When A24 decays to 7T+‘7°, then

the branching ratio of '7°(neutra_l mode) .to . _'_7°(.charge.d mode )

is equal to 71/29. However, the result is given in table (7-7)
of the prediction of A2+:= meson by using the result of the double
Breit Wigner signal fitting. Column 1 showsthe'reactionffinal
state; the expected number and the observed number are given in
column 2 and 3 and finally the cross section correspondihg to

the observed number is presented in column L.

TABLE (7-7)
1 2 3 . Iy
Reaction Final State NUMBER OF EVENTS Cros?-S?ction
' mb
Expec- Observed
ted
+ + a+ A’H. + +
P A1 s Al-—»TTE: EXCL. - 200 - 20 0,084 = 0,008
. 4
P A 3 A T ¢,AEXCL| 286
- . 355 * 35 0.148 ¥ 0,015
[}
P A" 5 A 7LAEXCL.| 86
P MMpJT', REMAINDER - 12165 230 | 0.905 % 0.013"
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From the above table it can be seen that the missing mass
spectrum might_contain_an.‘7°- meson signsal. But the prediction
of the ‘70- meson is expected to be about 86 events which is a
very weak signal above the Packground in the A2+ region (1170-1410)
Mev.

7 5 Analysis of Region Rl

The condition of this sector is that the proton and the MMi |
are moving together backwards and the a* ; meson is then forward
(w = 0° to 60° in the comoes,.), The number of events included
in it is about 919, again, after selecting the.positive'missing
mass squared. Mbregver, all_the A1+ aﬁd A2+ resonances.and'
the Z§++ production are dominant in the other two sectors R2 and
'R3 respectively. Therefore, any structure in the (P, MM, )
system should be manifest in this region. As atated_garlier
the-MMl in the two pronged NOFIT channel (ﬁ) is composed of two
neutral pions. Now, if the N¥*(1700) signsl -is true then it -

should appesr in this region where the N** decays to P 7% 7° -

7¢5.1 The (P, MMj) System

The distribution of the invariant (P,MM;) mass system is
given in figure (7-18). The solid curve shows an approximate
phase space background. By reference to figure (7-5) it can.
be seen that the structure in the mass region of about 1700 Mev
becomes much clearer. This structure corresponds to the
N** (1700) decaying by the slternstive decay mode (P 7r°' ).
An outline of the (N T Iyt system and the expected number of
the N**+(17G0) or Zl+(1700), estimated from the analysis of the

four pronged 4-C FIT events, have been given in chapter 5 (see
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section 5.1 and tables (5-5) and (5-9). However, in sub-section
7.1.2 it was found that the structure at a mass éf about 1700 Mev
could possibly correspond to an N¥+(1700) snd not an[X'(l?OO).

The assumed background and an S - wave Breit Wigner signal wereused
to fit the mass region (1640 - 1860) Mev of figure (7-18) where
the centrsl mass and the width are free parameters in ﬁhe fitting,.
The fitted curve is shown as a dctted curve in the figure. The

result of the fitting is:=

M

o 0,013 Gev

1745

i+

0.115 £ 0,009 Gev

ls

The observed number asbove the BG is equal to 75 tTsg events
which is equivalent to a cross-section of 0.031 : 0.003 mbe
These regults are consistent with the earlier detefmiﬁation.
Since the Nx+(1700) does oceuf in the (N-JF I7)° éYs%em
then the two distrlbutlons of the (P,MMy) and the ( 7T; N MMZ)
in both NOFIT channels, (D) and (E), could. be added together
by demanding the absence of the other resonances.in the NOFIT
channel (D) (e.g. A", A2+ ana O productions) and t(FVJT;
to be less than 9;25 (Gev/c)2 in the NOFIT channel (E). For
this purpose, figure (7-19) shows the (N TTIT)* mass system.
Relatively, the enhancement at 1700 Mev is seen to be more sig-
nificant. An S- wave Breit Wigner signal sdded incoherently
to the sssumed smooth hand-drawn background have been fitted in
the mass region (1640 - 1860) Mev. Here again, the central
mass and the width are free psrameters in the fitting. The
results of this fitting and the results of the determination
esrlier (by using (P,MM1) and (71;+, MMy) separately) are

summarised in table (7-8). From this table it can be seen
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that the earlier results and the last result asre in a good agree-

ment with each other,

TABLE 7-8)
The Fitted (NJT JT)* system in the Two Pronged NOFIT Eventsl
Parameters . +
n s 7o P o ar° |nmgm+P s’

M, (Gev) 1.738 £ 0,030 | 1.745 I 0.013| 1.745 2 0.009

I (Gev) 0,100 * 0,016 | 0,115 * 0,009 | 0.114 * 0,007
No. of Events .
above the B.G. 69 * 8 75 - 8 152 £ 12
Cross-Section " N , .

(mb) 0.030 - 0.003 0,031 % 0,003 | 0.064 - 0.005

The numbers of -events observed in the two NOFIT channels

in table (7-8) suggest that the particle of mass 1700 Mev

, : . . + . . :
decays equally into P MMy and JTs MMp. ' This information is

sufficient to identify the particle . as an N** rather than an/\'

particle decaying to N 7T JT in which there is an NJT sub-state .

with T = 3/2 (see tsble (5-6), row 4).

The numbers of events

are in good asgreement with the expected values predicted from

the decay of the N*'(1700) seen in the four pronged 4-C FIT

events snd this lends strong support to the real existence of

this baryon resonance.

7. 6 Summary

This channel is dominated by the production of the ZS**

which is produced in about 26% of the events.

Using the

sector R3 of the Van Hove plot it has been possible to isolate
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largely the A** from the P I background. Using these A'"
events the missing mass spectrum shows that there is considerable
quasi two body A** '7" and A*"' £° production.

In sector R2 there is firm evidence for Al+ and A2+ prod-
uctioﬁ in the JT+ MMi compinapion which corresponds to quasi
‘two body P Ay* and P A" production.

Finally in sector Rl the P MM distribution togéther'with
the JTg.MMQ spectrum (from jﬁ: JT? MM, NOFIT) provides
strong evidence for the e#igtence of the N“‘(l?OO) which

decays to N JT JT .
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CHAPTER 8

GENERAL CONCLUSTIONS

This thesis is in two parts. In the first part some
consideration was given to the validity of errbr formula used
in film ansalysis. It was seen that:-

1 - at the maximum length of available primery tracks the
meaauréménts arg'limited by measuring error only.

2 = by selecting secondary tracks of particles of low
momentum the measurements are limited by measuring error and
Coulomﬁ scattering, and the transition has been.cleérly'seen.

3 - the internal error (Ef) and the externsl error (Eg) are
consistent with one.anpther? However;, both of them underesfi-
mate in the same way the experimentsl errbr (Dc) which is given
by:=- _ |
| DE = K 4 5% /urﬁ'z
‘where A and S'are cqngtantg'and E is thg internal or the extern-
al error. In_particular'for long primery tracks the error is
badiy underestimated by the internal or external error formulae.

Secondly, an account has been given of resonance product-

jon in the two pronged NOFIT events in the following.two reac-

tions of 5 Gev/c incident momentum JT*P interactions:-

+ +
(a) TP — P 7T My,
+ + .t '
(v) 7P — TTs Iﬂ; MMg
It should be remembered that the programme FAKE was used to
generate the phase space background and it was found ﬁhat the

missing mass (MM}) in channel (2) comprises two neutrsl pions

A URIVER o
/@“‘“ pOICKIE H“’L‘»‘r

¥ 4 JUYN1973;
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(sbout 94%) whereas the missing mass (MM;) in channel (b) is
composed of 3 mixture of two and three neutral particle states
(i.ee n 77° 2nd n JTO JTO; about 50% eéch).

In channel (a) besides the strong production of the AT (1236)
there are significant smounts of the ‘7oand f°/A£’ mesons obser-
ved., . Aléo; Alf and A2+ signals are detected. An enhancement
of N*+(1700) production is seen where N** decays into Pr° 719,

| In the case of channel (b) the only structure that has been
observed is that of the N%* (1700) where N+ decays to nJT;_ 7To

Table (8-1) presents a summsry of the production of reson-
ances in both channels. Column 1 shows the channel and the
decay mode. 'The expected number of events which is predicted
from the equivalent reacpion in the four pronged events is
given in column_Z;_ Columns 3 and 4 show the'bbserved huhbér
of events with corresponding cross<section. ‘The fitted paro-
meters such as the central mass (MO) and the full width at half
: height ( /o ) are di§played'in columns 5 and 6 respéctively;

" The table demonstrates the potentisl richnégs of the
NOFIT channels (in particulsr the Pt MMy channel). .It shows
that if the problem of P/JT+ ambiguities can be resolved and
also if the precision of invarisnt mass combinations in these
channels is fully appreciated then good samplesof quasi two and
three body reactions can be obtained. Indeed, in some cases
(involving the ‘70- meson) the sample is richer than the corres-
ponding four pronged 1-C( ﬂ’) FIT channel.

Obviously some quasi two body channels are completely lost
to analysis in the NOFIT data, where basically it is the missing
mass which is being examined. For example, the reaction

7P /N & can e predicted from the reaction 7T+P->A++Q°
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:in the four pronged data to occur in 2186 cases (see table (5-5)
" in chapter 5) in this experiment. On decay of the A’ to P?T°
orn ﬂ: and of the é+ to J° Ir° then the two charged secondary
particles, pat 6r 7""+ 7T+, are not associated nor are the two
unseen neutral particles. These events must fall into the
categories of "remainder" in table (8-1).
A further possible”application of NOFIT snalysis can be

made in the JT JT interaction. It was seen in the anslysis
using the Van Hove plot that sector R3 was almost completely
~dominsted by the production 6f AT, This, with result from
phase space éalculations that the missing mass neutral partiéles
in this channel are 944 Ir° I7° leads to the possibility that
these selected_evepts from the two pronged. NOFIT channél allow

an investigation of the interaction Tt s 7° _TTO to be made
by use of the Chew-Low extrapolastion and by other methods (see
ref. 1, 2 and 3). As is well known this kind of analysis requires
‘very large statistics. However, as a preliminary survey the events_
of sector R3 have been assumed to.be'events of the kind J*P +>3
AN L JT° and the cross-section for J¥" I~ % 7°.
eStimated 8s 2 function of the diapioﬁ centre of-maSS'ehérgy¢

A Durr-Pilkuhn form factor was used (see.ref. 4 énd 5).  The
results are shown in figure (8-1). The cross;section 9"(7T+TT_"7TOJT°)
takes place through the isospin states T = 0, 2, The'part
corresponding to T = 2 can be calculated from the ¥~ X — T I
cross-section. Using the. JT~ JT™ results for T = 2 (see ref. 5
and 6), the T = 2, JT° T - 7T° ITO, cross—seétion has been
calculated and is shown as the solid curve in the figure. The
difference between the curve and results represents the T = O

contribution, The figure illustrates this further important
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aspect of NOFIT interactions thsat they can be used for deﬁail_ed

work on the JT JT interaction.
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APPENDIX (I)

THE GENERAL EXPRESSION OF THE EXPECTED DISTRIBUTION OF THE

MEASURED CURVATURES ABOUT THEIR ERROR

In chapter 3 (see section 3. 5) it wes found that the
estimated error in THRESH (i.e. internal error) and the celcu-
lsted error in_GRIND (i.e. external error) are underestimstes
of the true experimental error. The problem to be resolved
is how are the measured error E (internsl or external error)
releted to the experimental error D,. Experimentall, it was
found that:- .

0 . A2 Al
where A and S sre constants. What is the general formula of
the-expected distribution of the messured curvatures abbut this
-error by using the above equstion to determine the error ?-

For this purpose, assume that there are No primary tracks
leading to the measured curvatures Cj end their Ej (j = 1,2,.0,N5)e
The curvatures are individuslly measured. Their weighted mean
Co is given by:- N, N, :

Co = Z (C5/E4) Z(I/EJ) | A.2
: J=1 J=1

Also, the mean value of the measured errors E, has been given

by:- N, |

Eo = ;E:(Ej/No) A.3

J=1
Then, the standsrd deviation D, of the normalised distribution
of the curvature (by using (Cj - Co)/Ej) and the measured errors

De have been determined.

Now, assume that the Ny values of the curvature (using
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primary track) which have the weighted mean Cy and standard

deviation D, are distributed asbout D¢ as follows:-

. (/2 Bxp (- (c - Co)2/20c2) ao/Be Ak

and their errors will be distributed sbout De as

d(dN) = (am/(27r)1/?) Exp(} (E - E,)°/2D¢?) dE/Dg A5
d(an) = (No/27T) Exp(%(c i Co)%/2D.?) Exp(;(E;Eo)Z/zne?) %

% dC dE/D, De - Acb
where substitution has been made for dN. . The number of the |
tracks is required at (C - Co)/E = X and for a certain track
length E is constant, therefore, dX = dC/E. Rewriﬁe'equation
- Ae6 in terms of X and dX

d(dN) = (No/2 7T ) Exp(;xZEZ/zncz) Exp(;.(E_Eo)z/zuez)#

% E dx dE/ D¢ De o | A7

This expression conta;ps two intégrations, one over dX and ﬁhé
other over dE. To determine the ﬂumber of tracks when thé :
messured errors vary between (-OO) and (+00) 1ntegrate equation
A.7 with respect to E, which 1s glven by.= | - : .
dN = (No dX/2 7T DeDg) mj' Exp (- X2E2/2Dc2) Exp (- (E_Eo)2/2D 2 %

% E dE - A8

To integrate this expression, we are looking for some simplif-

icetion. Now, it can be seen that:-

- 2 - . N )

Exp( - X°E®/206%) Exp(-(E-Eo)2/2Dg?) =

Bxp (- (x?B2/2D 2 + B2/2Dg% - B Eo/De? + Eg2/2Dg?)) =
Exp(~(E2(X2/2Dc? + 1/2Dg?) - E E /D2 + E,2/2Dg2)) A9

The exponent in equastion A.9 is of the form

(YE - 2)°2 = BERY2 . E 2Y2 - Z° A.10
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'From equations A.9 and A.10 it can be séen that

' 2
Y2 - x%/20,2 + 1/20,2  snd 2Y7 = E /D,
2\ 1/2 .
Y = (x2/2D.° + 1/2D°) / and Z = E_/2Y De”
1/2
Y = ((x°Dg? + D,2)/2DcR D)

' 1/2
therefore, 2 = (Bo/2D,°) (2 Dg°D%/(x%De? + D.°)) /

where substitution has been made for Y.
2 - (5,20.2/20,2) (x°D2 + 0 ,2)""
The exponen£ in equation A,Q becomes
mxp(- ((YE - 707 - 2% + B 2/20.%)) -
- Exp(—((YE - 22 . B2 X2 (k%D + Dcz)_--1 /2))
put YE ; Z ; Q and then dQ ; Y dE

Therefore, the above exponent becomes
' : o=l
Exp(-(Q + E,2X° (?De? + D2) ~ /2))

2

where substitutions have been made for Z and (YE - 2). -

The equation A.8 becomes
: 0o

dN = (NgdX/2 DgDe) J’ Exp(;(Q + B,22(xPp 2 + D°)Y/2)) w
- 00
* ((Q + 2)/1%)dq | ALl

here again, substitutions have been made for E and dE. Indeed,

equation A.ll contains two int e grations, these are:-

(]
Jf Exp( - @2)Q dQ = O

o
and [EXP(- Q) 2dqQ = z( 7 )1/2
-00



-113-

These are lesding to '
2.\1/2
dN = (No/27TDeDe¥?) (EoDc (7 )1/ /Dy (245762 + D.2)) " °) =

% Bxp (- Eo X~/2(X°Dg? + Dg?)) dX

and finslly

-3/2
dN = (No/(zyr)l/z) (xzne2 + DCZ) 3/

Eoncz/E »x

2

% Exp( - E,2 X2/2(X?Dg+ D,2)) aX - A2

: 'where substitutionshave been made for Q'and.Z¢
As stated earlier that X = (C - Co)/E and dX = dC/E for
a8 certain ;rack length;_therefore,De = Ofi.e. thefstand?rd

deviation of the error) then equation A.12 beéomeS'
N = (No/(23m)Y2) (Eo/De) Exp (-X2Eo?/2Dc?) X~ - - . A.13

This expression presents the genersl formula of thefeipécted
shape of the distribution of the curvature abodt the;héé§ﬁred
error by using the weighted mean of the curvature aﬁd ﬁlotting
(C - Co)/E which is the normslised distribution. The slope of

the genersl formula is given by:-
d( Loge dN/dX)/dX? = - E /2 D2 | A. 14

Experimentally it was found that
De® = A% 4+ 52 E/?
where D, is the standard devistion and Ey is the mean value of
the messured errors (internal or external error) over all date
(see table (3-1) columns 9 and 10). The expected slope can be
determined by:-
t = - Eo/ 2 (A% + 52 ES%)

2 (1 - 2/5%E2)f2 §° St
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A brief discussion about the general expression and the
expected slope which are given in equation A.13 and Aellhe
One sees tha£ if E; = DC; then equation A.13 goes to a a
Gaussian distribution and_the slope in equation A.l4 becomes
equal to - 0.5, On the other hand, if Dg not equal to O in
equation A.12, then the slope is always steeper than - 0.5,
~ Experimentally, we assume that the normalised distribution
of the curvature sbout the messured error is given by:-
N = K Exp(.- X°* m) - Aol6
where K and m are constants. On the other hand the number in
each interval is given by:- )

dN = K Exp(-X2 m)dX ' _ A.17

‘where X = (C - C4)/E, and the total number No is

o 2
Ng = K J’ Exp(- X° m) dX

- K( 7 fmy 7

. Rewrite the equation A.17 when K = No (m/ 7T )l/?

dN = No(m/ 77 )1/2 Exp( - X% m)ax A,18
where m leads to the expected slopeo, From equationé.A.IB and

A.18 it can be seen that:-
2
m = (EofDc (2)1/2)
The slope of equation A.18 is given by

d(Loge dN/dX)/dX% = - m




