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ABSTRACT 

This Thesis describes the Author's work in the preliminary 

phase of a 2 event/microbarn (total) set of exposures of the Big 

European Bubble Chamber (BEBC) filled with hydrogen to a beam of 

negative kaons of momentum 110 GeV/c. 	The experiment uses the 

highest energy RF separated, tagged K. beam in the world, and 

provides the only significant body of K p data at this high 

energy. A beam tagging system is used to obtain a pure sample 

of K induced reactions from the slightly impure beam. 

During the exposures BEBC was operated in conjunction with 

the External Particle Identifier (EPI), a multi-layer ionisation 

sampling detector working in the region of the relativistic rise 

- the first such device in the world to become operational. 	The 

EPI is designed to identify fast hadronic secondary particles 

that cannot be identified in the bubble chamber, in order to 

reduce kinematic ambiguities. BEBC, with it's high neutral 

particle detection efficiency and 47r acceptance, coupled with 

the EPI as a charged particle detector, form a unique hybrid 

system for the analysis of high energy hadronic interactions. 

The techniques necessary to couple such a system of elect-

ronic detectors to a classical bubble chamber are described 

and some preliminary results illustrating the use of these tech- 

niques are presented. 	In addition, results on inclusive y, KS, 

A°,  71o, production based on a preliminary sample of 5800 events 

(corresponding to 0.3 events/microbarn) of all topologies are 

presented, and compared with data obtained at lower energies. 
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CHAPTER 1 : 	THE EXPERIMENT  

1.1 	INTRODUCTION  

The experiment on which this Thesis is based was first 

proposed (Ref. 1.1, 1.2) by the Aachen-Berlin-CERN-Cracow-

Imperi al College, London-Vienna-Warsaw Collaboration as a 

logical extension of the (essentially) same collaboration at 

16 and 32 GeV/c. The experiment was approved in August 1976 

by the SPSC and given the code number WA28. The proposal 

requested a large statistics (20 events/microbarn ) exposure 

of the Big European Bubble Chamber (BEBC), filled with hydro-

gen, to a beam of negative kaons of momentum 110 GeV/c, using 

the RF separated hadron beam and it's associated tagging 

system. 	The use of the External Particle Identifier (EPI) was 

requested for the bulk of the data taking in order to have 

charged particle identification in the beam fragmentation 

region. 

A wide range of physics topics was proposed for study, 

including the (possible) production of new particles coupling 

preferentially to the strange quark. BEBC is an ideal detec-

tor for studying the inclusive KS and A°/A°  production, which 

constitutes nearly 3/4 of the total cross-section at this 

energy. The physics in the inclusive A°  production is essen-

tially unique to K beams; in no other comparable reaction 

are A°'s produced with such a high cross-section. 	Other topics 

proposed included resonance production (K*(890) , p(770 ,60020) 

st production, and exclusive channel physics. 

1.2 	EXPERIMENTAL CONFIGURATION  

The experiment uses the high energy RF separated hadron beam (S3) to 
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provide a beam of negative kaons at a momentum of 110 GeV/c. 

At this momentum the separation is not complete; some pions and 

antiprotons also reach BEBC. 	In order to provide a means of 

identifying the beam particles a beam tagging system is installed 

in the last part of the beam line before BEBC. 	This system con- 

sists of two threshold gas Cerenkov counters for particle identi-

fication and two coded scintillator hodoscopes to determine the 

trajectories of each particle entering the chamber. The data from 

this tagging system are used at the scanning stage to obtain a 

pure sample of kaon induced reactions. 

The bubble chamber, BEBC, is a large, conventional, bubble 

chamber of 3.7m diameter, which provides a 4Tr acceptance for all 

types of events, good neutral particle detection efficiency due 

to it's large size, and excellent event reconstruction quality 

due to the high magnetic field and optical resolution. The main 

failing of such a chamber operating in isolation is the lack of 

charged particle identification for particles of momentum > 1.5 

GeV/c. Below this momentum protons can usually be separated from 

mesons by visual inspection of ionisation density, and there is 

some chance of identifying pions and kaons via decays (True, KTrue). 

In order to provide charged particle identification in the 

most interesting kinematic region (20 - 100 GeV/c, )F  = 0.14-1) 

an External Particle Identifier (EPI) (Ref.1.3) has been installed 

downstream of BEBC. The device consists of a matrix of 4096 

single wire gas proportional 	counters of 6 x 6 cm2  cross-section 

and lm height, arranged in 128 layers of 32 counters each. 

Particle identification is achieved by high precision ionisation 

measurement in the region of the relativistic rise in ionisation. 

The device has a resolution in dE/dx (ionisation) of 6% FWHM 

(2.5%RMS) enabling particle separation up to a momentum of ` 100 
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GeV/c. The lower limit on momentum acceptance (` 20 GeV/c) is 

set by the geometrical acceptance of the device. 

The EPI is the first large scale ionisation sampling detec- 

tor of its type in the world to become fully operational. 	Other 

detectors operating on similar principles, such as the Time 

Projection Chamber being built at SLAC for PEP, and ISIS for the 

EHS at CERN, have the added complication that they are track detec- 

tors as well as particle identifiers. 	In the case of the EPI the 

particle trajectories are determined externally to the device, 

which can thus be optimised for maximum mass identification effic-

iency. 

1.3 	THE HISTORY OF THE EXPERIMENT 

The first data-taking run of the experiment took place in 

August 1977. 	At this time the experiment was running in parallel 

with the wide-band v-hydrogen experiment (WA 21), with BEBC pulsing 

twice per SPS cycle, taking alternate hadron and neutrino pictures. 

At this time the EPI was not installed in the BEBC hall. The had-

ron ejection from the SPS occured just before the flat top at 200 

GeV/c in the SPS cycle, " 3.6s before the v ejection at 350 GeV/c 

(see Fig. 1.1). 	It was immediately apparent from visual inspection 

of the chamber, and from samples of film taken, that there was 

severe turbulance of the liquid hydrogen in the chamber, causing 

unacceptable distortion of the tracks and making the film useless 

for analysis. 	For this reason the hadron pulse was stopped and 

the chamber single pulsed on the neutrino ejection only. As a 

test, - 3000 frames of K data were taken in single pulsing mode 

during this run; this was the only data from the August run that 

was usable for physics. 
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During the time when BEBC was not taking hadron pictures the 

beam was kept running, enabling the beam tagging system to be 

thoroughly tested at 110 GeV/c, which had not been done previously. 

The most important thing that was done was the measuring of the 

pressure curves for the Cerenkov counters (See Chapter 2) , enabling 

the thresholds to be set correctly. The data obtained also enabled 

the Author to develop the methods used to associate the beam tag-

ging data to BEBC. 

After the August run the reason for the excessive liquid tur-

bulance in the bubble chamber became apparent. The chamber bottom 

was shielded by seven spring-mounted Scotchlite-covered panels to 

provide a clean, uniform background to the pictures. 	Unfortunately 

the panels that were in place in August had been designed for the 

heavy liquid (74% Neon) running of the narrow band v/'v experiments, 

and proved totally unsuitable for running with a hydrogen filling. 

Hydrogen is a much lighter fluid, and requires a piston stroke 

double that for the heavy liquid, hence producing more liquid 

movement. The panels were too large, and the springs too stiff,so 

that they could not move with the liquid on expansion and recom- 

pression, as they were designed to do in the heavy liquid. 	This 

resulted in jets of liquid being forced through the gaps between 

the panels, causing severe turbulance, which did not die out bet- 

ween expansions when 	the chamber was double pulsed. 	Even in 

single pulsing mode, with 8.4 seconds between expansions, some 

turbulance was visible. 

The solution to this problem was replacement of the panels 

by others specifically designed for hydrogen conditions. These 

new panels cover less of the chamber bottom and are mounted on 

much weaker springs, so that they move with the liquid and do not 

cause turbulance. A view of the chamber in this configuration 
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is shown in Fig. 1.2. The piston is covered by a floating disk (A), 

and the bottom of the chamber around the wall is covered by a 

ring of six panels (B). The beam entry and exit windows are also 

covered with Scotchlite-covered panels (C) , to provide a more 

uniform background. 

The second run took place in November-December 1977, with 

the revised panel system installed. The distortion due to liquid 

turbulance when double pulsing the chamber was deemed to be at an 

acceptable level. 	Unfortunately during this run. there were severe 

problems with the tuning of the extracted proton beam from the SPS, 

before the RF beam target, causing a loss of _ four days of data 

taking, out of the ten days scheduled. 	In addition a strike by 

the French power workers lost another day, as the SPS had to be 

shut down for the duration of the strike. 	The result of the run 

was only _ 28000 frames, with - 1 event per five frames giving 

5600 events, corresponding to - 0.3 events / microbarn. This 

was less than half the anticipated amount of data. 

The film from these two runs has been completely scanned, 

measured and processed, this Thesis is based on the resulting data 

sample. 

The EPI was in position behind BEBC during this run, and the 

plugs in the iron shielding (required for the External Muon 

Identifier) had been (partially) removed in order to let the had-

ronic secondary particles from interactions in BEBC reach the 

device. 	Unfortunately part of the shielding could not be moved 

in time, meaning that the beam exit window was partially obstructed. 

This caused a great deal of background at the position of the EPI, 

due to through going beam tracks hitting the shielding and pro-

ducing showers of secondary particles. This effect causes some loss 

of efficiency in the EPI data processing. 	In addition, due to a 
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confusion of coordinate systems the EPI was placed in the wrong 

position vertically making calibration very difficult (See 

Chapter 4 ). 	The EPI multi-wire proportional chambers were not 

available for this run, so data was taken from the forward 

chambers of the EMI as a (poor) substitute. 

In November / December 1978, a full calibration run of the 

EPI took place. 	Data was first taken with a beam of 50 GeV/c 

muons traversing BEBC (muons had to be used as the iron shielding 

was in place) in order to provide test data for the new off-line 

analysis program, and to test the newly installed proportional 

wire chambers. The device was then moved into the test branch 

of the RF beam and a systematic calibration was done, in prepa-

ration for the next run. 

The third run of the experiment took place in March 1979. 

This was a dedicated hadron run with full use of the EPI and 

with BEBC double pulsing on two hadron ejections from the SPS. 

Some trouble was experienced with the SPS extracted proton beam, 

as in the second run, and in addition, there was trouble with 

the first Cerenkov counter in the beam tagging system. 	It tran- 

spired that there was a very slow leak in the counter, which 

operates at below atmospheric pressure, letting nitrogen into the 

vessel. This had the effect of increasing the refractive index 

of the gas, disrupting the normal operation of the system. The 

only solution to this problem was to evacuate the counter and 

refill it with fresh gas every five or six hours. 	Four days of 

data taking were lost because of these problems, resulting in 

only ` 80,000 frames out of a possible 120,000 being taken. 

With an average of - 1 event /3 frames this should yield - 30,000 

events, corresponding to - 1.5 events / microbarn. 	The process- 

ing of this data is in progress and is expected to be completed 
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by late 1980. 

At the time of writing, a further addendum to the proposal 

has been submitted to the SPSC (Ref. 1.4). This addendum 

requests a 10 - 20 event/microbarn exposure of BEBC to the 110 

GeV/c K beam, in order to investigate the production of charmed 

particles, in particular charmed strange mesons (the F-mesons). 

With an initial state of non-zero strangeness the production of 

these F-mesons should be enhanced. 	In addition, as these mesons 

contain a valence quark (s) from the incident kaon, they should 

be produced with large laboratory momentum, and hence give vis- 

ible decays, even with the present resolution of BEBC ( 	600um 

in space). 	It is proposed to install a fifth camera with a 

resolution of - 150um in space in order to improve the visibility 

of short decays 	(Ref. 1.5). 

1.4 	SUMMARY OF THESIS  

The rest of this Thesis is arranged as follows : 

- Chapter 2 describes the RF - Separated beam, the tagging 

system, and discusses the question of beam 

composition and contamination. BEBC and the 

EMI are briefly described. 

- Chapter 3 describes the principles and practice of part-

icle identification by ionisation measurement 

in the region of the relativistic rise, and 

discusses some test results. The construction, 

operation, and calibration of the EPI are 

described. 

- Chapter 4 describes the. EPI data analysis - the associ-

ation of BEBC and EPI, track finding in the EPI, 

and the analysis of the ionisation data. The 
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determination of the reference ionisation 

value for the December 1977 run is described, 

and some results obtained from this data are 

discussed. 

- Chapter 5 describes the application of the beam-tagging 

data at the scanning stage, the scanning, 

measuring and subsequent processing of the 

bubble chamber data. Some details of improv-

ements made to the Kinematics program are given. 

- Chapter 6 presents inclusive cross-sections for the pro-

duction of y, KS, A°  and -A°. Feynman x, rap-

idity and P T  distributions are presented and 

compared with data from lower energy experi-

ments. 
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CHAPTER 2 : 	THE BEAM & THE TAGGING SYSTEM 

2.1 	INTRODUCTION  

This chapter describes the general features of the RF separated beam and 

discusses the method of RF separation used at 110 GeV/c. The need for a 

beam-tagging system is introduced and such a system is described. Details 

of the calibration of the Cerenkov counters in the tagging system are given, 

and the true beam composition and contamination are determined. A brief 

description of the bubble chamber, BEBC, and its External Muon Identifier 

(EMI) is given for completeness. 

2.2 THE RF SEPARATED BEAM  

The RF separated beam, S3, for BEBC was designed to provide the 

highest momentum pure beams possible (Ref. 2.1). Complete separation of 

K±  is possible up to a momentum of about 70 GeV/c, the maximum momentum 

the beam-line can transport is - 150 GeV/c. 

2.2.1 	GENERAL LAYOUT  

The 895 m long beam-line is of the classic  three-stage design, the first 

stage giving momentum definition, the second stage mass definition by RF 

separation, and the third stage final cleaning and shaping before entry to 

BEBC. Fig. 2.1 shows the general layout of the beam-line. The target is 

located in the extracted proton beam tunnel 	50 m from the SPS ejection 

point, the secondary beam is then bent upwards to follow the line of the 

tunnel to the West Hall, and at ground level is bent back horizontally to-

wards BEBC. The envelope of the beam is shown in Fig. 2.2 and gives an 

idea of the complexity of the beam optics, which will not be discussed. 

The first vertical bend, together with a pair of collimators, provide 

the momentum definition, which, during normal running gives a momentum spread 
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of ± 0.2% in the latter part of the beam. 

Mass separation is achieved by the use of two out of the three RF 

cavities installed in the beam-line, with inter-cavity distances of 192 m 

(RF1 - RF2) and 312 m (RF2 - RF3). Each cavity is 6m long with an aperture 

of 2 cm, and uses a maximum of 5 MW of RF power in a typical pulse length 

of 3 - 4 us, the maximum pulse length is 6 us. These cavities operate at 

6GHz ("C-band") with each cavity giving a maximum transverse momentum in 

the horizontal plane of - 25 MeV/c. The distance between RF1 and RF3 

(504m) is such that, using these two cavities, the maximum momentum at which 

pure K-  beams can be obtained is 	70 GeV/c (See Section 2.2.2) 

The third stage of the beam consists of two large horizontal bends 

situated in the West Hall after RF3. The first bend provides a momentum 

re-definition, and the second cleans the beam of off-momentum particles 

and steers the beam directly at BEBC. The last 50 m of the beam are devoted 

to the beam-tagging system, and a set of quadrupole magnets diverging the 

beam horizontally in order to obtain the maximum beam spread in BEBC. 

During normal operation of the beam-line, most of the beam parameters, 

such as magnet currents, collimator settings and RF phase are under user 

control and can be monitored via a PDP 8e computer (Ref. 2.2). The optical 

monitoring of the beam is achieved via ten small proportional wire chambers 

of effective wire spacing lmm, which can be used to measure the horizontal 

and vertical beam profiles at strategic points. The profile of the beam at 

each wire chamber can be displayed on a storage oscilliscope in the beam 

control room, providing an immediate visual display of the behaviour of the 

beam, which is most important during tuning ( See Ref. 2.3 for details of 

beam tuning). 

Wire chamber 7 ("WCH 7") which is situated after the third RF cavity 

and just before the beam stopper-collimator ("C6") plays a special role. 

This chamber is vitally important at 110 GeV/c as the position and width of 



- 28 - 

the image on the beam-stopper-collimator is critical in obtaining the best 

beam composition. 

2.2.2 	RF SEPARATION AT 110 GeV/C  

RF separation is based on the fact that particles with the same 

momentum but different masses have different velocities, and hence cover the 

same distance in different times. Consider first the problem of separating 

one particle type from a second, unwanted particle type - e.g. pions from 

protons. The beam of momentum analysed particles is passed through a RF 

cavity, RF1, and both wanted and unwanted particles suffer a transverse 

deflection A1. The beam is then focussed by the beam optical system onto a 

second RF cavity, RF2, at a distance L from RF1 (Fig. 2.3 (a)). The phase 

difference, gb122  between the two RF deflection fields is adjusted such that 

the unwanted particles arrive at RF2 when the phase is the same as it was 

in RF1, they are thus deflected back to the beam axis by a deflection A2 

(= Al) and can be absorbed by a beam stopper placed after RF2. The wanted 

particles. enter RF2 with a phase difference given by : 

Spaw 	= 	TrL 	Ma' - Mw' 	.... (2.1) 

a 	P 2c 2  

where 	A 	= 	wavelength of deflection field 	(= c/f) 

Ma 	= 	mass of unwanted particle 

Mw 	= 	mass of wanted particle 

P 	= 	momentum of particles. 

and suffer a net deflection 

Dew 	2A sin 	Scpaw  .... (2.2) 

   

2 
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where A = Al  = A2 is the deflection due to a single cavity. Using this 

method the S3 beam can separate pions from protons from 30 to 150 GeV/c. 

In the case of the 110 GeV/c negative beam, however, there are three 

types of particle present, i.e. pions, kaons and anti+protons produced in 

the (approximate) ratio 96 : 3 : 1 in the berylium target by a beam of 

`10" 195 GeV/c protons from the SPS. The problem is to reject the pions 

and anti-protons and obtain a beam of kaons as uncontaminated as possible. 

The final deflection of the most abundant particle (pions) can be made 

zero by a suitable choice of (pm , which then fixes D2K  . The problem 

arises from the anti-protons, whose deflection is also fixed by the choice 

of c512  and is given by equation (2.2): 

Dp = 2A sin (p - ) 	....(2.3) 

If 471_ 15 	2n 7 (n = 1.2...) the cancellation of the deflection for 

anti-protons is not perfect, and some will not be caught by the beam 

stopper. True 2-particle rejection is only possible in very small regions 

around the so-called "magic momenta" given by the condition 

sin-p 	= 2n7 	 ....(2.4) 

The highest such momentum for the S3 beam is `65 GeV/c for kaons using 

cavities RF1 and RF3. 

In the case of the 110 GeV/c beam the result of setting the phase 

difference for zero deflection for the pions is to maximise the deflection 

for the anti-protons, with the kaons in between, as shown in Fig. 2.3(c), 

the phase angle being .,180°  . This results in the beam profile of Fig. 2.4(a) 

at the position of C6. A classic beam-stopper is of no use in this situation 

as it would only stop the pions, instead the collimator C6 is used to select 

one of the two regions of the beams which is enriched in kaons (Fig. 2.4(a)). 

At this energy there is no problem with the kaon flux so that it does not 

matter that half of them are rejected by this method. The resulant real 

beam composition as measured by the tagging system (See Section 2.3.5) is 
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:80%k, 10%Tr /u and: 10% p. 

As a consequence of having to select a very narrow portion of the 

beam (= lmm wide) the beam composition is very sensitive to fluctua- 

tions in the width or positions of the images on C6 - if the image widens 

or moves the percentage of kaons in the beam drops drastically, with 

either the percentage of pions or antiprotons increasing. Due to temperature 

fluctuations in the phase cable connecting the two RF cavities the relative 

Phase can drift by several degrees from the optimum point, so widening the 

image on C6; constant monitoring of beam composition is thus required. 

The correct phase is found by means of a "phase scan", the width of the 

pion peak on WCH7 is measured for a spread of phase values around the 

optimum value. The result is a plot of GTr against phase difference, as 

shown in Fig. 2.4 (b). The best value of the phase difference is that 

for which air is a minimum. This procedure may have to be repeated as 

often as onceper hour in unstable conditions. 

The other critical factor is the position of the opening in C6. The 

best position of C6 is determined by a "C6 scan" which involves scanning the 

slit across the beam, monitoring the beam composition with the tagging 

system, enabling the best position to be found. This procedure has to 

be done every time the phase is changed, as the images can move slightly. 

To give an idea of the way in which the beam composition varies, 

Fig. 2.5 shows the beam composition as a function of time for the December 

1977 run. The top curve shows the number of beam particles ( the average 

was - 3 per pulse). The bottom curves show the percentage of tagged 

pions, kaons and anti-protons during the run. There are considerable 

fluctuations in these percentages, caused by various malfunctions. 

The danger point arises if the percentage of pions rises above - 20%, 

if this happens the tagged kaons become contaminated by 
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pions wrongly tagged as kaons, due to the inefficiencies of the tagging 

system. This will be discussed further in the next section. 

2.3 	THE BEAM-TAGGING SYSTEM 

As explained in the previous section it is not possible to obtain 

a pure beam of K at 110 GeV/c. It is thus necessary to "tag" the 

beam particles so that only the kaons are used for physics; to this end 

a beam-tagging system is installed in the last section of the S3 beam, 

after the last bending magnet (Fig. 2.6). The system is required to work 

in the momentum range 30 - 150 GeV/c, with an average of 5-10 particles 

per SPS burst, and with a maximum spill length of 	411s, as set by the 

RF cavities. The system consists of two threshold Cerenkov counters 

and two coded scintillator hodoscopes (Ref. 2.4). 

2.3.1 	THE CERENKOV COUNTERS  

Cerenkov radiation is produced whenever the velocity, c, of a 

charged particle exceeds the velocity of light ( c/n, where n is the 

refractive index ) in a given medium. The classical Huygens construc-

tion shown here 

shows that the radiation from excited atoms along the path AB of the 

particle can form a coherent wavefront BC at one particular angle ec  

given by : 

cos ec  = c t / Sct 	= 1 
TT 	 ni3 

For Sc < c/n there will be no Cerenkov radiation. 

.. (2.5) 
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V 
These facts lead to two possible methods of using Cerenkov 

radiation to identify the particles in the beam. One method is to use 

Y 
the fact that the Cerenkov angle, 6c, is dependant on the 6  - value 

of the particle, i.e. a function of the particle's rest mass for a fixed 

momentum, by using differential Cerenkov counters. Such a counter is 

constructed to detect radiation produced at one specific angle to the 

beam axis and thus gives a signal for one particle type only. This 

method, however, only works for a parallel beam, the S3 Beam is 

strongly divergent and so differential counters are of no use here. 

The alternative method is to use the threshold effect, which is not 

dependant on the beam trajectory. The problem is to separate pions from 

kaons from (anti) protons. At a momentum of 110 GeV/c the S values and 

corresponding n values at threshold are : 

Ser = 0.9999991951 , 	n7  = 1.000000805 

aK = 0.999989929 nK  = 1.000010071 

Sp  = 0.999963621 , 	n = 1.000036381 

To separate pions from kaons a counter with a refractive index at the 

kaon threshold (nK) is needed; this will give a signal for pions but 

not for kaons, and to separate kaons from anti-protons a counter with a 

refractive index at the anti-proton threshold (n ) is needed, giving a 

signal for kaons (and pions) but not for anti-protons. To obtain such 

low refractive indices requires the use of gases at below atmospheric 

pressure. 

The system that is used consists of two threshold counters. The 

r/K discrimination counter is 21 m long, filled with helium; the theo-

retical pressure for the kaon threshold corresponding to nK  is 0.29 atm 

absolute, and the K/p counter is 11 m long with a neon filling, the 

theoretical pressure for the anti-proton threshold is 0.54 atm absolute. 
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The determination of the actual running pressures is discussed in 

section ( 2.2.4 ) 

The pressure vessels have an inner diameter of 17.5 cm ( over the 

design momentum range the Cerenkov light spot varies from 9 to 15 cm 

in diameter at the collection mirror), the surface of which is blackened 

to absorb stray light. The Cerenkov light is deflected by a plane foil 

mirror into a parabolic collector of entry diameter 22 cm and detected 

by a high efficiency photo-multiplier. As the average number of 

photons produced by one particle is very small (- 5 ) the efficiency of 

the optical system has to be very high. This is a consequence of having 

to use media of very low refractive index. 

As the working pressure of the counters is below atmospheric for 

110 GeV/c running, the beam entry and exit windows are double mylar 

foils with the space between them continuously evacuated to prevent air 

leaking into the counter; this is very dangerous as oxygen is a strong 

absorber of ultra-violet light. The counters are not temperature con-

trolled, as for a temperature change of 10°c the corresponding gas 

pressure change is -. 3.5%. 

2.3.2 	THE HODOSCOPES  

In order to correlate the particle tags obtained from the Cerenkov 

counters with beam particles seen in BEBC, the trajectory of each 

particle must also be determined. To achieve this two scintillator 

hodoscopes are installed, one before the first Cerenkov counter, the 

other as close to BEBC as the stray magnetic field will allow - - 100 

Gauss at the chosen position ( See Fig. 2.6 ) 

Cross-sections of the two hodoscopes are shown in Fig. 2.7, the 

shaded areas are scintillator strips. All the scintillator strips in 

one layer ( e.g. layer Ao in hodoscope 1 ) are connected via light-

guides to a single photomultiplier. A particle traversing any finger in 
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a given layer gives rise to a signal in the associated phototube 

resulting in a unique pseudo-binary ("Gray Code") number for each of 

the 64 bins across the hodoscope. This method requires only 6 photo-

multipliers to cover 64 bins, instead of 64 for a simple finger hodo-

scope, but has the disadvantage that two particles arriving too close 

together in time generate a spurious code which converts into a totally 

wrong position. For this reason the beam spill length has to be kept 

at 	3 is minimum and the average number of particles to ti 5 - 6 per 

pulse. At 110 GeV/c the multiple scattering in two 3.5 cm layers of 

scintillator is negligible. 

The first hodoscope covers 16 cm horizontally in 64 bins of 0.25 cm, 

the second covers 32 cm in 64 bins of 0.5 cm. Each hodoscope also incor-

porates a full-width counter (Si , S2  in Fig. 2.7) for coincidence 

triggering purposes. It should be noted that the hodoscopes give infor-

mation in the horizontal plane only, the beam is parallel in the vertical 

direction and no information in the vertical plane is needed to predict 

the entry point in BEBC ( See Chapter 5 ). 

2.3.3 ELECTRONICS  

The fast electronics are situated in the West Hall as shown in 

Fig. 2.4. This position is roughly equidistant between the hodoscopes, 

minimising the need for delay units to balance the signals. 

If the presence of a signal in the first coincidence scintillator 

is represented as S i  , in the first Cerenkov counter as C1  , and 

V 

correspondingly for the second elements, C2 and S2 , and their inverses 

(absence of signal) by S 1  , C1  etc, then with the first Cerenkov set 

near the kaon threshold and the second near the (anti) proton threshold 

(See Section 2_2.4) the coincidence S1 C1S2  indicates a pion (or muon), 

S11C2S2  a kaon, and S1 C2S2  an (anti) proton. By use of suitable delays 

the arrival time of the signals from all the photomultipliers is 
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equalised and they are fed into a 15 bit shift register buffer which 

clocks once per S1S2  coincidence (Fig.2.8). 	This buffer can accept a 

maximum of 16 particles per ejection, generating an overflow flag and 

losing the excess data if more than 16 arrive. After converting the 

hodoscope coordinates to pure binary numbers the contents of the buffer 

are sent via a 100 m data link to the EPI Nord - 10 computer, where, 

via Camac - DMA the data is written onto magnetic tapes for off-line 

analysis ( See Chapter 5 ). 

The 6erenkov signals are also displayed on scalers in the beam 

control room to enable the beam composition to be monitored. It is via 

these scalers that the curves in Fig. 2.5 were produced. The beam pro-

files on the hodoscopes can be displayed via the Nord - 10 computer and 

serve as an aid in tuning the last part of the beam. Fig. 2.9 shows an 

example of the hodoscope profiles. Each bin in the histograms represents 

one bin of the hodoscope. The beam is focussed on the first hodoscope, 

the profile here is - 0.5 cm wide, and diverges to a width of - 8 cm at 

the second hodoscope. The background seen to the left of the beam in the 

second hodoscope consists of slightly off-momentum muons produced by the 

beam scraping in one of the magnet apertures. 

2.3.4 	SETTING UP  

The majority of the setting up procedures (adjusting delays,mea-

suring efficiency curves of all the photomultipliers, setting discrim-

inator levels etc) were carried out by members of EF Division, CERN. 

The part in which the Author was involved was the determining of the 

pressure curves of the Cerenkov counters at 110 GeV/c. These pressure 

curves are a plot of counter efficiency as a function of gas pressure 

for each of the three particle types: pions, kaons, and anti-protons. 

They were taken in August 1977, during the first run of the experiment 

when it was not possible to take pictures, as explained in Chapter I. 
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The procedure adopted was the following : The beam was tuned for 

pure pions by moving the slit of C6 closer to the beam axis and into the 

pion peak, and checking the beam composition on the tagging system scalers 

Both Cerenkov counters were then pumped down to 0.1 atm absolute and 

counting started. In order to make the counting easy a small modifica-

tion was made to the electronics. The pion signal is defined as S1 C1S2  

so the pion scaler gives the number of counts in C1  directly. The kaon 

signal is defined as S11C2S2 where C1  is a veto signal from C1  (i.e. 

if a signal from C1  is seen the kaon signal is inhibited). Hence to use 

the kaon scaler as a direct counter for C2 the 1 veto signal was removed. 

After counting for - 500 SPS cycles sufficient statistics (_ 1000 

particles) were obtained. From the three numbers ES /S2  , ES 1S2C3  and 

ES1S2C2 the efficiency of each counter can be defined by the ratios : 

111 
- E S1S2C1 

E S1S2  
112 - ES1S2C2  

E S1S2 

... (2.6) 

where E S1S2  is the number of coincidences that occured, i.e. the total 

number of particles traversing the system. 

This procedure is repeated for a range of pressures in the Cerenkov 

counters until well above the plateau region of each counter. The beam 

was then tuned for kaons ( not pure of course ) and the whole procedure 

repeated. The same was done for anti-protons by moving the slit of C6 

right out to the edge of the beam image to produce a nearly pure anti-

proton beam. 

The resulting curves are show in Fig. 2.10. It can be seen that 

the maximum efficiency of C1  is - 98%, and that of C2 is 	96%. These 

values are in good agreement with those obtained at 70 GeV/c (Ref. 2.5 ). 

It should be noted that the kaon curves were made with an impure beam, and 

so are uncertain to a few percent. The tails on the anti-proton curves 

are thought to be due to the muon halo of the beam, picked up when C6 is 
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sampling the outer edge of the beam. 

On the basis of these curves the threshold values of 61  and 62 were 

set. The C1  pressure was set at 0.3 atm, at this point the efficiency 

for kaons is - 0%, the efficiency for pions is - 78%. The C2 pressure 

was set at 0.55 atm, at this point the efficiency for anti-protons is 

- 0%, that for kaons is . 71%. These threshold pressures are in 

excellent agreement with those expected on theoretical grounds 

( Section 2.3.1 ) for the 110 GeV/c beam. 

2.3.5 	BEAM COMPOSITION AND CONTAMINATION  

From the measured efficiency curves it is possible to calculate the 

real beam composition, knowing the measured composition from the tagging 

system. The two are not the same because of the inefficiency of the 

Cerenkov counters at the operating pressures used. 

For 61  set at 0.3 atm we have : c1  (7r) = 0.78 

E1  (K) = 0.0 

E1  (p) = 0.0 

For 62 set at 0.55 atm we have . E2 (7r) = 0.87 

E2 (K) = 0.71 

E2 (p) = 0.0 

Define 	E = 1 - 

1 . = C1 

K = C1C2 

p = EiC2*  

Assume detected beam composition : 7r' % pions 

K' % kaons 

p' % anti-protons 

* By definition the p signal implies the presence of C1, even though 
the electronics does not check on this. 
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Real beam composition : 	% 	pions 

K % kaons 

p % anti-protons 

Then we can write : 

Tr' 	I El(7) 

K' = E1(Tr)c2(Tr) 

P'/ 	\E1(7)2(7) 

 0 	0 	1 	it  

E1(K)e2(K) 	0 	K 

E1(K)E2(K) 	E1(P)E2(P) ' 	\ 	P 

i.e. 

....(2.7) 

0.78 

0.19 

it 

0.19 Tr 

p' 	0).03 7 

+ 0.71K 

0.29K 	+ p 

K' 

In August 1977 the measured beam composition was : 

71 	= 	0.07 

K' 	= 	0.63 

p' 	= 	0.30 

Giving : 

7 	= 	7' /0.78 

K 	= 	(K' - 0.19rr)/0.71 

p 	= 	p' - 0.037 - 0.29K 

= 	0.09 

= 	0.86 

= 	0.05 

i.e. 
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It should be noted that these figures are obtained from curves 

using impure beams and that the values are closer to 10% pions, 80% 

kaons and 10% protons. 

By working backwards it is possible to determine the contamination 

in the tagged kaon sample : 

/
r' 1 	p 0.78x0.09 

K' 	= 	0.19 x 0.09 	+ 	0.71 x 0.86 

P 1 / 
	

0.03 x 0.09 	+ 	0.29 x 0.86 	+ 	0.05 

i.e. 

I 0.07 

K'  0.02 + 0.61 

P.  0 + 0.25 + 0.05 

REAL ,r REAL K REAL P 

Thus of the 63% tagged kaons, 2% are pions, this corresponds to a 

contamination of 	3% of pions in the tagged kaons, which is acceptable. 

Note, however, that if we have, say, 15% pions in the measured beam, 

this results in 20% pions in the real beam,and gives a pion contamination 

of 	8% in the tagged kaons, which is a fairly serious contamination. 

There is no anti-proton contamination. The tagged anti-protons contain 

at least 50% real kaons, due to the inefficiency of C2 . This means 

that there is a significant loss ( 	25% ) of real kaons from the tagged 

sample. One way to reduce this loss would be to increase the pressure 

in C2 to increase the efficiency for kaons. Due to the danger of intro-

ducing a P contamination this was felt to be unwise, but as a test, the 

pressure in C2 was raised to 0.7 atm during the last 3000 frames of the 

December 1977 run. No contamination seems to have been introduced by 

this action. 
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As a further check on the anti-proton contamination a test was 

v 
made at the end of the December run. The pressure in C1  was raised to 

V 

1.0 atm, that in C2  to 1.5 atm. This meant that 61 would count all 

pions and kaons but no antiprotons, C2  would count everything. Thus all 

particles with a kaon label ( S1 C1 C2S2  ) were really anti-protons. The 

result was 238 "kaons" out of a total of 2409 counts, giving a fraction 

of anti-protons of 0.0988 ± 0.0065. 

2.3.6 	RECENT DEVELOPMENTS OF THE TAGGING SYSTEM 

After the December 1977 run some improvements and modifications 

were made to the tagging system and the last part of the beam. To 

V 
improve the efficiency of the Cerenkov counters the pressure vessels 

V 	V 
were silvered inside. This improved the efficiency of both C1  and C2 

to . 99%. This is shown in the pressure curves obtained in the March 

1979, run (Fig. 2.11). From these curves it was decided to set the 

pressure of C2  to 0.6 atm, thus improving the efficiency for tagging 

kaons. The beam composition obtained in this run was 20% pions, 74% 

kaons and 6% anti-protons. 

The layout of the system was also changed after December 1977. To 

allow the introduction of stronger quadrupoles to provide a larger beam 

spread in BEBC ( ,. 40 cm instead of - 20 cm at 110 GeV/c ) the first 

U 
Cerenkov counter was moved upstream of the last bending magnet. The 

second hodoscope was also moved upstream,as in its old position the beam 

would have been wider than 32 cm at 70 GeV/c. The new layout is shown 

in Fig. 2.12. 

2.4 	BEBC AND EMI  

The Big European Bubble Chamber (BEBC) has been described many 

times ( See, for example, Ref. 2.3 ), but for completeness a very brief 

description is included here. 
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The chamber is a vertical cylinder - 4 m high and 3.7 m in 

diameter with a hemispherical top containing five camera parts arranged 

in a pentagon, of which only four are used for cameras, the fifth con-

tains a direct vision periscope. The cameras are equipped with fish 

eye lenses so that each camera views the entire useful volume of the 

chamber. This introduces non-linear distortion, which has to be taken 

into account in the geometrical reconstruction of the events. The 

chamber is lined with Scotchlite and employs a bright-field illumination 

system, i.e. the tracks are visible as black lines against an evenly 

illuminated background, resulting in white lines on a black background 

on the film. The maximum resolution is - 600 u  in space with the normal 

cameras. 

The magnetic field of 3.5 Tesla is parallel to the axis of the chamber 

over the whole useful volume and enables accurate momentum measurements 

to be made, even of very fast (- 100 GeV/c ) tracks. The chamber is 

housed in a cylindrical iron shield which acts as a return yoke for the 

magnet and reduces the stray field to tolerable levels. The beam entry 

and exit windows are made of two layers of stainless steel 0.5 cm thick 

in each case which corresponds to Z 50 cm of hydrogen. As the interaction 

length in hydrogen for 110 GeV/c K is - 10 m, - 5% of beam tracks can 

be expected to interact in the entry windows, creating a "wallon". In 

addition the apparatus of the emulsion experiment, WA17, was installed 

in the beam plane, just outside the entry window, and doubled the expected 

wallon rate in the December 1977 run. 

The maximum expansion rate is - 1 expansion per 2 seconds for 
• 

acceptable film quality, 	during the December 1977 run the chamber 

was double pulsed with the neutrino (Wide Band) experiment with - 4 

seconds between the first (hadronic) and the second (neutrino) pulse. 

This yielded acceptable pictures, the distortion introduced by liquid 

turbulence was not too severe. 
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The External Muon Identifier (EMI) (Ref. 2.6) is mentioned here as 

two of it's chambers were used in the December 1977 run, as stand-ins 

for the then not yet constructed EPI wire chambers. The EMI consists of 

two planes of multiwire proportional chambers, one plane inside the BEBC 

shielding, the other outside (Fig. 2.13). For the hadronic experiments 

only the two forward chambers in the beam plane ( 25 and 52 ) are of 

interest - these are relatively high precision with a resolution of 

1 cm and allow an accurate determination of the secondary particle 

trajectories as they leave BEBC. To enable the hadronic particles to 

leave the chamber and reach the EPI some of the extra iron shielding 

blocks in the forward direction had to be removed. Unfortunately the 

hole could not be completely cleared and part was left obstructed by a 

large iron block, causing severe background problems at the EPI due to 

beam tracks and secondaries interacting in the iron. 



WEST Hs LL 

Mc 

R it z 

- 43 - 

VERTICAL SECrION 
	

RFI 

monew L pi 	TARGEr 
DEk3IZ1t rt4 S PS 

BEBC 

GLEAQ.M5(r 
Rf 3 

moot mritti 
RE- DE s'JITxDt4 

WESr HALL 

H0R22oNrAL SECrIDN  

(THIRD STXiGE OS J LY 

Fr&ua E 2 . 1 

"? 



WIRE C 4Hiert 7 

r.̀  
2 

Rfi 1. 

C) 
\C1 010100 00 00 

\11).\11 I I. I I 
C4 C) 

RP 2_ 

010 1111 	010 ON 	00 Cl 	OA 01) 	011 C11 	OY O71 	Of 00 	OM OH 	OM 04 

	11 	11 I l • F 1 	F-H-1 Li-1 	H 
M7<' 4 vl 

NV) Nu 

mm 

-- Yt0TlC..' 
--- HONi2'.01114, 1 

10 
A 

t 
~- 

70. 	 Ni 	' 

	

),..1.74 .1 1040 1.«: Xs .) l'.1041 	—.—.0i0..r.. . corp. 

	

v.0 r. 1411 	 11201. M4••••11 

`JTriGE' . 

TARGET 

0210)) 	0)) 	014 02). 	011 01) 

Y70 N20 C7 \ 1 	Y16 	N)1 

STAGE 3 

RF3 1 ., gEr 1 S?OPPL12 -co~ t h~~9Me 
(c(3) 

100. 	 40101 10)4 	 1m. 	 11114,21L0 

FIGURE 2.Z 



AKA117:16 ' 

0. 

- 45 - 

a) 

a/ w 

norreynurt 
ANALYSED 

QEAM 

BEAK OPINAL SYSIVI 

RF 1 	 RFZ 

1 	 ~ 

BEAM 
StorrEa 

L 	} 

 

6) 
AAttttuOE 

alb Iw3 

tint 

RPI Rrz 

A 

RFI RF2 

FrcuRE 2.3 



- 46 - 

Kt
eARrteLeS 

a.) 

AXST JC I: 
FRo 4 15 11H A72; 

!  > I 

40 i4. Oft 

1/4///////6 r77-777--/ c 

 

 

t SEST SF'TT.»UG 
PORci-RF3  

Fx&u.RE 2.1g. 



- 47 - 

O
 

0
 •
 
n

 
v

 
b

 
.
 

O
 

a-
0
 

FIG
U

R
E 

2,.5 

N
 	

O
 



I0 0 

601M 
Co 
Roo r1 

150 
2000 

\ \ 

406G 

1 

\ 	\ . 

\ 	\ 
50G 25G 

20 

ELECTRONICS a GAS 

30 	 40m 
I 	l 	I 

100 G 

NEUTRINO BEAM AXIS 

CABLE 
PASSAGE 
HOLES 

<CABLES TO BEAM 
CONTROL ROOM CABLE 

TERMINAL BOX 
(UNDERGROUND) 	1•10•r 

EHW 2 

FIGURE 2. 6 



HODOSCOPE I 
- --.~ -- --

A~ 

~I 1~~lg 
Ao 

-JL 
s. 

2.5mm 

o 10 20 30 cm 
I I I I 

EJ_ 
E 

Ul'j L 
5mm 

HODOSCOPE 2 

FrG-tARE Z. 7 

B~ 
B4 
B5 
8 2 
B. 
Bo 
52 

+:::> 
1..O 



o3 vo 
W 

15° 

 

1 

• 
a 
0 

DELAY utns D E LAY UMITS 

V 

I S x 16 8 IT S HAT R EG.iSTE eurFe 0 

` 	 Y 

	 A 	  

0 
O A 
d 

m H 

70 
rn 

N 
00 

	) 



4. 
•1- 

1,1 
+

 

„. 

• 
-t- 

.4. 
+

 

8 	
I 

 

'. ,1 
1
 	

:• 	
• .",• 

til x 1.1 

y
J 

11'...
; 	

C.::: ■ 	
I ii? 	

17., 	
f.':•* 	

....., 	
:: 	

.... 1 
 

1.'....., 	
rig 

	

 1.1 f....:1 
	

lf.l• 	

i.1
 lti 	

• ", 	
.i I  o 
	

..-• 
I.,.:I 	

•7:1 	
l.r • 	

:1 	
i
 	

i
 	

I. 	
•...1 	

-• 
.... 	

- 

•
 

.4. 

ui 

11' 

C•:1 

4 +
 

4
. 

••:;-• 

1: 

•;•• 

'•d* 



loo 

q0 

30 

2.0 

10 

100 

to 

10 

- 52 - 

0 	 t 	4 	~ 

0 041 0.2, 0.3 04 0.5 0.6 
I 	i 	I 	I 	I 	I 	I 	 1 	 ,  

0.1 04 o.q t.o I. 1.2. (.3 14 1.5 I. (.7 (.8 
F 13Sc+LLLTP PRESSURE / $pR 

0 
p 0.1 0,2 0.3 04 0.5 0.6 0.7 0.S 0./ 1.0 t.r (.2. 1.3 1.14 14 1.6 1.7 1.8 

A SSOLKTE PRESSURE / &Alt 

70 

fo 

144 
30 

lo 

to 

FIGURE 2.10 



9 
2 . oI 
be r 

I 
1 	 1 	1 	1 	1 	1 	1 	 1 	I 	1 	I 	1 	I 	l 

0.1 o.2. o.3 o.4. 0.c 0.6 0 0.g 0.4 1.o 1.1 1.2. 1.3 1.4 1.S 1,6 1.7 1.8 
ABSo&uTE PREssu,ME /6AR 

EF
FI

C
I

EN
CY

 ('r.
)  

1 00  

qo 

70 

0 0.1 0.4. 03 o4- 0.5 0.6 0.7 0.8 0.4 I.0 1.1 1.2. 1.3 14. ►.S 46 1.7 1.$ 
A8SOLILTE PRēssuRE /8AR. 

FIGURE 2.11 

50 

4-0 

30 

20  

10 

0 

53 - 



8 a 
a 
G 

FIG-LIRE 2.12 



lower row 

row upper 

SZ 

53 
BEAM 

FIGURE .2..13 

Ck 2S 

E.M.I CH ANDERS  



- 56 - 

CHAPTER 3 : 	THE EPI - PRINCIPLE, CONSTRUCTION AND OPERATION  

3.1 	INTRODUCTION  

The need for an External Particle Identifier in high 

energy hadron experiments has been discussed in Chapter 1. 

This Chapter describes the principles of mass separation in 

the region of the relativistic rise in ionisation, followed by 

details of the construction and operation of the final working 

device, including the "bicycle online" data checking procedure 

created by the Author. Test results are presented, showing 

that the device meets it's design specifications. 	Finally, 

the calibration factors needed for optimal mass separation 

are described and methods of obtaining them are presented. 

3.2 	POSSIBLE METHODS OF PARTICLE IDENTIFICATION  

The nature of the device used for identifying high energy 

hadrons emerging from BEBC is governed by the constraints 

within which it has to operate : 

The RF beam has a maximum spill length in normal use of 

3us, hence all the fast secondary particles produced in inte-

ractions in BEBC will arrive at the EPI in this short inter-

val, thus requiring the device to have good multi-track detec-

tion efficiency. There will also be background from non-inte-

racting beam tracks, and particles interacting in the BEBC 

exit windows, the EMI etc. The maximum unseparated momentum 

of the beam is 150 GeV/c, thus reasonable detection efficiency 

up to - 100 GeV/c is required. The beam spread in BEBC is 

always maximised to increase multi-event efficiency, and can 

be anything up to lm horizontally and 2-3cm vertically; as 

most of the secondary particles of 20 GeV/c momentum or more 

will leave BEBC,a detection area of - 2m horizontally and -lm 

vertically a few metres behind BEBC is needed. The EPI has 

to operate in a stray magnetic field of - 150 gauss in the 
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vertical direction at its location "8m from the BEBC shielding 

(the EMI prevents it being located any closer). 	The ability to 

provide a fast trigger is not necessary in the environment of a 

conventional slow-cycling bubble chamber. There are two 

possible methods of particle identification relevant in this 

situation. 

3.2.1 	THRESHOLD CERENKOV COUNTERS  

It has been shown that it would require two atmospheric 

pressure multicell Cerenkov counters to cover the momentum 

range 20 - 70 GeV/c for either K/Tr or p/Tr separation ( Ref. 3.1). 

A complete system using Cerenkov counters would be at least 

20m long - far too large for the space available in the BEBC 

hall. Such a device would have a limited angular acceptance, 

and with a fairly narrow beam spread in BEBC the detection 

efficiency of this system would be seriously reduced - due to 

the highly non-parallel trajectories of the secondary particles 

they will traverse several cells. 

To achieve separation above 60 GeV/c pressures less than 

atmospheric would be needed - this would necessitate thick 

windows making the counters susceptable to knock-on electrons 

and causing unacceptable multiple scattering and interaction. 

For these reasons it can be seen that a system of threshold 

Cerenkov counters is not suitable for this particular applica-

tion, their major advantage - the availability of a fast trig-

ger (which is not of great importance anyway) is outweighed by 

the disadvantages. 

3.2.2 	IONISATION MEASUREMENTS  

A high energy charged particle traversing a medium loses 
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energy continuously by collisions with atomic electrons, 

leading to ionisation of the atoms. The total rate of energy 

loss per unit length of medium is given by the Bethe-Block 

formula (Ref. 3.2) : 

dE _ _znzt 	Z,n vz W, lx  -2Rz-S .(3.1) 
dx 	me  Vt 	LI2  (1-P1) 	

... 

where 	z =charge of incident particle (usually 1) 

n = electron density of medium 

e = electron charge 

me = electron mass 

v= oc = velocity of particle 

I= effective ionisation potential averaged over 

all electrons 

WMAX 
= maximum kinematically allowed energy transfer 

to an electron 

s = density effect correction (see later in text). 

At non-relativistic velocities dE/dx varies as 1/v 2, but 

after passing through a minimum value of ionisation (Io) at a 

value of y (=(1-02)1 ) of .. 3 rises slowly with increasing y, 

due to the effect of the logarithmic term in the above equa- 

tion. The value of Io varies from - 2 MeV gm 	cm2  for ele- 

ments of low atomic weight to - 1 MeV gm 1  cm2  for those of 

high atomic weight. 

The relativistic rise in ionisation arises from two phy-

ical causes. One is that the value of WMAX 
rises with y2, en-

abling the production of high energy electrons ("S-rays") 

which then also ionise the medium. The other cause is that when 

the electric field of a relativistic particle, spherically 

symmetrical in it's rest frame, is transformed into 
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the lab frame the components transverse to the line of 

flight are multiplied by a factor y, thus extending to a 

greater distance from the trajectory and increasing the 

number of ionising collisions. This logarithmic rise in 

ionisation does not continue indefinitely, however, as the 

relativistically expanding electric field of the moving 

particle increasingly polarises the medium producing a field 

opposite to that of the particle and reducing its effect. 

This is the density effect (the term S in equation 3.1), so 

called because it is proportional to the electron density in 

the medium, and is thus much more important in solids and 

liquids than in gases. 	It is for this reason that gases are 

much more suitable for making ionisation measurements in the 

relativistic rise region. In the case of gases the density 

effect causes the rise in ionisation to flatten off at a 

value of Y -1000. 	This plateau is called the Fermi Plateau. 

Sternheimer ( Ref. 3.3 ) has obtained a standard formula 

for the density effect correction ō  , which applies to all 

materials : 

S = 4.606 X -5.462 + 0.2074 (3-X)2  .... (3.2) 

valid in the region 	0.281 	X ( 3, where X is defined as : 

X = loglo  (P/mc) , P = momentum, 

m = mass of particle. 

Fig. 3.1 shows the prediction of the Bethe-Block formula, 

including Sternheimer's expression for the density effect, for 

argon at NTP, and, for comparison, the results of EPI tests 

taken in June-August 1977, ( See Section 3.6 ). The quantity 

plotted is normalised by dividing by the minimum ionisation 

value, Io, thus avoiding the need for an absolute (in terms 
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of MeV gm-1  cm2 ) normalisation. It can be seen that the exper- 

imental plateau value of I/Io, 	1.58 is somewhat lower than 

that predicted by the theory; the reason for this is not under-

stood. 

In Fig. 3.1 I/Io is plotted as a function of P/mc  , i.e. s• 

As particles of the same momentum but different mass have 

different velocities, they will also produce different ionis-

ation values. It is this effect that enables mass identification 

to be made - if the ionisation of a particle of known momentum 

is measured, its mass can be determined. This is shown more 

clearly by Fig. 3.2, which shows the experimentally determined 

relativistic rise curve plotted as a function of P. This has 

the effect of producing three curves, one for pions, one for 

kaons, and one for protons. To clarify this, consider a par- 

ticle of momentum 10 GeV/c. 	If it is a proton it would have 

an I/Io value of 1.08, if a kaon it would have I/Io - 1.18, 

and if it was a pion it would have I/Io - 1.34. Thus a mea-

surement of I/Io for a particle of known momentum enables its 

mass to be determined. 

From Fig. 3.2 it can be seen that, provided the measure-

ment of I/Io is precise enough ( The error bar drawn shows an 

error of ±3% ) mass separation is possible in the momentum 

range - 10 - 100 GeV/c by ionisation measurements. 	Itis on 

this principle that the design of the EPI is based. 

3.3 	FUNDAMENTAL DESIGN CONSIDERATIONS  

The main problem in making an accurate measurement of the 

ionisation of aparticle lies in the large fluctuations between 

individual measurements, and the fact that the distribution of 

many measurements is not gaussian but follows a characteristic 
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Landau distribution (Ref. 3.4). Fig. 3.3 shows a typical Landau 

distribution obtained from EPI data. The "EPI ionisation units" 

are just the digital values from the analogue-to-digital converters 

(See Section 3.4.2),the spike at a value of 255 is due to the 

finite resolution of these ADC's - all ionisation values higher 

than this value accumulate in this bin. The peak value of the 

distribution, called the most probable energy loss, Ao , is clearly 

less than the mean energy loss, o, and the ratio TI/A 0, which gives 

a measure of the assymetry of the distribution, is predicted to be 

inversely proportional to the thickness of the medium the samples 

were taken in. 

The variation of resolution with sample thickness has been 

investigated (Ref. 3.5) in argon at NTP. 	The results are shown 

in Fig. 3.4, the Full-Width at Half Maximum (FWHM) (See Fig. 3.3) 

of the Landau distribution is plotted as a function of detector 

thickness. The predictions of Landau and of Blunck (Ref. 3.6) 

are also shown. The experimental curve is in good agreement with 

the Landau prediction for detector thickness greater than 50 cm. 

Below 50cm a correction for electron binding has to be applied to 

the Landau curve - this is the prediction of Blunck. 	This corr- 

ection widens the theoretical Landau distribution on the side of 

low ionisation losses and hence worsens the resolution. The 

measured resolution at small thicknesses is better than the 

Blunck prediction because some of the higher energy 6-ray elect-

rons causing the long tails in the Landau distributions were able 

to escape from the particular apparatus used, giving a narrower 

distribution. 

From this result it is clear that a single sample of the 

ionisation of a particle can never give high enough resolution 

for mass separation to be successful - even at a detector thick- 
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ness of 5 m the resolution would not be much better than ±10%. 

The only way to achieve a high enough resolution for a single 

particle is to make many independant measurements of the ionis-

ation and to treat them in some statistical way to obtain the 

value of the most probable ionisation loss; a device with 

many independant counters is thus required. 

There are two possible ways in which the data from many 

counters can be processed in order to obtain an estimator of -

the ionisation of the particle. One method is to perform a 

maximum likelihood fit to the Landau distribution obtained and 

find the value of oo. 	This method has two disadvantages, it is 

very complex, and it is sensitive to the distortion of the dis-

tribution introduced by the finite resolutions of the ADC's. 

The other method is to take the mean of a certain► percentage of 

the smallest values of ionisation as the estimator. 	It has 

been shown (Ref. 3.5) that by taking the mean of the 40% smallest 

values a result as accurate as that obtained from a maximum 

likelihood fit is obtained, in a much simpler way. 	This trun- 

cated-mean method also has the advantage that it is not sensi-

tive to the ADC cut-off spike. An investigation of the variation 

of resolution with number of samples (Ref. 3.5) showed that an 

adequate resolution of ±3% could be obtained from 128 samples. 

3.4 	DESIGN AND CONSTRUCTION OF EPI  

The final design of the EPI (Ref. 3.7) consists of a matrix 

of 4096 single wire gas proportional counters. The gas used is 

argon with 5% methane as a quenching agent, this mixture giving 

the best resolution of all the gases tried (Ref.3.5). These 

counters, of (6x6) cm 2  cross-section, are arranged in 128 layers 

of 32 counters each, as shown in Fig. 3.5. A layer is a line of 
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counter cells parallel to the short axis of the EPI, labelled 

from 0, at the end closest to BEBC, to 127 at the far end. A 

"slice" is a line of cells parallel to the long axis, there are 

32 such slices labelled from 0 to 31 as shown in Fig.3.5. 	Each 

counter has an effective height of - 90 cm, resulting in an 

effective detection area of (192 x 90) cm 2, which is well-

matched to the spread of secondary particles leaving BEBC. 

In the case of the 110 GeV/c beam the geometric acceptance of 

the EPI results in most negative secondaries in the momentum 

range 20 - 110 GeV/c entering the device in its optimum running 

position. 

The device is essentially two-dimensional in nature - no 

information as to where particles pass vertically is obtainable 

from the cell-matrix data. Two tracks passing above one an-

other will be seen as one track, resulting in useless ionisation 

values; this can cause problems in the data analysis (See 

Chapter 4). 	This is not generally a serious problem as the 

secondary tracks are usually well separated at the position of 

the EPI by the diverging effect of the BEBC magnetic field. 

More problems are experienced with crossing background tracks 

(Ch. 4). 	To prevent non-interacting beam tracks from obscuring 

the matrix an insensitive area is located as shown in Fig. 3.5 - 

by steering the beam into this area any fast forward secondaries 

passing above or below can be seen unambiguously. 	This "beam 

hole" is located at one side of the EPI, not in the centre, as 

the device is intended to detect beam - type secondaries only 

(i.e. those secondaries with the same charge as the beam) which 

will be constrained by the BEBC field to stay on the left of 

the beam. 
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3.4.1 	MECHANICAL CONSTRUCTION 

The counters are constructed in "double layer" modules, 

32 counters wide and 2 deep, the complete device containing 64 

such modules. The individual counters are made by stretching 

stainless steel wires on a laminated frame made from 12 cm 

wide glass bars and printed circuit boards. The outer and 

median HT planes are made from 100u diameter wires 3 cm apart, 

the alternating signal /HT wires are 50u diameter - see Fig.3.6 

for details. The modules are sealed on each side by 25u mylar 

foils. The electrostatic field of the counters is suffici-

ently symmetrical that no deformation of the wires occurs. 

Glass was chosen as the principle frame material because of its 

high surface quality, low outgassing rate and relative cheapness. 

Each module_actually contains 34 cells across its width, 

but the outer cells on each side are not used, apart from those 

in the first and last modules, which are used for radioactive 

source gain monitors (See Section 3.4.4). These extra cells 

provide a uniform field environment for the outside edges of 

the active cells, reducing any edge effects. 

The uniformity of response along the wires and the effic-

iency of separation between adjacent cells are shown in Fig. 

3.7a,b, (from Ref. 3.6). The response along a signal wire 

becomes uniform (within the acceptable limits of ± 5%) at _ 5-6 

cm from the frame edge, giving the useful counter length of - 

90 cm. The separation between cells is good - the signal from 

a particle should be almost totally confined to the cell which 

it traverses (A result donfirmed by the test data taken in 

December 1978) . 

The insensitive "beam hole" region mentioned above is made 
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by 4 cm long 130u diameter glass tubes cemented half-way up 

the signal wires in the first six cells on the right looking 

from BEBC (Fig. 3.5), thus preventing the pickup of any signal 

in this region. The edges of the dead region are acceptably 

sharp, extending - 0.5 cm above and below the glass tubes. 

The double layer modules are installed in a pressurised 

box with double mylar windows front and back (Fig. 3.8). 	Each 

module has its own gas supply from a battery of premixed argon - 

methane mixture. The gas exhausts from the modules pass freely 

into the box , preventing any distortion of the mylar foils 

sealing the modules. A constant overpressure of 2 gm /cm2  is 

maintained within the box for hydrogen safety reasons (The BEBC 

hall is a hydrogen safety zone). The box contains heat exchangers 

to maintain a constant temperature and to prevent the build up 

of temperature gradients. 

The complete device, including all the electronics, power 

supplies, etc (contained in a sealed, nitrogen pressurised box 

hung on the side of the device) is mounted on a "chariot" behind 

BEBC. 	(Fig. 3.9a) which permits movement of the device into the 

optimum position for each beam momentum. The EPI can be moved 

vertically by ± 10cm with respect to the beam plane, it can be 

rotated by ± 7 degrees, and the whole assembly can be moved side-

ways, as far as the test branch of the S3 beam, used for calib-

ration (Fig. 3.9b). All movements are made by compressed air 

motors under local control. The total weight of the assembly 

is about 52 tons, of which the detector modules contribute 16 

tons. 	Reproducibility of positioning, allowing for mechanical 

deformations is below the lmm level. 

3.4.2 	ELECTRONICS AND DATA AQUISITION 

The data aquisition circuit for a single counter is shown 
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in Fig. 3.10a. 	It is designed to accept particles from a beam 

spill of maximum length l0us (but will accept up to ` 25 us) 

with no timeresolution. The circuit consists of a high input 

impedance amplifier feeding an integrator which produces a flat- 

topped output signal within - 10 us. 	The signal is fed into an 

8-bit analogue-to-digital converter, resulting in a digitised 

ionisation value in the range 0-255 arbitrary units. Any ionis-

ation value which is higher than the ADC's can handle is assigned 

the value 255 - this is the cause of the spike in the Landau dis-

tribution of Fig. 3.3. The clock and ramp generator for the 

ADC's is common to all of the 4096 channels, giving a simultan-

eous conversion of all the signals in ` 250us. 

At the end of the conversion the data in the ADC scalers is 

transferred into the corresponding cell shift registers, clearing 

the scalers in the process. The data is then shifted slice by 

slice into a separate set of shift registers which are read out 

via a 10 MHz, data link to the Nord - 10 computer in the beam 

control room (Fig. 3.10b). 	The total read-out time is - 4 ms, 

during which time the data aquisition circuits could accept an-

other beam pulse as the scalers have already been cleared. 

All the electronics, apart from the power supplies and the 

master control clock, are mounted on 2m long printed circuit 

boards which plug directly onto the double layer modules. The 

fact that the electronics are contained within the EPI box means 

that access for repair and maintenance is not possible during a 

run - any channels that fail have to be left as they are. 	During 

the December 1977 run there were - 100 dead cells, which was 

reduced to - 20 during the 1979 runs by using more reliable inte-

grated circuits. The nature of the device is such that - 1% of 
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dead cells scattered at random has no effect on the detection 

efficiency. 

3.4.3 	WIRE CHAMBERS 

To assist in the off-line data analysis two multiwire 

proportional chambers are installed, one at the entrance win-

dow of the EPI, and one at the exit. These chambers are desi-

gned to provide an accurate determination of the trajectories 

of particles traversing the EPI. 	Each chamber consists of 

three anode planes, at 0°  (vertical) and at ± 30°  to the 

vertical, as shown in Fig. 3.11. The ± 30°  planes each have 

512 wires of 4mm spacing, resulting in accuracy of - ± 4mm 

on the reconstructed points. 	Each chamber is - lm high and 

2m wide, to completely cover the EPI windows. Shift regis-

ter buffers provide 16 timeslots of 0.25us for each of the 

-- 3000 wires. 	The gas used is the same as that in the EPI 

proper, i.e. argon with 5% methane as the quenching agent. 

3.4.4 	ON-LINE CONTROL SYSTEM AND DATA HANDLING  

The EPI and beam-tagging system are serviced by a dedi-

cated NORD-10 16 bit minicomputer with 64 K words of core 

memory, a 10 Mbyte cartridge disk drive, and a heavy duty 

1600 bpi magnetic tape unit, running under the real-time 

operating system SINTRAN III. The data from the tagging 

system, the EPI cell matrix, and the EPI wire chambers is 

fed into the computer via direct memory access, reformatted 

into a form suitable for the offline analysis (See Appendix 

A for details) and written onto the magnetic tape. 	During 

normal running with one hadronic pulse per SPS cycle a full 

tape is written in - 24 hours. 
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An important function of the computer is the monitoring of 

the overall gain of the EPI proportional counters. As the mylar 

windows sealing the box are not rigid, the internal pressure 

varies with the atmospheric pressure, changing the gain by "1% 

for a - 0.1% change in pressure, which necessitates a continuous 

monitor of the gain. This is achieved by four radioactive sources 

(Sr9°,Fe59) placed in four of the unused edge cells of the EPI, 

one at each corner. The outputs from two of these cells go via 

ten-bit ADC's to 16 bit pulse-height analysers which are intero-

gated by the computer when sufficient counts are accumulated - 

every - 20 minutes The output of a third counter goes to a pulse-

height analyser with a manual readout, useful in case of computer 

problems. The computer calculates the position of the point half 

way up the rising edge of the Landau distribution obtained (See 

Fig. 3.3) and uses this as an estimator of the gain. 	In December 

1977, this value was printed out and used later in the off-line 

analysis to normalise the data to the gain value at the start of 

the run (See Chapter 4). 	During 1978, a modification was added, 

whereby the computer could alter the HT value (in the range 2-2.5 

kV) on the basis of the monitor values in the EPI to keep the 

gain constant despite the pressure changes, eliminating the need 

for off-line correction. This HT servo-loop has been in operation 

since November 1978, and has proved very successful. 

It is possible to display the data from the tagging and EPI 

as it is accumulated - for example the hodoscope profiles shown 

in Chapter 2. 	Fig. 3.12 shows a typical EPI "event" as seen from 

the top from the on-line display. Each dot represents a cell 

which has given a signal - a line of such dots represents a 

particle traversing the device. 	Track (a) is a beam track that 

has not interacted (and is not in the beam hole), track (b) is a 
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fast secondary from BEBC, the points where it crosses from one 

slice to another are clearly defined. Tracks (c) and (d) are 

background tracks, produced in an interaction in the frame of 

the device. 	This figure gives a clear indication of the fine 

granularity of the EPI, and it's (potentially) good multi-track 

detection efficiency. 	Fig. 3.13 shows the wire chamber plots 

corresponding to the EPI event of Fig. 3.12, 3.13(a) shows the 

front chamber, and 3.13(b) the back chamber, in both cases looking 

towards BEBC. 	Each line  represents a wire that has fired, Fig. 

3.13(a) shows clearly the entry points of tracks (a) and (b), 

while 	3.13(b) shows the exit points of the four tracks, (a), 

(b), (c) and (d). These display facilities are very useful in 

monitoring the EPI and the beam conditions, and are used exten-

sively during data taking. 

On-line histogramming features are also available. It is 

possible to histogram the data from a chosen slice of the EPI - 

e.g. one though which 	beams tracks pass, as in Fig. 3.12, 

obtaining the Landau distribution, and the distribution of the 

mean of 40% smallest ionisations for each track that passes 

through the chosen slice. Typical plots so obtained are shown 

in Fig. 3.14, 3.14(a) shows the Landau distribution (in this case 

for slice 2), and 3.14(b) shows the distribution of the mean 40% 

smallest values. These features are again very useful during 

data taking, especially during calibration runs, (See Section 3.7) 

3.5 	BYCYCLE ON-LINE DATA CHECKING PROCEDURE  

During the EPI test runs in June-August 1977, the Author 

developed a set of programs for rapid testing and evaluation of 

the data from the tagging system and the EPI. 	It was felt wise 

to continuously monitor the data in order that rapid corrections 



- 70 - 

could be made in case of any failures, in 	the case of the 

tagging data especially, as this is vital to the success of 

the experiment. 

Several faults in the data were found by means of these 

checking procedures . For example it was found that the film 

roll number was sometimes written incorrectly on the tape - - for 

example the roll 352 would appear as 752 for several frames, and 

then revert to 352 again. This fault is due to incorrect trans-

mission of the roll number from theBEBC.control room to the EPI 

computer, and has never been corrected. 	It is possible to allow 

for this error in any off-line program however, by constraining 

the roll number in consecutive data records to either stay the 

same or to increase by one, when the roll is changed. 

Another fault that was discovered was the absence of the 

overflow flag in the tagging system data (See Appendix A for 

format) when it was clear that there must have been more than 16 

particles in that particular beam spill. 	This was due to a fault 

in the on-line program and was corrected during 1978. 

Using these programs it is possible to display the raw data 

in order to make visual checks as to it's validity.. Fig. 3.15 

shows an EPI event as displayed by the checking program. In 

this picture, the hit cells are represented by 	letters of the 

alphabet, depending on the actual value of the ionisation - ion-

isation values of 0 - 9 are represented by A, 10 - 19 by B, and 

so on up to 250 - 255, represented by Z. The increase in ionis-

ation in the regions where tracks cross is thereby seen in this 

type of display and illustrates the fact that such cells should 

not be used for any ionisation analysis. Printed beneath the 

EPI picture is the data from the tagging system, showing the hod-

oscope coordinates and particle labels of each track recorded. 
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The columns "BEBC", "VIEW2" and "VIEW5" contain predictions 

for the beam track entry points in BEBC; this will be discussed 

in detail in Chapter 5. 

In December 1978, a modification was made to the program to 

allow for the data from the EPI wire chambers. Typical wire 

chamber plots are shown in Fig3.16 corresponding to the EPI 

event in Fig.3.15. 	The wires are labelled according to what 

timeslot they were hit in - A for timeslot 1 up to P for time- 

slot 16. 	In this example the wires were hit in timeslots 9(I) and 

10 (J). The lines of asterisks (*'s) indicate the presence of 

more than one wire - due to the resolution of this method of 

plotting each line of characters covers - 4 real wires, resulting 

or 
in the *'rd lines if twos(more wires are unresolvable. 

3.6 	TEST RESULTS  

In the summer of 1977, a series of tests of the EPI were 

carried out (Ref. 3.8). At this time the EPI was situated in 

the S3 beam about 100 m upstream of BEBC, at a point where the 

beam is narrow and reasonably parallel. 	The beam intensity was 

kept down to less than one particle /SPS burst  in order to obtain 

a clean sample of data. The EPI was positioned such that the 

beam traversed the full length of slice 2, making the data 

analysis very simple - no track reconstruction or pattern recog-

nition being needed. There was some background due to off-momen-

tum beam particles and muon halo (the final cleaning bend of the 

beam being downstream of the EPI position), but this was easily 

filtered out in the off-line processing. 

During the test periods, data was taken with beam momenta of 

20, 30, 40, 50, 64, 70, 90 and 110 GeV/c. For all momenta apart 

from 50 and 70 GeV/c the beam tagging system was in operation, 
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and was used to cross-check the EPI results. After correcting 

the data for variations in gain between channels and for the 

overall gain variations caused by pressure fluctuations (details 

of how these corrections are applied will be given in Chapter 4) 

the data was processed by the mean of 40% smallest method. As 

an example of the results obtained, Fig. 3.17 shows the distri-

bution obtained for a 50 GeV/c positive unseparated beam. The 

resolution achieved is ± 3% HWHM, in excellent agreement with the 

design resolution. The overall results for the relativistic rise 

curve have already been shown, in Fig. 3.1. This curve is used 

as the reference curve when calculating probabilities for the 

various mass hypotheses in the real data analysis - this is. 

dealt with in Chapter 4. 

3.7 	CALIBRATION  

To correctly calculate the ionisation of a particle traver-

sing the EPI from the raw ionisation values two factors have to 

be taken into account. One factor is the variation of the over-

all gain with time due to pressure changes, this however only 

applies to the December 1977 data for which the HT servo loop 

was not running. The correction i_s simply obtained from the 

print-out of the values 	of the pulse-height anal- 

ysers and will not be discussed here. The second factor that has 

to be taken into account is the fact that the individual cells 

have different gains, varying by up to - ± 30% from the mean 

value. To obtain a true sample of ionisation values the raw 

numbers have to be normalised to take this variation into account. 

This requires a knowledge of the actual gain of each cell in the 

EPI, these values being known as the channel corrections. 

In order to perform the mass identification once the ionis- 
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ation value (i.e. the mean of 40% smallest values) is deter- 

mined 	the normalisation factor, Io, must also be known, as 

all work is done in terms of I/Io not the absolute ionisation. 

Io can be determined (in EPI ionisation units) by measuring the 

ionisation of tracks of known momentum and type, for example 

beam tracks, which are known to be kaons of 110 GeV/c momentum. 

From the calibration curves (Fig. 3.2) it can be seen that a 

110 GeV/c kaon has an I/Io value of ` 1.475, thus, if an accurate 

determination of the ionisation value of a 110 GeV/c kaon is made 

(by taking the mean of many tracks) the value of Io in EPI units 

can be obtained : 

Io 	
Ileo GeV/cK 	... (3.3) 

1.475 

3.7.1 	CHANNEL CORRECTIONS  

The channel corrections are obtained by passing a suffic-

ient number (?1000) of particles of the same momentum and type 

through each cell that a smooth Landau distribution can be 

obtained for each cell, and then measuring the peak position 

(A 
0
)in EPI units of each distribution. 	These numbersthen 

serve as estimators of the gain of each cell (the higher the 

gain, the higher the value of oo ) and by suitable normalization 

can be used to correct the measured ionisation values for the 

gain variations. 

In the case of the December 1977, data it proved possible 

to obtain the channel corrections for the first four (0-3) 

slices only, from the test data taken in June-August 1977. By 

selecting events with only one beam track (using the tagging 

system data) and plotting the Landau distributions for each cell 

the track traversed (the whole of one slice in all cases) the 
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channel corrections were obtained for these four slices. The 

normalization factor chosen for these corrections is the mean 

of the 512 values obtained, as there was not enough data to 

base anything more sophisticated on. 

In the case of the March 1979 data the full set of 4096 

channel corrections was obtained from a calibration run in 

December 1978. 	During this run the EPI was moved into the test 

branch of the S3 beam (Fig. 3.9b), which was tuned for 50 GeV/c 

negative particles - essentially all 7t , even though no separ- 

ation was used. At the position of the EPI the beam was essen-

tially parallel, with a horizontal spread of less than 2 cm, so 

it could be contained entirely within one slice. 	By aligning 

the EPI so that the beam traversed a complete slice data could 

be taken for 128 cells at a time. As it took - 6 - 8 hours to 

accumulate sufficient single particle events 
	

1000 are needed) 

it took - 10 days to cover all 32 slices. 

When the calibration data was analysed (by members of EF 

Division, CERN) it was found that there had been a systematic 

drift in response with time (Ref. 3.9), and an extra correction 

factor for the channel corrections has to be taken into account. 

This takes the form of a multiplicative factor which normalises 

the values for each slice to those of the first slice calibrated. 

The mean of the channel corrections of this slice is also used 

as the normalizing factor. 

The channel corrections obtained from this run show several 

interesting trends. The average gain across a layer rises 

slowly from layer 0 to layer 127 by about 5%, and the average 

gain per slice is lower in the outside slices (0 and 31) than 

the inner slices, where the average gain is flat. 	This second 

effect is clearly due to edge effects, but the first effect is 
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not understood. 	Due to the changes made in the electronics 

this set of channel corrections is not applicable to the 1977 

data - the gains of individual cells have completely changed - 

but it is possible that the general trends described above could 

be applied to the earlier data. 

3.7.2 	Io DETERMINATION  

While the channel corrections, once determined, stay valid 

unless the electronics are altered, the value of Io has to be 

determined separately for each run as it is very sensitive to 

external factors - e.g. changing the polarity of the BEBC field 

changed the value of Io in the March 1979 run (Ref. 3.10). 

In the case of the December 1977, run the value of Io was 

determined to be 91 (EPI units). As this determination depended 

on the use of the off-line analysis program, together with mea-

sured events from BEBC, it will be discussed in detail in 

Chapter 4. 

For the March 1979, run the value of Io has been determined 

to be 56.1 EPI units (Ref. 3.10) from do exhaustive analysis of 

beam track data, using the EPI data directly. 	In this analysis 

a time dependant drift of - 0.5% per day in the value of Io was 

observed, which should be taken into account in the off-line 

analysis. 
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CHAPTER 4 : 	EPI DATA ANALYSIS 

	

4.1 	INTRODUCTION  

This chapter presents the main problems that have to be solved in 

order to correctly analyse the EPI data. The resulting software is 

described, with particular emphasis on the pattern recognition pro-

cedures devised. Details of the normalisations that have to be applied 

to the ionisation data and of the mass identification procedure are 

given. The derivation of the Io value for the December 1977 data is 

described and some preliminary results from this data are discussed. 

	

4.2 	THE PROBLEMS  

There are three main problems that have to be solved in order to 

use the EPI data in conjunction with measured events in BEBC. The first 

is to follow the secondary particles that leave BEBC through a complex 

magnetic field and a mixture of media of differing densities to the posi-

tion of the EPI, and there to associate the predicted points of entry 

and exit with the corresponding hits in the EPI wire chambers. The 

second is to find tracks in the EPI by a process of pattern recognition 

and to associate these tracks to those extrapolated from BEBC. The EPI 

"events" already shown in Chapter 3 give some idea of the complexity of 

this problem. The final problem is to obtain a clean (i.e. uncontaminated 

by crossing tracks) set of ionisation values for those tracks which have 

been found in the EPI and associated to secondaries from BEBC, to norma-

lise these values so that the calculation of I/Io is accurate, and to 

compute the probabilities for the various possible masses the particles 

might have. 
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4.3 THE EPI ANALYSIS PROGRAM  

As a solution to the above problems the current EPI offline 

analysis program was developed during September - December 1978, by a 

small group of people, including the Author. This section briefly 

describes the logical structure of the program. A short description of 

the solution to the first problem is given, followed by a detailed 

description of the pattern recognition, the cleaning procedure 	and the 

mass identification. 

4.3.1 	PROGRAM LOGIC AND DATA FLOW  

A simplified flow - diagram of the analysis program is given in 

Fig. 4.1, showing the major steps and decision points of the process. 

The event input consists of the output from the CERN HYDRA Geometry 

Program (Ref. 4.1) containing point-fit, track-fit and mass-fit results 

from the measurements of an interaction in BEBC (Ref. 4.2). This data 

is searched for candidate tracks for following to the EPI (i.e. all those 

tracks that leave the chamber without interacting). If any such tracks 

are found they are followed through the magnetic field to the position 

of the EPI and tested to see if they enter the device. 

If any tracks do enter the EPI, the EPI wire chamber data is read in 

(the tagging data is also read at this point as it preceeds the wire 

chamber data - see Appendix A). Optionally the data from the forward 

chambers of the EMI ( See Chapter 2 ) can also be read in - this provides 

extra constraints 	on the particle trajectories, and is in fact 

necessary for the December 1977 data, for which no EPI wire chamber data 

exists. The predicted hits are compared with the reconstructed points in 

the wire chambers, and if they fit, the hits are associated. 

If any track associates to the EPI, the EPI ionisation data is read 

in and the pattern recognition performed. If this is successful, the 

resulting ionisation data for the track(s) is analysed and mass 
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probabilities computed. Finally a printed summary is produced, and the 

processed event is written to the output tape. 

4.3.2 	EXTRAPOLATION TO EPI  

This problem was solved by the adaption with little or no modifi-

cation, of the major part of the software devised for the EMI. Full 

descriptions of the technical details may be found in Refs. 4.3 and 

4.4. The first step is the selection of tracks for extrapolation, as 

already described. A minimum momentum cut of 5 GeV/c is imposed on the 

candidates, as particles with momenta less than this value will never 

reach the EPI. If the track has had its leaving point on the BEBC wall 

measured, the track parameters fitted at this point are taken; this 

saves having to follow the track from its origin vertex and reduces the 

extrapolation errors. 

Each track is then swum through the magnetic field outside the 

chamber towards the EPI, taking into account multiple scattering and 

energy loss in the various materials the particle may traverse ( See Ref. 

4.3 for details). If the track spirals or traverses too much material 

it is abandoned and the next one started. If it intersects any chamber 

of the EMI or EPI, the point of intersection is computed ready for assoc-

iation with the wire chamber data. 

The most'important factor governing the accuracy of the tracking is 

the accuracy of the magnetic field map in the region outside BEBC, in 

particular the vertical component of the field. The radial variation of 

this component from the centre of BEBC to the position of the EPI is 

shown in Fig. 4.2. The critical region is in the hole in the BEBC shield-

ing, where the vertical component reaches 5 kG in the opposite sense to 

that of the field in the chamber. Unfortunately the field was not 

measured in this region for the December 1977 data, and had to be inte-

polated from the measurements made on each side of the shielding. The 
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resulting uncertainty in the field map reduces the efficiency of 

association of extrapolated tracks to the EPI ( See Section 4.5 ) 

Small changes in the magnitude of the field in the hole region can shift 

a track by as much as 6 cm at the position of the EPI. 

Having obtained all the predicted hits of tracks passing through 

the EMI/EPI, the next stage is to try to associate these predictions with 

actual hits in the wire chambers. Details of this procedure can be 

found in Ref. 4.3 and Ref. 4.4. 	This requires a detailed knowledge of 

the layout of the detectors; such data is stored in the program, giving 

the positions and orientations of all the wire chambers, and descriptions 

of each chamber, i.e. position and orientation of wires, wire spacing 

etc. The positions of the EMI chambers are well known ( Ref. 4.5 ) as 

the EMI is a static system, and from the knowledge of the chamber con-

struction the transformations between the external fiducial marks, used 

to determine the chamber positions, and the wire planes can be computed. 

In the case of the EPI, the positions of the double layer modules relative 

to fiducial marks inside the pressurised box were determined when the 

device was constructed. A set of external fiducial marks is fixed to the 

outside of the box, at known points with respect to the internal marks. 

During a run, when the EPI has been positioned in its final running 

position, the external fiducials are measured, enabling the position of 

the actual EPI cell matrix to be determined to an accuracy of 1 - 2 mm. 

The positions of the wire planes of the EPI wire chambers are located in 

a similar fashion. 

Finally, for all those tracks that pass through the EPI, the 

predicted points of entry and exit in the cell matrix coordinate system 

are computed. For the December 1977 data, the predicted hit values have 

to be used in the absence of the EPI wire chambers, for later data the 

associated hits on the EPI wire chambers are used, giving somewhat better 

accuracy. Fig. 4.3 shows the relationship between the wire chamber 



- 97 - 

coordinate systems and the cell matrix system. The (V 1, W1 ) system, 

with origin at the centre of the front face of the EPI, corresponds to 

the front wire chamber, the ( V2,W2  ) system with origin at the centre 

of the back face of the EPI corresponds to the back wire chamber. The 

EPI cell matrix system is a right handed system with origin at the bottom 

right hand corner of layer 0, looking towards layer 127. The U axis is 

parallel to the long axis of the EPI, the V axis is parallel to the short 

axis, and the W axis is in the vertical direction. In this system all 

points in the EPI have all three coordinate positive. 

4.3.3 	THE PATTERN RECOGNITION  

This part of the program is designed to find tracks in the EPI cell 

matrix data without using any external information. The procedure. 

described here is designed explicitly for the EPI, taking into account 

the general features of the data. The problem is two dimensional in 

nature, and for the purposes of the pattern recognition the EPI is con-

sidered as a matrix of points in an arbitrary space where the unit of 

length is a cell length (6cm in real space), resulting in a rectangular 

matrix 32 units by 128 units. 

The heart of the pattern recognition processor is a set of three 

FORTRAN arrays, of total length - 9500 computer words. Fig. 4.4 shows 

the general layout of these arrays. The first stage is to read the EPI 

ionisation data into the first array, MID; imposing a cut-off on the 

maximum number of cells fired. An EPI event with more than - 2000 cells 

fired is generally so confused that any attempt at track finding is 

doomed to failure - see Fig. 4.5 for an example of an event that would 

be rejected. 

The data is stored slice-wise, starting with slice 0 as shown in 

Fig. 4.4(a). If a cell is not hit, a zero value is stored, if it is hit, 

the corresponding ionisation value is stored. The next stage is to scan 
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this array slice by slice to try to find "strings" of fired cells, a 

string being at least two consecutive cells with non-zero ionisation 

values. For each string that is found, a "string descriptor" is 

created, each is four words long and is stored in the array MM ( Fig. 

4.4(c) ) For each cell that is assigned to a string, the address of its 

string descriptor in the array MM is stored in the array MNN, in the 

location corresponding to the ionisation value in the MID array ( Fig. 

4.4(c) ). The first word of a string descriptor contains the number of 

cells in the string, the second contains the starting layer number of 

the string (in the range 1 - 128), the third and fourth words are left 

empty at this stage. 

When the complete array has been scanned and all the strings found, 

the processor tries to link strings together to form tracks. It starts 

to scan the MNN array at slice 31, looking for any string of more than 

three cells length as a possible starting point for a track. To help ' 

with the description of this process, examples will be considered - 

Figs. 4.6 and 4.7 show two EPI events before any pattern recognition has 

been done, i.e. the raw data. The "-" signs indicate cells with non-

zero ionisation, the "+" signs indicate cells with an ionisation value 

of 255, i.e. those which have overflowed the ADC cut-off limit. It can 

be seen that all the tracks that could be of interest are straight - this 

is an implicit assumption of the pattern recognition, to look for curved 

tracks would be much more difficult. As the vertical componant of the 

stray BEBC field is only 	100 Gauss at the position of the EPI, giving 

a radius of - 3 km for a 10 GeV/c track, this assumption is justified. 

The logic that the program follows depends on the length of the 

starting string. For short starting strings (length 3 - 10 cells) 

the program first tries to find a track with a negative slope. The 

slope of a track is defined by the angle it makes to the U-axis of the 

EPI - for example track (1) in Fig. 4.6 has negative slope, it goes 
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from high slice number to low slice number, with increasing layer number. 

The reason for doing this is that tracks with such short strings, and 

hence large slopes, are usually background (as track (1) is), and can 

have negative slopes as easily as positive slopes. For medium length 

starting strings ( 10 - 40 cells ) the program first tries to find a 

track with positive slope, e.g. track (2) or track (3) in Fig. 4.6, 

these go from low slice number to high slice number with increasing layer 

number. This is done as all tracks followed from BEBC tend to have small 

positive slopes, and hence longer strings, as they are high energy (>20 

GeV/c usually) and do not deviate greatly from the beam direction, which 

is usually parallel to the U-axis of the EPI. ( For example track (4) 

in Fig. 4.6 could be a non-interacting beam track ) Tracks (2) and (3) 

are secondary tracks from BEBC. The logic for short string tracks is 

shown in Fig. 4.8(a), that for medium string tracks in Fig. 4.8(b) 

The procedure for finding tracks of either slope is essentially 

the same, the only difference being in the sign of the slope and hence 

in the direction in which the search for new strings is made. The first 

thing the program does in either case isto check in the slices above and 

below the start string to see if there are strings there compatible with 

belonging to the same track, i.e. that they start at the right place and 

are of a suitable length. If none are found the process is abandoned 

and the program moves to the next possible start string. If good strings 

are found, an equation of the form 

Layer = Constant t Slope x Slice 	... (4.1) 

can be constructed using the points of cross-over between slices as 

points on the line of the track. As these points can be uncertain - the 

strings can overlap by one cell, not overlap, or there could even be a 

missing cell ( See Figs. 4.6 and 4.7 for examples) a tolerance has to 

be used when calculating the location of more strings until sufficient 
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cross-over points (usually 4 are enough) have been found and the track 

direction calculated more precisely. 

Once the track equation is established it is followed as long as 

strings are found which fit the equation. When all possible strings have 

been found the track parameters - the starting layer and slice, and the 

slope - are stored in the data structure for later retrieval and the strings 

are assigned to this track by making appropriate entries in their string 

descriptors. 

There are four basic ways in which a string can be assigned to a track 

(or tracks), these are illustrated in Fig. 4.9. The first case (Fig. 4.9(a)) 

occurs when the string belongs entirely to one track only. In this case the 

address of the track parameter data (a positive integer) is placed in the 

third word of the string descriptor, until now empty. In the case of the 

string belonging entirely to more than one track (Fig. 4.9(b)) a negative 

integer is stored in the third word of the string descriptor. The absolute 

value of this number is the address of a list of pointers to all the tracks 

to which the string is assigned. Thus, if the third string descriptor word 

is positive the string is uniquely assigned and the track parameters are 

obtainable from the stored address; if it is negative the string is assigned 

to more than one track, whose addresses are found in the list pointed to by 

the absolute value of the third string descriptor word. 

The third and fourth cases (Figs. 4.9 (c), (d)) correspond to the first 

two, except that the string is not competely part of the track - it may be 

extended by background, other crossing tracks etc. The same addressing 

structure is used, but using the fourth word of the string descriptor instead 

of the third. Combinations of these four cases are of course possible - for 

example the string may be completely assigned to one track and partially 

assigned to another - the intesection of tracks (1) and (3) in Fig. 4.6 is 

an example of this; in this case the string descriptor will contain positive 

addresses in both words three and four, pointing to two different track 
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equations. 

In the case of a medium length string where no track of either slope 

is found, or when the initial string length is greater than forty cells, 

a different proceaiure is applied. The program seaches for a single trans-

ition between slices and calculates a "road"  within which the track could 

lie. As there may only be one or two transitions with tracks of this type, 

this proce dare is sometimes not very successful; for these tracks it often 

proves better to find them using the predictions from the tracking. 

In the case of a track passing through a complete slice (e.g. track (4) 

in Fig. 4.6) the problem is slightly different - if there are a few dead 

cells on the track it may not be found - the program can jump over a gap of 

one cell, but will fail if two or more consecutive cells happen to be dead. 

The danger of letting large gaps be jumped is that tracks could be constr-

ucted out of random background, giving false results. Again, the best way 

of finding tracks like these is to use the predictions to define a road 

within which the track should lie. Unfortunately, in the case of the 

December 1977 data, the lack of the EPI wire chambers makes it impossible 

to obtain really reliable predictions;coupled with the uncertainly in the 

field map this artifically reduces the overall efficiency of the device. 

When the MNN array has been completely scanned and all tracks found 

that can be found, the pattern recognition proper is finished. The results 

can be displayed at this point - Figs. 4.10 and 4.11 show the EPI events 

corresponding to Figs. 4.6 and 4.7, but after the pattern recognition. 

Tracks that have been found are marked by printing the cells as letters of 

the alphabet, one letter for each track. The order in which the tracks are 

labelled is meaningless. The "+" and "-" signs have the same meaning as in 

Figs. 4.6 and 4.7, and here correspond to background that has not been found 

by the pattern recognition. 

There are two indications in these results that the pattern recognition 

is not as efficient as it could be. One is that track (5) in Fig. 4.10 has 
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been found as two separate tracks - "E" above track (2) and "C" below. 

This does not actually matter as track (5) is background, but it gives an 

indication of how things can go wrong. The other case is track (2) in Fig. 

4.11. This has been completely missed by the pattern recognition and is a 

more serious case as this track could well be a secondary from BEBC. The 

reason for this sort of failure is not known at present. 

4.3.4 	ASSOCIATION OF PREDICTIONS WITH EPI  

When the pattern recognition phase is finished, the predicted tracks 

from BEBC have to be associated to the EPI tracks. In order to transform 

between the EPI cell matrix system and real space, the coordinates used in 

the pattern recognition have to be multiplied by 6 to give corresponding 

values in cm. In addition, the "average" cell length in the U-direction is 

not 6 cm, but is modified by the gap of - 2.9 mm between each double layer 

module, resulting in an average cell length of 6.145 cm in this direction. 

In order to overcome the problem of sometimes faulty pattern recognition 

the precedure_ adopted is to define an EPI track from the predicted entry 

and exit points and to try to find all the strings that should belong to 

this track. In some cases this duplicates the results of the pattern recogni- 

tion, in others it finds tracks (especially those of low slope) that were 

not found previously - for example track (2) in Fig. 4.11. This method 

loses efficiency if the predictions are not accurate, particularly in the 

case of the early data. 

If a predicted track is associated to one in the EPI, all the ionisation 

values for this track are picked up from the MID array, using the string 

descrtptors to decide which cells should be taken. This is done string by 

string by scanning the string descriptors for those that are labelled as 

belonging to the track in question. Each string is stored with its slice 

number and starting layer number, so that its actual position in the EPI is 

known. This needed for the correct application of the channel corrections 
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( See Section 4.3.5). If a string belongs uniquely to the track the ioni-

sation values are transferred untouched, if not the cells that do not belong 

to the track are marked by having their ionisation values negated. For 

example, in the case of Fig. 4.9 (b) the whole string that belongs to both 

tracks would be stored with the ionisation values negative, so that they 

would not be used in the ionisation analysis. The reason for doing this is 

that, if two tracks pass through the same cell, the ionisation that is mea-

sured is the sum of the ionisations of the two particles, and hence should 

not be used in any analysis. 

In the case of crossing tracks where only part of the string is 

affected (for example the intersections of tracks (1) and (3) in Fig. 4.10) 

the extent of the area that has to be cleaned is calculated from the para-

meters of the crossing track and only the cells in this part of the wanted 

string are negated. ( See Fig. 4.12 (a) - the cross-hatched area would be 

cleaned ). The ability to detect and allow for crossing background tracks 

in this way is one of the major reasons for doing the pattern recognition - 

these high slope tracks are found with a high efficiency and enable a clean 

sample of ionisation values to be obtained easily. 

When all the strings of the track have been processed two more cleaning 

procedures are applied. The first protects against such cases as in Fig. 

4.9 (c) - by using the known track parameters the correct string length and 

position can be found, any extra cells at either end of the string can be 

marked by negating their ionisation values. This procedure would clean the 

dotted parts of the string in Fig. 4.9 (c). This also helps in the case 

where two adjacent strings of a track overlap by one cell, as can happen if 

the particle crosses from one slice to the next halfway along a cell, as 

shown in Fig. 4.12 (b). In this case the ionisation deposited in either of 

the shaded cells will be much lower than usual as the particle goes only - 
3 cm in each cell. If these samples are included in the ionisation analysis 

they will depress the mean - of - 40% - smallest value and lead to an erroneous 
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mass identification. It has been shown (Ref.4.6) that the ionisation 

values in these two cells should be added to make one sample, but this can 

only be done after the channel corrections have been applied, and at pre-

sent the normalising routine is not able to do this. Thus the best way to 

avoid biassing the results is to remove both the shaded cells, which this 

cleaning procedure does. This has the disadvantage of reducing the number 

of samples but is the best method at present. 

The second procedure is purely local to the track string and desig-

ned to pick up crossing background that has not been found by the pattern 

recognition. The cleaning processor steps along each string searching for 

a signature of three hit cells on one side of the cell of interest, or two 

on one side and one on the other - (See Fig. 4.12(c)). If such a combina-

tion is found it's direction is projected into the track string and the 

cell it hits is negated. To prevent over-cleaning a minimum slope of ±1/3 

(defined in the same way as for ordinary tracks) is imposed on any potential 

cleaning combination. 

When all the cleaning has been done the array of ionisation values is 

stored in the geometry data structure, ready for the ionisation analysis 

phase. Other data stored with the ionisation values include the date and 

time the data was taken (needed for the gain normalisation) and the entry 

and exit points of the track in the EPI coordinate system. A display of the 

results of pattern recognition, the track association and the local cleaning 

is also produced - Fig. 4.13 and 4.14 show the final results for the two 

examples used. Those tracks which have associated to predicted tracks are 

now printed as numbers (1-9) rather than as letters. Cells that have been 

cleaned are denoted by "*"'s, and overflow cells on found tracks are denoted 

by "$"'s (corresponding to the "+"'s in non-found tracks). The effects of the 

crossing track cleaning and the local cleaning are easily seen. It can also 

be seen that the track that had not been found by the pattern recognition 

(track(2) in Fig.4.14) has now been found, using the predictions from the 

tracking. The results of the mass identification are 
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printed underneath the pictures - this will be described in the detail in 

the next section. 

4.3.5 	IONISATION ANALYSIS AND MASS IDENTIFICATION  

The ionisation analysis and mass identification is so structured that 

it is an independant process and can be run and re-run at any time after 

the data from the pattern recognition and track finding has been stored in 

the data structure. This makes it simple to investigate the effect of 

different cuts and normalisations without re-running the complete program. 

The processor loops over the tracks in the geometry data structure 

searching for those which have had EPI information added. When it finds 

such a track, it reads the ionisation data, string by string, normalises 

and corrects it, and stores it in an array for the mass identification pro-

cessor. In the case of the December 1977 data, three corrections have to be 

applied to the data - the overall gain variation with time due to pressure 

changes, the channel corrections, and finally a correction which allows for 

the actual path length in the cell. For later data only the last two cor-

rections have to be applied as the NT servo loop was running ( See Chapter 3 ), 

keeping the overall gain constant. 

The variation of, the overall response of the EPI with time for the 

December 1977 run is shown in Fig. 4.15. The quantity plotted is the position 

of the reference point on the Landau distribution of the Sr 
90 
 radioactive 

source monitor, as described in Chapter 3. The considerable variation of the 

response during the run can be seen, showing that this is an important 

correction. The monitor values are tabulated at 6 - hourly intervals and are 

stored in the program for use by the normalising routine. Using the stored 

date and time of the EPI data, the appropriate monitor value is obtained by 

linear interpolation between the table values. The value so obtained is 

normalised by the value at the beginning of the run to obtain the correction 

factor by which the raw ionisation values should be multiplied : 
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(t) = I
RAiī (t) x Monitor Value (time = 0) 	.... (4.2) 

ICORRECTED  
Monitor Value (time = t) 

The next corrections to be applied are the channel corrections. For 

the December 1977 data the corrections are known only for slices 0 - 3, for 

the March 1979 data, the full set of values is available, as described in 

Chapter 3. Knowing the slice and starting layer number of each string of 

cells stored, the appropriate correction factor can be obtained for each cell 

in the string. In the case of the December 1977 data, the correction factor 

is normalised by the mean of all the correction factors, giving a multipli-

cative factor which varies between 0.7 and 1.5, showing how much the response 

varies from cell to cell. For the March 1979 data, the correction is norma-

lised by the mean of the corrections of slice 11 ( an arbitrary choice ), 

which is 107.9. The March 1979 data also has to be corrected for the drift 

in.response that occured during the calibration run ( See Chapter 3 ). This 

correction consists of a multiplicative factor for each slice, varying from 

0.925 to 1.025. The corrected ionisation for a given cell is thus given by : 

ICORRECTED (i,j) = IRAW (i,j) x Normalisation x Drift (j) 

Correction (i,j) 	.... (4.3) 

where i is the layer number of the cell and j is the slice number. 

The last factor that has to be taken into account is a factor that 

depends on the true path length of the particle in a cell, the longer this 

is, the more ionisation that is created. The usual minimum path length is 

6 cm (unless the particle leaves through the side of the cell), the real path 

length is trivially calculated knowing the azimuthal and dip angles of the 

track. Fig. 4.17 shows the situation for a track with non-zero dip (X) and 

azimuthal (4) angles. The true path length, AD, is obtained by trivial 

trigonometry, the correction factor, given by the ratio of the minimum path 

length (AB, = 6 cm) to the real path length is then given by : 

Correction 
	

1 	 .... (4.4) 

cos (A) cos (¢) 
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In most cases this factor does not exceed 1.05, as the tracks generally have 

small azimuthal angles and nearly zero dip. 

Finally the number of overflow cells in the string is calculated. If 

more than 70% of the ionisation values are overflows, the whole string is 

rejected, as it is almost certain that there are two particles passing 

through it. The number of overflows is also accumulated for the whole track, 

if it exceeds a cut-off limit (usually 50) the track is rejected and no mass 

identification is attempted. 

When all the ionisation data has been normalised the mass identification 

starts. The vector of normalised ionisation values is cleaned of all the 

negative values (those cells rejected by the pattern recognition and cleaning 

procedures ) and the number of good cells remaining is counted. A cut is 

imposed on the number of cells left - if less than 50 remain no mass identi-

fication is attempted as the resolution degrades very fast for less than 50 

samples. If sufficient values are left, they are sorted in increasing order, 

and the mean of the least 40% is calculated as the estimator of the ionisation 

of the particle. This value is divided by the absolute normalisation factor 

Io to produce the measured value of I/Io. 

Having obtained the measured ionisation a simple 1 degree of freedom 

x2  is computed for each mass hypothesis (usually pion, kaon, proton). The 

is defined as : 

x2  
((I/Io)MEASURED 

2 
(I/Io)THEORETICAL)  

.... (4.5) 

   

(A 
(I/IO)MEASURED)2  + 

	(A (I/Io) 	2  THEORETICAL ) 

Where 	(I/Io) 	Measured Ionisation 
MEASURED 

(I/I0) 
THEORETICAL 

A (I/Io) 	= 	Error on measured ionisation 
MEASURED 

A (I/I.o) 	= 	Error on predicted ionisation 
THEORETICAL 

This definition is possible as the errors on both the predicted and the mea-

sured ionisation are both approximately gaussian. 

= 	Predicted value for this mass and momentum 
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The predicted value of I/Io is obtained from the relativistic rise 

curve shown in Fig. 4.17. The curve is a fit to the data obtained in the 

EPI test runs of June - July 1977, as descrived in Chapter 3. The data is 

fitted by three polynomials of the form : 

I/Io = a + b loge  (P/m) + c (loge  (P/m))2 	.... (4.5) 

where 	P = Momentum, m = Mass 

in the regions 	loge  (P/m) < 2.25, 2.254 loge  (P/m) 	4.41'and loge(p/m) 

> 4.41. 	The resulting coefficients a,b,c are shown in table 4.1 

(Ref. 4.7). 	These parameters are stored in the program, enabling the com- 

putation of an I/Io value for a given value of Loge  (P/m). The momentum, 

p, is obtained from the geometry data structure, and the mass, m, is the mass 

of the current hypothesis. 

The gradient of the relativistic rise curve is also computed at the 

specified point as it is needed in order to calculate the error on the pre-

dicted ionisation. This error derives from the error in the momentum of the 

track, and hence the error in Loge  (P/m) - see Fig. 4.18. If the error on 

Loge  (P/m) is small than : 

A(I/Io)
THEORETICAL 

= A (loge  (P/m) x. d (I/Io) 

 

.... (4.6) 

    

    

d (loge  (P/m))_ P/m 

where d (I/Io) /d (loge  (P/m)) is computed from the relativistic rise curve. 

The error in loge  (P/m) can be related to the error in P as follows : 

loge  P 	+ 	AP 	= 

m 	m 

loge  P ) 4. 	loge  

m 

1 	+ AP 

P 

and 	. 

loge 	(1 	+x ) X 
x2 + 	x3 

hence, for small 	OP/P 	: 

2 	3 

loge  (1 	+ AP/P) LAP/P 
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and 

Q(loge (P/m)) 	L AP 
.... (4.7) 

P 

The error in momentum, AP, is obtained from the geometry data structure. 

The error on the measured ionisation is not a quantity that can be 

directly calculated. In fact it is estimated from the number • of cells used 

in the analysis, and the experimental relation between resolution and number 

of samples. The reference curve used is shown i.n Fig. 4.19. The quantity 

plotted is aN/0128, where aN is the width of the distribution of the mean 

of 40% smallest values using N cells, 01 ~ 8 is the minimum width, taken as 

3.3% HWHM . The data come from the 20 GeV/c test run in June 1977, (Ref. 

4.8) and are parametrised by three straight lines of the form 

o- jcr 
128 

	a + bN 	 .... (4.8) 

in the regions 30 - 65 cells, 65 - 85 cells, and 85 - 128 cells. The para-

meters a,b are shown in Table 4.2, and are stored in the program, enabling 

the error on the measured value of (I/Io) to be estimated : 

d(I/Io) 
MEASURED 	(I/Io)MEASURED 	x NCELLS... (4.9) 

The x2 is computed for each mass hypothesis by varying the value of 

m in loge P/m, and hence the value of 
(I/Io)TxE0KFYIcAL 

These x2 values 

are converted into probabilities and a decision made as to which is the 

correct mass hypothesis. The criteria used at present are : 

i) The highest probability must be 	>0.01 	( 1% ) 

ii) The highest probability must be greater than 2x the next highest. 

If these conditions are satisfied a decision is made as to the nature of the 

particle, if not no decision can be made. In any case the mass identification 

data is stored in the geometry data structure, and if a decision has been 

made, the appropriate mass fit of the track is flagged to indicate that it has 

been chosen to any subsequent program e.g. Kinematics. 
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4.4 	Io DETERMINATION FOR EARLY DATA  

As indicated in Chapter 3 the value of Io for the December 1977 run 

could not be obtained directly from the EPI data alone, but had to be deter-

mined using measured beam tracks and secondaries from BEBC. 

4.4.1 	Io FROM BEAM TRACKS  

In May - June 1978, a large number (_. 3000) of through - going 110 

GeV/c beam tracks from the December 1977 data were measured and analysed 

With the preliminary version of the EPI analysis program. (Ref. 4.9) 

From the results of extrapolating these tracks to the EPI it was found that 

most of them entered the beam hole, or passed just above it, in the - 0.5 cm 

high transition region. The EPI was placed in this position because of 

confusion over the difference between the position of BEBC when warm and 

when cold. When BEBC is warm, the "beam plane" in the chamber system is 

1.8 cm above it's real location, due to the expansion of the chamber when 

it is warmed up. The survey position of the EPI was given in this shifted 

system, so when it was positioned with the beam hole - 2 cm below the warm 

beam plane, in reality it was 2 cm too high, hence losing most of the beam 

tracks in the beam hole. 

For those tracks visible in the EPI, a plot of ionisation as a function 

of vertical position in the EPI showed that most of these tracks had abnor-

mally low ionisation, as a consequence of passing too close to the beam hole. 

By selecting only those tracks which passed more than - 1 cm above the beam 

hole a reduced sample of - 170 trackswas obtained, however, even this sample 

proved unsuitable for an accurate Io determination, and could only be used 

as a consistency check with the Io value obtained from secondaries ( See 

next Section ). Using the value of Io obtained from the secondary track 

analysis gave the best agreement between the tagging system and the EPI 

identification for a sample of 23 tracks which had ionisation values consis-

tent with being kaons, using the assumed Io value - i.e. tracks with measured 



ionisation > 130 EPI units. 

4.4.2 	Io FROM SECONDARIES  

In parallel to the attempted Io determination from beam tracks as 

described above, a value of Io was obtained in June 1978, from the analysis 

of some 70 secondary tracks by the Author and others. The data was analysed 

using the early version of the EPI program, which did no cleaning of the 

ionisation values for a track. To obtain a reliable sample of ionisation 

values for a track the normalised, sorted values were printed out, together 

with the EPI picture, and the track cleaned by visual inspection, rejecting 

all doubtful cells. The ionisation of the track was then computed by taking 

the mean of 40% smallest values of the remaining, cleaned, ionisation values. 

By plotting these values against their corresponding loge  (P) values three 

groupings of points were seen, corresponding to pions, kaons and protons. 

By superimposing the known relativistic rise curves plotted in the same 

fashion such that there was good agreement between the curves and the data 

(some fast, elastic Kaons were used to fix the position) a value of Io - 91 

was obtained. 

This analysis has been repeated on a large sample of events, using the 

current version of the EPI analysis program. Taking the value of Io to be 

91, 537r-, 86 K-, and 81 P were identified in a sample of - 1100 events (These 

results will be discussed in detail later). For each identified particle 

the x2  value was plotted for a range of Io values from 65 to 110, using the 

identified mass to compute the predicted ionisation. The resulting plots 

are shown in Fig. 4.20, for pions, kaons, and protons separately. Each plot 

shows a sharp minimum in x2  at an Io value centred around - 91. The corres- 

ponding distribution of the Io values at minimum x2  is shown in Fig. 4.21, 

this distribution is reasonably symetrica1 and has a mean value of - 91 with 

a width of - 6 units (FWHM). This result agrees well with the previous deter-

mination of Io and justifies the use of the value Io = 91. It should be 
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remembered that, in most cases, the ionisation data are not corrected for 

the gain variations between cells, as the channel corrections do not exist 

for this data. 

As a further check, the values of I/Io (using Io = 91) for the identi-

fied tracks have been plotted against the corresponding values of Loge  (P). 

The resulting plot is shown in Fig. 4.22. The superimposed curves are the 

result.of plotting the calibration curve shown in Fig. 4.17 as a function of 

Loge  (P), rather than Loge  (P/m), hence producing three curves, one for 

pions, one for kaons and one for protons. Some evidence for clustering 

around these lines can be seen, and the general conclusion to be drawn from 

this plot is that the value of Io is indeed - 91. 

4.5 	SOME PRELIMINARY RESULTS  

Some preliminary results from the December 1977 data, obtained using 

the current EPI analysis program are presented here. A summary is shown in 

Fig. 4.23. These results are based on a sample of 1133 events processed 

through the EPI program. It should be noted that these events have not been 

checked individually for program errors or pathological failures. 

Out of the 966 tracks predicted to enter the EPI by the tracking, 879 

(91%) were found, showing that the lack of the EPI wire chambers and the 

uncertainty in the field map do not have such a severe effect as might have 

been thought. (These do cause another problem however, as will be shown 

later). Those tracks which are not found are generally lost either because 

they are completely missing, the particle having scattered between BEBC and 

the E I, or the prediction from the tracking was so bad that the track could 

not be found. It is unlikely that this basic association efficiency can be 

improved for this data. 

Of the 879 tracks found in the EPI, mass identification was attempted 

on only 317, being 33% of the total. Those tracks that were rejected at this 

stage were lost for three reasons, as shown in Fig. 4.23. The first reject 
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category contains those tracks that leave the EPI before the end and hence 

do not traverse the full depth of 128 cells - track (1) in Fig. 4.14 is an 

example of such a track. At the most it has 80 good cells, if there was 

more background the number could easily be cut by 20 or 30 cells, thus 

losing the track. To obtain the number shown in Fig. 4.23 a minimum track 

length in the EPI of 300 cm ( 50 cells ) was imposed. This is the absolute 

limit; no track with less than this length would ever be identified with 

the cut on the minimum number of good cells set at 50. To cut on a track 

length as short as this is unfair, as it takes no account of the possibility 

of cells being lost due to background cleaning. If the cut is made at 400 cm 

(- 67 cells), 193 tracks are "too short", and 355 fall into the "not enough 

cells" category, this is perhaps a fairer division of the tracks between the 

two categories. 

The second reject category, i.e. "not enough cells", contains those 

tracks that have sufficient length in the EPI but have lost cells for sev-

eral reasons. There are two main reasons, one is that there could be a great 

deal of background and there are not enough clean cells, the second is the 

inefficiency of the pattern recognition and local cleaning procedures. In 

the first case the track is not redeemable, and should not be taken into 

account in the calculation of the overall efficiency. The second reason 

manifests itself in two main ways, one is that sometimes a whole string is 

missed by the pattern recognition, and hence lost to the track, the other is 

that the cleaning procedure 	sometimes remove too many cells. This is 

especially true of the "track direction cleaning", as this uses the track 

direction as calculated from the tracking, which, without the constraint of 

a wire chamber hit behind the EPI, is sometimes in-accurate, leading to 

excessive removal of cells. It is clear from these results that this part of 

the program requires tuning to achieve more satisfactory results. 

The final reject category consists of those tracks that have too many 

overflow cells - a maximum of 50 is allowed. This situation is usually 
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caused by two close, parallel, tracks that pass through the same cells, and 

hence can never be resolved. As can be seen from Fig. 4.23 this is a very 

small effect, only occurring for - 1% of the found tracks, and hence can be 

ignored. 

For those tracks that were suitable for mass identification to be 

attempted, the effect of changing the probability ratio cut was investigated. 

The first set of numbers shown in Fig. 4.23 (marked by "5") corresponds to a 

ratio of probability of 5 for successful identification, the second set 

(marked by "2") uses a ratio of 2, and the third (marked by "1") a ratio of 1. 

The increase in the number of identified tracks obtained by relaxing the ratio. 

cut is considerable - with the cut at 5 only half the candidate tracks are 

identified, with the cut at 1, 90% of the candidate tracks are identified. 

The residual 39 tracks that remain un-identified in the latter case are those 

for which the highest probability is less than 1%. Using a ratio cut of 2 

identifies - 70% of the candidates, while giving much more protection against 

an erroneous identification. 

From these results it was decided that a probability ratio cut of 2 was 

the best value to use for particle separation. The data in Fig. 4.22 (and 

that used in the Io determination) were obtained using this cut, and show a 

separation into three bands corresponding torr-,K-  and P. The excess of 

particles with low ionisation values observed at loge  (P) =4.7 ( P = 110 

GeV/c) is probably caused by these particles passing through the fringes of 

the beam hole, and thus registering abnormally low ionisation values. In 

most cases these particles are fast kaons produced in elastic two - prong 

events, and thus follow the beam trajectory into the beam hole region. 

It should be noted that, in most cases, these results were obtained 

without knowing the channel corrections, which must degrade the resolution, 

as from the measurements on slices 0 - 3 it is known that the cell response 

varies by- ± 30% from the mean value. 
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4.6 	CONCLUSIONS  

The main conclusion to be drawn from the results so far obtained is 

that the EPI analysis program requires further development, particularly in 

the area of pattern recognition and background removal, before it can be 

used for a serious physics analysis. The EPI itself has shown that it works 

well in it's design momentum range ( - 20 - 100 GeV/c), and with improvements 

in the program the efficiency of identification should increase considerably. 

The December 1977 data also present problems that will not be found in the 

March 1979 data - no channel corrections, no EPI wire chambers, and an exces-

sive amount of background caused by interactions in the iron shielding 

around the BEBC exit window. 

For these reasons it has been decided to develop the program further 

using the new data only, and to come back and re-analyse the old data in the 

light of the experience gained. This work is outside the scope of this Thesis 

and hence will not be discussed further. 
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TABLE 4.1 	Parametrisation of Relativistic Rise Curve 

Range 	of Validity a b c 

2.25 < 	Loge  (p/m) 1.09644 -0.16994 0.07238 

2.25 Loge  (p/m) :4.41 0.79389 0.12497 0.00093 

4.41 < 	Loge  (p/m) 0.43227 0.29832 -0.01982 

TABLE 4.2 	Parametrisation of Resolution Curve 

Range 	of Validity a b 

465 30 	NCELLS 

, 

2.48333 -0.016667 

65 < NCELLS < 85 2.05 -0.01 

85 	
< NCELLS < 128 1.59534 -0.004651 
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CHAPTER 5 : DATA PROCESSING - PRODUCTION OF "DST" 

5.1 	INTRODUCTION  

This chapter describes the scanning, measuring and process-

ing of the data, and the production of the final Data Summary 

Tape used in the analysis described in Chapter 6. 	The method 

of associating beam tracks seen at the scanning stage with the 

corresponding beam tagging data and the selection of a pure 

sample of K interactions is described, and some results demon-

strating the validity of this method are presented. The scann-

ing procedure ,the derivation of scanning efficiencies for prim-

ary vertices and vzeros, the measuring systems and measuring 

criteria used are briefly described. The process of geometrical 

reconstruction is described. Finally the development of a dedi-

cated vzero Kinematics program is described and details are given 

of the tuning process required to obtain optimum performance; 

the resulting passing rates are presented. 

5.2 	APPLICATION OF BEAM-TAGGING DATA  

For a given frame of film the corresponding beam tagging 

data record containsinformation on the types and trajectories of 

the beam particles entering BEBC, as described in Chapter 2. 

The problem is to associate this data to the beam tracks seen on 

the film in order to select only those interactions of kaon beam 

tracks for processing. 	During August 1977, the Author developed 

a simple method of associating the beam-tagging data to BEBC, 

this method was adopted by the Collaboration and has been used 

in all subsequent scanning. 

The problem is in principal complicated by the nature of 

the beam optics between Hodoscope 1 and BEBC. 	Fig. 5.1 shows the 
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beam envelope (in the horizontal plane) in this region. 	The 

beam, which is focused on the first hodoscope, is diverged 

first by a set of three small quadrupoles (Q27), and then by a 

large quadrupole (Q28) producing a beam width of - 20 cm in 

BEBC. The solution adopted ignores the fact that the beam is 

being diverged and assumes the beam particles travel in straight 

lines between the hodoscopes, making it easy to extrapolate to 

a plane at the entry window of BEBC. 

5.2.1 	EXTRAPOLATION TO BEBC  

The extrapolation procedure, is shown in Fig. 5.2(a). The 

hodoscope coordinates are given as a number between 0 and 63, 

being the bin through which the particle passed. Knowing the 

width of the bin ( 0.25 cm for Hodoscope 1, 0.5 cm for hodoscope 

2 ) the coordinates of the hits can be calculated. 	Consider a 

beam track passing through bin H1 in hodoscope 1 and bin H2 in 

hodoscope 2. The numbering system is reversed giving the zero 

position on the left looking at BEBC ( this is just a convenience 

factor ) by subtracting each hit from 63 : 

H1 = 63 - H1 
...(5.1) 

H2 = 63 - H2 

The position of each hit relative to the centre line of the 

system is then given by : 

XONE = (H1 x 0.25) 	- 	7.875 cm 

XTWO 	
•••(5.2) 

(H2 x 0.5 ) 	- 	15.75 cm 

where the multiplicative factors are merely the widths of the 

hodoscope bins in cm, and the subtracted numbers bring the zero 

point to the centre line. 

The difference between XTWO and XONE is next obtained : 

XDIFF = XTWO - XONE 	 ...(5.3) 
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Knowing the separation of the hodoscopes (41.59m) and the dis- 

* 
tance from hodoscope 2 to BEBC 	(11.732m) the magnified value 

of XDIFF at BEBC is easily obtained, and the hit position rela-

tive to the centre line of the system is found by adding XONE 

to this magnified value : 

XBEBC = XDIFF x 41.59 + 11.732 	+ XONE(cm) 

41.59 	...(5.4) 

To bring the zero point of the scale at BEBC to its extreme 

left-most position, looking towards BEBC, a factor of 22.4217 

is added to XBEBC, this number being the value of XBEBC that 

would obtained if a particle passed through bin 0 of hodoscope 

1 and bin 63 of hodoscope 2. 	The result is a coordinate (in cm) 

on an arbitrary line in the beam plane at the entry window of 

BEBC ranging from 0 to - 45 cm. 

5.2.2 	ASSOCIATION WITH BEBC  

The next step is to transform this point into the real 

BEBC system. The method used to do this is entirely empirical 

and no knowledge of the positions of the hodoscopes relative to 

BEBC is needed ( apart from the radial distances already used to 

compute the position of the extrapolated point). The divergence 

of the beam by the quadrupoles is also taken into account impli- 
city. The transformation between the predicted point and the 

beam track entry point seen on the scan table is determined by 

measuring the entry point coordinates of some - 100 tracks and 

plotting these values against the corresponding predicted values, 

thus obtaining a calibration curve. 

In order to make the measurement of beam entry points 

*At this point the BEBC entry window is assumed to beaplane per-
pendicular to the axis of the tagging system -- a valid assumption 
given the small beam spread and the large radius of BEBC. 
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easier a template was devised. 	Fig. 5.3(a) shows the beam 

entry window of BEBC with some typical beam tracks. The tem-

plate is constructed by drawing a line between the midpoints 

between fiducials A & B and C & D ( See Ref. 5.1 ) and dividing 

it into 100 divisions. Fig. 5.3(b) shows the template corres-

ponding to Fig. 5.3(a). To use the template it is placed on the 

scan table and aligned with the fiducials at the corners of the 

entry window, the positions at which the beam tracks cross the 

graduated line can then be read off easily. ( These are not the 

entry points exactly, but the template line is close enough to 

the projection of the surface of BEBC on the scan table to make 

no difference ) At the start of the experiment templates were 

made for View 2 and View 5 in order to double-check the associ-

ation, but once the system was proven only View 2 was used, 

saving some time at the scanning stage. 

An example of a calibration graph is shown in Fig. 5.4. 

In this case the measured coordinate is in cms, not in template 

units, as this enables a more accurate measurement of the entry 

points to be made for the calibration. To convert to template 

units all that is needed is a multiplicative factor (100/length 

of template line in cm) 	( ` 3.8 on most scan tables). To pre- 

vent incorrect sets of points being plotted only frames with one 

beam track predicted, and one beam track seen, were used for the 

first calibrations; this ensures correct matching of the pre-

dicted and measured coordinates. In later calibrations it proved 

possible to match the pattern of the predictions with the pattern 

of the template measurements, and hence to use frames with sev-

eral beam tracks. 

It can be seen that the relationship between the predicted 

point from the hodoscope data and the measured template coordi- 
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nates is linear, despite the assumptions made in the extrapo- 

lating procedure 	and the non-linear beam profile. 	It is thus 

trivial to fit a straight line through the points and obtain 

its equation; once this is known, its coefficients can be used 

to convert the extrapolated coordinate into a template position. 

For interest's sake, and to check the system, a calibration 

was also done using the actual beam entry points as measured by 

machine and reconstructed by the off-line Geometry program. This 

calibration is shown in Fig. 5.5, and is also linear. This 

would be needed if any computerised use of the tagging data were 

to be made at the measurement or post-Geometry stage ( It is in 

fact used in the EPI program; one routine associates the tagging 

data to the measured entry points.) 

5.2.3 	ERRORS  

The limiting factor on the precision of the extrapolation 

is the finite width of the hodoscope bins. 	The extrapolation 

procedure assumes that the particle passed through the centre 

of the bin, but in reality it could have been anywhere within 

the bin. This results in a basic uncertainty in the value of 

XBEBC, (See Fig. 5.2(b)), which is easily calculable: 

Consider a hit in hodoscope 1 in bin 32 (the most common 

value) and the corresponding hit in hodoscope 2 to be in bin 38 

(again a typical value). The lowest possible value of XBEBC 

would be given by a line passing through the high* edge of the 

hodoscope 1 bin (add 0.125 cm to the central value) and the low 

edge of the hodoscope 2 bin (subtract 0.25 cm from the central 

value) - line (1) in Fig. 5.2b : 

*The "high edge" of the bin is in this case the right-hand 
edge looking towards BEBC. 
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H1 = 63 - 32 = 31 

H2 = 63 - 38 = 25 

XONE = (31 x 0.25) - 7.875 + 0.125 = 0.0 

XTWO = (25 x 0.5 ) - 15.75 - 0.25 	= -3.5 

XDIFF = -3.5 - 0.0 	= -3.5 

XBEBC = -3.5 x 41.59 + 11.732 + 0.0 + 22.4217 
LOW 	

41.59 

XBEBC 	= 17.93439 cm 
LOW 

The largest value of XBEBC is given by a line passing 

through the low edge of the hodoscope 1 bin (subtract 0.125cm 

from the central value) and the high edge of the hodoscope 2 

bin (add 0.25cm to the central value) - line (2) in Fig.5.2(b) : 

XONE = (31 x 0.25) - 7.875 - 0.125 = -0.25 

XTWO 	= (25 x 0.5 ) - 15.75 + 0.25 	= -3.0 

XDIFF = -3.0 - (-0.25) 	= -2.75 

XBEBC 
HIGH 

-2.75 x 41.59 + 11.732 + (-0.25) + 22.4217 

   

41.59 

• XBEBC 
HIGH 

= 18.64596cm 

The central value that would actually be used is : 

XONE 	= (31 x 0.25) - 7.875 	= -0.125 

XTWO 	= (25 x 0.5 ) - 15.75 	= -3.25 

XDIFF = -3.25 - (-0.125) 	= -3.125 

XBEBC = -3.125 x 41.59 + 11.732 + (-0.125) + 22.4217 
CENTRAL 

41.59 

XBEBC 	 = 18.29018cm 
CENTRAL 

Thus the "error" on the value of XBEBC is ± 0.356cm in 

space, which corresponds to an error of ± 0.55 template units. 
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The only way in which this uncertainty could be reduced would 

be to have a hodoscope with smaller bins. 

After the calibration was done on the first film that was 

available, some simple tests of the tagging association were made. 

On a sample of 300 frames the template position of every beam 

track was measured and associated to the predictions. For each 

track the difference between the measured position and the pre-

dicted position was calculated and plotted. The results are shown 

in Fig. 5.6 for view 2 and in Fig. 5.7 for view 5. The non-zero 

mean in each case indicates a small systematic error in the pre- 

diction, but this was not felt to be very serious. 	The standard 

deviations (0.64 template units for View 2, 0.58 units for view 5) 

agree well with the expected minimum error of 0.55 units, they 

are remarkably good in fact, and show that this method is valid. 

As a consistency check the distribution of the difference between 

the measured positions on two separate scans was also plotted. 

This is shown in Fig. 5.8 for view 2. The mean is essentially 

zero and the width is small, indicating that it is possible to use 

the template quite accurately, and to obtain reproducable results. 

This checking procedum was carried out by each laboratory 

independantly (but all using the same calibration). The results 

are summarised in table 5.1 and are consistent with each other. 

5.2.4 	ASSOCIATION CRITERIA 

Taking into account the results described above the following 

criteria were devised for associating the predictions to the 

observed beam tracks at the scanning stage : 

Define 	Scan track - track of interest (i.e. interacts) 

Seen track - other track seen 

Predicted track - track predicted from tagging. 



- 147 - 

Then : 

1) 	If there are no predicted tracks within ± 1 template 

unit of the scan track its type is UNKNOWN. 

11) 	If there are no seen tracks within ± 2 units of the 

scan track, take all predictions within ± 1 unit of the 

scan track. 

111) 	If there is only 1 predicted track within ± 1 unit 

of the scan track, and no more predictions within ± 2 units : 

llla) 	and any other seen tracks within ± 1 unit of the 

prediction,it's type is UNKNOWN, 

lllb) 	and no seen tracks within ± 1 unit of the predic- 

tion the association is unique and it's type is 

defined (71,K, or P) and other predictions within 

± 2 units, 

lllc) and no seen tracks within ± 1 unit of the pre-

diction the association is unique and it's type 

is defined, 

llid) and other seen tracks within ± 1 unit of the pre-

diction if the seen tracks all match with the 

predictions 

(there must be only one prediction per seen track, 

each seen track must be within ± 1 unit of it's 

prediction, and all the seen tracks must be more 

than 1 unit away from the first prediction) then 

the 'association is unique and it's type is de-

fined, if not the type is UNKNOWN. 

1V) 	If there is more than one prediction within ± 1 unit of 

the scan track an attempt must be made to pair off any seen 

tracks within ± 2 units of the scan track with the predictions 

(one track per prediction, every track must be within ± 1 

unit of it's prediction): 

1Va) 	If this is possible, with the exception of all 

seen tracks where both the track and it's pre-

diction are more than 0.5 units from the scan 

track, then all predictions within ± 1 unit of 

the scanned track are possible. 	If all these pre- 

dictions are of the same type (e.g. all K) the 

type of the scan track is decided, if they are 
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not, the track type is UNKNOWN. 

If it is not possible to match the tracks because there are 

extra predicted tracks with no seen tracks then apply 1Va). 

1Vb) 	If there are extra seen but unpredicted tracks 

within ± 1 unit of the scan track then it's 

type is UNKNOWN. 

1V) 	If there are no extra seen and unpredicted tracks 

within ± 1 unit of the scan tracks and if all 

the unpredicted tracks are more than 1 unit from 

all the predictions that are within ± 1 unit of 

the scan track, then all these predictions are 

possible and are treated in the same way as in 

1Va); 	if this is not the case the scan track 

type is UNKNOWN. 

The result of this procedure is a yes/no decision on 

whether the event should be measured; if the track is ass-

ociated to a kaon labelled prediction it is measured, other-

wise it is rejected. 

5.3 	SCANNING 

The complete sample of film (- 28000 frames) was 

scanned three times, the first two scans being independant 

event searches, and the third being a check scan using the 

results of the first two scans, For the first two scans 

the Author wrote a program to produce special "scan sheets", 

incorporating the information from the beam tagging system. 

These sheets give the predicted template coordinates and 

particle types of all the beam tracks seen by the tagging 

system for each frame, as shown in the example in Fig. 5.9. 

Initially all beam tracks were scanned and recorded on 

the scan sheets, irrespective of their particle type. This 

was called"Beam Oriented Scanning" (BOS) and was done to gain 

experience of the tagging data, and in order to check the total 

K p cross-section. Once the system was proven a switch was 
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made to "Event Oriented Scanning" (EOS), i.e. only those 

tracks which interacted in the fiducial volume as defined 

on View 2 (Fig. 5.10) were checked with the tagging predic-

tions and recorded. This change resulted in a considerable 

saving of time, as only - 1 frame in 3 has an interaction. 

Once a primary event. is located on a tagged kaon beam 

track, the frame is searched for all vzeros and gammas that 

could possibly be associated to the event. At this stage no 

attempt is made to identify ambiguous vzero/gammas (usually 

those that have small opening angle and whose tracks leave 

the chamber without spiralling, if they are electrons, or 

interacting, if they are hadrons), as all hypotheses for 

vzero and gammas are tried in the kinematics program (See 

Section 5.6). 

The results of the three scans were collated and recor-

ded on punched cards, so that the data could be analysed by 

computer. The format of these "scan cards" is described in 

Appendix B. These cards are useful when computing primary 

vertex scanning efficiencies, but are of no use for vzero/ 

gamma efficiencies - these are dealt with differently. 

5.3.1 	PRIMARY VERTEX SCANNING EFFICIENCY 

If we assume that all primary events are equally visible 

(not completely true, but a very good approximation for events 

with more than 2 charged prongs), we can compute the scanning 

efficiency trivially. 	If we have N 1  events seen on scan 1, 

N2  seen on scan 2, of which N12 are common to both scans, then 

the single scan efficiencies are given by : 

el = N1  , 

N T  

e2 N2 

N T  

....(5.5) 



El = N 12 

N2 

C2 = N12  

N1 

N T  = N1N2  
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where NT  is the (as yet unknown) total number of events. 

The number seen on both scans is clearly : 

N12 
	

e 1e2NT 

Solving 5.5 and 5.6 for e 1 , 62, Nt  we obtain : 

....(5.6) 

N12 

The probability of an event being missed by both scans is 

(1 - el) (1 - e2), so the two-scan efficiency is : 

e = 1 - (1 	el) (1  - 62) 

= Cl + e2 - Cl E2 

• • E 	= N12 (N1 + N2 - N12) 

N1N2 

...(5.10) 

Using this formula the two-scan efficiency for > 2 prongs has 

been computed from the data on the scan cards for each laboratory. 

The efficiency is greater than 99% for all the labs, and shows no 

significant variations, so the average value, 99.7%. has been 

taken and used in all analyses. 

For the two-prong events the assumption that all events 

are equally visible is not strictly correct. 	Using the above 

formula (eqn 5.10) an average two-scan efficiency of ` 96% is 

obtained. This is almost certainly an over-estimate; a value 

of ` 90% has been taken as a more correct value ( Ref. 5.2 ). 
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5.3.2 	VZERO AND GAMMA SCANNING EFFICIENCIES, 

In order to compute scanning efficiencies for vzeros and 

gammas each lab carried out a special scan on a subsample of 

data. Taking the average over all labs results in a two-scan 

efficiency of 90 ± 5% for vzeros, and 80 ± 5% for gammas. The 

low efficiency for gammas is caused by the systematical loss of 

those gammas which are hard to see and/or to associate visually 

to the primary vertex - usually those of low energy which con-

vert at a large distance from the primary vertex. 

5.4 	MEASURING SYSTEMS AND MEASUREMENT CRITERIA 

The measuring systems used to produce the data on which 

this thesis is based can be divided into two categories. The 

first contains those systems that incorporate an "on-line geometry" 

program, enabling the measurements to be checked immediately 

they are made. Such a system is usually operated in "track-by-

track" mode, i.e. one track is measured (on at least three views) 

and reconstructed at a time. Any track that fails to give an 

acceptable fit is then immediately re-measured. The resulting 

events from this type of system are (usually) at least 95% com-

plete, i.e. less than 5% of all tracks subsequently fail in the 

off-line geometry program ( See Section 5.5 ). The data from 

Aachen, CERN, and Imperial College have been measured with on-

line systems. 

The second category contains those systems which do not 

have an on-line geometry program, and hence have no way of 

checking the measurements on-line. Events measured on such 

systems have to be passed through the off-line geometry program, 

the results examined, and any failed tracks sent for remeasure-

ment. The remeasured tracks are then merged with the rest of 

the event, resulting in data that should be as complete as data 
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from systems with on-line geometry. The data from Berlin, 

Cracow, Vienna and Warsaw has been measured in this way. 

The criteria used in the measurement of the data are as 

follows : 

1) All K tagged primary events, together with all V°, 

y'so  ambiguous V°/y's, associated to the primary vertex, 

as well as any V°, y or V'/y associated to charged V(V± ) 

decays are measured. 

2) No non-Kaon tagged events are measured. 

3) No neutron stars are measured. 

4) All leaving points of tracks are measured ( This helps 

the off-line geometry program, and the EPI analysis 

program ),. 

5) All V±  (kink) vertices, together with the outgoing 

track are measured. 

6) Outgoing tracks from secondary interactions are only 

measured if 	i) The primary event has 3  8 prongs 

and 

	

	ii) The interacting track has a momentum 

error of > 50%. 

The idea behind this is that by measuring the outgoing 

tracks from the interaction of an otherwise unmeasurable 

track, an estimate can be made of the momentum of the 

interacting track. 	The multiplicity cut was designed to 

save measurement time; it was felt more desirable that 

the higher topologies were as complete as possible. 	In 

fact, only 1.5% of all tracks have a momentum error of 

more than 50%, and the information from the secondary 

track measurements has never been used. 	For this reason, 

no secondary interaction tracks are measured in the new 

(March 1979) data. 
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5.5 	GEOMETRY 

Having measured the events on the film, the next step is 

to geometrically reconstruct the tracks in space, in order to 

obtain the 3-momenta, using the so-called "HYDRA Geometry 

Program" ( Ref. 5.3 ). 	This program consists of a set of modules 

or "processors", which work within the framework of the CERN 

developed HYDRA dynamic memory system 	( Ref. 5.4 ), and per- 

form all the tasks needed for geometrical reconstruction. The 

process can be broken down into the following basic tasks : 

- Transformation of measurements to the appropriate 

reference frame and treatment of optical distortion. 

- Point match. 

- Point Fit. 

- Track Match. 

- Track Reconstruction. 

- Mass dependant track fitting. 

- Final point fit (CONVEX). 

For each view the measurements are transformed into a 

reference coordinate system defined by the expected positions of 

a number of fiducial marks. 	The transformation is linear and is 

determined by matching measurements of the fiducial marks to their 

expected positions. 

The next stage is the matching of the vertices on different 

views which are images of the same space point. 	In this experi- 

ment all vertices are labelled at measurement time so the match-

ing of measurements on each view corresponding to the same space 

point is a fairly trivial process. 	Given these measurements, the 

position, (xl,x2,x3), of the point and the error matrix <xi  xj> 

may be estimated. Approximate values of (xl x2x3 ) are first obta-

ined by choosing that point in space where the sum of squares of 
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distances from the point to the light rays through the measu-

rements is a minimum. A least squares fit is then made by 

minimising the sum of squares of the deviations in the film 

reference planes between the measurements and the projected 

point. This results in the best estimate of (xl, x2,x 3 ) and 

the associated error matrix. 

The next stage is track match and reconstruction. To 

help the program match track images on different views use is 

made of the principle of corresponding points. A corresponding 

point is a unique point on a track that can be seen on all 

views - for example the point where a track enters the chamber 

wall, an interaction or decay point etc. 	If such a point is 

visible it is measured and labelled, and the point match pro-

cessor transfers the labels to the appropriate track images, 

hence making track match a fairly simple process for these 

tracks. Problems can arise if more than 7 or 8 tracks are mea-

sured without corresponding points - the number of possible 

combinations of the track images to form space tracks becomes 

very large, and the program may collapse. 

Having obtained an approximate trajectory for a track, 

final mass dependant fits are performed. The mass fits perfor-

med for a given track depend on the type of the track, as spec- 

ified at measurement time. 	A summary of the mass assignments 

is given in Table 5.2. The mass-fit processor takes into 

account multiple scattering on low energy tracks and a three-

componant magnetic field. Stopping tracks (usually protons) are 

given a special momentum-from-range fit, useful if the track is 

very short and has no visible curvature. Electrons are fitted 

by a special procedure - the track is fitted by a spiral which 

takes into account the energy loss by bremsstrahlung. A"rescue" 
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procedure is available in the case of bad measurement - the 

track can be cut back or a view dropped to try to improve the 

results. 	If the initial track reconstruction is unsuccessful 

or the track parameters badly determined (usually because the 

curvature is unmeasurable - short straight tracks e.g. those 

interacting close to the primary vertex) mass dependant fitting 

is not attempted. 

Next, a so-called "Convex" point fit is done. This uses 

the intersection of the tracks at a vertex to recompute the ver-

tex position and errors, giving, in principle, a much better 

estimate of the point coordinates and reducing the point errors. 

This procedure can cause problems for the Kinematics program, 

specifically in the association of vzeros and gammas to their 

origin vertices - if Convex has failed at the origin vertex no 

association is attempted. 	In addition, if a Convex fit is att- 

empted at the vertex of a high energy vzero, whose tracks will 

be very nearly parallel and hence impose no constraint on the 

vertex position, the resulting point error along the line of 

flight may be many times greater than the original simple point 

fit error. 	In general, however, the point errors produced by 

Convex are - ✓3 times too small, requiring correction at the 

Kinematics stage. This will be discussed in the next section. 

Finally, the completed event is written out as a HYDRA 

data structure. This structure contains the point-fit (PF), 

track-fit (TF) and mass-fit (MF) results, linked together as 

shown in Fig. 5.11. The data banks are linked together in a 

tree structure that parallels the structure of the event and 

makes further analysis simple. 	Details of the contents of the 

banks may be found in Ref. 5.5. Additional information, such 

as the roll-frame number of the event, measurement date, run 

number, lab number etc. is filled into the "header" record of 

the data structure (See Ref. 5.4, Section B FQX.) The format 
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of this header as defined for this experiment may be found 

in Ref. 5.6. 

As a measure of the accuracy of the measurements and the 

geometrical reconstruction, the average residuals of the recon-

structed tracks can be plotted. The "residual" of a track is 

the average deviation of the measured points on the film from 

the fitted trajectory projected onto the film, usually expres-

sed in microns. Table 5.3 shows the average residual for the 

beam tracks (kaon mass fit), positive secondary tracks (average 

momentum-6 GeV/c) and negative secondary tracks (average momen-

tum - 14 GeV/c) (pion mass fit usually) for each of the seven 

laboratories. The values vary between 4.5.0 for the CERN data, 

measured on very accurate semi-automatic computer controlled 

machines, to ` 8p for the Berlin data, measured on old, manual 

machines. Fig. 5.12 shows the residual distributions for a) 

beam tracks, b) positive secondaries, and c) negative secondaries, 

for the complete sample of events. 	The distributions have a 

sharp cut-off, with less than 2% of tracks having a residual of 

>15u. 

Table 5.3 also shows the percentage of tracks which fail 

completely, have undefined charge, or have a fractional momen-

tum error of more than 50%. The percentages are very small, 

with no significant differences between the laboratories. 

5.6 	KINEMATICS 

The next stage in the data processing chain (in the absence 

of a production version of the EPI program) is the HYDRA Kine-

matics program. This program, written on the same modular prin-

ciples as the geometry program, has as input the output from the 

geometry program, in the form of HYDRA data structures, and pro-

duces as output the same data structure, with additional kine- 
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matic fit results incorporated ( See Fig. 5.11 ). 

5.6.1 	BASIC PRINCIPLES  

Kinematic fitting is the process of optimising the track 

parameters at a given vertex ( "Single vertex fitting" ) in 

order to satisfy energy and momentum conservation, subject to 

specified mass assignments to the individual tracks, and, poss-

ibly, to additional constraints ( e.g. requiring the tracks to 

have a certain effective mass ). The variables that are fitted 

are usually the so-called "normal" variables, as produced by the 

geometry program : 

1/p >0 

-7r/2 	a ' Tr/2 	angles measured 

0 , 	27r 	outgoing from 

vtx. 
y 

These variables are used as their error distributions are usually 

very nearly gaussian. The componants of the four-momentum of a 

track are related to the normal variables in the usual way, i.e. 

PX  = 1/(1/p) cos x cos 0 

Py  = 1 /( 1 /p) cos A sin 0 	
... (5.11) 

pz  = 1/(1/P) sin A 

E 	_ ± I 1/(1/P)2+  m2 

The basic kinematical constraints at a vertex consist of 

energy and momentum conservation : 

E pi  = 0 	, 	E (±Ei) = 0 
i 	 i 

where the sum extends over all tracks at the vertex. ( An 

incident track has 4-vector (p' , - E) ). When these sums are 

computed using the measured variables (denoted by "x"), eqn 5.12 

will not be satisfied, giving instead : 

... (5.12) 
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z Pik(x) = Fk(x) ...(5.13) 

where P. 	= 	(P i l  , P i 2 , P i 3 ) , 	
Pi 4

_ 	±Ei  , and EkFk(x) 

is the "sum of the constraint residues", being a measure of how 

well the constraints are satisfied. Let c be a correction vec-

tor to the vector of measured variables x. We require c such 

that the "Chi-squared" 

X2 	= 	cT  Gx c 	+ 2aT  F(x+c) * 
	

...(5.14) 

is a minimum, where Gx is the error matrix of the measured 

variables and a is a set of Lagrangian multipliers. 	We also 

require : 

F(x+c) = 0 	 ...(5.15) 

For small c this can be written as : 

F(x+c) = F(x) + aF c = F(x) + Bc = 0 ..(5.16) 

a x 

where B is the matrix of derivatives of the constraints with 

respect to the normal variables. 	For minimum x2  we require : 

aX2  = 2Gx c + 2BTa = 0 	—(5.17) 

ax 

Equations 5.16 and 5.17 constitute a system of linear equations 

in c and a which may be written as : 

Gx BT  

B 0 ioi 

= 	

(-0F( x))  
...(5.18) 

This is not exact because of the approximation made in eqn 5.16, 

which linearises the problem ( also non-linear because of the 

non-linear dependance of Px, Py, PZ  on 1 /p, A, 	). 	Equation 

5.18 has therefore to be solved iteratively, until a satisfac- 

* cT  denotes transpose of c 
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tory set of corrections c is obtained. 	Starting with ( 
a 
C00 ) 	= 

( o), at the (n+l)th iteration step the corrections are : 

cn + 1 	= cn + A cn 
	

an+1 = an 
+ Aa 

...(5.19) 

Re-writing eqn 5.18 in a form valid for step n+l we obtain : 

Gx BT 	(Acn 	-Gx cn -anBT 

B 0 	aan 	-F (x+cn ) 

...(5.20) 

which can be solved as follows : 

I 	_ 1 
o c n 	(Gx B 	( _Gx cn -anB 

(

G-1 +c YT 	-Gx cn -anB T 

Y 	G 
a 	

-F(x+c) 

A an 	B 0 	-F(x+cn~ 

...(5.21) 

yielding the changes in the corrections from step n to step n+1, 

and the error matrix G x
+c 

of the fitted variables. 	In general 

the fitted errors are smaller than the measured errors, at the 

expense of increased inter-variable correlation terms. 

The iterative process is continued until certain convergence 

criteria are satisfied, i.e. the x2 is a minimum and the con-

straints are satisfied (within a certain tolerance, usually 0.5 

MeV). At each step tests are made to ensure that the new values 

are reasonable and that the fit is converging. These tests can 

be divided into two classes - one sets a limit on the change of 

any parameter ( 1 /p, x, 4)) in one iteration, the other requires 

that the sum of constraint residues ( See eqn 5.13 ) decreases 



- 160 - 

from one iteration to the next. The traditional procedure on 

failure of either of these tests is cut-stepping; 	this involves 

halving the step between the current and the previous iteration 

and recomputing the current iteration using these new steps. A 

limit is usually set on the number of cutsteps within one iter-

ation, as in the limit of many cutsteps the changes in the para-

meters vanish. A limit is also set on the maximum number of cut-

steps, and the maximum number of iterations - the fit is aband- 

oned if these limits are exceeded. 	If the fit converges, a cut 

is applied to the x2  - probability - it is required to be greater 

than 10-4. 	In addition, if the probability is still less than 

10-4  by the third iteration the fit is abandoned. 

At the present time the Kinematics program has been opti-

mised for vzero/gamma fitting only. At this energy primary vertex 

fitting is a complex problem subject to error and ambiguity. 	It 

is in this area that the EPI is designed fo help - by identifying 

at least one track the number of combinations of mass assignments 

would be considerably reduced, improving the efficiency of fitting. 

As explained in Chapter 4, however, the EPI software is not yet 

reliable enough to make this a worthwhile process. 	Preliminary 

results suggest that only 	5% of events obtain a unique primary 

vertex fit, i.e. only - 300 events in the sample being considered. 

here. The majority of these events are two-prong elastic scatt-

ers for which the fit information is essentially redundant anyway. 

5.6.2 	THE VZERO KINEMATICS PROGRAM 

A flow diagram of the Kinematics program is shown in Fig. 

5.13. 	This is a modified version of the standard program desig- 

ned for vzero/gamma (and charged V's) fitting only. The main 

kinematics steering processor was initially designed to be incor- 
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porated in the geometry program. but the Author wrote a self-con-

tained superstructure enabling the kinematics to be run as a 

self-contained program. This reduces the size of the geometry 

program, and makes it very easy to repeatedly re-run kinematics 

on the geometry output, in order to determine various constants 

(See Section 5.6.3) . 	The superstructure consists of a main 

program, an initialisation subroutine, the main event looping 

routine, which inputs an event, processes it, optionally prod-

uces a printed summary, and outputs the event, and finally a run 

termination routine. 

The steering processor loops over the PF banks in the 

HYDRA data structure searching for any flagged as vzero/gamma 

vertices. 	If it finds such a vertex it then loops over the 

remaining PF banks looking for candidate origins - all primary 

vertices, interaction points, kinks and stop points upstream of 

the vzero/gamma vertex are considered as possible origins. 	After 

constructing a neutral track between the vzero vertex and each 

candidate origin (the angles are known, the momentum is not at 

this stage) the kinematic fit processor is called. When all fits 

are complete at a given vertex, the data structure is cleaned of 

data belonging to unsuccessful fits, and, in the case of success-

fully connected vzeros, a lifetime cut of 9 lifetimes is imposed 

on the neutral track - if the decay length corresponds to more 

than 9 lifetimes the fit is rejected. 

When all vzero/gamma vertices have been fitted, an attempt 

is made to associate any connected vzero/gamma to unique origins. 

Only those origins for which the fit x2  is less than five times 

greater than the best fit x2  are accepted. 	In addition, if this 

cut leaves a unique origin, it is taken if the x2  is less than 

twice that of the best fit x2. 	If there is an ambiguity in the 
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connection, the disconnected fit is retained and the connected 

fits dropped. Finally those vzero/gammas with successful con-

nections are "fed" to their origin vertices, i.e. the neutral 

track parameters are computed at the origin vertex and stored 

as an outgoing track. 

The kinematic fit processor calls a series of subprocess- 

ors to perform the fits at the given vertex. 	First, the topology 

of the vertex is analysed, a search is then made through the 

hypothesis list to find the corresponding hypothesis (mass assig-

ments) for this topology. In the case of vzero/gammas four 

hypotheses are tried - y } e +e -  , K°+,t , n° -~ pit , no } 	 p 

In such a case the hypothesis routine signals that there is more 

than one hypothesis to be fitted, causing a loop over all the 

hypotheses. 	If a hypothesis is found the next step is to find 

the measured mass fits for the tracks corresponding to the cur- 

rent hypothesis. 	If the required mass fit for a track does not 

exist, one can be created using the helix fit results and apply-

ing the mass dependant corrections. Any missing quantities are 

then computed by using four momentum conservation. For example 

in the case of a vzero decay the parameters of the neutral track 

are missing quantities, initially determinable by momentum con-

servation at the decay vertex. Rough checks are made on the 

initial values to remove any totally wrong fits. A loop is then 

initiated over the possible origins of the vzero/gamma, elimin-

ating those that fail a simple line-of-flight check - if the 

impact parameter is greater than five times its error the candi-

date origin is rejected. 

Finally the hypothesis is fitted. A special processor 

(Ref. 5.7) is used to fit the gamma hypothesis. This takes 

into account the uncertainty in the photon direction due to the 
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momentum transfer to the nucleus in whose field it converted, 

and constrains the electron and positron to be colinear with 

the photon. 	In addition "1 - arm gammas" (i.e. those where 

one electron is of such low energy that it is unmeasurable) are 

fitted by this processor. The processor has been modified by 

the Author to compute the pulls* on the electron and positron 

angles and to store them in the fit results (FR) bank; these 

pulls are not calculable outside the routine as the electron 

angles are not directly fitted and may have larger errors than 

the measured values. 

All other hypotheses (i.e. 
Ko ,  A°, Ao + kinks/decays) 

are fitted by the standard fit processor; Fig. 5.14 shows a 

simplified flow diagram of this processor,which has 

been modified to overcome some of the problems inherant in fit- 

ting at high energies. 	One such problem lies in the near equa- 

lity of momentum and energy, which leads to numerical problems, 

especially on computers of limited precision. 	This problem has 

been solved by replacing the energy constraint by conservation 

of the quantity (E - IPL I) where PL.  is the componant of the vzero 

momentum along the line of flight, resulting in numbers which are 

much easier to handle (especially in the matrix inversions). 

Another modification has been made in the setting-up of 

the initial values for the fit, specifically for the case where a 

track has a badly measured charge, i,e. a conflict between the 

charge set in the TF bank and in the MF banks. This can happen 

for badly measured tracks. 	In such a case the program will try 

* The "pull" of a given quantity X is defined as : 

Pull = XMEASURED — XFITTED 

f (aXMEASURED )2  (°FITTED)2 
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both charges for this track, resulting in two (origionally 

equiprobable) fits for the same hypothesis. 	The modification 

reverses the curvature of the bad track in the initial set-up, 

the result is two fits as before, but now with different X2-

probabilities, so the correct one can be selected. 

The most important modification has been in the treat-

ment of cut-stepping. It was found, that for optimum perform-

ance the fit needed to cutstep a maximum of five times on fail-

ing the parameter change test, but had to be restricted to only 

one cutstep on failing the constraint residues test. 	This 

required changes in the logic to treat these two conditions 

seperately. 	In addition, a better procedure to recover from the 

failure of the constraint residues test was found. 	Instead of 

simply cutstepping, the derivatives of the constraints are recom-

puted numerically using the standard definition of an derivative: 

eF = 	F(x t 4x) 	- 	F(x) 	....(5.22) 

Ax 
	

AX 

instead of analytically, and recomputing the iteration. This 

procedure has been found to yield considerable improvement over 

the simple cutstepping method, especially in the case where the 

derivatives are changing rapidly. 	It should be emphasised that 

this procedure has been optimised for vzero fitting; the effect 

it would have on primary vertex fitting is not known. 

5.6.3 	TUNING AND PASSING RATES 

Having obtained a Kinematics program optimised for vzero/ 

gamma fitting, the next step is to tune it to produce optimum 

results on the data of each laboratory. 

The first step is to run the program with the vzero con- 
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nection inhibited, i.e. produce only the disconnected fits. 

By plotting the pulls on the angles of the charged tracks, and 

the x 2-probability distribution it can be seen if the mass fit 

errors are correctly estimated (they should be if the geometry 

program was set-up correctly). If the errors are correct the 

pull distributions should have a mean of 0 and a standard devi-

ation of 1, and the probability distributions should be flat. 

The data from all labs except London were found to fullfil 

these criteria; for the London data it was known that the mass 

fit errors were too small due to an error in the geometry pro-

gram. A correction factor of ✓1.5 to the mass fit errors 

(excluding the multiple scattering contribution) was found to 

be sufficient to correct the data. 

The next step is to re-run the data, allowing connected 

fits to be made, again plotting the pulls and probability dis-

tributions afterwards, If the point errors are correctly esti-

mated the distributions should look similar to the disconnected 

fit distributions. As mentioned in Section 5.5 the point errors 

are generally too small and have to be scaled up. Most labs 

required a scale factor of - ✓3 to correct for this, CERN and 

Warsaw were the exceptions by requiring a factor of - ✓1.5 only. 

In addition, for all labs except CERN and Warsaw, a minimum 

error on the angles of the connecting track was imposed. 

When the optimum values of the error scaling factors have 

been obtained, the passing rates for vzeros and gammas can be 

estimated. In this context the passing rate can be defined as 

follows : 

Passing Rate No. of vzeros with connected fits ..(5.23) 

 

Total No. of associated vzeros 
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In general this number will not be 1.0 as some vzeros will fail 

due to bad measurement and other problems. The passing rates 

obviously have to be known in order to compute cross-section etc. 

The vzeros that fail to give a connected fit can be divi-

ded into two classes - those that fail to get any sort of fit 

at all, and those that get a disconnected fit but fail the con- 

nected fit. 	In the first case the effective mass and error, 

and the impact parameter to the primary vertex and its error 

were computed for each failed vzero/gamma, for each of the four 

hypotheses, y -~ e+e , Ko } Tr +Tr , - , Ao 	T+ p. 	Using 

this data each vzero/gamma was assigned to be "gamma associated", 

"vzero associated", or "not associated" by imposing cuts on the 

effective mass and the impact parameter. 	In the case of a vzero/ 

gamma with a disconnected fit it is already known whether it is 

a vzero or a gamma, so all that needs to be checked is the impact 

parameter, using the same criteria as for completely failed 

vzero/gammas. 	In addition any connected V° or y with a fitted 

momentum error >20% has been rejected as the fit result in such 

a case tends to be meaningless. This cut removes 9 y's (0.4%) 

and 4 K°'s (0.8%) from the total sample. 

This procedure was carried out by the Author on the com-

plete data sample from each laboratory. The results are summa-

rised in Table 5.4. The most important thing to note is that 

there is no excess of failed vzeros at high momentum - the area 

. where one would expect a poorly adjusted program to fail most. 

It should be noted that this procedure can only give an estimate 

of the passing rate of those vzeros/gammas that were measured 

and appear on the geometry output tapes; to take account of 

those vzero/gammas lost at the measurement stage, 10% has been 

subtracted from the gamma passing rates, and 5% from the vzero 
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passing rates. These figures are estimates based on a small 

amount of check-scanning done in London; at the time of 

writing no up-to-date information on these numbers has been 

received from the other laboratories. A systematic error of 

±5% for the vzero passing rate, and ±10% for the y passing 

rate has been imposed to allow for the uncertainty in this last 

assumption. 

5.7 	POST KINEMATICS  

The final stage of the preparation of the data for the 

Data Summary Tape (DST) would normally be a post-kinematics 

check scan in which the kinematics output of each event is 

checked with the event on the scan table. This procedure has 

two aims; one is to identify tracks, if possible (for example 

by ionisation), the other is to check the measurements and to 

send for remeasurement any failed tracks and vzero/gammas which 

should have fitted. At the time of writing none of the avail-

able data has been checked in this manner; the DST used in the 

analysis to be described in the next chapter contains the output 

of the kinematics program with no corrections made. 



TABLE 5.1 	RESULTS OF BEAM TAGGING ASSOCIATION 

MEASURED - PREDICTED 

(SCAN 1) 

(SCAN 	1 	- 	SCAN 	2) 

VIEW 2 VIEW 5 VIEW 2 VIEW 5 

LAB MAGN.1  MEAN a MEAN a MEAN a MEAN a 

AACHEN 2  18 	x -0.2 0.2 0.05 0.15 ti 	0 ti 	0 

BERLIN 19 	x -0.24 0.57 0.33 0.58 0.013 0.42 -0.06 0.37 

CERN 18 x -0.23 0.5 DATA NOT AVAILABLE 

CRACOW 15 	x -0.02 0.6 0.55 0.6 -0.03 0.27 -0.01 0.27 

LONDON 15 	x -0.34 0.64 0.6 0.58 0.01 0.23 0.064 0.27 

VIENNA 18 x -0.27 0.5 0.4 0.54 0 0.19 0 0.22 

WARSAW 25 	x -0.08 0.6 0.44 0.62 -0.034 0.22 0.04 0.25 

1MAGNIFICATION OF SCANNING TABLE RELATIVE TO FILM 

2AACHEN ONLY SCANNED TO A PRECISION OF ± 0.5 UNITS 



- 169 - 

TABLE 5.2: MASS FIT ASSIGNMENTS  

MASS TRACK TYPE 

0 	(Helix 	Fit) All 	tracks 

Electron/Positron All 	secondary 	tracks 	with 
no 	hadronic 	signature 	(i.e. 
interaction, 	decay 	etc.), 
all 	such 	tracks 	from V0 /1 
vertices. 

Muon Charged 	tracks 	from 	kink/ 
decay vertices 

Pion All 	secondary 	tracks 	not 
identified 	as 	protons. 	All 
such 	tracks 	from V°/y 	vert- 
ices. 

Kaon Beam 	track, 	all 	secondary 
tracks 	from primary vertex 
not 	identified 	as 	protons. 

Proton/Antiproton All 	secondary tracks 	except 
those with 	kinks/decays; 
all 	such 	tracks 	from V°/y 
vertices. 

E- 

7.- 

0 

Tracks 	with 	seen 	decays 	only 



TABLE 5.3 : COMPARISON OF MEASUREMENT QUALITY 

AVERAGE BEAM TRACK 

RESIDUAL 	(u) 

AVERAGE SECONDARY 	(+) 

TRACK RESIDUAL 	(p) 

AVERAGE SECONDARY 	(-) 

TRACK 	RESIDUAL 	(u) 

% OF FAILED TRACKS 

INCLUDING ep/p 	> 50% 

AACHEN 5.935 7.111 6.895 1.97% 

BERLIN 6.833 8.694 8.212 2.07% 

CERN 4.532 5.186 4.836 2.63% 

CRACOW 6.899 8.156 7.82 1.71% 

LONDON 6.876 7.805 7.58 2.56% 

VIENNA 5.152 6.479 6.134 3.39% 

WARSAW 6.146 6.971 6.659 1.99% 

TOTAL 6.049 7.074 6.761 2.4% 



TABLE 5.4 	VZERO / GAMMA PASSING RATES 

GAMMAS VZEROS 

LABORATORY SUCCESSFUL 
GAMMAS 

POSSIBLE 
GAMMAS 

KINEMATIC 
PASSING 

RATE 

TOTAL * 
PASSING 

RATE 

SUCCESSFUL 
VZEROS 

POSSIBLE 
VZEROS 

KINEMATIC 
PASSING 

RATE 

TOTAL * 
PASSING 

RATE 

AV. 	MOM + 
OF FAILED 

VZERO/GeV/C 

AACHEN 284 326 87.1% 77.1% 103 118 87.3% 83.3% 8.91 

BERLIN 367 398 92.2% 82.2% 108 123 87.8% 82.8% 12.5 

CERN 554 622 89.1% 79.1% 165 182 90.7% 85.7% 10.2 

CRACOW 122 127 96.1% 86.1% 41 48 85.4% 80.4% 4.3 

LONDON 909 1013 89.7% 89.7% 240 278 86.3% 81.3% 14.1 

VIENNA 199 207 96.1% 86.1% 71 80 88.7% 83.7% 13.4 

WARSAW 311 327 95.1% 85.1% 92 106 86.8% 81.8% 8.4 

* SEE TEXT 

+ AVERAGE MOMENTUM OF SUCCESSFUL VZEROS IS - 17 GeV/c. 
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CHAPTER 6 : INCLUSIVE y, KS, A°  AND Ā°  PRODUCTION 

6.1 	INTRODUCTION 

This chapter is based on a sample of 5832 events of 

all topologies from the December 1977 run. The cuts applied to 

this data in order to obtain a clean sample and the various 

weights and correction factors that have to be used in order 

to compute cross-sections are described. The inclusive cross-

sections for y, Ks, A°  and A°  production are presented and 

compared with those from lower energy K p interactions. The 

1T°  production cross-section is estimated and is seen to be 

rising faster with energy than most other cross-sections. 

The differential cross-sections for Ks and A°  production 

are presented and'again compared with lower energy data. An 

estimate of the A°  polarisation is presented. 	Finally, the 

shape of the forward part of the KS XF  distribution is dis-

cussed in the context of quark fragmentation and recombination 

models. 

6.2 	DATA SELECTION 

In order to obtain a clean data sample various cuts 

have to be applied to the raw data, which, as mentioned in 

Chapter 5, has not been through a post-kinematics check, and 

thus contains some"bad"events. The cuts are divided into a 

fiducial volume cut and a beam track cut, for primary vertices, 

and a fiducial volume cut, a probability cut, and treatment 

of ambiguities for vzeros. 
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6.2.1 	FIDUCIAL VOLUMES 

The fiducial volume for primary vertices corresponds 

to the scan fiducial volume as described in Chapter 5, trans-

lated into the BEBC coordinate system, which is shown in Fig. 

6.1a. The primary vertex fiducial volume is shown in Fig. 

6.1b. This is designed to select as many events as possible 

while still leaving sufficient space at the downstream end 

to obtain adequate measurements of the secondary tracks of 

events at that end. The minimum beam track length of _ 20cm 

imposed by this cut is too short to enable an accurate measu-

rement of the beam momentum for events at the upstream end 

of the fiducial volume, but the angles should still be reas-

onably well measured, and by imposing the nominal beam momen-

tum the event is recoverable. This fiducial volume cut rem-

oves 104 events out of the initial 5832 - these are mainly 

events which have been measured by mistake, or are too high 

or low in the chamber and cannot be rejected at the scanning 

stage. 

For the new data the upstream edge of the fiducial 

volume has been moved downstream to give a longer minimum 

beam track length - as there is much more data the selection 

criteria can be stricter. 

The fiducial volume imposed on V°/y vertices is shown 

in Fig. 6.1c. This is a vertical cylinder of 165cm radius 

coaxial with BEBC and extending lm above and below the beam 

plane. 	This cut imposes a minimum track length of 20cm on 

the decay tracks from the V°/y's - in nearly all cases this 

is sufficient to enable reasonably accurate momentum measure-

ments. The effect of this cut is to remove 117 out of - 3000 

V°/Y'S. 
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6.2.2 	BEAM CUTS 

At 110 GeV/c it is often difficult to tell visually 

whether a particular track is a good beam track, or whether 

it has scattered before the chamber and lost energy. This 

problem is clearly more difficult for short tracks. The fact 

that the track must have associated to a tagging prediction 

provides some check that it is good, but this is not an infal-

lable test, especially for frames with wallons, which can 

lead to confusion. To reduce the loss of good events, events 

are measured unless the beam track is clearly non parallel 

to the beam direction, and a cut is applied at the analysis 

stage. 

Due to the difficulty of obtaining an accurate momen-

tum measurement of a short track, the cuts are applied to the 

angles and entry points of the beam tracks, not to the momen- 

tum. 	Fig. 6.2a shows the y - coordinate distribution of the 

beam track entry points; Fig. 6.2b shows the z - coordinate 

distribution. As only Aachen and CERN measured the entry 

points, they have to be computed from the primary vertex 

position and the beam track curvature for the bulk of the data: 

ENTRY 	0p - Lip 
	 .... (6.1) 

YENTRY 	
Yp + p (cos 

GENTRY 
- cos 0p ) 	.... (6.2) 

A
ENTRY 	Xp 	 .... (6.3) 

Z 
ENTRY = ZP + p (sin GENTRY - sin op) x tan Xp 

.... (6.4) 

where ¢ 	= o of beam track at primary vertex 

ap  = a of beam track at primary vertex 

Y p 	Y - coordinate of primary vertex 

Zp = Z coordinate of primary vertex 
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p = beam track radius of curvature 

L = beam track length. 

The limits imposed on the entry point coordinates 

are : 

- 5 4  YENTRY 	
28 

- 2 < Z
ENTRY < 1.8 

.... (6.5) 

which remove 205 events. 

The distribution of beam track dip as a function of 

length is shown in Fig. 6.3. The cuts imposed on this plot 

(the solid lines) are 

Ix( < 10mr 

Ix' 	4mr 

for track length 60cm 

for track length > 60cm 

.... (6 .6) 

This cut removes 190 events. 

Finally a cut is made on the azimuthal angle of the 

beam at the entry point. 	Fig. 6.4 shows a plot of this angle, 

SENTRY' as a function of the y - coordinate of the entry point. 

The-observed-linear dependance-of 
SENTRY 

 on 
 YENTRY 

 is essentially. 

due to the divergence of the beam, and has been parametrised 

in the form : 

NOMINAL = 3.054 + 0.000455 
(YENTRY 

+ 5) 	(6.7) 

where 3.054 is the nominal 	value at YENTRY 
= - 5, and 

0.000455 is the gradient of the line. 	Using this equation 

the nominal cb value at anyYENTRY within the Y - cut can be 

calculated. The cuts applied to 
GENTRY  are : 

3.054 4 GENTRY 	3.069 

1(4)
ENTRY 	(NOMINAL )1 

4 0.0045 
	.... (6.8) 

The outlined area on Fig. 6.4 shows these cuts graphically; 
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471 events are outside the allowed region. 

Taken together the beam track cuts remove 653 events - 

less than the sum of the individual cuts as there is some 

correlation between them. 	In addition 60 events are lost as 

no primary vertex is found (probably due to miss - labelling) 

and 49 events do not have a beam track and are thus rejected. 

The final sample consists of 5015 events after all cuts have 

been applied. 

Fig. 6.5 shows a plot of beam momentum as a function 

of track length for those events that survive all the cuts. 

The strong dependance of measured momentum on track length 

shows why the momentum is not used as a parameter in defining 

a good beam track. The average value of the momentum for 

tracks more than 150cm long is 108.95 GeV/c, this value is 

taken as the nominal value and is imposed on all beam tracks - 

this is necessary to obtain consistent transformations to the 

centre-of-mass system. 

6.2.3 	MICROBARN EQUIVALENTS 

Using data from Ref. 6.1, it is deduced that the 

sample of 5015 events seen corresponds to 5287 "real" events, 

the difference being mainly made up by lost elastic two-prong 

events with a very short recoil proton, which are very diffi-

cult to find on the scan table. This corrected number of 

events corresponds to the total K p cross-section of 20.5 mb, 

thus giving the microbarn equivalent of the data sample : 

1 event = 20.5 x 103/5287 = 3.877 ub 

All the cross-sections presented will be normalised using this 

factor. 
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6.2.4 	VZERO SELECTION 

Once an event has satisfied the tests described 

above, the data structure is searched for V°/y's associated 

to the primary vertex. 	If one is found it is first checked 

to see if it is in the fiducial volume, and then checked to 

see if more than one fit exists, as can happen in the case 

of kinematic ambiguity - for example a V°  could have both a 

KS 	7 	fit and a A°  -} pTr fit if it is in the right ki ne- 

matic region. Table 6.1(a) gives the numbers of unique 

y's, KS's, °'11 s and Ā°'s and the various ambiguous combinations 

found on the DST. 	Fig. 6.6 shows the probability distribut- 

ions for the unique y's, K°'s, A°'s and Ā°'s. 	In each case 

a spike is seen at low probability (< 5%). 	The spike at high 

probability in the case of y's is due to the 1 - arm gammas 

to which a probability of 1.0 is arbitrarily assigned as none 

is calculated. 	Fig. 6.7 shows plots of the probability of one 

fit vs the probability of the other fit for the most common 

ambiguities (y/K°, y/A°, y/71°, K°/A°, K°/Ā°). It can be seen 

that some V°/y's have a very small probability for one fit and 

a finite probability for the other fit, others have finite 

probabilities for both fits. 

In order to remove the low probability spikes a cut 

of 1% is made on all fits, resulting in the numbers of V°/y's 

shown in Table 6.1(b). The loss of good events in this region 

(1% of the total) is corrected for by a factor 1/0.99 = 1.0101 

when computing cross-sections. The number of ambiguous fits 

has been considerably reduced by this cut - if only one hypo- 

thesis has a probability 	1% the V°/y is no longer ambiguous 

but unique. 	The number of triple ambiguities is also consid- 

erably reduced,in most cases they become double ambiguities 
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and are thus more easily treated. Fig. 6.8, shows the prob- 

ability distributions for y's, 	, i s and A°' KS 	s after the 

probability cut, showing that the low probability spike is 

removed (apart from in the Ā° case. This will be discussed 

later) . 

The remaining ambiguities are treated in the following 

ways :- 

i) y/y, Ko/Ko n Ao/Ao 
A°/X° 

 

These types of ambiguity are very rare and are a 

result of a charge ambiguity in kinematics, as ment- 

ioned in Chapter 5. 	In such cases the highest prob- 

ability fit is taken. 

ii) y/V0 (V°  = K° , A°, 
p) 

These are the most common ambiguities and are resolved 

by taking the y hypothesis as the correct one. There 

are various justifications for this procedure - for 

example the ratio of y/A°  ambiguities to y/A°  ambigu-

ities is 1:1, if these were true V°'s the ratio should 

be the ratio' of the A°  cross-section to the X°  cross-

section, i.e.. 5:1. 

iii) 
KO/ A O ,  KO/A0 

These are the next most common ambiguities, and, in 

general, it is impossible to choose the correct fit, 

except on a statistical basis. These vzeros are 

removed from the sample and a compensating weight is 

applied. This will be described later. 
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iv) 	Multiple Ambiguities  

The only significant ambiguities falling into this 

class are y/K°/A°  and y/K°/-A°  ambiguities. 	These . 

are all taken as y's, as in class (ii). 

6.3 	VZERO SAMPLE QUALITY 

There are several checks that can be made that the 

results from the kinematic fitting procedure are correct and 

unbiased. 	One is the shape of the x2  - probability distribu- 

tions as discussed in Chapter 5, and shown in Figs. 6.6 and 

6.8. Another is the shape of the pull distributions, where 

the pull on a given quantity ( 1 /p, a, 0) is defined as :- 

Pull = Measured value - Fitted Value .... (6.9) 

    

     

(ME AS URED )2  (A FITTED'
2  

The interesting pulls are those on the azimuthal (0) angles 

of the outgoing tracks of the V°/y, as it is these angles that 

the kinematics program adjusts most, in order to get the correct 

effective mass. 0 is also strongly correlated to 1 /p by the 

magnetic field. Fig. 6.9 shows the pulls on the azimuthal 

angles of e;e (y's), irr (K°'s) and pot (A°'s). 	Each dis- 

tribution has a mean of N 0 and a half-width (a) of N 1, as 

expected for an unbiased data sample. 

As a check on the contamination of the V°  samples by 

incorrectly fitted y's, the decay angle distributions are 

plotted in Fig. 6.10 for K°'s and A°'s. No excess at cos e* 

= ± 1 is seen, indicating that the sample is clean. There is 

no significant loss of V°'s into the y sample either, as can 

be seen from the so-called Armenteros (Ref. 6.2) plots for K° 
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and A°/ A°  shown in Fig. 6.11, - there is no abnormal 

depletion of the low P T  regions of the plot. The effect of 

rejecting K°/ A °  (11° ) ambiguities is clearly shown, however, 

by the depleted regions in the K°plot. 

A measure of the mass resolution of the bubble chamber 

can be obtained from the dispersion of the measured K°  effec-

tive mass squared. The distribution is centred around 0.247 

(GeV/c2 ) 2, corresponding to a mass of 0.497 GeV/c2, with 

a width.  which is a strong function of the K°  momentum. 	Fig. 

6.12 shows how the resolution varies with momentum. The 

shaded area shows, for comparison, the position of data points 

obtained in the CERN 2m hydrogen chamber exposed to a 14.3 

GeV/c K beam, and in the 4.5m Mirabelle chamber exposed to 

a 32 GeV/c K beam (taken from Ref. 6.3). 	The measured 

width of the A°  mass squared distribution is 1.2446 (GeV /c2)2, 

corresponding to a mass of 1.1156 GeV/c. 	The width of the 

mass squared distribution is 5.7 (MeV/c)2  independant of 

momentum. 

6.4 	INCLUSIVE y PRODUCTION  

The results presented here are based on 2300 4c 

fitted gammas, corresponding to 5015 primary events of all 

topologies. 

In order to compute cross-sections several factors 

have to be taken into account. Firstly, a potential weight 

has to be applied in order to allow for those y's that did 

not convert in the fiducial volume. Appendix C describes 

the method of computing this potential weight. The minimum 

length cut (lmin in eqn. C. 6 ) is set at 10cm from inspec- 

tion of a plot of y conversion length; 	a significant loss 



- 195 - 

is seen for lengths less than 10cm. The maximum length 

(lmax) is the distance between the primary vertex and the 

edge of the fiducial volume, along the y line of flight. 

Fig. 6.13 a) shows the distribution of y potential weights 

as computed in this way. 	The mean weight is 	8.4, the 

average y, of momentum 4.25. GeV/c, has only a 10% chance of 

converting inside the fiducial volume. 

A correction is also applied for the loss of soft 

electrons, i.e. Pe±  < 20 MeV/c. This is to compensate for 

the loss of very asymmetric y's with one very low energy ele-

ctron - there are more difficult to measure and to fit. All 

y's with one or both electrons slower than 20 MeV/c are rejec-

ted and a weight based on the QED prediction of the Pe
±
/Py 

distribution is applied to compensate. This weight has been 

computed for a large range of Py, and parametrised in the 

following way (Ref. 6.4) : 

7  
a. 

.... (6.10) 

i= 74  
The coefficients ai  are given in Table 6.2. 	It should be 

noted that this procedure implies a cut of 40 Mev/c on Py, 

possibly distorting physical distributions. 

In order to compute the inclusive y cross-sections, 

allowance must be made for the Py < 40 Mev/c cut. If we 

assume, to a first approximation, that all y's come from 

the decay of 1T°is (even if the rr°'s are not produced at the 

primary vertex but come from the decay of e.g. r1°'s) then we 

can extrapolate to Py = o in the following way : 

1  

WQED  
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The isotropy of the decay ,r°  } yy leads to a flat 

distribution of the y momentum between the two limits 

(E.r o - P 71.o )/2 and (E,7o  + P 11. o )/2 for y's coming from i°'s of 

momentum P. . 	The variation of P 11 = (E,T  ± P,n) /2 

with P,r0 is : 

4p 	 pmax 

P' 

m7/2 

P Y  

 

Pmin 

P 

    

P
o  

TT 

If we assume that all the y's come from 7°'s with a momentum 

distribution N(P70 ), the y momentum distribution will then 

be given by : 

P
max 

N(P Y ) 	= 
	

1 N(Pi°) 	dP 0  

P 

.... (6.11) 

where 
Amax 

 is the maximum Tf°  momentum and Po  the minimum 7°  

momentum that can give rise to Y's of momentum P. It is 

clear from the figure that the value of Po  is the same for 

Y's of momentum P 	= (E°  - P°)/2 and P'y = (E° + P°)/2 

We thus obtain : 

P 
Y P Y 

m 2  
TT.  

.... (6.12) 

4 

which leads to the result : 
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N(P Y ) 	_ 

.... (6.13) 

4PY 

whatever the zr° momentum distribution may be. Thus N(PY ) 

has a maximum at PY = moo /2 and goes to 0 when PY goes 

to zero, as n(o) = n(0.). 

From equation (6.13) we have : 

a (a < PY < b) 	= 	b n(PY ) dPY = 	b n 111,; 

a 	a 4PY 

If we write u = m7./4PY the second integral becomes : 

b n(PY ) dP 	= 	m,~/4a 	mz 
7r
, 

n(u) du 

a 

m4b 

and if we let a = o, b = m'2 . 

m„°/2 n(P
Y )dPY 	= 	°° 	me n(u) du 	.... (6.14) 

4u m 

i.e. the cross-section for Y's with momentum P < m,7°/2 = 

67.5 MeV/c is the same as the cross-section for y's with 

P > m o/2 weighted by the factor m2o/4PY. Thus if we have 

a complete sample of y's with P Y > 67.5 MeV/c the total 

cross-section down to P = 0 can be deduced. 
Y 

dP 

Fig. 6.13(b), shows the laboratory momentum distribu-

tion of the y's, which shows a maximum at P - 0.1 GeV/c, 

4 	u 

o 	 Tr°/ 2  
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as expected from the above arguments. Below P1  ` 0.5 

there are no Y's, this is due to the loss at the scanning 

stage of very low energy y's, as mentioned in Chapter 5. 

The part of the curve below 67.5 MeV/c has thus been cal- 

culated from the symmetry relation of eqn. 6.14. 	Other 

factors taken into account include the scanning efficiency 

and passing rate, as discussed in Chapter 5, and the prob-

ability cut correction. The average value of the QED 

asymmetry weight amounts to 1.038. 	Finally, taking into 

account the micro-barn equivalent of 3.877 ub/event, the 

integral of the corrected distribution amounts to : 

cr (K -p } y + X) 	= 	130 ± 5 mb 

where the error takes into account the statistical error, 

and the errors on the scanning efficiency and passing rate. 

If we assume that all Y's come from the decay of Tr°'s, 

the resulting Tr°  cross-section is given by : 

a (K -p 4. Tr°  + X) 	= 	1/2 a (Y) 	= 	65 ± 3 mb. 

Assuming that the proportion of Y's not coming from Tr°  

decay is the same at 110 GeV/c as it is at 14.3 GeV/c 

(Ref. 6.5) , i.e. -7%, this would lead to a corrected Tr°  

cross-section of - 60 ± 3 mb. As these two numbers are 

the same within the errors, we will assume that all Y's 

are the decay products of Tr°'s. 	Fig. 6.14 a) 	shows the 

yy effective mass distribution for those events with at 

least two seen y's. A clear r°  signal is seen, but there 

is no evidence for n°  production. 	(n°  } yy accounts for 
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38% of the n°  decay). 

Table 6.3 and Fig. 6.14 b) 	show the y multiplicity 

as a function of charged multiplicity at the primary vertex, 

where the y multiplicity is defined as : 

nY 	aY / aINELASTIC 

The total and topological inelastic cross-sections are also 

shown in Table 6.3 for convenience (Ref. 6.1). 	The y mul- 

tiplicity shows a linear rise with charged multiplicity 

with a slope of 0.21 ± 0.05. A similar effect has been 

observed in K p interactions at 70 GeV/c (Ref. 6.3). 

Fig. 6.17, shows the energy dependance of the total y 

and W°  cross-sections in K p interactions from 14.3 GeV/c 

to 110 GeV/c, compiled from Ref. 6.6 (14.3 GeV/c), Ref. 6.6 

(32 GeV/c) and Ref. 6.3 (70 GeV/c). The remarkable rise in 

the y and Ti°  cross-section seen at 70 GeV/c does not seem 

to be confirmed by the 110 GeV/c data, which is consistent 

with a steady rise from 32 GeV/c. The reason for this dis-

crepancy is not clear at the time of writing. The consid-

erable increase in statistics which will be available when 

the new data is processed should enable the 110 GeV/c points 

to be determined much more accurately, and should resolve 

this question. 

Even if we ignore the 70 GeV/c point, however, the 

total y cross-section is still rising faster than the aver-

age charged pion cross-section, as shown in Fig. 6.17 (not 

computed for 110 GeV/c). This implies either that the Tf°  

cross-section is rising faster than the ,r±  cross-sections, 

or that there is another source of gammas, becoming more 

important with increasing energy. 	It has been suggested 
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in Ref. 6.3 that there could be an enhanced production of 

n°'s in high energy K p interactions due to the signific-

ant ss content of the n°, which could be more easily 

excited by an incident strange quark. 	If this is the case, 

then the assumption used to calculate the Tr°  cross-sections 

is not valid. 	The present statistics are not sufficient to 

obtain any estimate of the no  cross-section via its yy or 

Tr
+
r y decay modes; it may be possible to resolve this 

question when the new data sample has been processed. 

6.5INCLUSIVE KS,  A°  AND Ā°  PRODUCTION  

The V°  sample consists of 501 associated Kn's, 172 A°'s 

and 35 A°'s, after all cuts and assignments have been made. 

In this context "Kn" represents K°  or K°, as there is no 

way of separating them. Any contribution to the A°  sample 

by A°'s coming from the decay of E°  + n°yis undetectable 

at the present time; it will be assumed that all A°'s are 

produced in the primary interactions. 

6.5.1 	INCLUSIVE CROSS-SECTIONS 

As in the case of y's, several weights have to be taken 

into consideration when computing cross-sections. 	First 

is the potential weight, to allow for those V°'s that either 

decay too close to the primary vertex to be seen, or that 

decay outside the fiducial volume. Appendix C describes the 

details of this weighting procedure, which also takes into 

account the possibility of V°p interactions; this increases 

the average weight by ` 5%. The minimum length cut (lmin 

in eqn. C.6) has been taken as 4cm from inspection of a plot 

of V°  decay length - a signigicant loss is seen for decay 

lengths of less than 4cm. This length is less than that 
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for y's as vzeros close to the vertex tend to be of low - 

momentum, have a significant opening angle, and hence are 

more visible than y's, which have zero opening angle. The 

maximum length (lmax in eqn. C.6) is the distance between 

the primary vertex and the edge of the V°  fiducial volume, 

as measured along the V°  line of flight - the so-called 

potential length. Fig. 6.15 shows the potential weight dis-

tribution for a) Kn's, b) A°'s, and c) n°'s; the average 

values are shown in Table 6.4. 

The next correction is a weight for the rejected 

ambiguous Kn/A°  and Kn/A°. The weighting procedure adopted 

here computes the probability that a given (unique) Kn, A
0 

 

or A°  could be ambiguous and provides a weight accordingly. 

This procedure is described in detail in Appendix D. The 

constants C and Po  in equation D.14 have been determined for 

the sample under consideration here to be : 

C = 0.044 

Po  = 1.159 

.... (6.15) 

The effect of this weight is to divide (statistically) the 

ambiguous V°'s between Kn, A°  and A°  in the ratio 7:7:2. 

Figs. 6.15 d,e,f, show the distributions of this weight for 

Kn, A°  and A°  respectively, Table 6.4 shows the average 

values. 

The remaining factors are the primary vertex scanning 

efficiency, the vzero scanning efficiency, the probability 

cut factor, the passing rate, corrections for unseen decay 

modes (2.915 for Kn, 1.557 for A°/ Ā°), and the microbarn 

equivalent. Table 6.5 shows the resulting cross-sections 

for Kn, A°, Ā°, KnKn  and A°Kn. The KnKn  and A°Kn  cross- 
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sections are computed assuming that the individual decays are 

uncorrelated. The errors include the statistical errors, and 

the estimated systematic errors on the vzero scanning effici-

ency and passing rates. Also shown are the average multipli-

cities < i >, where 

< i > 
a(1) /INELASTIC ....(6.16) 

and the ratio, R, of these cross-sections to those found in a 

K p experiment at 32 GeV/c (Ref. 6.6). 

It is possible to estimate the K°  and R°  cross-sections 

from the measured KnKn  and A°Kn  cross-sections, using a method 

described in Ref. 6.6. 	If the following assumptions are made : 

i) All K°'s come from the final states NRKR + X, 

YKK + X and E K + X, where N is a nucleon, 

Y is a A or E and X is any number of pions. 

ii) The distribution of charge among the particles 

in these final states is assumed to obey a 

statistical isospin model (Ref. 6.7) 

it can be shown that the following relationship holds : 

a (K°) 	= a (K+ ) 	= (0.34 ± 0.03) {a  (A°Kn) 	+ 

a (E±  Kn) } 

+ (0.63 ± 0.03) 	a (KnKn) + a (E-) 

....(6.17) 

The naive assumption that all possible final states of a given 

type are equiprobable leads to practically the same result, 

the two numerical factors in eqn. 6.17 being replaced by 7/20 

(0.35) and 3/5 (0.6). No evidence of E±  or E production has 

yet been seen; to a first approximation these cross-sections 

will be assumed negligible. Using the measured values of 
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a (KnKn) and a (A°Kn) results in the values of a (K°) and 

a (K°) 	= {a (Kn ) — a (K° )} shown in Table 6.5. A systematic 

error of 30% has been included, to allow for the approximate 

nature of the assumptions made. 

The average multiplicities for Kn  and A°  are shown as 

a function of charged multiplicity in Fig. 6.16 	and Table 6.6. 

The Kn  multiplicity is roughly constant from 2 to 14 charged 

prongs, and then drops rapidly. The A°  multiplicity is con-

stant up to 10 prongs and then falls off slowly. 

Fig. 6.17 shows the energy dependance of the 

Kn, A°, Ā°, K°  and K°  cross-sections using data from Refs. 6.8 

(14.3 GeV/c), 6.6 (32 GeV/c) and 6.3 (70 GeV/c). The Kn  cross-

section is rising slowly with energy, at the same rate as the 

inclusive charged particle cross-section, (also shown in 

Fig. 6.17), the K°  cross-section is increasing at a slightly 

slower rate, while the K°  cross-section has doubled between 

32 GeV/c and 110 GeV/c. This is most probably due to the 

increase in KR pair production, as would be expected from phase 

space considerations. The inclusive A°  cross-section is 

essentially constant between 14.3 GeV/c and 110 GeV/c, at 

- 2.5 mb, having fallen from - 4 mb at 4 GeV/c (Ref. 6.8). 

It is known that the bulk of the inclusive A°  cross-section 

below 14 GeV/c comes from the channel K p } A°  +(nir)(Ref. 6.8) 

and that this channel decreases in cross-section from 4 to 

14.3 GeV/c. The stability of the inclusive A°  cross-section 

could be due to the continuing decrease of this channel com-

bined with the increasing cross-section of the A °KR channel. 

Indeed, the proportion of A° ' s coming from this channel has 

risen from 41% at 32 GeV/c to 61% at 110 GeV/c. 
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The Ā°  cross-section shows a remarkable increase from 

32 to 110 GeV/c, far larger than any other cross-section. 

This increase may be over-estimated as the X°  sample does 

not seem to be very reliable - even with a 1% probability 

cut, 30% of the X°'s have a X 2- probability of less than 

5% (Fig. 6.8d). 	If these events were rejected, a cross-section 

of - 0.39 mb would result, still a significant increase over 

the 32 GeV/c value, however. A significant increase in stat-

tistics is required before a reliable result can be obtained. 

If this rise in a (n°) is real then it probably implies an 

increase in the anti-baryon (B) cross-section via the rela-

tion 

a (B) 
	

a (-°) 
....(6.18) 

a (B) 	a (A°) 

commonly held to be true. 

6.5.2 	INVARIANT DIFFERENTIAL CROSS-SECTIONS  

Fig. 6.18 a) shows the invariant differential cross-

section for inclusive Kn  production at 110 GeV/c : 

ti  

E cm  d2a dP T2  
....(6.19) 

 

dx dPT2  

  

where P
max 

is the maximum centre-of-mass momentum of a Kn  

(- VS/2), Ecm  is the centre-of-mass energy of the Kn, x is 

cm cm 
Feynman x (P /Pmax)  and P T  is the transverse momentum of the 

Kn, relative to the beam axis. Also shown is the data from 

Ref. 6.9, at 32 GeV/c, for comparison. Within the errors, 

the two distributions are similar in the kaon fragmentation 

region (large x), but in the central region the 110 GeV/c 
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data is higher, reflecting the increase in central KR pair 

production. 

Fig. 6.18 b) shows the invariant distribution of eqn. 

6.19 for inclusive A°  production, with 32 GeV/c data from 

Ref. 6.9 for comparison. 	The central dip that first becomes 

noticable at 8.2 GeV/c (Ref. 6.10) is quite pronounced at 

110 GeV/c. This is probably due to the increasing separa-

tion in phase space of beam and target-like A°'s, there being 

no significant central production of A°11°  pairs to fill the 

gap. 

Fig. 6.19 a) shows the invariant differential 

cross-section : 

F(y) 	= 	1 d2a 	dPT2  

....(6.20) 

    

7 	J dy dPT2  

for Kn  production at 110 GeV/c, where y is the centre-of-mass 

rapidity, here defined as y 	1 / 2  In (Ecm+ 
pLm  / Ecm- pLm)  

Also shown are data from 32 GeV/c and 70 GeV/c, taken from 

Ref. 6.3. 	The distribution is clearly widening and becoming 

flatter in the central region with increasing beam momentum. 

This presumably reflects the increasing production of central 

KR pairs, as already seen in the Feynman x distribution and 

the cross-sections. 

The rapidity distribution also enables a rough check 

to be made on the K°  and R°  cross-sections derived in the 

previous section. Using the following hypotheses : 

a (K°)y<o 
	- 	a 

(Roy y<o 

a (K°)y<0 	a (K°)y>0  

which is based on the central production of KK pairs, it is 
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easily seen that : 

a (K°) 	- 

a (R°) 

a (Kn)y,0 
	

= 	3.0 ± 0.8 

a (Kn)y>0 	= 	8.98 ± 1.0 

where the errors have been increased to take into account 

the approximate nature of this hypothesis. These values are 

quite consistent with the values obtained using the statis-

tical isospin model. 

Fig. 6.19 b) shows the invariant differential 

cross-section 

F(PT2) = 	1 	C Ecm  d2a dx 

CM 
Tr P

max 	J 	dPT2  dx 

for Kn  production. This distribution is well described by 

an exponential e-bP T
2 
 with b = 4.12 ± 0.32 GeV-2  below 

PT2  = 0.8 (GeV/c)2. This is a flatter slope than has been 

seen for Kn  production at 70 GeV/c (Ref. 6.11), where a value 

of b = 4.7 ± 0.3 GeV-2  has been obtained for the exponential 

slope of the PT2  distribution. The mean value of PT2  at 110 

GeV/c is 0.34 (GeV/c)2  as compared to 0.28 (GeV/c)2  at 70 

GeV/c, indicating that < PT2  > is rising with energy for Kn  

production, as it is for charged particle production. 

6.5.3 	LAMBDA POLARISATION 

An attempt has been made to determine if the polar-

isation of the A°  is measurable with the present statistics. 

The A°  polarisation is measured via its weak decay into p71.-. 

In the A°  rest frame, the decay angular distribution of the 

proton can be written as : 

....(6.21) 
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W(e,(p) = 1 + a (Px  sine cosq + Py  sine sing + Pz  cose) 

47 	4,r 	 ....(6.22) 

where Px, Py, Pz  are the three components of the polaris-

ation vector with respect to the chosen coordinate system, 

and a is the so-called asymmetry parameter of the A°; 

a = 0.647. The coordinate system used is the so-called 

helicity-transversity system, defined with the z - axis nor-

mal to the plane defined by the target proton and the A°  in 

the centre-of-mass (the production plane), the y axis in the 

direction of the A0  in the centre-of-mass, and the x - axis 

such that the system is right-handed. Pz  is thus the trans-

verse component of the polarisation; Px, Py, which lie in 

the production plane, are the non-transverse components. 

The three components are given by the following : 

Px  = 3 < sin e cos cp > /a 

Py  = 3 < sin e sin c > /a 

Pz  = 3 < cos e > /a 

where < > denotes the average value over all events, and 

the corresponding error on any component is given by : 

AP i 	= 9 < . 2  > 1 

 

P. 2  
1 ....(6.24) 

      

Nat 	N 

where i2  is E (sin a cos ()2  etc. and N is the number of A°'s. 

The polarisation components and their errors have 

been obtāined for forward and backward A°'s, with the results 

shown in Table 6.7. Due to the lack of statistics the errors 

are very large, but there is an indication that the forward 

A°'s have a negative transverse polarisation, while the back-

ward A°'s have a zero transverse polarisation component. 

This is consistent with results obtained at lower energies 
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(Ref. 6.12) - i.e. the transverse polarisation is zero for 

backward A°'s, and becomes strongly negative for forward 

A°'s, as expected for a process where nucleon exchange is 

dominant. The non-transverse components are all consistent 

witn zero, again compatible with lower energy results. A 

considerable increase in statistics is needed to enable a 

proper study of A°  polarisation to be made, the results 

obtained here are not accurate enough to be able to draw 

any conclusions. 

6.5.4 	QUARK MODELS AND THE Kn  X-DISTRIBUTION  

In a typical hadron-hadron interaction, hadrons are 

produced with small transverse momentum and form two "jets" 

forwards and backwards along the incident particle direction. 

Feynman has proposed that hadrons interact via the exchange 

of "wee" partons, and that the fast constituents of the had-

ron (valence quarks) do not interact, but keep their momen- 

tum practically unchanged. 	In the case of an incident meson, 

one valence quark carries away most of the momentum, in the 

case of an incident baryon, a valence di-quark system carries 

away the momentum. 

To consider a specific example, that of R°  production 

in the K fragmentation region (i.e. the R°  is at large 

Feynman x), the ū quark of the K undergoes a soft interac-

tion with the proton, while the s - quark is essentially 

unperturbed and goes through to form the R°. The R°  has a 

great advantage over charged mesons in this situation, as 

it is uniquely identifiable as the hadron containing the fast 

strange quark from the incident K-, whereas there is always 

the problem of separating K and Tr in the case of charged 
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mesons. This is the area where it would be very useful to 

have effective identification of fast particles by the EPI. 

In addition, the problem of diffractive production (of K- ) 

does not arise in the case of R°; at present no "quark" 

theory of the type we will discuss here can treat diffrac-

tive production. 

There are several models which attempt to describe 

the way in which the fast, through-going, valence quark be-

comes the fast meson that is actually observed, two of which 

will be discussed here. One is the Quark Fragmentation Model 

(QFM) (Ref. 6.13), and the other is the Quark Recombination 

Model (QRM) (Ref. 6.14). 

In the Quark Fragmentation Model, the fast, through-

going valence quark "decays" or "fragments" into the obser- 

ved meson, plus other, slower, hadrons and quarks. 	The 

fast meson produced by this mechanism clearly has less momen- 

tum than the original quark from which it fragmented. 	In 

addition, this model does not allow for the presence of gluons 

in the incident meson, which are expected to carry a signif-

icant fraction of the meson's momentum. 

In the Quark Recombination Model, the fast valence 

quark picks up an anti-quark, either from the original sea 

of the incident meson, or one produced from a gluon from 

the incident meson (Ref. 6.15). 	It is interesting to note 

that this mechanism cannot operate in a
+
e reactions, as only 

in hadron-hadron interactions will there be such anti-quarks 

available, moving in the same direction as the valence quark. 

The fast meson produced in this way has a greater momentum 

than'the original quark; thus a meson at high x is more likely 

to have been produced via recombination than fragmentation. 
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In fact it has been estimated in Ref. 6.14 that the contri-

bution of the fragmentation mechanism to the production of 

mesons at x > 0.5 is less than 1% of the total. 

In the formalism of the QFM we can write : 

0 	 0 	 0 
1 	doK  }K 	= 1 	Ds (x/xo) + D- (X/xo) 

6 INEL dx 	2 	 ....(6.25) 

where the Dq's are the quark fragmentation functions, which 

describe the way that a given quark (q) fragments into a 

given hadron (h), and xo  is the fraction of the incident 

meson's momentum carried by the fragmenting quark, and is 

expected to be close to 1. Feynman and Field (Ref. 6.18) 

have parametrised the fragmentation functions in the following 

form : 

Dh  (x/xo ) = Aq f (1 - x/xo) + Bh  F (x/xo ) 	....(6.26) 

where Aq  and Bh  are constants, dependant on h and q, and 

the functions f and F are defined as : 

f (1 - x/xo) = 1 - a + 3a (1 - x/x0 ) 2 	....(6.27) 

(x/xo) = F (x/xo ) - f (1 - x/x0 ) 	....(6.28) 

F' (x/x0 ) 	= 3 / (3 - 2a) x/x0  + 3a X (2a - 1) 
0 

+ 2a (2a 2  - 3a - 2)(X ) 2-2a
/((3-2a)(2a-1)) 

0 

....(6.29) 

where a is a parameter determined in Ref. 6.18 to be 0.88. 

From Ref. 6.18 the following values are obtained : 

0 
As = 0.4 

Ro 	° 
B = 0.08 , Aū = 0  

....(6.30) 
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R°  
Aū is zero, as there is obviously no direct contribution 

to 	R° 	production 	from 	ū 	quarks. 	(There 	is 	nothing 	to 	pre- 

vent a 	R° 	being 	produced 	as 	one of 	the 	non-leading 	fragments 

of 	the 	ū 	quark, 	however, 	this 	is 	provided 	for 	by 	the 	term 
0 

in 	B 	). 	We 	thus 	have 	: 

0 
Ds 	= 0.4 	f(1 -x/xo ) 	+ 	0.08 	(F 	(x/xo ) - 	f(1-x/xo )) 

• 

and 

0 
Ds 	= 0.32 	f(1 - 	x/xo ) 	+ 	0.08F 	(x/xo )) ....(6.3l) 

0 
Dū 	= -0.08 	f(1 - 	x/x°) 	+ 	0.08 	F(x/x0 ) ....(6.32) 

So, from 	6.25, 6.31 	and 6.32 	we 	have 	: 

0 
1 da 	-'K  = 	0.12 	f(1 	- 	x/xo ) 	+ 	0.08 F(x/x0 ) 

aINEL dx ....(6.33) 

Fig. 6.20 shows the result of fitting this formula to the 

non-invariant Kn  x-distribution, using the CERN - developed 

function minimising package, MINUIT (Ref. 6.17), in the range 

0.1 4 x 4 0.5. The value of a was taken to be 0.88, and the 

value of xo  to be 0.95 (Ref. 6.18). This results in the 

dashed line, with a x2/NDF of 0.998. 	If the parameters a and 

xo  are allowed to vary, and fitting in the region 0.1 S x < 0.9, 

the dotted line results, with a x2/NDF of 0.47, and the 

values of a and x
o 0  

a = 0.74 ± 0.31 

xo  = 1.13 ± 0.56 

The value of xo  is clearly unphysical, but this is not sur- 

prising, considering the range of the fit. The model pre- 

diction differs from the data most prominantly in the region 

x > 0.5, where it is consistently low. This agrees with the 

finding of Ref. 6.14 in direction but not magnitude : the 
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curve is only - 50% lower than the data, and, within the 

errors, is not incompatible with it. One explanation for 

this could be that the data contains K°'s in the central 

region as well as R°'s, and thus is more peaked in this 

region than the pure R° distribution would be. By normal-

ising the QFM curve to the data in the low-x region, the 

overall vertical normalisation of the prediction is too high, 

explaining the discrepancy. 

In the formulation of the QRM we can write : 

Ecm 	d6 = 	\ 
F(xl, x2) R(x, x1 , x2) dx1 dx2 

cm 
TOT pmax dx 
	 xl 

....(6.34) 

where x l is the Feynman x of the fast valence quark, x2 the 

Feynman x of the sea antiquark, x = x l + x2 is the Feynman 

x of the produced meson, F is the two parton joint distribution 

function for finding the valence quark at xl and the sea anti-

quark at x2, and R is the recombination function for a quark 

at xl and an antiquark at x2 into a meson at x. Using the 

method described in Ref. 6.19, this equation becomes : 

o 	xl 
Ecm 	dal( 4K 	(1-x)n-1 (~ 	Vs(xl) Sd (x2) f xlx2 \n_ldxi  

a   

X2 

cm 
a TOT Pmax dx x 

ō 	
` x 

....(6.35) 

where n is a power that must be determined from the data, 

V s(x 1 ) is the valence s - quark momentum distribution in the 

incident K 	and Sd (x2) is the sea d quark momentum distri- 

bution. 	In Ref. 6.21 the form 



- 213 - 

V(x) 	= C (1 - x)n  ...:(6.36) 

is suggested for the valence quark distribution in the pion; 

for simplicity we shall assume that the same form is valid 

for the strange quark distribution in the kaon. In addition, 

we will assume that there is no contribution to R°  produc-

tion from the strange sea in the kaon. The same form is 

used for the sea anti-quark distribution, but with a fixed 

power n = 7, as suggested in Ref. 6.14, i.e. 

S(x2) = D(1 - x2)7  = D(1 - x +x 1)7  

Thus, eqn. 6.35 becomes : 

....(6.37) 

  
o 	

(1-x)n- Ç ld
.4-1( 

 	( 	n-ldx1Ecm 
	 (1-x1 )n (1-x+xi)7  x1(x-x1 ) 

CONST 	I 	I 

cm 
a TOT pmax dx 

....(6.38) 

It should be noted that these parametrisations of the quark 

momentum distributions are not expected to be valid for x < 0.5. 

Equation 6.38 has been fitted to the invariant x dis-

tribution of the Kn's, with the result shown in Fig. 6.21. 

The data is fitted in the region 0.5 4 x 4 0.9, with the 

resulting value of the parameter n : 

n = 0.94 ± 0.29 

with a x2/NDF of 0.216. The fit is insensitive to a varia-

tion of the power of the sea quark distribution function in 

the range 6 - 8. Thus we have the result : 

FK (x) 	- 	(1-x)0.94 ± 0.29 

s 

for large x. This result is similar to that obtained in 

Ref. 6.19 for the pion structure function : 

x 
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u 	-- 
(1-X)0.8 ± 0.2 

Given the very limited statistical signifiance of the data 

and the assumption made about the form of the strange quark 

distribution, it seems that the pion and kaon valence quark 

distributions are similar. 

6.6 	CONCLUSIONS 

The following conclusions can be drawn about neutral 

particle production in K p interactions at 110 GeV/c : 

1) 	Inclusive y production is rising faster than charged 

pion production; either 7°  production is increasing 

or another source, such as no's is becoming more impor-

tant. 

2 
	

Inclusive Kn  production is rising slowly, at the same 

rate as the average charged multiplicity, most of the 

rise being due to a rapid increase in central K°  

production. 

3 
	

Inclusive A°  production is constant between 14 and 

110 GeV/c, the decrease in the A + n(rr) channel being 

made up by the increase in the AKR channel. There 

seems to be an increasing separation of beam-like and 

target-like A°'s. 

4) Inclusive A°  production increases very rapidly between 

32 and 110 GeV/c, possibly a threshold effect? 

5) The mean PT2  of Kn's shows indications of increasing 

with energy, in the same way as the < PT2  > of 

charged particles. 

6 
	

The polarisation of the A°  is consistent with results 
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obtained at lower energies, i.e. zero for xF  < 0 and 

negative for xF  > 0. 

The non-invariant Kn  x - distribution is well described 

by the Quark Fragmentation Model in the region 0.14x40.5 

but a discrepancy exists for x > 0.5. 

Using the Quark Recombination Model, the strange quark 

momentum distribution in the negative kaon is found to 

be . 

FS  (x) 	- 	(1 - x)
0.94 ± 0.29  
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TABLE 6.1 	NUMBERS OF VZEROS 

(a) (b) 

CATEGORY Na N2  

y 2550 2307 

KS  501 501 

A°  171 172 

A°  33 35 

y/K°  48 35 

y/A°  62 52 

y/.Ā°  66 51 

KS/A°  78 62 

KS/A°  48 39 

y/KS/A°  24 7 

y/KS/A°  20 9 

OTHER 2 2 

TABLE 6.2 : QED WEIGHT PARAMETERS 
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TABLE 6.3 : y & rr°  TQPOLOGICAL MULTIPLICITIES 

nc aINEL/mb < Y  > 
0 

< 
	IT 	

> 

2 1.50 5.43 	± 	0.47+  2.72 	± 	0.3 

4 4.12 5.59 ± 	0.29 2.79 	± 0.18 

6 4.22 6.93 ± 	0.32 3.46 	± 	0.18 

8 3.84 7.88 ± 	0.35 3.94 	± 0.2 

10 2.35 8.85 ± 	0.46 4.42 ± 	0.3 

12 1.17 8.11 	± 	0.65 4.01 	± 	0.4 

14 0.55 9.24 ± 	0.97 4.62 ± 	0.6 

16 0.17 6.81 ± 	1.56 3.41 	± 	0.9 

18 0.035 9.67 ± 	3.95 4.84 ± 	2.0 

* < Tr°  > Computed assuming a (rr°  

+ Errors are statistical only. 

▪ a (Y) /2  

TABLE 6.4 : AVERAGE WEIGHTS 

AVERAGE 

POTENTIAL WTE. 

AVERAGE 

AMBIG. 	WTE. 

AVERAGE 

QED 	WTE. 

y 8.345 - 1.038 

Ks 1.498 1.093 - 

A°  1.578 1.294 - 

Āo  1.446 1.353 - 
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TABLE 6.5 	INCLUSIVE CROSS-SECTIONS 

6 ± Aa 	(mb) < n > R 	_ 	T(110) 
(32) 

y 130 	± 	5 7.15 ± 	0.3 1.74 ± 	0.07 

7rq 65 	± 3 3.58 ± 	0.2 1.86 ± 0.09 

K n  11.98 ± 	0.8 0.67 ± 	0.06 1.25 ± 	0.09 

A°  2.59 ± 	0.4 0.14 ± 0.02 1.07 ± 	0.17 

11°  0.57 ± 0.2 0.03 ± 	0.01 5.18 ± 	2.05 

KnKn 4.32 ± 	1.5 0.24 ± 	0.08 2.81 ± 	1.02 

A° Kn  1.59 ± 	0.6 0.09 ± 	0.03 1.57 ± 	0.61 

K°  3.26 ± 	0.97 0.18 ± 	0.054 2.04 ± 0.88 

K°  8.72 ± 	1.0 0.48 ± 	0.06 1.09 ± 	0.14 

TABLE 6.6 	Kn & A°  TOPOLOGICAL MULTIPLICITIES 

Nc < K n 	> < A° 	>  

2 0.954 ± 	0.151+  0.204 ± 	0.062 

4 0.637 ± 	0.066 0.164 ± 	0.028 

6 0.677 ± 	0.064 0.122 ± 	0.021 

8 0.693 ± 	0.067 0.1'68 ± 	0.027 

10 0.623 ± 	0.078 0.122 ± 	0.03 

12 0.356 ± 	0.08 0.076 ± 	0.034 

14 0.642 ± 	0.161 0.104 ± 	0.052 

16 0.132 ± 	0.132 0.087 ± 	0.087 

18 0 0 

+ Errors statistical only. 
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TABLE 6.7 	A o  POLARISATION 

x Ao < d x A o > 0 

Px  0.15 ± 	0.25 -0.07 ± 	0.4 

Py  -0.04 ± 	0.23 -0.16 ± 	0.44 

PZ  -0.01 ± 	0.23 -0.45 ± 	0.37 



()) 

 

xj 	 
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APPENDIX A : TAGGING AND EPI DATA FORMATS  

This appendix describes the formats of the data records 

from the beam tagging system, EPI, and EPI wire chambers. Details 

of physical and logical record structure may be found in Ref. 1. 

The tagging data record is always written out, even if there are 

no beam particles, the EPI and EPI wire chamber records are 

written only when at least one particle traverses the tagging 

system. For the convenience of the off-line software the data 

for a given frame is always written in order : tagging. EPI, 

EPI 	wire 	chambers. 

General 	Logical 	Record Structure 

WORD CONTENTS 

1 Logical 	record 	length 

2 Logical 	record 	identifier 	1  

3 Pointer 	to 	data 	start 	(K) 

4 

5 Time of writing of record 

6 

7 Roll 	number 

8 Frame number 

9 Status word 2  

10 Not used 

11 Record sequence number 

12 Special 	information 	(if 	any) 

13 = K Start of data 
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1  Logical record identifiers are : 
	

200 	: tagging data 

201 	: EPI data 

202 	: wire chamber data 

2 Status word structure bits 0-2 	; 0 = data OK, 

5 = bad data 

bit 6 	; photo taken 

bit 7 	; hadron event 

bit 8 	; Extraction 1 

bit 9 	; Extraction 2 

Tagging Data Format  

For each particle one 16 bit word of information is written 

out, up to a maximum of 16 particles. These words are preceded.: 

by a flag - word with the following bit - structure : 

Bits 	0 - 4 	: Number of hits 

Bit 
	

5 	: Overflow bit (set if more than 16 particles) 

The particle data word bit structure is : 

Bits 	0 - 5 	: Position in Hodoscope 1 	(binary) 

Bits 	6 - 11 	: Position in Hodoscope 2 

Bit 	12 	: Pion or muon 

Bit 	13 : Kaon 

Bit 	14 : Proton 

EPI Data Format  

The EPI data consists of a matrix of 32 x 128 words of 

8-bit ionisation information. For addressing purposes the 32 

slices are compressed into 16 "groups" (numbered 0 - 15) of 256 

addresses each by combining consecutive pairs of slices. 	Back- 

ground due to electronic noise is removed by rejecting ionisa- 
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tion values below a set value ( 8 in December 1977, 16 in March 

1979 ) . 	The data format is thus : 

WORD 	CONTENTS  

K 

K + 1 

K + 2 

Group number 

Address (bits 0-7), ionisation (bits 8-15) 

K + n 

K + n + 1 

K + n + 2 

End-of-Group ( 133333 OCTAL ) 

Group number 

Address (bits 0-7), ionisation (bits 8-15) 

End of Group 

End of Record ( 144444 OCTAL ) 

In addition the word of special information in the header is set 

to the background cut-off value. 

Wire Chamber Data Format  

The wire chamber data is divided into 16 timeslots ; the 

format is : 

	

WORD 	CONTENTS  

Time slot information 1  

K + 2 	Hit address 2  

K + 3 	Hit address 

	

m 	End-of-Group 	( 133333 OCTAL ) 

m + 1 	Time slot information 

	

n 	 End of Record ( 1444XX OCTAL ) , where 

XX is number of timeslots recorded. 
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1  The timeslot information is : 

Bits 0 - 3 	• Timeslot (0 - 15) 

Bits 4 - 9 	Fast OR from planes 1 - 6 

Bit 	10 	Not used 

Bits 11 - 15 	Set to 11111 for good event, otherwise 

fatal error. 

2  The hit address is : 

Bits 0 - 8 	Upper wire number of cluster I 0-511 

Bits 9 - 11 	Plane number (0-6) 

Bits 12 -15 	Cluster Width. 

References  

1) EPI and Cerenkov data format for 1979 runs 

W. Tejessy 	CERN / EF / WT / mk 28th February 1979 
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APPENDIX B : SCAN CARD FORMAT  

Information obtained at the scanning stage is punched on 

cards, in order to facilitate the book-keeping, and to provide 

a definative list of all the scanned events, some of which do 

not reach the DST. The card format is as follows : 

Field Type* Columns 
	

Contents  

A 	1 	Laboratory Code. ( A,B,C,K,L,V,W ) 

I 	2 - 5 	Roll Number 

I 	6 - 9 	Frame Number 

I 	10 	Number of Primary Vertices on Frame 

I 	11 	Number of Vzeros 	'I 	11 

I 	12 	Number of Vzero/Gamma 

I 	13 	Number of Gammas 

I 	14 	Number of Neutron - Stars 	if  

A 	15 - 16 	Frame Comments e.g. WA (Walton) 

A 	17 - 18 	V2 (View 2 missing), V3 

A 	19 - 20 	(View 3 missing) etc, 

A 	21 - 22 	Tag Code : KA, AP, PI, UN 

I 	23 - 24 	No. of charged prongs 

I 	•25 	No. of V}  + V- 

I 	26 	Scanning efficiency Flag : 

1 = Seen on scan 1 only 

2 = Seen on scan 2 only 

3 = Seen on both scans. 

4 = Found later 

* A = Hollerith, I = Integer. 



- 251 - 

Field Type 	Columns 	Contents 

pr
im

ar
y  

e
v
e
n
t  

A 27 

A 29 

A 31 

A 33 

A 35 

A 37 

A 39 

41 

61 

- 28 	Event Comments e.g. 

- 30 	DP : Dalitz Pair (both e seen) 

- 32 	DE : Dalitz Electron (only 1 e seen) 

- 34 	PM : True 

- 36 	SI : Secondary Interaction 

- 38 	TA : Tau Decay 

- 40 

- 60 	Next Primary Event 

- 80 	Third Primary Event 

If a frame has more than three primary events a continu-

ation card(s) is used, Columns 1 - 20 on these cards are ignored, 

the event format is the same as for the first card. 
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APPENDIX C : POTENTIAL AND INTERACTION WEIGHTS FOR VZEROS 

AND GAMMAS 

I. 	VZEROS  

In order to compute vzero cross-sections allowance 

has to be made for those vzeros which decay outside the 

defined volume, and for those that interact with the hydro-

gen. We will assume that all interacting vzeros are lost 

for the purposes of this calculation. 

The probability for a vzero to decay within an infini-

tesimal length dl is given by : 

PD 	dl 
....(C.1) 

LD  

where LD  = (cT/mv) Pte, m
v 
 = vzero mass, P 	= vzero 

momentum. The probability of the vzero interacting with a 

proton in the length dl is : 

....(C.2) 

where LI  = 1/na (n = number of protons / unit volume, 

a = total cross-section for the reaction V0  + p 	anything) 

Thus the probability of the vzero decaying or inter-

acting inside dl is : 

PD+L  
= 	dl 	= 	dl 	+ 	dl 

L 	LD 	LI  

where L = LILD/ (LI  + LD ) 

So, the probability of decaying / interacting within the 

imposed limits, lmin and imax is given by : 

PI 	dl 

LI  
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lmax 1 	1 	lmax 
dl 

P = 	dl = 
 

L 	L 
1 min 

D 	
I 	1 min 

lmin 	lmax 
P = e -̀C-!  - e-T- ....(C.4) 

But, those vzeros which have interacted are lost, so only those vzeros 

that decay are seen. The probability for the vzero to have decayed is : 

dl / LD 	L 	1 

 

....(C.5) 

dl/LD  + dl/LI 	LD 	1 + LD/LI  

 

Thus the vzeros should be given a weight : 

w = 
LD 	1 

1+ __ 
L 	lmin/L 	imax/L 
I e- 	- e- 

....(C.6) 

   

LD  is known (from LD  = crp/m), the problem remains to compute LI. 

As LI  = 1/n 
aTOT' 

the problem reduces to finding aTOT for 

V°  p -* anything, for a given vzero of given momentum. 

a) 	aTOT (K
s  p) 

From the Optical Theorem we can write : 

aTOT (Ks P) 	
- 	Im I1/2 < K°  ± R°,pISIK°  ± R°,p > I 

Im I 1 / 2  < K°PISIK°p> + 1/2 <K
°
pISIK°P > 

where S is a strangeness conserving operator. 

So : a
TOT (KSp) 	

= 1/21 
aTOT 

(00+ 
 aTOT (VP) I 
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Applying Isospin invarience we obtain : 

TOT (Ksp) = 1/21 aTOT (K 
n) + 

aTOT (Kin) 

....(C.7) 

Using tabulated values of 
TOT 

(K n) and aTOT (K+
n) an 

empirical formula for a
TOT (Ksp) has been obtained (Ref.1): 

aTOT (KsP)(mb) 	
- 18.7 + 	3 	(p..4 30 GeV/c) 

P(GeV/c) 

.(C.8) 

0 
aTOT (KsP ) (mb) 18.8 + 	(P-30) x 0.01 (p > 30GeV/c) 

b) aTOT ( A°P)  

The cross-section for this reaction is tabulated. An 

empirical formula has been obtained to fit the data (Ref.2) 

aTOT 
(A 
 p) 	- 	30 + 3 	mb 	....(C.9) 

P 

c) 6TOT (AoP) 

If we make the assumption that : 

a (Aop) a (PP) 

    

    

a (A°p) 	a (PP) 

then, using available data, the following empirical formula 

is obtained : 

6TOT (-op) 	- 	30 + 60 mb 

P 

....(C.10) 

  

2 
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II 	GAMMAS 

In the case of gammas the situation is different 

from that of vzeros, as gammas do not decay, but are seen 

only when they "interact" with a proton to produce an a+e 

pair. A formula similar to C.6, can be derived : 

W = 
aTOT  

1 
....(C.11) 

lmin/L 	lmax/L 
ae

+e_ e- 	- e- 

where 

aTOT 
= total y scattering cross-section 

ae+e  + 
aCOMPTON 

ae+e- = Y -> a+e cross-section 

L 	= 1/na
TOT' 

n = No. of protons/unit volume. 

ae
+e is a function of y momentum and has been parametrised 

as follows (Ref. 2) : 

ae+e- = 0.779 pY + 635.7 01,  + 1045.8 p2 + 416.8 pY  

31.5 pY + 	52.6 pY + 	29.6 pY  + 1 

....(C.12) 

for pY  < 10 GeV/c. For pY  > 10 GeV/c) ae+e- is constant at 

20.3 mb. The Compton scattering cross-section is given by 

the formula : 

aCOMPT = 0.1274 
	In (3913.9 pY ) + 0.5 	....(C.13) 

pY 

a
COMPT is only significant for p < 2 GeV/c 

REFERENCES  

1) CERN - HERA 79-02 

2) F. Triantis (Private Communication) 
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APPENDIX D : 	AMBIGUITY WEIGHTING FOR VZEROS 

As all the ambiguous K°/A°  and K°/n° have been 

removed from the data sample, it is necessary to compensate 

for this. The procedure described here provides a weight 

for each unique V°, based on the probability that it could 

be ambiguous. (Ref. 1) 

If we define the so-called Armenteros parameter , 

for a V°  decaying into two particles of mass M+  and M 

a 	= 	(PL+ 	PL  ) 	/ 	(PL+  + P
C ) 

....(D.1) 

where PE}  are the momentum componants along the V°  line of 

flight, then it is possible to show that : 

where 

a = ao  + 2P cosh Ev v  /mPv  ....(D.2) 

a° 	(M
+2 
 - M_ 2)/M

o 2 	
(0 for K°, 0.77 for A°) 

P* 	= decay momentum in V
° 

cm 	206 MeV/c for K , 
100 MeV/c for A° ) 

6* 	= decay angle in V°  cm 

E v 	= lab energy of V°  

P v 	= lab momentum of V°  

m y 	= mass of V° 
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Now, we can write : 

p*  cos 6* = P 	= a 
X 

a°  

(2Ēv/mv P v 
* 

Py  = PT  

*2 	*2 	*2 
and P = P 	+ P 

x 	y  

where PX is the componant of P*  along the V°  line of flight, 

and P 	is the transverse componant. Thus from the above we 

have : 

2 
(a - a°) 	

+ p T2 	1 	....(D.3) 

* 	2 	*2 
( 2P Ev/mvP v ) 	P 

which is the equation of an ellipse in (a, PT) space. 	Fig. 

D.1 	shows these ellipses for K°, A°, n°  for a momentum of 

2 GeV/c. 

If the measurements of the V°  were infinitely accurate 

,they would 	yield exact values of a and PT, and the nature 

of the V°  would be known without ambiguity, except at the 

points of intersection of the curves. There is never such a 

point for A°  - A°, and only one for A°  - K°  or n°  - K°, when 

P v  > 622 MeV/c. The first problem is to determine the point 

(a, PT) where the two curves intersect. 

.For K°  and A°  of momentum Pv  we can write : 

2 	2 
a 	

+ 	PT 	= 1 	....(D.4) 

* 	2 	*2 
( 2PK EK/mKPv ) 	PK  



K1 = Z Pn 	+  

P„mA 

m

A 

K2 - Pn 

K3 - z PK ( P,,2 } mK 
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(a - ao)2 	p2 

* 	*2 

(2P A EA~mA Pv)2 	
PA 

1 

Define : 

PV 
on lc 

K4 - PK 

Then we can write D.4 and D.5 as : 

	 11 
	2 
 4. ( 

K, ~ K2 
1 

2 
K 

3 
( 

• 

or : 

PTZ ▪ K2 	K2 (°(—°<o)2 
 • K . • 

( 

i.e. 

K3)2
_(-11)z 

:0 

Solving this quadratic equation and using the fact that 

* 
cos A 	= 	a - a o 

K 
1 

gives : 

col 8 ` : — ao K, K tjK K: K414. -1( K7. K,2 - Kzt 1(3 K1 +K2 K4 + K2 Ks  
K 2 K 2 K .21 Kt 4 I 	2 3 
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Substituting back the definitions of K1  - K4 results in : 

PncOs 	= xA 

EA 	 ( 	2 

	

__ 	♦ f_60 o + i - 	(PK 
2_ P

fl  ) 

	

m„ 	MK 	in mk 

 

....(D.6) 

Hence we obtain P T  : 

*2 	* 	* 2 
PT  = 	JP' 	- (PA  cos e ) 

and ā . 

....(D.7) 

* 
a 	= 	ao 	+ 2PA  cos e 	EA  

m
_-V  

As a first approximation we assume that in the real 

case with finite measurement accuracy the ambiguity takes 

place whenever the measured value of P T  lies between 

PT  - APT  and P T  + APT,  while a lies between 

a - Aa , 	a- + Aa . 

Now : 

PT  = P+  sin G+  (= P_ sin e_ ) ti Pt 8+ 

f 

dPT  = P0Ee + edp = P ole 	PT  dP 
P 

. . __ 	P+ + _ e±  Pt 
PT 	Pt 	PT 

....(D.9) 

To a first approximation : 

oP± 	EP± 

P± 

where E is a constant found to be - 10 
_2 	1 
(GeV/c) 	 , and 

AO-  is assumed to be roughly constant, so we have : 

....(D.8) 
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AP T  

P T  

E + Ae- 

 

Pt 	= C P+  
....(D.10) 

    

 

P T  

   

    

    

To avoid problems when P +  goes to zero we use instead : 

= 	C (P+  + P
0) ,. 	

C  (PL
., + 

P°) 	....(D.11) 

P T  

where Po  is an adjustable parameter. 

In general the momentum governing the error on PT  

will in fact be the smaller of P+  and P. 	In the A°/K°  

ambiguity region a > 0.7, i.e. a 	ao; thus Pb _ must be 

the smaller of the two, and is given by : 

PL- 	= 	1 - a P 	
....(D.12) 

2 

In the A°/K°  region, a < - 0.7, i.e. a < - a°; 	thus PL+  

is the smaller of the two, and is given by : 

P C+ 	= 	I 1 	+ a" 	P 

2 

But, alK 	
=

AK  ' i.e. 

L+ 
	1 - a P 

2 

....(D.13) 

So we can write : 

AP T  

AP T  C 	1 - a P + P°  PT  

2 

....(D.14) 
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Finally we define the ambiguity probability as : 

PAMB 	
= 	F - (P T  - LPT )2 - 

*2 
P vo 

- (PT  + AP T ) 2  

*2 
P vo 

....(D.15) 

and the ambiguity weight : 

WAMB 	= 	1 	 ....(D.16) 

1 P
AMB  

where F = 0.5 for A0  or A°  and 1.0 for K°  ( K°  can be ambig-

uous with A°  or A°  , while A°  or Ā°  can only be ambiguous 

once ). 

In a given situation the constants C and Po  have to 

be adjusted such that the weighted number of unambiguous V°'s 

is equal to the total number of V°'s, ambiguous or not, and 

the average momentum of the unambiguous V°'s weighted by 

(WAMB - 1 ) is the same as that of the ambiguous V°'s. 
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