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Synopsis

The aim of the WA�� experiment is to study the production of strange and mul�

tistrange particles and antiparticles� in the central rapidity and medium pT region�

in ultra relativistic heavy ion collisions� Strange particle production is expected

to be a useful probe of the dynamics of hadronic matter at extreme conditions of

temperature and energy density�

In this thesis� the �		 million triggers obtained by WA�� in ���� using sulphur�

sulphur interactions at 
		 GeV�c per nucleon are analysed� The techniques used

to reconstruct the strange particles are discussed� giving raw particle yields of ����	


s� ��	�� 
s� ��� ��s� 
�� ��s� ��	 K�s and 
	
 K�s� The data are corrected

for reconstruction e�ciency and acceptance and the 
 �
� sample is corrected for

feed�down from � ��� decays� an e�ect of about 
	� for 
s and ��� for 
s�

The corrected particle ratios in the central rapidity region are found to be�

���
 � 	�	� � 	�	��

���
 � 	�
	 � 	�	
�

K��
 � ���� 	�
�

K��
 � 
��� 	���

These ratios are consistent with other heavy ion data� and in particular the ���


value of 	�
	�	�	
 is signi�cantly higher than that obtained in non�heavy ion data�

The transverse mass distributions are also plotted giving inverse slopes correspond�

ing to temperatures of the order of 
		 MeV for a thermal source�
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Chapter �

The Quark Gluon Plasma

��� Introduction

In the early eighties the possibility of creating a new phase of matter� the Quark

Gluon Plasma� in the collisions of ultra�relativistic heavy ions was foreseen� This

led to a series of heavy ion experiments starting in ���� at the Brookhaven AGS

and the CERN SPS� One of these experiments was WA��� this thesis concerns the

production of strange particles in sulphur�sulphur interactions at 
		 GeV�c per

nucleon by the WA�� collaboration� a successor of WA���

The Quark Gluon Plasma has been predicted by QCD� so a brief overview of

QCD is presented before the plasma phase and the relation between the existence

of the QGP and the production of strange particles is discussed�

�



Table ���� Quark Flavours�

Quarks Antiquarks

Q� je j� ��
�

u� c� t Q� je j� ��
�

u� c� t

Q� je j� ��
�

d� s� b Q� je j� ��
� d� s� b

u � �up� quark mu � md � ��	MeV�c�

d � �down� quark

s � �strange� ms � ��	 MeV�c�

c � �charmed� mc � ��		 MeV�c�

b � �bottom� mb � ��		 MeV�c�

t � �top� mt � ��� GeV�c�

��� Quantum Chromodynamics

Quantum Chromodynamics �QCD� describes the strong interaction between quarks

by the exchange of massless gluons  �!� Quarks occur in several di�erent varieties� as

shown in table ��� �� As well as their �avour properties quarks are postulated to have

an additional degree of freedom� This was needed to explain the discovery by Fermi

in ���� of the "�� baryon� in which the three up quarks exist with parallel spins�

i�e� in a completely symmetric bound state which is forbidden by Fermi statistics�

This further degree of freedom has become known as colour�

This strong force must overrule the electromagnetic repulsion of the three quarks

in the "�� particle� In fact the strong force relates to the colour charge in close

analogy with the familiar electrical charge in Quantum Electrodynamics �QED�� the

theory behind electroweak forces� A quark can carry one of three colours� labelled

red� green and blue and an antiquark the corresponding anticolours�

Unlike QED� where the photons are electrically neutral� the gluons themselves

also carry the colour charge� This e�ect leads to such things as the con�nement of

quarks and gluons� where although at short distances there will only be single gluon

�The observation of the top quark corresponds to a ���� e�ect which is not su�cient to �rmly

establish the existence of top but which� if interpreted as top� yields the mass shown 	�
�
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exchange between quarks and the potential will be of rather similar form to the

electric potential �i�e� ��r�� at larger distances there will be multi gluon exchange

and the colour �eld lines tend to group together to form a �ux tube connecting the

coloured charges  �!� This causes the energy of a �eld to grow linearly with the

distance� r� between the quarks� and the potential is of the form

VS�r� � ��S
r

� �r

where �S is the strong coupling constant�

Another result of the self interaction of gluons is the Quantum Chromodynamical

equivalent to charge screening in QED� In quantum �eld theory an electron can

continually emit and absorb photons which may annihilate to produce e�e� pairs�

Therefore the original electron will be surrounded by a number of e�e� pairs� as

shown in �gure ���a� and because opposite charges attract the positrons will be

preferentially closer to the electron� The charge of the electron will be screened by

this charged cloud surrounding it� and it is only at very short distances that this

cloud of positrons that screen the electron will be penetrated to reveal the bare

charge of the electron�

In QCD a similar process will occur with the quark continually emitting gluons

which may then produce quark�antiquark pairs� �gure ���b� Due to the self interac�

tion of gluons however they will also produce gluon loops� this turns out to have an

antiscreening e�ect as say a blue quark will be preferentially surrounded by other

blue charges meaning that a low energy probe measuring the colour charge will �nd

a colour charge that is higher than the �bare� quark colour charge� This bare charge

will only be found by moving the probe closer to the original blue quark� i�e� using

a higher energy probe� this probe will penetrate the sphere of mostly blue charge

and the amount of blue charged measured decreases� This resulting antiscreening of

the blue colour is referred to as �asymptotic freedom� as at such small distances two

blue quarks would interact through colour �elds of reduced strength and approach

a state where they behave as essentially free� noninteracting particles�

�



��� The Quark Gluon Plasma

One of the predictions of QCD is that hadronic matter at high enough temperature

and�or energy density could undergo a phase transition during which hadrons would

�melt� into an asymptotically free gas of quarks and gluons� the QGP� see �gure ��


 �!� The study of the plasma should therefore shed further light on such features of

hadron
gas

nuclear
matter

Quark
Gluon
Plasma

Early
Universe LHC
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SPS
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T = 200 MeV

     1             baryon density              5-10

Temperature

c

neutron
star

Figure ��
� Phase diagram of the QGP�

QCD as the con�nement and decon�nement of quarks and gluons under these ex�

treme conditions� Also the existence of the plasma is a useful test of non�pertubative

QCD� in that the theory will have to be looked at again if the QGP is proved not

to exist in the predicted energy density and temperature domain�

In astrophysics it has been postulated that the centre of a neutron star may be

dense enough for there to exist a QGP  �!� Also up to �	�� seconds after the Big

Bang � when the temperature was above 
		 MeV� the Universe may have existed as

a QGP� If indeed the Universe was a QGP in its very early stages the behaviour of

the plasma as the universe cooled down and began to hadronise could have played a

�



part in the current inhomogeneities of the universe� with matter clumped together

in galaxies etc  �!�

Physicists worldwide are looking for evidence of the QGP using heavy ion in�

teractions to create the conditions required for the plasma formation� The WA��

collaboration is looking at strangeness enhancement in sulphur�sulphur collisions as

a signal of the formation of a QGP�

��� Heavy Ion Interactions at Relativistic Ener�

gies

Projectile Target

Central 
Fireball

Target
Fragmentation Region

Projectile
Fragmentation Region

Figure ���� Before and after the collision of � relativistic sulphur nuclei�

In �gure ��� one can see a schematic representation of a collision of heavy ions in

the centre of mass frame� at the ultra relativistic energies involved they resemble

two colliding discs� Between the forward and backward fragmentation region a �at

region of rapidity density opens up� The rapidity variable� Y � is de�ned as�

Y � �
�



ln
E� � p�L
E� � p�L

where E� is the centre of mass energy and p�L the centre of mass momentum along

the beam direction� Within this �central� region it is hoped a QGP will be formed

out of the hot �reball created by the collision�

�



��� Evolution of the plasma

If a QGP does indeed form in the collision it is expected to evolve as shown in

�gure ���  �!� The cone is dependent on the trajectories of the projectile and target

nuclei� The �reball from which the QGP may originate is expected to last for

around �	��� seconds �� �	 fm�c�� After this time the temperature has dropped

below the critical temperature due to expansion and radiation of particles from the

surface� The �reball matter then begins to hadronise into several hundred mesons

and baryons� which will eventually stop colliding and will �y apart to be recorded

in detectors placed at reasonable distances from the target�

��� QGP Signals

Initially� the density of the hadronic phase will be very high and only drop during

further expansion� Until the density has become so low that the average inter�

particle spacing is larger than the range of the strong interactions the hadrons in

the �reball will interact violently� The experimentalist� therefore� needs to look for

a signature that does not change during this cooling down stage� that is one which

is unchanged by the strong interaction� Several of these signatures are outlined in

this section� whilst strangeness enhancement is explained in more detail in the next

section as this is the signal WA�� is using to probe for the QGP�

����� Direct photons

Photons which are produced in processes such as�

qq� ��

gq � �q

rather than in resonance decays are known as direct photons� These photons interact

electromagnetically� and because the electromagnetic force is much weaker than the

strong nuclear force observed by particles carrying colour charge� the mean free path

�
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Figure ���� An idealized space time diagram of the evolution of the QGP after a relativistic

heavy ion collision�
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of a particle interacting only electromagnetically is much longer than the mean free

path of a strongly interacting one� Therefore photons which are produced in a QGP

would have a good chance of reaching a detector without undergoing secondary

interactions� However very large backgrounds from hadronic decays into photons�

particularly �� � �� and � � ��� ��� � mean that results from direct photon

Figure ���� ���� ratio as a function of pT for central and peripheral S�Au data at ���

A GeV� The dots represent the inclusive photon data	 the histograms all photons from

hadronic background sources�

analysis had been rather inconclusive  �!� However recently� with an increase in

statistics� WA�	 have observed an excess of photons in central �minimum bias�

S�Au collisions over hadronic sources� with up to a two standard deviation e�ect

for pT 	 
 GeV�c� Whilst for peripheral S�Au data the photon yield is completely

described by hadronic sources  �!� as seen in �gure ����

����� Dileptons

Whilst leptons do not interact strongly the study of single leptons su�ers due to

the high background from hadronic decays� however the observation of high energy

lepton pairs� particularly e�e� and 
�
�� seems to be more promising  �	! � Dilep�

tons are produced in the plasma via quark�antiquark electromagnetic annihilations�

the background is much reduced compared to single lepton production� but is still

�



a problem� the main process being ���� � l�l��

����� J�� and �� Suppression

Heavy vector meson spectroscopy has been suggested as a tool for looking for a QGP

 ��!� in particular J�� � 
�
�� The J�� meson is a bound state of a charmed and

an anticharmed quark �cc�� and it is thought that the observed yields of the J��

should be lower if a QGP is formed than the yields found in hadronic interactions� In

a QGP quark decon�nement occurs� i�e there are no bound states and the formation

of a cc pair into a J�� should be suppressed in a mechanism analogous to Debye

screening� A �fast� J�� is more likely to escape before dissolving and thus there

is a dependence on pT � NA�� have observed a suppression in J�� production �see

�gure ���� in oxygen�uranium and sulphur�uranium heavy ion collisions using lepton

Figure ���� J
� suppression as observed by NA�
	 where R is de�ned as the J
� to

continuum ratio�

spectroscopy to identify the J��� The predicted pT dependence of the suppression

is also seen� Although these results are consistent with the formation of a QGP they

are unfortunately also consistent with various rescattering and absorption models

which do not need to introduce a new phase of matter  �
!�

If a QGP is formed the survival probability of a �� compared to a J�� has been

calculated to be less  ��!� with the �� more likely to be suppressed than the J��

�	



Figure ���� �� suppression relative to J
� as � increases � the box shows the average

value for p�A interactions��

when the energy density reached in the collisions increases� Figure ��� shows the

ratio between �� and J�� yields as a function of the energy density of the collision�

a clear decrease of this ratio is seen as the energy density increases  ��� ��!�

��	 Strangeness Enhancement

The QGP is far too short lived for the weak interaction to be of importance� therefore

strangeness� once produced� can only be destroyed if a strange quark and a strange

antiquark meet and annihilate� This is unlikely unless there is an abundance of

strange quarks� thus the amount of strangeness observed long after the reaction is

over is expected to be a good signal of the early stages of the evolution of the QGP

 ��!� It has been put forward that there will be a general enhancement of strange

particle production �in particular an enhancement of multistrange antibaryons� in

nuclear collisions involving the formation of a QGP  ��!� The reasons for this are

outlined below�

The energy threshold required to produce a ss pair is just twice the e�ective

strange quark mass� 
ms � �		 MeV� Since the temperature of a QGP is expected

to be around 
		 MeV it is easy to produce ss pairs from gg and qq annihilation in

the plasma� However in hadronic matter the lowest energy process which produces

��



strangeness is the associated production mechanism

��p� 
K�

with a total centre�of�mass energy of about ��� GeV� requiring a minimum centre�

of�mass momentum of about �
	 MeV� The process

pp� p
K�

also gives rise to strangeness� with a centre�of�mass energy of around 
��� GeV� and

a threshold centre�of�mass momentum of about ��	 MeV� To produce baryons which

contain strange antiquarks the minimal energy reactions to produce a 

 pair is via

pp� pp



with a centre�of�mass energy of about ��� GeV� Therefore the background production

rate of strangeness is extremely low�

Also in heavy ion interactions the initial abundances of u and d quarks from the

ions nuclei are high therefore the Pauli Exclusion Principle limits further production

of these quarks� The production of ss pairs� mostly by gluon gluon fusion� is thus

favoured�

The amount of strangeness in the QGP will continue to rise until either the

plasma starts to hadronise or strange quarks become so abundant that the rate of

production of ss pairs equals the rate of ss annihilations i�e�

��gg � ss� � ��qq� ss� � ��ss� gg� � ��ss� qq��

At this stage the strange phase space is said to be saturated� the amount of strangeness

remains constant�

The obvious question arises � does the �reball from which the QGP may arise

exist long enough for this saturation to occur# The time needed for saturation of the

strange phase space in a QGP via gluon fusion has been calculated  ��! and �gure

��� shows the number density of strange quarks in the plasma as a function of time

for di�erent plasma temperatures� As can be seen in �gure ��� the time taken for

�




Figure ���� Time development of the strangeness content of the Quark Gluon Plasma at

di�erent temperatures� The saturation time at ��� MeV is about �����s� Dashed lines

indicate no ss annihilations�

the available phase space to become saturated is only a few fm�c� for comparison

the rate for strange pair production in conventional hadronic processes� occurring

within a hadron gas �� �h��h� � hs��hs�� is much slower �of order of a few �	 to �		

fm�c�  ��!� As stated earlier the lifetime of the �reball is estimated to be of the order

of �	 fm�c� Thus� while the typical lifetime of the hot and dense interaction region

created by the collision may be long enough for strangeness saturation to occur if

a QGP is formed� the absence of saturation would result in a similar suppression of

strange particles compared with nonstrange particles as seen in usual hadron�hadron

collisions�

In summary� due to the high threshold energies required to produce strangeness

in hadronic reaction coupled with the longer time needed to reach saturation of

�A hadron gas is a volume of highly excited nuclear matter made up of quarks and gluons

con�ned within hadrons�

��



conventional strangeness production� strange baryons would provide a good signal of

the existence of the plasma� Multistrange baryons and antibaryons would therefore

be an even better signature as they are more di�cult to form in hadronic interactions

than singly strange baryons�

��
 WA
� Experiment

The WA�� experiment  
	!� the predecessor of WA��� was performed using the

CERN Omega Spectrometer with a 
		 A GeV�c beam of S�� ions incident on a

tungsten target� The experiment has taken data from ���� and the raw yields of

strange particles observed by WA�� are summarised in table ��
  
�!�

The p � W data was taken by WA�� for comparison with their S � W data�

and in fact a strangeness enhancement is seen with respect to negatively charged

particles �mostly pions� when going from p � W to central S � W interactions  

!�

see table ����

Transverse mass distributions provide an insight into the temperature of the

central �reball� Particles with �xed rapidity coming from a thermal source are

expected to have a transverse mass distribution given by

�

mT

dN

dmT
� exp��mT�

where � is the inverse temperature of the source and mT is the transverse mass

de�ned by mT �
q

p�T � m�� For particles with varying rapidity coming from a

thermal source the above expression becomes

�

m
�
�

T

dN

dmT
� exp��mT�

Figure ��� shows the mT distributions for a� 
 and �� and b� 
 and �� hyperons�

obtained by WA��  
�!� in the rapidity interval 
�� 	 YLAB 	 
��� The inverse

slopes are given in table ���� As can be seen from table ��� the inverse slopes of the

mT distributions are around 
�	 MeV for these hyperons�

The strange particle production ratios obtained by WA�� from their ���	 data

are shown in table ���� Hyperon ratios obtained by NA��  
�! �using S � Pb colli�
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Table ��
� V� and cascade yields from the WA
� ���� SW	 ��
� SW	 and ��

 pW runs�

Candidate ���	 SW data ���� SW data ���� pW data
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Table ���� Strange particle enhancement w�r�t� h� multiplicity from pW to central SW

interactions as observed by WA
��

Particle 	particle�h�
SW
	particle�h�
pW
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 ���� � 	���

K� ���� � 	���

Table ���� Inverse slopes for hyperons in SW interactions �MeV� obtained by WA���

Particle Inverse slope �MeV�
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Figure ���� �

m
�
�
T

dN
dmT

vs mT for a� �s and ��s	 and b� �s and ��s	 obtained by WA
��
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Table ���� Summary of the di�erent particle ratios	 and their respective acceptance in�

tervals	 obtained by WA
��

Ratio Value Acceptance region

K�
S�
 ��� � 	�� 
��� YLAB � ��	���	� pT � 
��

K�
S�
 ��� � 	�� same


�
 	�
	 � 	�	� 
��� YLAB � ��	� ��
� pT � ��	

����� 	��� � 	�	� same

���
 	�	�� � 	�		� same

���
 	�
� � 	�	
 same

sions at 
		 GeV�c per nucleon� are compatible� within one or two standard devia�

tions� with these ratios� however a direct comparison between the two is not possible

due to the di�erent phase space windows over which they have been measured� To

compare with data from other experiments� WA�� have calculated the ratios ���


and ���
 in the window 
�� 	 YLAB 	 
�� and ��	 	 pT 	 
�	 GeV�c� These

ratios are shown in �gure ���	 together with those measured by other experiments

in e�e�� pp and pp interactions� While the ratio ���
 from S � W is compatible

with those from other interactions� the ���
 ratio is over three times greater than

that measured in pp interactions� corresponding to a four standard deviation e�ect�

Until recently the $ baryon� which is composed of three strange quarks and

therefore of particular interest with regards to the formation of a QGP� had not been

observed in heavy ion interactions owing to its low cross section and acceptance�

In their ���	 data however WA�� have identi�ed the decays $� � 
 � K� and

$� � 
 �K�  
�!� Figure ���� shows the e�ective mass distribution of the $� and

the $� candidates� As can be seen there is a clear peak in the $ mass region with

little background �dotted line�� This combinatorial background is obtained by the

merging of every 
 from the data with the non 
 tracks of the previous 
 event�

Subtraction of this background leaves ��	� ��� $�s and ��	� 
�	 $�s� which gives

the ratio $��$� � 	��� � 	���� The production ratio �$� � $������ � ��� has

��
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been calculated to be 	�� � 	�� in the overlapping region 
�� 	 y 	 ��	 and pT 
 ���

GeV�c  
�!� The $���� ratio was measured in central rapidity and pT 
 ��� GeV�c

in pp interactions at the CERN ISR by the AFS collaboration  
�!� They obtained

a �	� con�dence level upper limit of $���� 	 	��� which is much lower than the

value measured by WA���

��� Summary

The prediction of QCD that at high enough energy density and temperature a

phase transition may occur from hadronic matter to a QGP is of particular interest

to particle physicists and astrophysicists alike� Several signatures of the QGP have

been suggested by theoreticians and from ���� heavy ions have been accelerated at

both BNL and CERN to try and create the conditions required for the formation

of a QGP� the experimental collaborations involved in this work are given in table

���� The WA�� experiment uses a sulphur beam on a sulphur target and carries on

the work of WA��� which saw an enhancement of strange particle production of up

to a factor of 
 in central SW interactions with respect to pW interactions� where

no QGP formation is expected �table ����� Also they see an increase in the ratio

of ��
 in SW interactions compared to pp interactions� i�e� an increased yield of

multistrange antibaryons is observed� as shown in �gure ���	�

��



Table ���� Main collaborations active in the heavy ion physics �eld

Collaboration Main detectors Physics topics

BNL ����� GeV�c per nucleon O�� and Si�� ions�

E�	
 Magnetic Spectrometer ���K�� p� p

E��	 Time projection chamber �TPC� V � and charged hadron

production

E��� Calorimeter Fragmentation of projectile

and ET distributions�

CERN �
		 GeV�c per nucleon O��� S�� and Pb��
 ions�

NA�� Muon Spectrometer % calorimeter ���K�� 
�
�� ET

NA�� Streamer chamber K�� 
 and 
 production

NA�� Time projection chamber V 	� charged hadrons and ��

and �� production

NA�� Muon Spectrometer Dimuons� J�� and �

production

NA�� Focussing Spectrometer Interferometry� charged hadrons

NA�� e�e� Spectrometer� RICH e�e�

WA�	 Plastic ball� e�m� calorimeter �� and � production and

target fragmentation

WA�� $ Spectrometer� MWPCs K�� 
� 
� K�� ��� ��� $�

and $� production�

WA�� $ Spectrometer� MWPCs� RICH K�� K�� 
� 
� �� and ��

production�

WA�� $ Spectrometer� RICH� p� p� K�� K�� 
� 
� ��� ���

silicon telescope $� and $� production�


	



Chapter �

The Apparatus

��� Introduction

The WA�� experiment  
�� 
�!� like WA��� was set up to measure strange and

multistrange baryons and antibaryons produced in heavy ion interactions in the

central rapidity region with medium to high pT � The �rst stage of the experiment

used a beam of sulphur ions of energy 
		 GeV per nucleon incident on a sulphur

target �unlike WA�� which used a tungsten target�� This stage was undertaken in the

latter part of ���� and in ���� data were taken using a 
		 GeV beam of protons to

be used for comparison with the ���� data� The experiment was performed using the

Omega spectrometer in the West Experimental Area at CERN� This spectrometer

is a multi�user facility and to some extent it can be changed to suit the experiment

using it  
�!� This thesis concerns the analysis of the ���� sulphur�sulphur data and

the experimental set up used in this run will be discussed in this chapter�

Before describing the apparatus used in this ���� run� the philososphy behind

it will be discussed� As said in chapter �� it is believed that heavy ions colliding at

ultrarelativistic energies o�er the most satisfactory way of achieving the conditions

required for the formation of a Quark Gluon Plasma� However this is a hostile

environment for measuring e�g�

�� � 
 � �� � p � �� � ��


�



where one is looking for � speci�c tracks out of some �		 tracks produced in central

sulphur�sulphur interactions�

Two methods have been developed to study strangeness production in heavy ion

interactions� One approach is to attempt to measure everything� the advantage of

this being that one can get complete information per event� whilst the disadvantage

is the large amount of combinatorial background present� as seen in �gure 
�� which

shows the interaction of a sulphur beam particle at 
		 GeV�c per nucleon with a

sulphur target as seen by the NA�� streamer chamber�

To reconstruct a �� decay one requires a pair of oppositely charged tracks to

intersect to form a 
 which when reconstructed traces back to an intersection with

a third charged track� As the number of tracks recorded per event increases this

becomes harder and harder� further more the track reconstruction e�ciency will

decrease as� for example� in multiwire proportional chambers where it obeys an

inverse relation to the number of track hits� Also the time taken to analyse each

event increases with its complexity�

An alternative approach and one taken by WA�� and WA�� is to use a specialised

experimental set up to study hyperons in a narrow phase space window� Whilst this

means that less information per event is gathered� the data which is obtained has

less combinatorial backgound per event� The reconstruction e�ciency is also higher

for these events� WA�� achieves this by the use of so called �Butter�y� geometry

which is explained below� Using this geometry a typical reconstructed �� is shown

in �gure 
�
�

��� The Butter�y Principle

The ability of the so called butter�y geometry to reduce the combinatorial back�

ground can be understood by considering two tracks from the target with the same

transverse momentum pT but with di�erent longitudinal momentum pL� as illus�

trated in �gure 
���

The tracks produced at the target are at an angle � with respect to the beam







Figure 
��� A central sulphur�sulphur event as observed in a streamer chamber �NA��

collaboration��

Figure 
�
� A typical �� event as seen in the OMEGA wire chambers�
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Figure 
��� An illustration of how the butter�y principle works�
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axis which depends on the ratio of pT to pL� At a given distance from the target

particles with the same pT but smaller pL sweep out a larger circle� In the presence

of a magnetic �eld the tracks are swept to one side by the interaction of the �eld�

those tracks with the smaller pL being swept out further than those with larger

pL� If all values of pL for a given pT are considered it turns out that the track loci

form two v�shaped regions as shown in the �gure � Therefore if one were to make

only the shaded regions enveloped by the tracks sensitive there will be a cut o� for

which tracks below a certain pT will not be detected�� To the imaginative reader

the shaded regions could be seen to be similar in shape to butter�y wings hence the

principle behind the reduction of tracks from the target being detected is known as

the butter�y principle�

The multiwire proportional chambers used by WA�� are modi�ed in this way

although only the upper �wing� is used� these detectors along with the others used

by WA�� in ���� are discussed in the next section�

��� WA�� Experimental Setup

The layout of the experimental apparatus is shown in �gure 
��� The beam to

the Omega spectrometer is supplied by the CERN Super�Proton�Synchrotron� and

the sulphur ions are extracted directly from the accelerator at an energy of 
		

GeV�nucleon� This ultrarelativistic sulphur beam is then focussed using dipole and

quadrupole magnets onto the target�

��� The Omega Spectrometer

The Omega Spectrometer is a multi�user facility designed for detecting and measur�

ing interactions with several �nal state particles� It consists of a pair of supercon�

ducting Helmholtz coils which are capable of producing a central �eld of ��� Tesla�

Into this �eld there may be placed the experimental target as well as an assortment

�This is further explained in Appendix A�


�



Figure 
��� The WA�� experimental layout used in the ���� run�
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of detectors for track identi�cation and event triggering�

In the ���� run a thin sulphur target was used �
� interaction length�� This

target was placed at x� � �
�� cm� where x� � 	 is the centre of the Omega

magnet� The overall multiplicity in the central rapidity region was sampled using a

system of silicon microstrips placed close to the target� Seven multiwire proportional

chambers �MWPCs� were used in the �butter�y� mode� A similar set up was used

successfully by the WA�� experiment� these detectors are used for track recognition

and will be explained in detail later� The positions of the target and MWPCs are

di�erent from the WA�� values so that the acceptance of the MWPCs is greatest

for sulphur�sulphur interactions at central rapidity�

��� Silicon Microstrips

The charged particle multiplicity in the central rapidity range is sampled using two

arrays of �	
m silicon microstrips� each having ��
 channels arranged above and

below the beam �� cm downstream from the target� The region covered by these

microstrips is in the pseudorapidity region 
�
 	 � 	 ���� Pseudorapidity is de�ned

as � � � ln�tan���
�� and in the relativistic limit where mass becomes negligible

it is equivalent to the laboratory rapidity� YLAB� Thus a count of the number of

tracks originating in this region gives an insight into the centrality of collision and

the amount of activity in the central �reball where the Quark Gluon Plasma may

have been formed�

��� The Multiwire Proportional Chambers

A proportional chamber is essentially a container of gas subjected to an electric

�eld� where a passing particle can leave a trail of electrons and ions in the gas� The

charged particle debris is collected at the chamber electrodes and in the process

is greatly ampli�ed and provide an electrical signal indicating the passage of the

particle� When the �eld is high such that secondary ionization occurs but small


�



enough so that the output pulse is still proportional to the number of primary ion

pairs the detector operates as a proportional counter� In a MWPC a plane of anode

wires is separated from two cathode planes� Each anode wire acts as an individual

proportional counter� thereby allowing a big improvement in spatial resolution� The

seven MWPCs used by WA�� in the ���� run are known as the �A Chambers��

These A chambers consist of three planes of wires �U�V�Y� where Y planes are

vertical in the Omega system� the U and V planes are inclined at ��	���o and �

�	���o to the vertical respectively� Each plane contains ��
 anode wires spaced at


mm intervals� The gas used is an argon� isobutane� freon and ethanol mixture�

The nearest chamber to the target� A�� is at �� cm downstream from the centre of

Omega� the � other chambers being placed at x� � �	��	��������	�
�� and 
�	 cm�

The �butter�y� shape was produced by modifying the cathode planes which con�

sist of a �
 
m mylar foil coated with graphite paint� By removing a narrow band

of this paint an electrically insulated region is created whose shape is given by the

butter�y principle� The active area within this band is held at the chambers� work�

ing potential of around � kV whilst the remaining part is held at about 	�� kV lower

than this� This prevents tracks being recorded outside of the butter�y region but is

close enough to the potential in the adjacent area so as to avoid break�down of the

insulation� Figure 
�� shows an exploded view of a section through one of the of the

omega A MWPCs� the �rst cathode plane showing a schematic representation of

how the A chambers are sensitized� the white region showing where the graphite has

been removed� also shown are the three planes of wires �U�Y�V� each lying between

the cathode planes�

The area chosen to be regionally sensitized is one in which particles from the

target will only be detected if they have a pT 
 	�� GeV�c� Strange hadrons with

medium to high pT are expected to originate in the �reball during the earlier stage of

its evolution and thus allow a more direct view of the hottest and most dense stages

of the interaction rather than looking at the large number of particles produced at

low pT during hadronisation� Therefore although WA�� does not record many of

the tracks produced in the interaction we have a good acceptance over the region


�



Figure 
��� Exploded view of a section through one of the Omega A MWPCs�


�



that is of most interest to those studying the Quark Gluon Plasma� Also� due to

the low number of tracks recorded� the data from these MWPCs can be read out

quickly� hence WA�� takes many more triggers than those heavy ion experiments

which record more tracks per event�

��	 The Trigger

Figure 
�� shows the trigger detectors used in the ���� run� The detectors S
 and

V	 are quartz Cerenkovs� whilst S� is a scintillator� V
 and V� are veto scintillators

�scintillators with a small hole for the beam to pass through�� S
� S� and V	 are

used to identify sulphur ions� S
 and S� ensure that lighter ions are not triggered

on� whilst V	 is a veto counter to make sure that a central interaction has occurred

before triggering� i�e� there is no trigger when ions are detected by this counter

downstream of the target�

The beam logic is also shown in �gure 
��� The de�nition of BEAM is a signal in

S
 and S� but no signal in the vetoes V
 and V�� The Clean Beam �CB� requirement

is that only one beam particle is allowed through at a time� This is achieved by

passing part of the S
 signal through an updating discriminator which resets the

output on arrival of a second pulse� The e�ect of a second signal arriving at a time

"t during the output caused by the �rst signal is to lengthen the output by a time

"t� This signal will then be in anti�coincidence with the other three inputs to the

clean beam coincidence unit and the event will be rejected� This is illustrated in

�gure 
�� which shows the timing of the signals to the clean beam coincidence unit�

The duration of the protection is set to 
	 ns�

The interaction trigger �INT� requires a beam signal� no V	 signal and that

the microstrip multiplicity �top and bottom� is � or greater� This ensures that a

high multiplicity central interaction has occurred� This is further quali�ed by the

INT�CB trigger which requires the coincidence of the clean beam and interaction

triggers�

�	



Figure 
��� Schematic diagram of the trigger elements for the ���� run�
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Figure 
��� Timing of input signals to the clean beam coincidence unit	 the signals in

dashed lines are caused by a second incident beam particle�

��
 Data Acquisition

The raw data taken during the run is recorded by the Omega online VAX in EPIO

format� a machine independent format� used in experimental physics� It is recon�

structed using a version of the program TRIDENT  ��!� which is modi�ed for the

particular experimental layout used by WA��� The events are written to cartridge

in the form of �� bit words� with a header block consisting of about 
	 words giv�

ing information about the type of event and the length of it� Information on wire

hits� cluster sizes etc� are contained in a tree structure called the ROMULUS block�

which is subdivided into branches and crates� In �gure 
�� the ROMULUS struc�

ture for the WA�� ���� run is shown� showing how the information from the wire

chambers and microstrips is stored� For example information on the U�Y�V planes

of chamber � are stored at the ROMULUS addresses ���	�

�
����������	�

�
������

and ���	�

�
�������

�




Figure 
��� The Romulus structure for WA��	 ���� run�
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Chapter �

Reconstruction of � and � decays

In the latter part of ����� as stated earlier� WA�� performed an experiment using

ultra�relativistic sulphur�sulphur collisions to try to create a QGP� The signal looked

for by WA�� as evidence of the formation of the plasma is strangeness enhancement�

i�e an increased production rate of strange �e�g 
s� 
s � and multistrange �e�g ��s

and ��s � particles in this environment compared to normal hadronic interactions�

We identify 
 and �� hyperons by the weak decays


 � p � ��

and

�� � 
 � ���

Thus the signature for a �� decay is a charged track that intersects the path of

a 
� therefore before describing how a �� decay is reconstructed the identi�cation

of a 
 decay will be discussed�

��� Reconstructing V 	s

Once tracks have been reconstructed by TRIDENT from hits recorded in the A

chambers they are then passed through a program called STRIPV	� This looks for

two oppositely charged tracks intercepting at a point well separated from the target�

��



a few very loose cuts are also performed in order to produce a data summary tape

of V � candidates� these are listed below�

� The tracks are traced from the chambers to the x� � 	 plane �where the

Omega magnetic �eld is the most uniform�� There the tracks are represented

by helices and then the distance of closest approach for all permutations of

oppositely charged tracks are calculated� This distance is required to be less

than ��� cm�

� The vertex of the V � is then de�ned to lie midway between the points where

the two tracks have their distance of closest approach� The x�coordinate of

this vertex is required to lie in the range ���� 	 x� 	 �� cm� The lower limit

is because the acceptance is very low for V �s decaying a long way from the

MWPCs� This e�ect can be seen in �gure ���a which shows the distribution of

the vertices of possible V � candidates falling as the distance from the chambers

increases� The upper limit is the position of the �rst MWPC�

� To ensure that the V � comes from the target the angle� �� between the V �s

line of �ight from the target and its momentum vector must be less than �o�

� It is also required that the transverse momentum of the decay tracks with

respect to the momentum of the V �� qT � is less than 	�� GeV�c� Real V �s have

a qT of less than 	�
 GeV�c�

� The momentum of the V � must be greater than ��� GeV�c� 
s recorded by

the chambers have a typical momentum of about �	 GeV�c�

As can be seen in �gure ��� the e�ective mass M�p��� of V � candidates shows a

clear peak at the 
 mass even with these very loose cuts� We also require that each

decay track has at least � space points� so that the momentum �hence the mass�

of the particle can be determined more accurately� To standardise the acceptance

of the apparatus it is also required that both decay tracks trace through all seven

MWPCs�

��
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Figure ���� E�ective mass �p��� of a sample of V � candidates after passing through

STRIPV��

��� Identifying � hyperons

Figure ��
 is a schematic diagram of a possible 
 decay� it shows the main geometrical

parameters of such a decay� the distance of closest approach of the two decay tracks�

the x� position of the vertex� and the impact parameters of the decay tracks at the

target plane�

Figure ��� shows both the distribution of the V ��s vertex positions and the

distribution of the V ��s vertex against the e�ective mass� M�p��� of V � candi�

dates� As can be seen the cut on the vertex can be tightened to be in the region of

��	 	 x� 	 �� cm without losing many 
s but cutting down the noise� caused

by paths of oppositely charged tracks� from the target� crossing and producing fake

V � candidates�

Figure ���a shows the distribution of the closest approach of the two decay tracks

to the vertex for 
 candidates after all the other cuts have been applied� One can see

that the distance of closest approach between tracks can be tightened� to 	 � cm�

reducing the background without losing many 
s� Figure ���b shows the distribution

of the angle� �� which was de�ned earlier� We reduce this cut so that V � candidates

��
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will now only be accepted if this angle is less than 	�����
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Figure ���� Distribution of a� the closest approach between positive and negative tracks

and b� the angle	 �	 between the sum of the three momenta of the V � decay tracks and

the line of �ight from the centre of the target	 for � candidates that have had all other

cuts applied�

The quality of the V � candidates that have passed the above cuts can be assessed

by studying their distribution on the Podolanski�Armenteros plot  �
!� The three�

momenta of the V � decay particles are resolved into a transverse component� qT �

and the components q�L � q�L parallel to the direction of motion of the V �� for positive

and negative tracks respectively� The variable � describes the asymmetry of a decay

and is de�ned by�

� �
q�L � q�L
q�L � q�L

�

In the scatter plot of qT versus � the kinematically allowed regions for V �s are

ellipses as shown in �gure ��� �dotted line� and explained in appendix B� The ellipse

for K�s overlaps the ellipses for 
s and 
s� It can be seen however that in certain

kinematic regions the V �s are unambiguous�

In �gure ��� the data shows a clear correlation between qT and � for 
s� 
s and

K�s� The background in the region of the ellipses is low� the noise at the top of the

��



Figure ���� Podolanski�Armenteros plot for V � candidates�
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�gure being due to tracks from the target crossing and thus producing fake V �s�


s� 
s and K�s are then selected in the following � range�

� 
s � � �� 	 �	����

� 
s � � �� 
 	����

� K�s � � � � 	��� 	 � 	 	����

��� Impact parameter cuts

As mentioned earlier most of the V � background comes from tracks which originate

from the target intersecting and thus looking like a V � decay� The paths of real V �

decay tracks will� in general� cross each other twice� once at the vertex and then

again some distance from the vertex �either upstream or downstream�� It turns out

that the maximum distance between these crossing points does not depend on the

V � momentum but only on the decay particles momentum in the centre of mass

frame� p�� and the magnetic �eld strength� Therefore� for a given type of V � in a

given magnetic �eld the maximum distance between the crossing points of the decay

tracks is a constant�

Figure ��� shows the paths of the decay tracks crossing at the vertex which may

be at A or B� The distance between the crossing points is given by L where L is

de�ned by�

sin � �
L


R
�����

R is the radius of curvature of the particle in a magnetic �eld� B� and the projection

of this in the x� direction is x � Lsin��

The interaction between a charged particle and the magnetic �eld it is traversing

is given by

e�v 	B� �
mv�

R

 R �

p

e j B j sin�
���
�

where p is the momentum of the track and � is the angle between the magnetic �eld

and the motion of the particle� Now for small �

sin � � tan� �
qT
qL

�����

�	
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Figure ���� Crossing paths of two V � decay tracks�

Thus sin �� hence L� will be at their maximum when qT is at its maximum and since

qT � p� cos ��� qTmax � p�� For 
 � p��� p� � 	�� GeV�c and as the decay tracks

have momenta� p� of several GeV�c� p� p� 
 qL � p� Therefore from equation ���

we have

sin �max � p�

p
�����

Therefore using equations ������
 and ��� we �nd that the maximum crossing dis�

tance� Lmax� is given by�

Lmax � 
�
p

Besin�
�	 �

p�

p
� �


p�

Besin�
�����

and in metres

Lmax � 
p��GeV�c�

B�T �esin�
	 �	�e

c
�


p��GeV�c�

	�
����B�T �sin�
�����

and as x � Lsin� and B � ��� Tesla for WA���

� x�max � �	 cm for 
s�

��



� x�max � �	 cm for K�s� as for K� � ����� p� � 	�
 GeV�c�

This means that as we only accept 
 �
� candidates if they decay at least ��� cm

from the target the two decay tracks cannot trace back to the target� The impact

parameter "y is de�ned as the distance of a track from the centre of the target� in

the bend direction of the magnetic �eld� at the target plane� as seen in �gure ��
�

Figure ��� shows the distribution of the "y for a� protons and b� pions from the

decays of 
 candidates� It also shows the "y against the e�ective mass� M�p���� of

the V � candidates for c� protons and d� pions from the decays of 
 candidates� The

background due to tracks from the target is hence removed by demanding that tracks

traced to the target plane have a non�zero impact parameter� Hence we require

� "y��� 
 � cm�

� "y�p� 
 
 cm�

We then select 
 and 
 candidates in a �	 MeV mass interval centred on the 
 mass

taken from  ��!� i�e� ��	� 	 M� 	 ���� MeV�

��� Summary of cuts used to identify �s and �s

�i� Each decay track has at least four space points�

�ii� each track traces through all seven MWPCs�

�iii� the V � vertex lies in the range ��	 	 x� 	 �� cm�

�iv� the positive and negative tracks of the V � must have a distance of closest

approach of less than � cm�

�v� the angle between the V �s line of �ight from the target and the sum of the

three�momenta for the V � decay tracks is 	 	���o� i�e� the candidate comes

from the target�

�vi� 
s � � �� 	 �	��� � 
s � � �� 
 	����

�
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Figure ���� Distribution of the impact parameters�
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�vii� "y 
 
 cm for p�p� and "y 
 � cm for ������� from the 
�
� decay�

�viii� the e�ective mass is in the range�

�M� � 
�MeV � 	 M�p��� 	 �M� � 
�MeV ��

Figure ��� shows the e�ective mass plots of a sample of 
 candidates after a� having

passed through STRIPV	 and then having the cuts b� i and ii� c� i to iv and d� i to

vii performed on them� As can be seen from �gure ���d a clear peak at the 
 mass

can be seen with little background after cuts i to vii have been applied to the V �

candidates�

��� K
	 Contamination

The V �s in the kinematic region j � j
 	��� are ambiguous� i�e� this region contains

K�s as well as 
s� This K� contamination can however be estimated as follows�

n�� � n� � nK�

n�� � n� � nK�

where n�� �n��� equals the number of 
 �
� candidates and n��n�� equals the actual

number of 
s �
s�� nK is the number of contaminating K�s� which due to the

symmetry in the Podolanski� Armenteros plot is the same for � 	 	��� and � 
 	����

Now by selecting 
s and 
s in the unambiguous regions �	��� 	j � j	 	��	�� i�e where

n�� � n�� we can �nd the ratio n��n�� Then we now know n��� n�� and n��n� and

so we can �nd n�� n� and nK� In fact we �nd that the K� contamination to be

around �� for 
s and about �� for 
s�

��� Results on � and � production

Figure ��� shows the mass plots for a� 
s �M�p���� and b� 
 �M�p���� after all

the cuts have been applied� apart from the 
 mass cut� We then select candidates

in the �	 MeV interval centred on the 
 mass� giving ����	 
 and ��	�� 
 candi�

dates� These candidates contain some K� contamination� in the unambiguous region

��
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Figure ���� E�ective mass plots of � candidates after a� having passed through STRIPV�

and then having the cuts b� i and ii	 c� i to iv and d� i to vii performed on them�
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Figure ���� E�ective mass distributions for V � candidates as �a� p�� and �b� p���

�	��� 	 j�j 	 	��	� we �nd 
���� 
 and ���� 
 candidates� giving an uncorrected

ratio of 
 to 
 of 	��	� � 	�		��

��	 Identifying �s and �s

We identify �s by the weak decays

�� � 
 � ��

�� � 
 � ��

with the 
 �
� decaying to p�� �p���� The signature for a cascade is therefore a

charged track that intercepts the path of a lambda� A schematic diagram of a ��

decay is shown in �gure ���	� This signature is found by a program called WA��XI

which goes through the data on the STRIPV	 DST looking for the intersection of

the line of �ight of a 
 �
� candidate with a negatively �positively� charged track

at a point well separated from the target region�

WA��XI requires that the Armenteros � lies in the range j � j
 	��	� this rejects

many V �s without rejecting any 
s or 
s� It also tightens the cut on the x�coordinate

��
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Figure ���	� Schematic representation of a possible �� decay�
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of the V � vertex to be in the range ��	� 	 x� 	 �� cm� A mass cut is then

performed on the V �s of �M� � �	MeV � 	 M�p�� 	 �M� � �	� MeV� The distance

of closest approach between the line of �ight of the 
 �
� and a negative �positive�

track must be less than � cm or the cascade candidate is rejected� The vertex of

the remaining cascade candidates are chosen to be the midpoint of the line joining

the V � candidate and the charged track at their points of closest approach� The x�

coordinate of the cascade vertex is then required to lie in the range ���	 	 x� 	 ��

cm� WA��XI then writes out a cascade DST�

The e�ective mass� M�
���� after the above cuts have been made on the STRIPV	

DST by WA��XI is shown in �gure ����� Even with the loose cuts applied by

WA��XI a peak at the � mass can be seen�
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Figure ����� M������

��
 Further cuts performed on the � candidates

To identify the tracks better and to standardise the acceptance of the apparatus we

require that the decay tracks from the V � candidate and the charged decay track

intercepting with the V � line of �ight have at least four space points and trace

��



through the �rst four MWPCs�

The cuts applied to the V � candidates by STRIPV	 and then by WA��XI are

quite loose cuts� Further cuts are made on the V �s coming from the cascade candi�

dates� i�e� that the x�coordinate of the V � vertex is greater than ��	 cm� the distance

of closest approach of the two V � decay tracks is less than ��� cm� and the qT of the

V � decay tracks are less than 	��
 GeV�c �the maximum value of qT is p� which for

the decay 
 � p�� is 	��	 GeV�c��
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Figure ���
� Distribution of the vertices of � candidates�

Figure ���
 shows the distribution of the x�coordinate of a� raw Xi candidates

from WA��XI and b� the same parameter after all other cuts have been applied�

The acceptance of the apparatus is low for cascades which decay a long way from

the MWPCs� We therefore require that the x�position of the � vertex is in the range

��
� 	 x� 	 �� cm which reduces the background without losing many �s�

Figure ���� shows a� the distribution of the variable closxi� which is half the

distance of closest approach between the V � candidate and the charged track from

the cascade candidate and b� closxi against M�
��� The cut on this distance is

tightened so that cascade candidates with closxi greater than 	�� cm are rejected�

The V � vertex must� of course� be after the cascade vertex i�e� the intersection

��
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Figure ����� Distribution of closxi�

of the charged track with the path of the V � candidate must be before the V �

vertex� Therefore cascade candidates with xV � � x� 	 	 cm are rejected� Because

of the errors in �nding the vertex positions this cut might lose a few real cascades�

however this can be corrected for in e�ciency calculations� The e�ective mass of �

candidates� M�
���� after all the above tighter cuts have been applied is shown in

�gure ����� Although the background has been reduced by applying the above cuts

it is still appreciable� however some further cuts can still be made�

����� Impact Parameter cuts

Figure ���� shows a� the distribution of the impact parameter of the �� from the

decay of a cascade candidate� bypi �see �gure ���	�� and b� bypi plotted against the

e�ective mass M�
��� of the cascade candidate� A cut of j bypi j
 � cm is made

on the cascade sample which removes some of the background �seen in �gure �����

caused by charged tracks from the target crossing the paths of V � candidates�

If the cascade candidate is a real cascade coming from the target it should trace

back to the target� Hence the cascade candidates are traced back to the target plane

and the distance from this point to the target� byxi �see �gure ���	�� is plotted in

�	
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Figure ����� E�ective mass distribution of a� M����� and b� M������

�gure ����a� �gure ����b shows the impact parameter� byxi� plotted against M�
����

As can be seen � candidates have an impact parameter centred on y � 	 cm and a

cut of j byxi j	 
�	 cm is applied�

We then select � and � candidates in a �		 MeV mass interval centred on the

� mass taken from  ��!� i�e� ��
�� 	 M� 	 ����� MeV�

��� Summary of cuts used to identify �s and �s

Cuts used on the V � candidates are�

�i� each decay track has at least four space points�

�ii� each track traces through the �rst four MWPCs�

�iii� the V � vertex lies in the range ��	 	 x 	 �� cm�

�iv� the positive and negative tracks of the V � must have a distance of closest

approach of less than ��� cm�

�v� j � j
 	��	�

��
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Figure ����� Distribution of the impact parameter of the pion	 bypi	 and bypi plotted

against M������
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�vi� qT 	 	��
�

�vii� the e�ective mass is in the range�

�M� � �	MeV � 	 M�p��� 	 �M� � �	MeV ��

The cuts performed on the cascade candidates are�

�i� the charged decay track has at least four space points�

�ii� the charged decay track traces through the �rst four MWPCs�

�iii� the � vertex lies in the range ��	 	 x 	 �� cm�

�iv� the distance of closest approach between the V � and the charged track is less

than ��� cm�

�v� the � vertex is before the V � vertex�

�vi� j bypi j
 ��	 cm�

�vii� j byxi j	 
�	 cm�

�viii� the e�ective mass is in the range�

�M� � �	MeV � 	 M�
��� 	 �M� � �	MeV ��

Figure ���� shows the e�ective mass plots of a� M�
��� and b� M�
��� after all

the cuts have been applied apart from the � mass cut� With this mass cut we �nd

��� ��s and 
�� ��s giving an uncorrected ratio of �� to �� of 	��� � 	�	��

��
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Figure ����� E�ective mass distribution of a� M����� and b� M������

���
 Summary

Both 
s and ��s have been reconstructed to give clean mass peaks with little

background in the di�cult environment of heavy ion interactions� The raw yields

for these particles are shown in the table below� where the numbers in brackets are

the yields of unambiguous 
s�

Table ���� Raw yields obtained from the WA�� ���� sulphur sulphur data�

Particle Raw particle yields


 ����	 �
�����


 ��	�� ������

�� ���

�� 
��

These yields give the following ratios






� 	��	� � 	�		��

��

��
� 	��� � 	�	��

��



These ratios need to be corrected to take account of the geometrical acceptance and

reconstruction e�ciency of the apparatus for the di�erent particle species� Further�

more the 
 to 
 ratio has to be corrected for cascade &feed�down' where the 
s

and 
s come from � decays� These corrections are discussed later and enable the

calculation of the relative production rates of the di�erent particle species detected

by WA�� in the ���� sulphur�sulphur run�

��



Chapter �

Identifying K� and K� meson

decays

The study of strange mesons� as well as hyperons� is of interest to those using strange

particle production to probe into the physics of heavy ion interactions� Charged

kaons decay via the weak decays

K� � �� � �� � ��

K� � �� � �� � ���

The topology of K � ��� is similar to the topology of a Xi decay �� � 
� � p����

Therefore the cascade �nding program WA��XI has been adapted to look for K de�

cays instead of � decays� The signature for a K� is a �� coming from the vertex

of an apparent V � � ����� Two cuts are applied to suppress other particles which

are of the V � type� these are�

� we require the mass of the 
� object� M�� � to be less than 	��
 GeV�

� we also require j�V � j	 	��� �

As mentioned in chapter �� in creating the STRIPV	 data summary tapes a few

cuts are made to reduce the background with respect to the reconstruction of 


hyperons� One of these cuts is a momentum cut of ��� GeV�c� as can be seen from

��
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Figure ���� Momentum distribution of V �s coming from Monte Carlo K decays�

�gure ��� which shows the distribution of the momenta of V �s coming from the

decays of Ks generated using a Monte Carlo program� at least half of the Ks will

decay to V �s having a momentum of less than ��� GeV�c� Therefore in the long

term the tapes will have to be re�done without this cut on the V � momentum� in

this thesis results will be presented using only the sample having this cut applied�

As for the � case the three decay particles are required to trace through the �rst

four MWPCs and to have at least � space points each� The e�ective mass� M������

after these conditions is shown in �gure ��
� Even with these initial cuts applied by

STRIPTAU� the modi�ed version of WA��XI� a peak at the K� mass can be seen�

��� Further cuts performed on the K� candidates�

Although a peak at the K mass can clearly be seen in �gure ��
 there is still a large

amount of background present� so a study of further cuts to apply to these candidates

has been undertaken� Figure ��� shows the distribution of the x� position of the K

��
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� E�ective mass distribution	 M�����	 after initial cuts are applied�
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vertex against the against the e�ective mass� M������ of these candidates� A signal

in the K mass region is most clearly seen when the position of the vertex is larger

than ��� cm� Therefore the vertex is required to lie in the region ��� 	 x� 	 ��

cm�
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Figure ���� Impact parameters of the reconstructed K�s at the target�

The reconstructed K� should trace back to the target� �gure ��� shows the

distribution of the impact parameter of the reconstructed K� at the target plane

a� in the y direction� byk� and b� the z direction� bzk� The K� is then required to

satisfy the conditions�

� j byk j	 
�	 cm�

� j bzk j	 
�	 cm�

Whilst the K� should come from the target the decay tracks should not� �gure

��� shows the distribution of the impact parameters of the three decay tracks at the

target against the e�ective mass distribution M������ The noise caused by tracks

coming from the target can clearly be seen in these plots� We require that the decay

tracks miss the target by at least � cm� i�e� j by��� j� � cm for each pion�

Unlike the � case the third pion should trace back to the Ks vertex� Figure ��� is

an example of how tracks recorded in the A chambers and traced back towards the

target could be due to a K� decay� The bend plane projections of the V � �decaying

��
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Figure ���� Distribution of the impact parameters of the three decay tracks�
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Tracks recorded in the A-chambers and traced back towards the target
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Figure ���� A schematic representation of a possible K� decay�
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Figure ���� Distribution of the distance between the V � and the third pion�
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to ����� extrapolated backwards towards the target and the third pions trajectory

cross twice� there may be some ambiguity as to which of the two crossings is the

real decay point of the K�  
�!� These crossing points are calculated in STRIPTAU

and the � distances between the third pion�s crossing points and the V ��s crossing

points are calculated� �gure ��� shows the distribution of the minimum of these �

distances� This distance is then required to be less than 
	 cm�

Finally we require that the e�ective mass lies in the range �MK � �	MeV � 	

M����� 	 �MK � �	MeV �� with MK taken from  ��!�

��� Summary of cuts used to identify K� and K�

meson decays

�i� Each decay track has at least four space points�

�ii� each track traces through the �rst four MWPCs�

�iii� M�� 	 	��
 GeV�

�iv� j�V � j	 	����

�v� momentum of V � 
��� GeV�c�

�vi� the K� vertex lies in the range ��� 	 x� 	 �� cm�

�vii� the K� traces back to the target j byk j	 
�	 cm and j bzk j	 
�	 cm�

�viii� the decay tracks miss the target by at least � cm� i�e� j by��� j� � cm for each

pion�

�ix� the distance between the V � vertex and the third pion�s crossing points is less

than 
	 cm�

�x� the e�ective mass is in the range�

�MK � �	MeV � 	 M����� 	 �MK � �	MeV ��

�
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Figure ���� E�ective mass plots of K� candidates after a� having loose WA�XI cuts and

cuts i and vi	 b� i to v c� i to vii and d� i to viii performed on them�
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Figure ���� Momentum distribution of V �s superimposed onto V �s coming from Monte

Carlo K decays�

Figure ��� shows the e�ective mass plots of a sample of K� candidates after

a� having loose WA�XI cuts and cuts i and vi� b� i to v c� i to vii and d� i to

viii performed on them� As can be seen from �gure ���d a clear peak at the K�

mass can be seen with little background after cuts i to viii have been applied to the

candidates�

Figure ��� shows the distribution of momentum of V �s coming from K decays�

after all the cuts have been applied to the data� superimposed onto the Monte Carlo

distribution� it can clearly be seen that when the tapes are redone a doubling of the

statistics should be found� Figure ���	 shows the e�ective mass distributions of

a� M�������� and b� M�������� after all the cuts apart from the mass cut has

been applied to the candidates� With this mass cut applied we �nd 
	
 K�s and

��	 K�s giving an uncorrected ratio of K� to K� of 
��� 	�
� This ratio needs to

��
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Figure ���	� E�ective mass distributions of a� M�������� and b� M���������

be corrected for the acceptance and reconstruction e�ciencies of the apparatus to

these charged mesons to enable comparison of charged kaon to lambda production�

These corrections are discussed next�
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Chapter �

Calculation of Acceptances

It has been shown in the preceding chapters how the various strange particles under

study are reconstructed� The raw reconstructed particle numbers in themselves tell

us very little about the �reball created by the collision of the ions� what is required

is the average numbers of each particle species produced in the interaction and not

the reconstructed number� This will enable comparison between the production

rates of the di�erent particle species� For example� the comparison of the yields

of multistrange baryons with singly strange baryons will provide information on

the strangeness content of the created �reball� which the theorists can then use to

deduce the most likely model� hadron gas or QGP� which best describes the results�

In order to calculate the true particle yields and hence compare relative produc�

tion rates it is required that the reconstructed numbers are corrected for��

� Geometrical acceptance of the apparatus�

� Reconstruction e�ciency of the detectors and analysis packages�

In this chapter the acceptance calculations are discussed whilst the reconstruction

e�ciencies will be discussed in the next chapter� The data needs to be corrected to

take account of how the geometry of the detectors constrains the number of particles

observed� For a detector to have an acceptance of �		� all the particles produced in

the interaction should pass through it� As stated in chapter 
 the WA�� detectors�

speci�cally the Omega A MWPCs� only cover a narrow phase space window and

��



therefore it is important to know how this limits the detection of the particles

produced in the interaction� The data also needs to be corrected to take account of

unseen decay modes� such as K� � 
� � ��� and also decays outside of the �ducial

volume�

The acceptances are evaluated using Monte Carlo programs which generate a

large known number of particles in a wider phase space window than is covered by

the MWPCs� The region of acceptance studied is divided into a grid� with each

element of size 	�	� units of rapidity by 	�� GeV�c in transverse momentum� The

acceptance is then calculated individually for each grid square�

��� � Acceptance

To calculate the acceptances of the chambers with regard to 
 decays Monte Carlo


s are generated with a lab rapidity� YLAB� and transverse momentum� pT � corre�

sponding to the centroid of the grid element under study� The 
 is assigned the

following momentum vectors�

pL � mT � sinh�YLAB� mT �
q
M�

� � p�T

where pL is the longitudinal momentum and mT is the transverse mass�

px � pL� jp j jp j�
q
p�T � p�L

and�

py � pT cos�phi� pz � pT sin�phi��

where phi is a random number generated between 	 and �� i�e� to save computer

time only decays in the upper hemisphere are considered�

The 
 is then made to decay� with a decay length given by a random distribution

determined by the mean lifetime� � � of a 
 decay� The probability� P�xo�� that a

particle of mass M travels a distance xo or greater is given by�

P �xo� � e�Mc�xo��jpj�

��



where ( � ��c� and jp j is the momentum of the particle� Rearranging this equation

gives�

xo � ��c� jp j
Mc�

ln�P �xo���

The decay distance� d� of the 
 is made to be�

d � �c� jp j
M�c�

ln�R��

where R is a random number generated between 	 and �� c� of the 
 is ���� cm�

Once the decay length is calculated the position of the vertex of the 
 is found and

required to be in the �ducial region ��	 	 x� 	 �� cm as this is the region in that

the reconstructed 
 vertices lie� see chapter ��

The decay tracks are assigned in x� y and z an equal but opposite random ��

dimensional momentum vector of length p�� where p� is the momentumof each decay

product in the rest frame of the decaying particle� p� � 	��	� GeV�c for 
s� The

decay tracks momenta are then transformed from the centre of mass rest frame to

the lab frame� The decay tracks are then traced through the MWPCs� if they pass

through A� and A�� and the 
 decay is unambiguous� i�e� 	��� 	 � 	 	��� the decay

is then counted as an accepted decay� The total acceptance is then given by

Acceptance �
no�accepted

no�generated
	 �



	 	����

where the factor of ��
 takes account of the fact that the 
s were only generated

in the upper hemisphere� and the factor of 	���� takes account of the unseen decay

modes� The acceptance of 
s over the YLAB and pT ranges considered are shown in

�gure ����

��� � Acceptance

The calculation of � acceptances is more complicated than the 
 case as two decays

need to be considered�

�� � 
 � �� with 
 � p � ���

��
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Figure ���� Geometrical acceptance of unambiguous �s as a function of rapidity and pT �
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The Monte Carlo �s are generated with a rapidity YLAB and pT and the momentum

vectors are calculated as for 
s� The � decay length is then calculated from

d � �c� jp j
M�c�

ln�R��

with c� of the � being ���� cm� The position of the � vertex is then determined

and required to lie in the �ducial region ��
� 	 x� 	 ��cm� In a similar way to

the 
 decay the � decay particles �the 
 and �� are assigned equal but opposite

� momenta vectors in the centre of mass rest frame which are then transformed to

the lab frame� The � is required to trace through the �rst four MWPCs� and to

miss the target by at least � cm as this is a geometrical cut that is applied to the

� candidates and would otherwise bias the pT spectra� The 
 from the � decay is

then decayed with its decay tracks traced through the chambers as when calculating

the 
 acceptance except these 
s are traced from the vertex of the � and not the

target and its decay products have to trace through A��A� and not A��A�� Figure

��
 shows the acceptance of �s as a function of YLAB and pT �

��� K Acceptance

The calculation of the charged kaons acceptance is di�erent from the other two in

that the K� decays to three particles i�e� K� � ������� The Ks are generated in

the same way as the 
s and �s and made to decay with a decay length given by

d � �c� jp j
MKc�

ln�R��

where c� of the K is ��	�� cm� If the K vertex lies in the region ��� 	 x� 	 ��

cm then it is made to decay into three particles� each with the mass of a pion and

having centre of mass momenta �and energies� distributed randomly between the

three particles but giving a total of centre of mass energy equal to the mass of a

charged kaon� The momentum vectors are then Lorentz boosted to the lab frame�

The decay particles are then required to trace through the �rst four MWPCs�

it is also required that the decay tracks must miss the target by at least � cm as

this is a geometrical cut that is applied to the charged kaon candidates and would

�	
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Figure ��
� Geometrical acceptance of ��s as a function of rapidity and pT �
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bias the pT spectra as in the � case� Furthermore the oppositely charged tracks are

required to have combined momenta greater than ��� GeV�c as this is a cut that

has been applied to the data and biases against the reconstruction of charged kaons

with lower pT and rapidity�

The acceptance of the kaons are then given by

Acceptance �
no�accepted

no�generated
	 �



	 	�	����

the factor 	�	��� is the branching ratio of the decay K� � ������� The acceptance

of the Ks are shown in �gure ���� The acceptance tables for 
s� ��s and K�s are

given in appendix C�

�
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Chapter �

Reconstruction E�ciencies

As mentioned in the preceding chapters WA���s aim is to study the relative produc�

tion rates of strange and multistrange particles and antiparticles� Therefore as well

as calculating the acceptance of the detectors to the particles produced in the inter�

actions� the e�ciency of the detectors and the analysis programs which reconstruct

the particles needs to be calculated�

To this end a number of Monte Carlo particles are generated according to given

distribution functions� rather like in the acceptance case� The Monte Carlo particles

are then traced through the Omega magnetic �eld and their intersection points

with the chambers wires calculated� At each intersection point a cluster of wire

hits is generated� taking into account the e�ciencies of the various planes of the

chambers� Real events are then read from a TRIDENT output tape� which contains

information on the wire hits in the MWPCs chambers and the Monte Carlo hits

are then merged with real hits� forming a realistic background to the decay in the

resulting composite event and a new �le is written in the format of raw data and

then fed through the normal analysis chain� By identifying the Monte Carlo particles

which are successfully reconstructed the reconstruction e�ciency can be found as

a function of the charged track multiplicity in the wire chambers� The �ow chart

shown in �gure ��� summarises the procedure used to evaluate the reconstruction

e�ciencies�

As mentioned� the reconstruction e�ciency is dependent on two factors� the

��
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Figure ���� Flow of processes used to calculate the reconstruction e�ciencies of the

di�erent particles reconstructed by WA�� in the sulphur�sulphur interactions�
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e�ciency of the wire chambers in recording a track caused by a particle passing

through it� and the e�ciency of the software in correctly �tting the tracks� The

e�ciency of the chambers will be discussed �rst�

��� Calculation of the Chamber E�ciencies

To calculate the chamber e�ciency TRIDENT is run on a sample of raw data

with the chamber under study removed out of the track �tting routine� making

the reconstructed tracks completely independent of this chamber� The e�ciency

is then calculated by tracing �good� tracks through each plane of the chamber and

checking whether any wire within 
 mm �the wire pitch� of the impact �re� �Good�

tracks trace through A��A�� have six space points and trace back to the target� The

e�ciency is then determined by the number of such successful detections divided by

the total number of �good� tracks traced through the chamber�

1 3

42 z

y

Beam out

Figure ��
� The four logical quadrants of the MWPCs�

As well as the chamber consisting of � planes� as mentioned in chapter 
� for

the purpose of the e�ciency study� each plane is split into four logical quadrants as

shown in �gure ��
� Therefore �� �� chambers 	 � planes 	 � quadrants� e�ciencies

are calculated and then used in the implantation of the Monte Carlo data into real

data�

��



����� Chamber Edge E�ects

A study has been carried out  ��! to see how the chamber e�ciency varies at the

edge of the chamber� as can be seen in �gure ��� a�� b� and c�� which shows the

variation in chamber e�ciency close to the edge of the butter�y region of the Y� U

and V planes of chamber � respectively� there is a gradual fall o� in e�ciency over

the last cm which would be a source of systematic error if not accounted for� The

population of reconstructed tracks close to the edge of the butter�y region of the

chamber are shown in �gure ��� d�� the population decreases near the edge due to

falling e�ciency meaning the probability of reconstructing a track will be less� To

ensure that analysis was performed in a uniform region of e�ciency a � cm band

around the edge of the chambers is removed from analysis calculations�

����� Chamber E	ciency Results

The e�ciencies of the chambers used in the ���� sulphur sulphur run have been

calculated from data sampled through out the run� the average e�ciencies of the �

A chambers are shown in �gure ���� whilst the e�ciencies of the planes and quadrants

of the � chambers are listed in full in appendix D�

��� Structure of raw data events

In order for the Monte Carlo data to reproduce real data� the composite event made

up of the Monte Carlo data merged with the real data must be in exactly the same

format as raw data� Therefore it is important to understand the structure of a raw

event� i�e� TRIDENT input�

As mentioned at the end of chapter 
 raw data taken in the run are written to

tape in EPIO format �machine independent�� Each event is written in the form of

�� bit words� when possible several logical records �events� are blocked together to

�ll in a physical record� A logical record has a structure as shown in �gure ���� The

header block� with NH header words� gives information about the event� such as the

length of the event� word �� the event type� be it a trigger� beginning of burst or end

��
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Figure ���� The variation in chamber e�ciency close to the edge of the butter�y region

of chamber �	 plane Y �a�	 plane U �b� and plane V �c�� The population of reconstructed

tracks at the edge of the butter�y region are shown in �d��
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Figure ���� Structure of a raw data event�

of burst event� given by word 
� and the time when it was recorded �� words �����

The �rst word� which gives the length of the event� enables TRIDENT to �nd the

end of the record� which is the �top� end of the ROMULUS structure� shown in �gure


��� This ROMULUS block contains all the information on wire hits� cluster sizes

etc� that TRIDENT needs to reconstruct the tracks in the chambers� TRIDENT

then gives an output record consisting of several blocks� the �rst one is called the

header block and contains information on the structure of the record and is shown

in �gure ���� The electronic data block is just the ROMULUS block that was the

TRIDENT input� the results of the tracks reconstruction are given in the geometry

block�

��� Implantation of the Monte Carlo data

The Monte Carlo tracks are traced through the Omega magnetic �eld� the points

of intersection with the wires in the chambers are calculated� If a track is traced

between two wires� both wires are �red if the distance of the track from the wires

is greater than a ��� of the wire pitch distance of 
mm� if not then the one nearest

�The time is given in the VAX system time� which is of the form of the Smithsonian base date

and time for the astronomical calendar� which is the number of nanoseconds which have passed

since midnight� November �����
��

�	
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Figure ���� Structure of TRIDENT header block�

to the track is made to �re� To ensure that the Monte Carlo tracks behave like

real tracks� before a hit is registered the e�ciency of the quadrant of the plane

that the track is passing through is consulted and thus the Monte Carlo particle is

not recorded perfectly by all the wire planes� Real data is read in from TRIDENT

output tapes and the part of the ROMULUS block containing the wire chamber

information is unpacked into an array of wire hits� The array of hits from the

Monte Carlo tracks and real tracks are then merged together and repacked into a

new ROMULUS block� with the header block adjusted to take account of the extra

words arising due to the wire hits caused by the Monte Carlo particles� The whole

event is then written to tape in EPIO format�

��� � Reconstruction E�ciencies

As mentioned in chapter �� we require the 
 candidates to lie in the range ��	 	

x� 	 �� cm� and to be unambiguous� i�e� 	��� 	j � j	 	��� We furthermore require

that the 
 has rapidity� YLAB� in the range 
�� 	 YLAB 	 ��
 and pT between ��	 and

��	 GeV�c� as outside this region the acceptance for 
s traced through the seven A

chambers �with the � cm cut� falls below � �	� of its maximum value� However the

Monte Carlo particles must be generated in a slightly larger acceptance window to

take account of inaccuracies in the momentum and position measurements due to the

��



�nite resolution of the detector system� By generating in a slightly larger window�

particles from outside the region are smeared into the right kinematic region as well

as some inside the region being lost due to being reconstructed slightly outside the

region� The Monte Carlo 
s are generated with an exponential decay� as in the

acceptance case� but with the following conditions�

� the vertex lies in the region ��		 	 x� 	 �� cm�

� the rapidity distribution is �at� in the range 
�� 	 YLAB 	 ����

� 	�� 	 pT 	 ��
 GeV�c�

� they obey a distribution given by�

�

m
�
�

T

dN

dmT
� exp��mT�

where � is determined from the real data� corrected for acceptances�

� the 
s are generated at the target with a Gaussian distribution of width �

mm�

� the Monte Carlo decays are isotropic�

In �gure ��� the vertex distribution of a� the generated 
s and b� the generated 
s

after passing through the chain of analysis programs can be seen� with the dotted

line showing the real reconstructed 
s vertex position after all the cuts are applied

to it� The 
 is then decayed as for the acceptance calculation� and its decay tracks

are then traced through A��A� with the �cm edge cut� The Monte Carlo particles

are then subjected to the same cuts as are applied to the real data� i�e�

� the vertex lies in the region ��	 	 x� 	 �� cm�

� the rapidity distribution is �at� in the range 
�� 	 YLAB 	 ��
�

� ��	 	 pT 	 ��	 GeV�c�

� the 
s momentum is 
 ��� GeV�c�

�
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Figure ���� Vertex distribution of a� Monte Carlo �s and b� Monte Carlo �s after passing

through the analysis chain	 the dots represent real data�

� it is unambiguous� i�e� the condition 	��� 	j � j	 	�� is applied to remove

contamination of K�s�

If the Monte Carlo 
 successfully passes these conditions� they are tagged and the

wire hits are found and identi�ed� These data are then used to merge the Monte

Carlo data with the real data� as well as this the average number of cluster hits in

the A chambers is recorded for these tagged events� If adjacent wires �re the hit is

recorded as a cluster� and the �rst wire �red and the number of �red wires are given�

The average charged track multiplicity in the wire chambers is then given by the

sum of the clusters in each plane divided by 
� �� planes 	 � chambers�� The merged

data are then processed using TRIDENT� STRIPV	� and the �nal analysis program

which performs the cuts to extract �good� 
 decays� Figure ��� shows the mass

distribution of real 
s� together with the mass distribution of the same number of

Monte Carlo 
s� The wire chamber multiplicity distribution is then found for these

�good� 
 and the e�ciency is then simply given by�

E�ciency �
NRec

NGen
�

where NGen is the number of tagged generated events� and NRec is the number of

reconstructed events� The reconstruction e�ciencies as a function of MWPC cluster

multiplicity are shown in �gure ��� for a� 
s �eld down �B����T 
� the normal

��
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Figure ���� Mass distribution of a� Real �s and b� Monte Carlo �s�

polarity of the Omega magnetic �eld� b� 
s �B����T 
�� c� 
s �B����T �� and d� 
s

�B����T ��� Also shown in �gure ���a�� dotted line� is the multiplicity distribution

for a sample of background data� it can be seen that outside the multiplicity region

of � to �� the statistics are low� The data are therefore restricted to have an average

number of clusters per plane of between � and ���

��� � Reconstruction E�ciencies

The Monte Carlo �s are generated with an exponential decay� with the following

characteristics�

� the �� decays in the region ���	 	 x� 	 �� cm�

� the 
 vertex lies in the region ��		 	 x� 	 �� cm�

� the rapidity distribution is �at� in the range 
�� 	 YLAB 	 ��
�

� 	�� 	 pT 	 ��
 GeV�c�

� they are distributed according to�

�

m
�
�

T

dN

dmT
� exp��mT�
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Figure ���� Reconstruction e�ciencies as a function of MWPC cluster multiplicity for a�

�s �eld down �B���
T ��	 b� �s �B���
T ��	 c� �s �B���
T �� and d� �s �B���
T ���
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� the �s are generated at the target with a Gaussian distribution of width �

mm�

As in the 
 case it can be seen� �gure ���	� that once the Monte Carlo �s� which are

decayed exponentially� are passed through the analysis chain their vertex distribution

is similar to that of the real data�
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Figure ���	� Vertex distribution of a� Monte Carlo �s and b� Monte Carlo �s after passing

through the analysis chain	 the dots represent real data�

The wire hits in the chambers are then recorded if the � satis�es the following

requirements�

� the �� decays in the region ��
� 	 x� 	 �� cm�

� the 
 vertex lies in the region ��	 	 x� 	 �� cm�

� the rapidity distribution is �at� in the range 
�� 	 YLAB 	 ��	�

� ��	 	 pT 	 ��	 GeV�c�

� the � decay tracks of the � trace through A� and A� with the � cm cut applied�

Real data are then merged with the Monte Carlo �s and then processed through

TRIDENT� STRIPV	� WA��XI and a �nal analysis program to reconstruct the

Monte Carlo cascades� applying all the cuts that are applied to the data� The

��



multiplicity distribution of the charged tracks in the wire chambers is then found

and divided with the multiplicity distribution of the Monte Carlo �s obtained before

merging to get the reconstruction e�ciencies for �s� These e�ciencies for ��s� ��s

�eld down� �eld up and ��s� ��s �eld up are shown in �gures ���� a��b��c� and d�

respectively�

��� K Reconstruction E�ciencies

As mentioned in chapter �� the cut imposed at the STRIPV	 level on the momentum

of the V � �P 
 ��� GeV�c� is biased against charged kaons with lower rapidity and

pT � The window de�ned by requiring that the acceptance does not vary by more

than � �	� is 
�� 	 YLAB 	 ��
 and ��	 	 pT 	 ��	 GeV�c� The Monte Carlo

charged kaons are generated with the following variables�

� the vertex lies in the region ��	 	 x� 	 �� cm�

� the rapidity distribution is �at� in the range 
�� 	 YLAB 	 ����

� 	�� 	 pT 	 ��
 GeV�c�

� they obey a distribution given by�

�

m
�
�

T

dN

dmT
� exp��mT�

� the charged kaons are generated at the target with a Gaussian distribution of

width � mm�

� the Monte Carlo decays are isotropic�

A look at the vertex distribution� �gure ���
a�� shows the e�ect of the long decay

length of the charged kaons� mentioned in chapter �� The results of the Monte Carlo

data passing through the analysis chain is seen in �gure ���
b� with the Monte Carlo

distribution� solid line� mimicking the data� The charged kaon is then decayed as

in the acceptance case and the tracks traced through the Omega magnetic �eld� the

wire chamber hits are recorded if�

��
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Figure ����� Reconstruction e�ciencies as a function of MWPC cluster multiplicity for

a� ��s �eld down	 b� ��s �B���
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Kaon vertex distribution
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Figure ���
� Vertex distribution of a� Monte Carlo Ks and b� Monte Carlo Ks after

passing through the analysis chain	 the dots represent real data�

� the vertex lies in the region ��� 	 x� 	 �� cm�

� the rapidity distribution is �at� in the range 
�� 	 YLAB 	 ��
�

� ��	 	 pT 	 ��	 GeV�c�

� the V �s momentum is 
 ��� GeV�c�

� the � decay tracks trace through A� and A� but not within � cm of the edge

of the active region of the chambers�

The Monte Carlo particles are then merged with real data� and fed through the

normal analysis chain� the reconstruction e�ciencies are again found by dividing the

wire chamber multiplicity of the events which pass through the analysis chain with

the wire chamber multiplicity obtained from the Monte Carlo kaons before entering

the analysis chain� The reconstruction e�ciencies are shown in �gure ���� a� K�

�normal �eld�� b� K� �normal �eld� c� K� �inverted �eld� and d�K� �inverted �eld��

��
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��	 Further corrections to the data

At the end of chapter � it was mentioned that a further correction had to be applied

to the 
 data� this is a correction that has to be made to take account of the fact

that some of the 
s reconstructed will not come from the target but from � decays�

This is known as feed�down� This contamination of 
s �
s� from � ��� decays may

be quite large for the following reasons� The decay region for 
 decays is some ���

cm from the target� and almost all the �s produced at the target will have decayed

into 
s before reaching this region� Furthermore when a �� decays into a 
 and ���

the 
 being much heavier than the �� will carry much of the momentum of the ���

and will thus point back towards the target becoming di�cult to distinguish from a


 created at the target� This also explains why the cut on the momentum of the V �

a�ects the kaon candidates and not the � candidates� in the kaon case its � decay

tracks will share the momentum approximately equally� and the reconstructed V �

will only therefore carry about two thirds of the momentum� which will be below

��� GeV�c for many of the kaon candidates�

In order to calculate this contamination a sample of Monte Carlo ��s are gener�

ated and merged with real data as when calculating the reconstruction e�ciencies�

with a transverse mass distribution given by

�

m
�
�

T

dN

dmT
� exp��mT�

the composite events are then processed by TRIDENT� STRIPV	 and the analysis

programs� the amount of contamination is then given by�

contamination �
n�real

n�gen 	 

	 n�feed�down 	 	����

n�real
�

where the factor
n�real
n�gen

normalises the Monte Carlo data and the factor 
 takes

account of the fact that the Monte Carlo particles were generated in the upper

hemisphere only� and the factor 	���� takes account of unseen decay modes� Con�

tamination from ��s is calculated in the same way and normalised assuming that

the number of ��s produced at the target is the same as for ��s� The contamination

of 
s from � decays is estimated in a similar manner�

��



It is found that about �� of the 
 sample originate from �� decays and about

��� from �� decays� whilst the 
 sample is contaminated by about ��� from ��

decays and about 
�� from �� decays�

��
 Summary

The reconstruction e�ciencies as well as the acceptances have been calculated for

the di�erent particle species recorded by WA�� in the ���� sulphur�sulphur run�

The e�ciencies are found to be similar for particle and antiparticle� �eld up and

�eld down� with the e�ciencies varying between ��� and �	� for lambdas and

between �	� to 
�� for �s and kaons� in the multiplicity region of interest� i�e� �

to 
	�

The feed�down of lambdas from xi decays has also been calculated and there is

found to be an overall contamination of � ��� for 
s from �� and �� decays and

� ��� for 
s from �� and �� decays�

The corrections to the data have now been calculated and in the next chapter

corrected particle yields and distributions are presented for the ���� sulphur�sulphur

run�

�




Chapter 	

Corrected particle ratios and MT

distributions

In ���� �		 million triggers were taken by WA�� involving sulphur�sulphur interac�

tions at 
		 GeV�c per nucleon� The raw yields from these data are shown in table

���� where the unambiguous lambdas are given in brackets�

The corrections to this data to take account of the e�ciencies and limited phase

space covered by the WA�� detectors� as well the contamination of lambdas from

xi decays has been calculated and in this chapter the relative yields of the di�erent

particle species observed by WA�� are presented and discussed� the transverse mass

distributions of these particles are also presented�

	�� Corrected particle yields

The relative yields for strange and multistrange baryon and antibaryon production

have been studied by WA�� �sulphur�tungsten interactions�  
�!� NA�� �sulphur�lead

interactions�  
�! and now WA�� �sulphur�sulphur interactions�� The corresponding

ratios obtained are given in table ��
� with their respective acceptance regions� These

ratios have all been corrected for feed�down and it can be seen that the strangeness

yield ratios obtained by WA�� are very similar to those obtained by WA�� in an

equivalent centre of mass rapidity interval� The NA�� ratios are all lower than

��



Table ���� Raw yields of strange and multistrange particles and antiparticles obtained by

WA�� in the ���� sulphur�sulphur run�

Particle Raw yield


 ����	 �
�����


 ��	�� ������

�� ���

�� 
��

K� ��	

K� 
	


those obtained by WA�� and WA��� but care should be taken when comparing

these ratios as they used a slightly less central trigger than both WA�� and WA��

and as the individual rapidity distributions are not uniform the di�erence in the

rapidity intervals has to be taken into account�

Theoreticians prefer to parametrise the ratios in terms of the transverse mass�

mT � instead of pT � Therefore WA�� and WA�� have calculated the relative hyperon

yields in the central rapidity region withmT 
 ��� GeV� These are shown in table ����

Also for ease of comparison with other experiments the ratios have been calculated�

like WA��� in the region ��	 	 pT 	 
�	 GeV�c� These are also shown in table ���

as well as in �gure ��� which shows the WA�� values along with WA�� and other

published data for e�e�  ��!� pp  ��! and pp  
�!� Whilst the ���
 ratio is similar

to those obtained for non heavy ion interactions� the ���
 ratio �	�
	 � 	�	
� is

about � standard deviations larger than the value �	�	��	�	
� obtained by the AFS

collaboration in pp interactions�

One should note that in a �xed kinematic window only three of the four ratios


�
� ������ ���
 and ���
 are independent� since the fourth can be estimated

as for example

��



�

��



	 




	 ��

��
�

There are usually several parameters to be �tted in a model  ��! for chemical

��
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Table ���� Relative strange particle yields obtained by WA�� �S S� and WA
� �S W� in

the given interval�

WA�� WA��


�� 	 YLAB 	 ��	 
�� 	 YLAB 	 
��

Ratio mT 
 ��� GeV


�
 	�

 � 	�	� 	�
	 � 	�	�

����� 	��� � 	�	� 	��� � 	�	�

���
 	��� � 	�	� 	��� � 	�	�

���
 	��� � 	�	� 	��	 � 	�	�

Ratio ��	 	 pT 	 
�	 GeV
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Figure ���� ��
� and ��
� ratios for di�erent experiments	 including the WA�� points�
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equilibrium �e�g� the baryochemical potential �
b�� the strangeness chemical poten�

tial �
s� and the temperature �T ��� Therefore� in order to constrain the models it is

desirable to determine more ratios under the same centrality conditions� Kaons may

be used for this purpose  ��!� provided we can assume the freeze�out temperatures

for mesons and baryons are not much di�erent� The raw yields of reconstructed

kaons have been corrected for e�ciency and acceptance and the corrected ratios are

shown in table ���� in the acceptance window 
�� 	 YLAB 	 ��
 and ��	 	 pT 	 
�	

GeV�c� The reason for the ratio of K��us� to K��us� being greater than one could

Table ���� Charged kaon production ratios obtained by WA���

Ratio Value

K��K� ���� 	��

K��
 
��� 	��

K��
 ���� 	�


be due to the relative production of s quarks compared to s quarks being higher

than the relative production of u quarks compared to u quarks� It should be noted

that when the data is re�examined without the cut on the momentum of the V � the

acceptance window might change and the errors on the ratios will decrease due to

the higher statistics available�

	�� MT distributions

As mentioned in chapter �� transverse mass distributions can show whether the par�

ticle production can be parameterized using thermal models� if so useful information

can be gained about the approximate temperature of the source� For particles com�

ing from a wide rapidity range� the transverse mass distributions are expected to be

of the form�
�

m
�
�

T

dN

dmT
� exp��mT

��



Table ���� Inverse slopes in MeV for 
s and �s�

WA�� �S S� WA�� �S W� NA�� �S S�


�� 	 YLAB 	 ��	 
�� 	 YLAB 	 
�� 	�� 	 YLAB 	 ��	

Particle ��	 	 pT 	 ��	 GeV�c ��	 	 pT 	 ��	 GeV�c 	�� 	 pT 	 
�	 GeV�c


 
�� � � 
�
 � � 
	� � ��


 
	� � � 
�	 � � ��	 � 
�

�� 


 � �	 
�� � �� )

�� 
	� � �� 
�� � �� )

where � is the inverse temperature of the source and mT the transverse mass� Figure

��
 shows the mT distributions for a� 
 and �� and b� 
 and �� hyperons obtained

by WA�� in the rapidity interval 
�� 	 YLAB 	 ��	� The inverse slopes are given

in table ���� together with those obtained by WA��� shown in chapter �� and those

obtained by the NA�� collaboration for 
s reconstructed in central sulphur�sulphur

collisions  ��!� The inverse slopes for 
� 
� �� and �� hyperons are about 
	 MeV

lower than those obtained by the WA�� collaboration� The inverse slopes obtained

by NA�� for 
s and 
s are compatible with those obtained by WA���

The transverse mass distributions for charged kaons are shown in �gure ���� The

inverse slopes are shown in table ���� in the rapidity interval 
�� 	 YLAB 	 ��
 and

��	 	 pT 	 
�	 GeV�c� along with values obtained by the NA�� collaboration  ��!

for central sulphur�sulphur interactions and sulphur�lead interactions�

Table ���� Inverse slopes in MeV for charged kaons�

Particle WA�� �S S� NA�� �S S� NA�� �S Pb�

K� ��
 � 
	 ��� � � 
	� � �

K� ��
 � 
� ��	 � � 
		 � �

It can be seen that the transverse mass distributions for charged kaons recon�

structed by WA�� give inverse slopes lower than the corresponding values for �s and


s� This could be explained by secondary collisions occurring within the �reball�

��



Figure ��
� Transverse mass distributions for a� �s and ��s	 and b� �s and ��s	 obtained

by WA���

��
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producing kaons at a later time than the charged hyperons  ��!� which� due to the

system cooling as it expands� will give lower temperatures for those particles which

decouple later� This could also explain the steeper slope of K� spectra compared to

K� spectra seen in the data  ��!� as the scattering cross section of the K� is larger

and therefore they decouple from the system later than the K� and re�ect a lower

temperature�

	�� Summary

Fully corrected yields for strange and multistrange particles and antiparticles have

been presented� in particular the observation of a large value of the ratio ���


compared to other published data con�rms the values obtained previously by WA���

The inverse slopes of the mT distributions for 
� 
� �� and �� particles have been

found to be slightly lower than those observed in central SW interactions� at around


�	 MeV� Results on charged kaons have also been presented with mT distributions

giving inverse slopes of around ��	 MeV�

�	�



Chapter 


Summary and outlook

The interest in heavy ion interactions has been motivated by the prediction of QCD

that hadronic matter under extreme conditions of temperature and�or pressure

might undergo a phase transition to a Quark Gluon Plasma �QGP�� If a QGP

is produced an increase in the production of strange particles is expected�

The WA�� experiment is designed to study the production of strange and multi�

strange particles and antiparticles at central rapidity in sulphur�sulphur interactions

at 
		 GeV�c per nucleon�


�� Results

WA�� has successfully reconstructed K�� K�� 
� 
� �� and �� decays in the

di�cult environment of heavy ion interactions� WA�� has carried on the successful

achievements of WA��� which was the �rst heavy ion experiment to reconstruct

�s� and together the two experiments have over ten times the statistics on these

multistrange particles than of all the other heavy ion experiments put together�

The transverse mass distributions of the WA�� data �t well with the idea that the

particles originate from a thermal source� The inverse slopes of these distributions

correspond to about 
�	 MeV for 
s and �s� slightly lower than those obtained by

WA��� and about ��	 MeV for charged kaons�

The production ratios for ��s� 
s� Ks and their corresponding antiparticles have

�	




been obtained and the relative hyperon yields have been found to be very similar in

central sulphur�sulphur and sulphur�tungsten interactions� In particular� as observed

by WA��� the ���
 ratio is about ��
�

times larger than the value measured in pp

interactions� corresponding to a four standard deviation e�ect�


�� Future Plans

The experimental program which uses the CERN $ Spectrometer� which was started

by WA�� and followed by WA�� is now being continued by WA��  �	!� The WA��

experiment uses a lead beam with an energy of ��	 GeV per nucleon onto a lead

target� The principal aim is again to compare the production of baryons carrying one

unit of strangeness �
� with those carrying two ���� and three units of strangeness

�$���

The larger volume of dense matter produced in lead�lead interactions should

increase the likelihood for the onset of a phase transition from hadronic matter to

a QGP� The larger volume of the system will also make the lifetime of the central

�reball produced in the interaction longer� meaning more time will be available for

strangeness equilibrium to be achieved� However with the heavier projectiles comes

the problem of much larger multiplicities� An average number of some �			 charged

particles per event has been estimated for lead�lead collisions  ��!� compared to about

�		 in central sulphur�sulphur collisions� The strategy applied to overcome this is �i�

to use a restricted kinematic window� which can be moved over the required phase

space window� while retaining the advantages of low multiplicity in the detector

elements and �ii� to have a setup capable of high event rates to get good statistics

in our kinematic window�

A �rst run by WA�� took place during November and December ����� and �	

million events were recorded� The apparatus used is shown in �gure ���� The scin�

tillator petals detect tracks at backwards rapidities and are used to trigger on events

having a large overall charge multiplicity� The multiplicity in the central region is

sampled using silicon microstrips �multiplicity detectors�� The silicon telescope is ��

�	�



Figure ���� The WA�� experimental layout used in the ���� run and inset a � mass

distribution�
�	�



cm long and consists of pixels� pads and microstrips to measure tracks of particles

coming from the target in a small solid angle covering the central rapidity region�

The pad chambers located about � metres downstream from the target are used to

improve the momentum resolution and the tracking capability of the silicon tele�

scope� Tracks have already been reconstructed in this di�cult environment� and 
s

have been successfully identi�ed  �
!� as shown also in �gure ����

The heavy ion community has already joined forces in the ALICE �A Large Ion

Collider Experiment� Collaboration in preparation for lead lead collisions at the

Large Hadron Collider �LHC�� These interactions will be studied at much higher

energies� so that average energy densities well above those required for QGP for�

mation will be achieved over large volumes and detailed studies of the QGP will be

hopefully possible� These studies will provide important tests of long range QCD�

and should also give information about some crucial predictions of cosmology and

astrophysics�


�� Conclusions

The WA�� collaboration have been very successful in reconstructing strange parti�

cles and antiparticles in sulphur sulphur collisions at 
		 GeV�c per nucleon� The

relative production yields of the di�erent particles species observed by WA�� show

an enhanced production of strange matter occurring in heavy ion collisions compared

to proton�nucleus interactions�

The transverse mass distributions showed that the data �tted well with a thermal

source having a temperature of around 
		 MeV� which is about the predicted critical

temperature for the onset of QGP formation�

In ���� data was recorded using a proton beam onto a sulphur target by the

WA�� collaboration� this will provide a good comparison with results presented in

this Thesis� At the present time data is being analysed from the �rst WA�� run

using lead onto lead� while looking further ahead preparation is underway to take

advantage of the large energies available when the LHC comes into operation� The

�	�



future is indeed looking bright for those whose goal is to recreate what could have

been the state of the early universe� the QGP�

�	�



Appendix A

The Butter�y Geometry

The position of impact of tracks on the detector planes is considered� The method

described here considers a particle of momentum p � �pL� pT � in the laboratory and

p� � �p�L� p
�
T � in the centre of mass frame� where pT � p�T � It assumes the following�

� pL � pT � �for trigger particles 	 pT 
� �GeV�c�	 pL 
� �	GeV�c��

� � � �� � � �	�

� rest mass m may be neglected �p � �	GeV�c��

The laboratory scattering angle of a particle is given by�

� � pT�pL


 � � p�T
��p�L � �E��


 � � �

��� � p�L�p
�
T �

�A���

In the centre of mass frame the rapidity� Y � is given by �

Y � �
�



ln
E� � p�L
E� � p�L


 sinh�Y �� �
p�Lq

E�� � p��L

sinh�Y �� � p�L
p�T

�A�
�

�	�



Substituting �A��� into �A�
� gives�

� � �

�f� � sinh�Y ��g � �A���

Hence particles of a given Y � correspond to a circle of hits on the detector planes�

The e�ect of the Omega magnetic �eld is then to de�ect charged particles� Since

the magnetic �eld is in the vertical plane the amount of de�ection is determined by

the momentum component in the horizontal plane� i�e� essentially by pL�

This is the basis of the design of the butter�y system� Figure 
�� shows the loci

of hits of particles with a given pT � the envelopes of these loci form the characteristic

butter�y shape� Particles of a lower pT cannot enter the shaded butter�y regions

shown in �gure 
���

�	�



Appendix B

Armenteros Plots

PT(+)

PT( -)

PL( -)

PL(+)

PV

(a)

φ

θ

PV P  (+)

P (-)

∗

∗

∗

∗

(b)

P (-) = P (+) = P∗ ∗ ∗

Figure B��� Schematic representation of a V � decay in a� the lab frame and b� the centre

of mass frame of the V � decay�

Figure B��a shows the decay of a V � into a positive and negative particle� with a

combined momentum pL in the direction of motion of the V � and transverse mo�

mentum of pT � In the centre of mass frame� �gure B��b� the momentum components

are thus�

p�L��� � p� cos ��

p�T ��� � p� sin ��

�	�



E���� �
q
p�� � m�����

To transform to the lab frame one uses Lorentz transformations� which in matrix

form are given by  �!

�
B�

E

pL

�
CA �

�
B�

� ��

�� �

�
CA

�
B�

E�

p�L

�
CA � p�T � pT

where � � ��
p

�� �� and � is the velocity of the lab in the particles rest frame�

This gives

ELab��� � �E���� � ��p�L���

pLabL ��� � �p�L��� � ��E���� � �p� cos �� � ��E����

pLabT ��� � p�T ��� � p� sin ��

i�e�

pLabL ��� � �p� cos �� � ��E����

pLabL ��� � �p� cos �� � ��E����

therefore

pLabL ���� pLabL ��� � 
�p� cos �� � ���E����� E�����

pLabL ��� � pLabL ��� � pLabL � ��m�
V �

The Armenteros � is de�ned by  �
!

� �
pLabL ���� pLabL ���

pLabL ��� � pLabL ���
�


p� cos ��

�m�
V

�
E����� E����

m�
V

� � cos �� � �

therefore

cos �� �
� � �

�
sin �� �

p�T
p�

cos� �� � sin� �� � � � �
�� �

�
�� � �

p�T
p�

���

This is an equation of an ellipse with centre ���	� and semi axis in � of length ��

and in pT length p�� Table B�� shows the value of these variables for the decays of


s� 
s and K�s� whilst the theoretical plots for 
s� 
s and K�s are shown in �gure

B�
�

��	



Figure B�
� Podolanski�Armenteros regions for di�erent V � candidates�

Decay � p� �GeV�c� �min �max �

K�
S � ���� 	��
�
 	�
	� �	��
� �	��
�
 	�


 � p�� 	���� 	��	� �	���� 	���� 	����


 � p�� 	���� 	��	� �	���� �	���� �	����

Table B��� Armenteros quantities�
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Appendix C

Acceptance Tables

The geometrical acceptances of unambiguous 
s �	��� 	 j�j 	 	��	�� ��s and K�s

for the experimental layout and trigger used in the WA�� ���� sulphur�sulphur

run are given in the following tables� as a function of rapidity� YLAB� and pT � The

acceptances of the corresponding antiparticles are the same due to the symmetry

of the magnetic �eld and apparatus� Unseen decay modes and decays outside the

�ducial region are included in the acceptance tables�

��




Table C��� Acceptances for �s produced in S S interactions �in percent��
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Table C��� Acceptances for K�s produced in S S interactions �in percent��
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Appendix D

MWPC e�ciencies for the ����

ions run

Results of the calculations of the chamber e�ciencies for the A chambers from the

WA�� ���� sulphur�sulphur run are presented�
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