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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
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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.




-5~

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:-
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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
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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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