Measurements of A, A and K2 from Pb-Pb
Collisions at 158 GeV per nucleon in a Large

Acceptance Experiment.

Lee Stuart Barnby

Submitted for the Degree of Doctor of Philosophy

The School of Physics and Astronomy,
Faculty of Science,

The University of Birmingham,
June 1999



Synopsis

The main reason for studying relativistic heavy-ion collisions is to discover
the phase transition from nuclear matter to the Quark-Gluon Plasma. Such
a transition is predicted to occur under conditions of high temperature
and density. The predicted state features deconfined quarks and gluons as
the relevant degrees of freedom instead of colour-singlet hadrons. These
new degrees of freedom should lead to an enhanced production of strange
guarks which has directly observable consequences on the composition of
the final state hadrons detected in such a collision.

The NA49 experiment is able to measure hadronic production in central
Pb+Pb collisions. It uses a Pb beam, of energy 158 GeV per nucleon, from
the CERN SPS with a fixed Pb target. The experiment features four large
tracking detectors which can measure the trajectories of charged particles.

In this thesis the method of reconstructing neutral strange particles, A,A
and K¢ from their charged decay products is described. The procedure for
correcting the raw yields for losses due to the limited experimental accep-
tance and efficiency in reconstruction is explained. An estimate of some
systematic errors is made. The resulting rapidity distributions, which span
either side of mid-rapidity are peaked (with the possible exception of A)
and the transverse momentum spectra fit the Hagedorn distribution. The
inverse slope parameters, 7, = 274 + 5 MeV, Ty = 279 + 10 MeV and
Tk = 238 &+ 5 MeV are consistent with the picture of transverse flow ob-
served in these collisions. These results are compared with other measure-
ments.
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Chapter 1

Introduction to Relativistic
Heavy-ion collisions

The main motivation for the study of relativistic heavy-ion collisions is to
probe nuclear matter under extreme conditions of temperature and den-
sity. Experiments are performed with the hope of creating an entirely new
form of matter and observing it in the laboratory. This new form of matter
is the Quark-Gluon Plasma (QGP), which according to predictions, will be
created by combinations of high temperatures and densities. The QGP is
the nuclear matter analogue of the plasma phase in ordinary atomic mat-
ter. In the QGP the quarks, which are the constituents of the nucleon, are
no longer confined to the nucleon and exist as bulk quark matter. Experi-
ments have been and are being performed at a range of energies in order
to sample several different points on the phase diagram for strongly inter-
acting matter and hopefully locate the phase transition between the quark
and hadronic matter phases. It is believed that this transition must have
occurred in the early universe. Phase transitions are many body effects
and symmetries are restored on the higher temperature side of the transi-



Symbol | Name | Mass | Charge | Quantum no.
u up 300 MeV +§ I3 = +%
d down | 300 MeV | -2 I=-1
S strange | 500 MeV | -2 S=-1
c charm | 1.2 GeV +2 C=+1
b bottom | 4.2 GeV —g B=-1
t top 170 GeV +2 T=+1

Table 1.1: The six quark flavours and their approximate constituent masses.

tion. For these reasons it is interesting to investigate QGP formation. This
first chapter serves to introduce some of the concepts and terms used in
the study of heavy-ion collisions and the QGP and review the signatures
which may reveal its existence.

1.1 The Quark Model

The quark model describes nucleons and other hadrons as consisting of
guarks. Baryons, of which the nucleons are two examples, are made up of
three quarks whereas mesons, such as pions, consist of aquark and an anti-
guark. All hadrons, particles which are affected by the strong force, are
thought to be combinations of three quarks, three anti-quarks or a quark
with an anti-quark. The hadron spectrum can be accounted for by six
flavours of quarks, which are listed in table 1.1 with their quantum num-
bers. The two most massive quark flavours do not feature in heavy-ion col-
lisions, at the energies presently available, due to their high masses.

Quarks are created in quark-anti-quark pairs of the same flavour.
Flavour is conserved in the strong interaction but not in weak decays which
occur on a much longer time-scale. Some mesons and baryons with their
guark content are shown in figures 1.1 & 1.2.
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Even after taking into account the spin of the quarks it would appear
that some hadronic states, such as the A*t*, violate the Pauli exclusion prin-
ciple. This resonance consists of three « quarks and has a spin of 2 so all
three quarks appear to be in identical quantum states. This leads to the
introduction of a further quantum number which can take on three val-
ues for quarks (plus three opposite values for anti-quarks). This quan-
tum number is labelled colour and the values have become known as red,
green and blue. Thus, in the A** resonance the three v quarks each have a
different colour quantum number. The complete Standard Model also in-
cludes the leptons and the bosons which mediate the forces. One of these
is the gluon which is exchanged in the strong interaction just as electro-
magnetic interactions exchange photons. However, unlike the photon, the
gluon carries the quanta of the force it is mediating. That is to say glu-
ons have colour charge whereas photons do not possess electromagnetic
charge. This property means that the gluons can interact amongst them-
selves leading to qualitative differences between the strong and electro-
magnetic forces. There are in fact an octet of gluons carrying the differ-
ent combinations of the colour charge, rb, rg, bg, b7, ¢b, g7 and the mixtures
(rr — gg)/v/2,and (rr + gg — 2bb)/+/6. This scheme allows a quark of any
colour to interact with another by exchanging the appropriate gluon.

1.2 The Strong Interaction

A description of the interaction between quarks and gluons is provided by
Quantum Chromodynamics (QCD). It is from the study of QCD that the
interesting and novel features of strongly interacting matter are predicted.
The strong interaction is in fact rather weak at short space-time intervals, or
equivalently large momentum transfers, because the coupling “constant”

decreases logarithmically. This property is called asymptotic freedom. At



large distances, which in this case means distances larger than the order of
1 fm, the effective coupling becomes larger which leads to the phenomena
of chiral symmetry breaking and confinement.

Quark confinement is modelled by the MIT Bag Model [1]. In this model
the confinement results from the vacuum which provides a pressure to con-
tain the quarks inside the hadron. Consequently the vacuum must have a
non-zero energy density, ¢, since for an ideal gas P = ic where P is the
pressure. Alternatively, one can look at this phenomenon from the point
of view of energy required to separate two quarks. This energy increases
linearly with the distance between the quarks so that an infinite amount
of energy is required for full separation. However, if enough energy is put
into separating them then this energy is used to create a new ¢q pair. The re-
sult is again quark confinement. Asymptotic freedom may be understood
by two simple qualitative pictures. Firstly, a quark with a colour charge
has its charge screened due to the polarization of the virtual quarks and
gluons near it, which results in the reduction in the strength of the interac-
tion between the quark and a nearby test colour charge. Secondly, at high
densities the hadrons must begin to overlap and lose their distinct identi-
ties. Since on the one hand quarks are confined to hadrons but on the other
they can be quasi-free these represent two distinct phases and it is to be ex-
pected that there must be some transition between them.

Analytical calculations of the properties of QCD are only possible in the
high momentum transfer (Q?) case where it is possible to utilize the meth-
ods of perturbation theory to obtain quantitive results. This approach is
certainly not applicable to the energies available to current heavy-ion ex-
periments although it has provided a successful route to calculating hard
processes in high-energy elementary particle collisions. Inthe non-perturb-
ative regime calculations are restricted to numerical simulations on a dis-
crete space-time lattice and even these are limited in their applicability.



1.2.1 Lattice Calculations

These numerical calculations are based on a 4D space-time lattice. This is
similar to the Ising Model for magnetization in that the simulation sets up
particles at lattice sites and calculates the Hamiltonian or action between
them. The difference is that lattice spacing can be varied since it does not
correspond to a physical lattice. The numerical technique relies on im-
portance sampling so that not all configurations must be calculated. The
guarks are situated on lattice sites and the gluons link them. For non-zero T
a 3+1D lattice is used. Calculations at zero chemical potential are the most
successful. Parameters for the calculation include temperature, T, chemi-
cal potential ¢ = 0, the number of quark degrees of freedom and the num-
ber of colours, which is set to the physical value of three for calculations
at © = 0. For no quark degrees of freedom (the quenched approximation)
a very precise result is possible giving a critical temperature for the phase
transition to deconfinement, 7. = 270 MeV. For a finite number of light
quarks, usually 2 or 4, a lower value of 7. of around 140-160 MeV [2] is ob-
tained. Some systematic effects remain to be studied though, such as the
effects of the size of lattice, the lattice spacing and quark masses. At finite
chemical potential, which corresponds to the situation in present experi-
ments, calculations are technically much more difficult. Work is at quite
an early stage and involves using only two colours to try to obtain qualita-
tive results. Only the point for the transition at a zero chemical potential is
therefore well known. The order of the transition can also be found from
calculations. A recent suggestion [3] has been to try to locate the tricritical
point at which the order of the phase transition changes.



1.3 Conditions in Heavy-lon Collisions

Having established, theoretically, the possible existence of a deconfined
phase, it is necessary to have some idea whether the conditions achieved
in a heavy-ion collision are at least approaching those necessary for its for-
mation. In particular a way of selecting those collisions in which the largest
amount of energy is transferred from the initial nuclei to the collision sys-
tem is required. The energy density and temperature can then be esti-
mated, making use of the kinematic variables defined in appendix A.

1.3.1 Centrality

The centrality is used to choose those collisions where the most energy is
deposited in the reaction. For instance, a 10 % centrality cut means select-
ing the 10 % of the inelastic cross-section with the largest amount of energy
deposited. There is a relationship with the impact parameter in that the
most central collisions have an impact parameter approaching zero. The
impact parameter is simply the geometrical distance between the centres
of the nuclei in the collision. This leads on to estimating the amount of en-
ergy lost by the incoming nuclei in collisions.

1.3.2 Stopping and Energy Density

The maximum energy density achieved in collisions is linked to the stop-
ping of the initial baryons. In the calculation by Bjorken [4] stopping is not
assumed and the nuclei pass through one another leaving behind a region
from which particles are produced. The calculation leads to an expression
for the energy density, ¢, of

fma)
T()A dy

(1.1)



where A is the overlapping area of the colliding nuclei, (my) is the aver-
age transverse mass, % is the rapidity density, 7, is a proper time which
is estimated to be 1 fm/c and corresponds to the formation time and nat-
ural units with ¢ = 1 are used. Bjorken performed the calculation for p+p
data from the Intersecting Storage Rings programme but it is now possible
to substitute the experimentally determined values for Pb+Pb collisions at
158 A.GeV/c. An estimate for the energy density of 3 GeV/fm® has been
obtained [5] by rewriting equation 1.1 in terms of the transverse energy, £r
per unit rapidity,

N dEr
T()A dy
where % is the number of incident nucleons per unit area.

(1.2)

The energy density for a system of quarks and gluons is calculated from
the equation of state and is given by,

€= (ﬁ)él GeV/fm?® (1.3)

which for critical temperatures of around 160 MeV yields 1 GeV/fm’.

It seems likely then that the temperatures achieved in heavy-ion colli-
sions, at least at SPS energies, are in the correct range for trying to observe
the phase transition between hadronic and quark matter.

1.4 Experimental Programmes

The main experimental programmes investigating quark-gluon plasma
formation via heavy-ion collisions are at the AGS at BNL and the SPS at
CERN. Recently attempts have been made to include analyses of the data
from the lower energy SIS at GSI. These programmes have used heavy-ion
beams with fixed targets. In the very near future collider experiments, be-
ginning with the RHIC programme at BNL will commence. They will in-
crease the available energy in the centre-of-mass by an order of magnitude.



Site | Accelerator | Beam Energy GeV | Beam Species | /s, GeV
GSI SIS 0.8-1.9 Ni,Au 15-2.1
BNL AGS 14.6 Si 5.4
2.0-11.6 Au 2.2-4.8
CERN SPS 200 S,0 19
158 Pb 17
(40,80?) Pb (8.7,12)
BNL RHIC 30-100 Au 60-200
CERN LHC 3000 Pb 6000

Table 1.2: Current and planned experimental relativistic heavy-ion facili-
ties with the centre-of-mass energy per nucleon-nucleon collision, /s .

In the more distant future one heavy-ion experiment will run at the LHC
at CERN. The energies and beams used in these programmes are summa-
rized in table 1.2.

1.5 Thermal Models

In the previous sections the language of thermodynamics has been em-
ployed by the use of phrases such as phase transition, temperature and
equation of state. Such terms are, strictly, only applicable to macroscopic
systems. However, in relativistic heavy-ion collisions there are up to
around 400 nucleons in the case of a Pb+Pb collision and, at most, thou-
sands of produced particles so this condition is not fulfilled. The determi-
nation of a common temperature for the produced particles would imply
that some kind of equilibrium has been achieved. Nevertheless, thermo-
dynamic models are used for heavy-ion collisions.

It is hoped that by performing experiments with different energies and
also, though perhaps less importantly, different collision systems, several

9
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Figure 1.3: The phase diagram for QCD with experimental data points
(taken from [6]).

points of the phase diagram for strongly interacting matter may be probed.
It has become usual to show a phase diagram as a function of two vari-
ables, temperature T and chemical potential 4. Chemical potential is a less
familiar thermodynamic variable because it is not used in the study of sys-
tems where the particle number is fixed, such as a gas confined to a box. In
a quark-gluon plasma or hadron gas system particles can be created from
energy, providing the relevant quantum numbers are conserved. In partic-
ular a quark-anti-quark pair can be created. The chemical potential is the
difference between the energy required to introduce a particle and its anti-
particle. Thus, in systems where there are equal numbers of quarks and
anti-quarks there is no difference in the energy cost of introducing quarks
or anti-quarks and the quark chemical potential is zero.
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In nuclear collisions there are an excess of quarks so the chemical po-
tential becomes non-zero. The amount of stopping in the collision deter-
mines the value of the chemical potential in the region near mid-rapidity
from which the produced particles emerge. Higher energy collisions have
less stopping, due to the onset of transparency, and so have a lower chemi-
cal potential. Figure 1.3shows, schematically, the quark and hadron phases
with some experimental points. In a thermal model particle distributions
are governed by modified Fermi statistics. For an ideal gas of particles in
thermal and chemical equilibrium the number, N; of a particle species, can
be found using the equation,

giV _E. .
Ni= G [ diper Tt (1.4)

(
where ; is the chemical potential of the species, V is the system volume, T
is the temperature and ¢; is a degeneracy factor. An analysis based on this
has been applied to many collision systems from ¢" ¢~ and pp to Pb+Pb with
reasonable success by Beccatini [7]. This type of thermal behaviour may
simply be the statistical filling of phase space at hadronization. The ques-
tion is whether equilibrium is established in each collision system. The
equilibria considered are thermal, governing particle momenta and chemi-
cal governing the fireball composition. Also, the equilibrium may be local,
pertaining to part of the longitudinal phase space or, global.

A model has been developed by Rafelski [8] which includes the effects
of non-equilibrium of quark flavours. Many particle yields and ratios can
be reproduced by the model. It does, however, take advantage of being
able to use data already gathered to find the parameters. However, the
number of parameters is relatively low.

A thermal model analysis has also been done by Cleymans [9]. This
model explicitly includes conservation laws so that quantum numbers are
conserved. He finds that a common chemical and thermal freeze-out de-
scription can be used at energies from /s = 2 to /s = 19 GeV.
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Another part of his work stresses the importance of using ratios of par-
ticles extrapolated over y — p, phase space to simplify the extraction of the
T and i parameters [10]. By doing this many of the effects which make the
analysis more complicated, such as the excluded volume correction, super-
position of fireballs and the effects of flow, cancel out in the ratio.

1.6 Signals for QGP formation

The problem of observing the quark-gluon plasma is that the final state
products observed in the experiment have returned to the non-plasma
phase via a hadronization process. Therefore, for any proposed signature
of QGP formation to be detected experimentally it has to be able to survive
the hadronization stage. It should therefore not solely involve the strong
interaction otherwise it may well be obscured from observation. The pro-
posed signatures rely on the fact that, once created, they are modified only
in electromagnetic and weak interactions or are dynamical observables.

1.6.1 Electromagnetic Probes

Electromagnetic signals survive because they do not interact strongly and
escape from the fireball during its evolution. Both photons and dilepton
pairs are such signals. The rate of production and the momentum distribu-
tion of photons reflect the momentum distribution of quarks and gluons in
the plasma. The difficulty comes in separating these thermal signals from
the background processes. Dilepton pairs can be formed from the decay of
virtual photons and these too have many competing backgrounds which
make experiments difficult. The reason for this is that both photon and
dilepton backgrounds are generated via mesonic resonances which may
themselves exhibit unusual behaviour even in an hadronic scenario. Ex-
periments looking at photons have reported a small excess signal [11] or

set limits on the size of the excess [12].
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1.6.2 Strangeness

The amount of strangeness produced in collisions is a promising signal
for deconfinement [13]. The strangeness content survives because of the
timescale for weak decay. Therefore, in terms of a collision, strange quarks
are stable. The simplest argument is that there is a different threshold for
strangeness production in the deconfined phase. This is because in this
phase ss pairs can be directly produced at an energy cost of only twice
the strange current quark mass, 300 MeV. These strange quarks are then
contained in the hadrons at hadronization. However, creation of strange
hadrons via hadronic channels requires more energy, for example;

p—|—p—>p—|—A—|—[&’+ (1.5)

p—|—p—>p—|—p—|—K—|—A (16)

These processes require 675 MeV and 2230 MeV respectively which demon-
strates that several times more energy is required to produce A and A in the
final state if there is no intervening deconfined state. Later work focussed
on contributions from ¢ — s3 and related processes as a way of producing
ss pairs more quickly. [14]. An enhancement over ete™ and pp collisions
is seen in nuclear collisions. However, the enhanced yield may be a conse-
guence of the nature of nucleus-nucleus collisions with each nucleon suf-
fering multiple collisions and there being collisions between them and the
produced particles. This may well lead to more opportunities to increase
the strangeness content via hadronic channels. The situation is not as clear
cut as once thought and depends on the details of calculations. Particu-
lar interest has focussed on strange anti-baryons as these contain only the
newly created anti-quarks. Models have been developed using novel pro-
duction mechanisms such as colour ropes [15] and double string formation
and fragmentation [16] as a way of reproducing anti-baryon yields. Within
the thermal model yields of strange particles can be reproduced by the in-
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troduction of a new parameter, ~,, the strangeness saturation factor. This
takes account of the incomplete chemical equilibrium between strange and
non-strange quarks. The parameter is incorporated into the thermal model
such that the yield of a strange particle is proportional to  exp % instead
of exp %, as in equation 1.4. The distribution of strange quarks amongst
the different hadronic species is however at the equilibrium value, a con-
dition known as relative chemical equilibrium. This is due to the fact that
strangeness exchanging reactions are relatively quick.

Parameters in the thermal model may be determined experimentally by
taking the ratio of particle yields. Many of the factors which determine the
yield cancel in the ratio leaving only the various fugacities, defined by A =
exp %. The saturation factor, v, also remains if the ratio is between particle
species with different |S|. For example the ratio, £ is given by,

A A
VAL s As
where A, is a generic fugacity used for both u and d quarks. By taking

(1.7)

[1]

an appropriate number of different ratios all of the parameters can be de-
termined. A value of v, ~ 1 is thought to favour a QGP interpretation
whereas a lower value favours a purely hadronic explanation, since the
equilibration time is much longer in a hadronic system.

There have been a large number of experiments which have collected
data on strange hadron production. Rather than make detailed compar-
isons for each species it is simpler to look at the overall trends from the data.
Itis possible to get a good estimate of the overall strangeness content of the
produced particles by looking at quantities derived from the total number
of kaons. This is because the sum of the charged and neutral kaons contain
~ T70% of the total strange quarks and anti-quarks. Strangeness enhance-
ment in heavy-ion collisions in comparison to p-p and p-nucleus collisions
isshown in figure 1.4. The data were all acquired at SPS energies. The plot-
ted quantity is the sum of all the kaon multiplicities, K, K, and 2K to
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Figure 1.4: The dependence of the £ ratio, defined as the sum of multiplic-
ities of all kaons divided by all pions, on the number of participants (taken
from [18] which contains the references to the original data).

account for the unmeasured K¢, divided by the sum of the pion multiplic-
ities, 7 and =¥ against the number of participant nucleons. The value for
A+A collisions is roughly twice that for p+p and p+A collisions. In a sim-
ilar analysis [17] the quantity Fs is constructed using,

g B @ +(A) (1.8)

where (K + K) is the sum of the kaon multiplicities, (7} is the sum of the

pion multiplicities and (A) is the A multiplicity. This quantity is designed
to account for most of the strangeness in the collision. It is shown to be en-
hanced in A+A collisions over N+N collisions at energies of 4.5 GeV, 11.6-
14.6 GeV and 200 GeV. The dependence of Fs on the collision energy is also
found to be qualitatively different. For heavy-ion collisions there is initially
a steep increase on the ratio up to AGS energies after which it appears not
to increase strongly with energy, whereas for p+p collisions the value is still
rising at SPS energies (although it is still numerically lower). Location of

15



the energy at which the behaviour changes would be interesting.

1.6.3 Charmonium Suppression

The yields of the bound cc states, /¥ and ¥, have been predicted to be
suppressed by the formation of a deconfined state [19]. This is due to them
“dissolving” in the plasma, where the effects of colour charge screening
cause disassociation. Experiments NA38 and NA5O, have studied .J/ ¥ pro-
duction in S-induced and Pb-induced reactions respectively, at SPS ener-
gies. The results from NA38 [20] show a suppression of the .J/¥ which
can be accounted for by nuclear absorption in a continuation of the trend
from lighter systems. However, results from NA50 Pb+Pb collision data
[21] show an extra anomalous suppression. This result has created a great
deal of interest and there have been attempts to model the data and ex-
plain the effect theoretically. Some models do not require the formation
of a deconfined state in order to reproduce the data. As an example refer-
ence [23] models .J/¥ production by a nucleon-nucleon cascade followed
by breakup whilst in the excited cc states (which have larger absorption
cross sections) and a final state interaction with co-moving mesons. This is
able to describe the experimental data. The development of these models
does not rule out the existence of a QGP phase but removes the necessity of
one in describing the data. The reported experimental effect remains and
has been verified by a higher statistics analysis [22] showing the onset of
the anomalous suppression moving from peripheral to central Pb+Pb col-
lisions.

1.6.4 Event-by-Event Fluctuations

In the region of a phase transition, phenomena develop on a larger length
scale than typifies the behaviour in the phases either side of the transition.
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This type of behaviour may be compared with the boiling process in water
where the bubbles formed are many orders of magnitude larger than the
inter-molecular distances. Large fluctuations in certain observables might
therefore be expected at the QCD phase transition. It is possible to search
for these event-by-event fluctuations by looking for non-statistical devia-
tions in distributions of events when compared to events constructed by
combining particles from the event ensemble. The variation in mean p, is
one example of such an observable. This type of dynamical fluctuation is
not necessarily removed by the hadronization process. It is essential that
an experiment searching for event-by-event effects has a large acceptance
in order to have a high sensitivity. There is however evidence for the ab-
sence of such effects [24]. The same experiment has also made a prelim-
inary study of the % ratio, presented in [25], which again failed to show
any significant variation beyond that expected statistically.

1.7 Work Presented

In this thesis the work done in analyzing the data for |S| = 1 strange parti-
cle production within the NA49 experiment is presented. The NA49 exper-
iment is a large acceptance hadron spectrometer which enables measure-
ments of several strange and non-strange particles, emerging from the col-
lision, to be made. It operates at the SPS at CERN. The strangeness content
is of particular interest since this is newly created in collisions. The singly
strange particles carry most of the strangeness produced in the collision so
measurements of these give a good indication of the total strangeness con-
tent, which is an indirect signal of deconfinement, as was explained in sec-
tion 1.6.2. Measurements of strange particle production also contribute to
the wider set of data which are needed in order to place the collision sys-
tem studied on the phase diagram by finding the ratios from which T and
w can be determined.
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Chapter 2

The NA49 Experiment

2.1 Overview of the Experiment

The NA49 experiment operates at the CERN Super Proton Synchrotron
(SPS) facility. It is a fixed target experiment designed to study heavy-ion
collisions using a Pb beam, with energy 158 GeV per nucleon, on a Pb tar-
get. The main emphasis of the design is a large acceptance measurement
of hadronic production in the collision system. The principal data taking
effort is concentrated on central Pb-Pb collisions where QGP formation is
most likely. Data taking started in the Autumn of 1994 when the experi-
ment was partially assembled. The data presented in this thesis was col-
lected in the Autumn 1995 run. Pb-Pb data has been taken each Autumn
since, with the exception of 1997 when a fire caused a re-scheduling of the
beam time, and is planned to continue until 2000. In addition to the main
data taking effort, non-central Pb-Pb, proton-proton and proton-Pb colli-
sions at a beam energy of 158 GeV have been studied and it is possible
that other lighter nucleus-nucleus collision systems or lower beam ener-
gies may also be studied.

The experimental apparatus consists of several detectors (figure 2.1)
which complement each other in their acceptances and the aspects of the
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collision which they allow to be studied. Of the main tracking systems,
working downstream from the target, the first are the two Vertex Time Pro-
jection Chambers (TPCs) known as VTPC1 and VTPC2. They are situated
within magnetic fields, provided by two large super-conducting magnets,
of 1.5 Tand 1.1 T respectively. Next are the two large Main TPCs (MTPCs),
one either side of the beam, known as MTPC-L and MTPC-R. The TPCs are
of amodular construction with the MTPCs each having 25 sectors arranged
in a five by five grid and the VTPCs have six sectors arranged as shown
(figure 2.1). Behind the MTPCs are the Time of Flight (TOF) walls and af-
ter these are the Ring Calorimeter (RCAL), which measures the transverse
energy production and the Veto Calorimeter (VCAL) which forms part of
the trigger. Upstream of the target are several smaller detectors used for
triggering. In the NA49 coordinate system the z-axis is defined along the
nominal beam direction with the beam particles travelling in the positive z
direction. They-axisis vertical with up being positive, and the x-axis forms
aright-handed coordinate system with these two axes. The origin is at the
centre of Vertex Magnet-2.

The basic idea of this layout is that the charged final state particles are
separated in the magnetic field, which enables their charge and momen-
tum to be determined by examination of the track curvature in the VTPCs.
The MTPCs may be used for £ measurements in the relativistic rise region
which, in conjunction with TOF measurements, allow particle identifica-
tion to be performed. The MTPCs are also used to study charged particle
production in the forward rapidity region. The momentum can be found if
it is assumed that the tracks originate from the primary interaction vertex
which defines their trajectory through the magnetic field. This assumption
is not valid for secondary vertex tracks, the daughters of weakly decaying
particles.

A large fraction (=~ 80%) of the ~ 1500 charged particles produced in an
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Figure 2.1: Schematic plan view of the positions of the various elements
comprising the NA49 experiment.

event are detected by the NA49 detectors and this allows some properties
of the collision system to be studied on an event-by-event basis. This was
indeed one of the identified physics goals of the experiment. In relation to
the study of the production of strange particles in the collision, the VTPCs
can reconstruct secondary tracks and determine their momenta which al-
lows neutral particles to be reconstructed from their decays to charged final
states. An extension of this technique to two step decays means that dou-
bly strange baryons can also be reconstructed. The MTPCs can reconstruct
charged kaon decays, via the K — uv decay channel and charged kaons
themselves can also be identified by either % measurements or TOF infor-
mation. It is sometimes necessary to use a combination of both, depending
on their momentum, in order to achieve a better separation. It is thus pos-
sible with the NA49 detector system to measure the production of singly
and doubly strange baryons and both neutral and charged kaons.
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2.2 The SPS Facility

The NA49 experiment is situated in the SPS North Area experimental hall.
The beam is extracted from the SPS and travels ~ 1 km down the beam line.
Itis both split and collimated before delivery to the experiment. During the
Autumn 1995 run beam was supplied to the Heavy lon Programme experi-
ments at the same time as the LEP Programme. There were three spills per
minute and the spill for the lead beam had a duration of ~ 5 s leaving a
further 15 s before the next spill arrived. The event rate in the NA49 ex-
periment is not limited by the amount of beam that can be supplied. The
limiting factors are the readout time of the detector, the build up of charge
in the TPCs and the DAQ system (see section 2.4.4.) which was designed
with these factors in mind. This led to, typically, around 10 Pb ions per
spill being delivered after selection by the upstream collimators.

2.3 Beam and Trigger Conditions

The NA49 experiment is principally concerned with measuring central Pb-
Pb collisions. The experiment must be set up so that data is only recorded
when a Pb beam particle undergoes a collision in the target. This is the
function of the beam definition and trigger detectors. Specifically, the de-
sign must seek to eliminate the possibility of recording data from those in-
teractions of beam particles which were not in the target and interactions
of beam fragments with the target. Additionally, events from central colli-
sions must be selected. It is also desirable to know the actual, as opposed
to nominal, position of the beam on the target. The sub-systems used in
the trigger have evolved over the lifetime of the experiment but this sec-
tion describes the system that operated during the 1995 Pb-Pb data-taking
run.

The beam definition and trigger detectors are in order of increasing z,
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as they would appear travelling with the beam: S1 Quartz counter in vac-
uum, 50 x 30 x 0.2 mm?, at z=-39.772 m; TO Quartz counter in vacuum,
25 x 25 x 0.5 mm?, the positive beam definition counter, at z=-39.507 m;
beam position detector (BPD1), a Si strip detector in vacuum, at z=-39.113
m; BPD2 Si strip detector in vacuum at z=-16.426 m; VO Scintillator in vac-
uum, of 80 mm diameter with a 10 mm diameter hole, at z=-15.441 m; Fila-
mentscanner (FISC), horizontally and vertically aligned wires, at z=-14.746
m; V1 large scintillator, covered with lead with a 40 mm hole, at z=-6.630
m; Targetl, the Main production target, at z=-5.801 m; S4 Veto counter 20
x 20 x 1Imm Quartz, at z=9.400 m; Veto Calorimeter at z=21.800 m. Those
detectors upstream of the target are pictured in figure 2.2.

S1 and TO are quartz Cerenkov counters which identify the beam parti-
cle species by the emitted Cerenkov light. They can reject beam contamina-
tion which may be present due to upstream interactions. S1and TO have an
electronic discriminator window to reject beam fragments and pileup. VO
and V1 are veto counters and are used in anti-coincidence with S1and TOin
order to reject interactions in the counters or the remaining gas. The FISC
is used during beam tuning to provide beam profile information and is re-
moved during data taking. It has two movable perpendicular thin plastic
scintillator wires and each is read out by two photomultiplier tubes.

BPD1 and BPD2 provide measurements of the beam position in the x
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andy directions perpendicular to the beam. They have 2x192 Si strips each
200 microns wide. Additionally there are BPD3 and BPD4, as above, but
with 2x48 strips, positioned downstream of the target. They are used for
defining the beam when alternative target positions are being used.

The target itself is a 220 mg/cm~2 Pb foil. Detection of a Pb ion in the S4
counter means that no interaction took place in the target so a trigger signal
is not sent. In fact, it is possible to have an interaction in the material be-
tween the target and the S4 counter and these events would also have been
recorded. With this in mind a new integrated target and counter housing
was produced with the veto counter only a few cm from the target. This
was used for the 1996 and subsequent data taking.

The centrality trigger utilizes a calorimeter built for the NA5 experi-
ment. This calorimeter (VCAL) is situated 27.4m downstream of the tar-
get. Less energy is deposited in the calorimeter in more central collisions
as more of the nucleons participate in the collision. This is because in more
central collisions more energy is used in particle production, resulting in
more energy associated with transverse motion of particles. The signal
from the calorimeter is compared to predictions from the independent mi-
croscopic hadronic cascade model VENUS [26]. This enables a correlation
with impact parameter to be made. It is possible to set a discriminator to
obtain a trigger corresponding to the desired centrality range. For the 1995
run the trigger was chosen so that the 5% of the inelastic cross-section with
the highest centrality, corresponding to impact parameter b<3 fm, were se-
lected.

2.4 Time Projection Chambers

The TPC operates as a tracking device by reconstructing the tracks left by
charged particles as they pass through a volume of gas, causing ionization
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Figure 2.3: Schematic representation of TPC operation.

of the gas. This allows a unique 3D picture of the tracks to be built up at the
readout plane (figure 2.3). All of the NA49 TPCs follow this basic pattern of
operation although there are differences in the details of their construction
and use. The reconstruction of neutral strange particles uses tracks recon-
structed by the VTPCs as they are situated in magnetic fields and the mo-
mentum of tracks reconstructed by them can be determined. The two VT-
PCs differ from one another in the positioning of their readout pads which
are optimized for the bending of the tracks which they reconstruct. The
dimensions and mode of operation of the two detectors are basically the
same. There are more substantial differences between the Main TPCs and
VTPCs. The most obvious of these is that the MTPCs operate in a field
free region. They are also of much larger volume. The arrangement of the
readout pads is again optimized differently according to the track topol-
ogy. The two MTPCs are mirror images of one another.

The reconstruction process begins with the passage of the charged par-
ticle through the gas, producing electrons by ionization along the particle
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Figure 2.4: The arrangement of the wire elements at the readout plane.

25



trajectory. The electrons drift upwards to the readout region (figure 2.4)
under the influence of a constant, vertically aligned electric field which is
maintained in the TPC. Electrons enter the readout region and are accel-
erated, producing an avalanche effect. The positive ions produced by the
avalanche induce a charge on the cathode pads. The pads are read out
and the charge information stored in time bins, hence each time bin corre-
sponds to a slice through the TPC at a different y-position. The conversion
to determine the actual y-position is done using the drift velocity .

2.4.1 Construction

There were several factors influencing the construction and situation of the
TPCs. Firstly, the Pb ion beam cannot pass through the active gas volume,
that which is read out, because of the very large amount of ionization it
produces. This meant that the TPC modules in the VTPCs had to be situ-
ated on either side of the beam. The beam does pass through the gas vol-
ume but the electrons produced by ionization will, in the main, recombine
as there is no electric field to separate the positive and negative charges.
This is because there are two separate field cages which define the electric
field. Details of the arrangement can be seen in figure 2.5. Some partic-
ularly energetic electrons are scattered into the active volume where they
themselves produce ionization. These are seen as background tracks in the
event.

There is a requirement that the TPC should be constructed from as lit-
tle material as possible with low Z material being used in order to mini-
mize multiple scattering and secondary interactions. Balanced against this
is the requirement for mechanical stability and a geometry known to high
precision, especially the readout plane which must be flat. There is also
a need to minimize inhomogeneities in the electric and magnetic fields so
the design should try to avoid introducing edge effects which may be dif-
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Figure 2.5: Sectional views showing TPC geometry and construction (taken
from [31]).

ficult to take into account later. A solution using aluminized mylar strips
suspended from ceramic posts was chosen. Details of the construction can
be found in [27]. Gas purity has to be maintained to avoid contamination
with oxygen which has an order of magnitude higher electron attachment.
The envelope for gas containment surrounds the high-voltage cage but is
completely separate from the drift field structure. The envelope is adouble
layer of mylar foil with a thin layer in between which is flushed with nitro-
gen gas. This protects the active volume against diffusion of impurities.
The construction of the readout region is shown in figure 2.4. The drift-
ing electrons first pass through the gating grid. This is switched to a poten-
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tial of -45 V by the trigger, for the duration of the readout, so that positive
ions created by the avalanche do not re-enter the drift volume when they
are repelled by the sense wires. The Frisch grid defines both the drift field
and the field which causes the avalanche which has a large gradient. In the
same plane are the sense and field wires. The avalanche electrons are col-
lected on the sense wires. The field wires shape the field lines and ensure
that they do not wrap around behind the sense wires. This would be un-
desirable as it would cause the electrons to have drift distances which vary
with position in the x-z plane. The field wires also help to reduce repulsion
between the sense wires which could lead to an effect whereby consecutive
wires are staggered up and down.

2.4.2 Physics of detection

The behavior of the ionization electrons as they drift is important in de-
termining the eventual resolution with which tracks can be reconstructed.
The ionization electrons diffuse in both the directions transverse to the drift
direction and the drift (vertical) direction during the drift. The drift length
may be up to 66.6 cm in the VTPCs and 111.7 cm in the MTPCs. The even-
tual two track resolution depends on the pad response function which has
several terms. The equation for determining the total width, o is,

o’ = 03 + U%)\(l + tan2a) + UitanQOz (2.1)

Where the intrinsic width, oy, is the width which would be observed if the
charge emanated form a point source near to the wire. It depends on geo-
metrical factors such as the distance of the sense wires from the pad plane.
The pad crossing angle, «, which is the angle at which the track crosses the
pad in the x-z plane, also introduces an extra width. There is also a term
proportional to the drift length, A which contributes to the width depend-
ing on the contribution from the diffusion coefficient for the gas, op. The
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pad pitch was determined by minimizing the crossing angle of tracks in a
simulation. An equation similar to equation 2.1 can be constructed for the
width in the longitudinal (drift) direction. The equation for determining
the single track resolution has a similar form but with numerically smaller
coefficients.

Narrow charge distributions are desirable in order to resolve close (and
almost parallel) tracks. The high track densities mean that a two track res-
olution of a few millimetres is required and so the gas mixture plays an
important role. The drift velocities change approximately linearly with a
change of the electric field (i.e. they are unsaturated.) The transverse dif-
fusion coefficient is much reduced by the presence of the magnetic field
which is another consideration in the eventual choice of gas for the differ-
ent TPCs. In broad terms the choice is between a “fast gas” which has a
high drift velocity but high diffusion coefficient and a “slow gas” which
has a low diffusion coefficient but also a low drift velocity. An investiga-
tion [29] was performed so as to be able to choose the gases for the NA49
TPCs. For the VTPCs a mixture of Ne/CO, (91/9) was chosen which has
low intrinsic transverse and longitudinal diffusion constants, of around
220 um/cm? and gives a drift velocity of 1.4 cm/ s when the potential dif-
ference across the drift volume is 13 kV. For the MTPCs the mixture was
91/4.5/4.5 of Ar/CH,/CO,. This has a drift velocity ~ 50% higher, when
combined with a potential difference of 19 kV across the chamber, so that
the readout time matches that of the VTPC. The longitudinal diffusion con-
stant is therefore also larger for this gas mixture. The effect of magnetic
induction reduces the transverse diffusion coefficients to 95 ﬂm/cm% in
VTPC1 and 137 Mm/cm% in VTPC2. The intrinsic term, oy, for the resolu-
tion is found to be 120 xm which results in a single track resolution in the
region of 200 xm, for atrack from the centre of the chamber, being achieved.
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2.4.3 Magnetic field

The VTPCs are situated inside magnetic fields and ideally one would like
an extremely homogeneous field precisely aligned with the electric field. In
practice this is not available so it is necessary to have good measurement of
the field strength and direction. Two approaches were taken to solve this
problem. A calculation of the field was performed with a computer pro-
gram [30] using knowledge of the construction of and currents in the mag-
net. Detailed measurements with Hall probes were taken over the large
volume of the field. The two methods give good agreement for the mag-
netic field and a field map was constructed, which uses information from
both methods, for use in the reconstruction of the data.

2.4.4 Readout Electronics and DAQ

The vast majority of the data volume for an event comes from the TPCs
for which there are around 180000 electronics channels. This leads to a
raw event size of around 100 MB before zero suppression. The data from
several events must be transferred into the data acquisition (DAQ) system
for zero suppression to be performed, along with the merging of the other
smaller amounts of data from the TOF walls and beam detectors to form
complete events before the events are passed to the tape controller. The
TPC pad readout signals are sent to the DAQ receiver boards via Front End
(FE ) cards and Control and Transfer (CT) Boards for event building. The
functions of these sub-systems is set out below. Each FE card is connected
to 32 pads and houses two types of chip, one for preamplification and pulse
shaping (PASA) and also an analog storage device, the switched capacitor
array and analog to digital converter (SCA/ADC.) As there are 16 chan-
nels per chip two of each type are required. The preamp. is an integra-
tion circuit which, on receiving an event trigger, starts integration which
continues for 50 uxs. The pulse shaper creates a near-Gaussian pulse shape

30



with a well defined width. The output from the shaper is recorded in am-
plitude and time. The analog information is stored in the SCA and each
time bucket is digitized by an ADC. The SCA may be visualized as 512 ca-
pacitors in parallel. This SCA is slower than a flash ADC but this is accept-
able because the event rate is rather low in NA49. The advantage is that
the SCA is smaller and produces less heat, important considerations with
the high channel density. The shaper signal is directed to the capacitors at
10 MHz, implying a 100 ns interval per capacitor which corresponds to a
size of 1.3mm in the VTPCs. The charge from each capacitor is sent to the
ADC at arate of 100 kHz. The ADC itself is a “Wilkinson” style single slope
ramp and counter. Conversion typically, since it depends on pulse height,
takes 10 s per pulse, so requires 5 ms for all 512 slices. The whole FE card
produces 2W of heat so an elaborate cooling system is required to ensure
that the TPC operating conditions remain stable.

The CT boards are situated close to the TPCs (a maximum distance of
1.8m for the VTPCs and 0.5m in the case of the MTPCs). Each board is con-
nected to 24 FE cards and also supplies them with power. The CT board can
generate simulated data and allow charge injection to the preamps. It pro-
vides signals to control the custom chips on the FE card. Data are sent from
the CT boards to the receiver boards where it is read into VRAM. The board
also transmits so-called “house keeping” data, for example, board identi-
fication, voltages and event numbers. The boards sense any over-currents
which may develop and switch off the appropriate channels. Monitor data
Is sent to a computer in the counting house which runs a diagnostic pro-
gram.

The receiver boards are each linked to four CT boards by an optical fi-
bre link. The receiver board stores the data during the 5 s beam spill. A
board contains enough memory for storage of 32 events. Data is received
and sent through a field programmable gate array (FPGA) at 6.25 MB/s.

31



The FPGA reorders the pad data and performs the pedestal subtraction.
Pedestal subtraction is the removal of the signal that would be obtained
on average from an empty channel, and its purpose is to improve data
compression and also reduce noise. A digital signal processor then does
the zero suppression. The technique involves looking for pulses, above a
threshold value, in the time direction and writing these out along with the
immediately preceding and postpending information.

At this stage a complete event is about 8 MB in size. All of this must
be accomplished and the data recorded before the next beam spill arrives.
The tape drive used is a SONY DIR 1000M ID1 tape drive which uses 100
GB tapes. Its maximum speed of writing is 16MB/s if writing continuously
which would place a limit on the event rate of about 40 per spill cycle.

2.5 Calorimeters and Time of Flight Detectors

The other detectors in the NA49 experiment are the Ring Calorimeter
(RCAL in figure 2.1), Veto Calorimeter and the TOF systems. The TOF sys-
tems aid in particle identification. There were two types in operation in the
1995 run, a pixel scintillator system and a grid scintillator system, labelled
TOF-L/R1 and TOF-L/R2 in figure 2.1. They have different designs as de-
scribed in [27]. They are positioned behind the TPCs since it is necessary
that a particle has been tracked before it hits the TOF wall and it would not
be good to allow the electronics associated with the detector to shadow the
TPCs.

The Ring and Veto Calorimeters were originally built for the NA5 ex-
periment [28]. They are both photon-hadron calorimeters but they are con-
structed with different geometries. Each has a photon section at the front
and a hadron section to the rear. Both of the detectors are constructed in
segments. The Ring Calorimeter has 24 segments, each of which is a 15°
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section, arranged in a ring with a diameter of approximately 3 m and a cen-
tral hole of 0.5 m. The Veto Calorimeter is segmented into 4 cells with an
octagonal sensitive area approximately 1 x 1 m*. For both detectors the
front photon section consists of layers of lead sandwiched between plas-
tic scintillation material. The rear hadron sections are made from alternate
layers of iron and scintillator. In the Ring Calorimeter each segment is sub-
divided into 10 pieces, each of which is readout by one or two wavelength
shifter rods. There are a total of 14 rods per segment. The rods are doped
with different wavelength shifter materials in the photon and hadron parts
which enables the signal from each to be transmitted down the same rod.
The light from each rod or pair of rods is split and fed into two photomulti-
plier tubes, with appropriate filters, to obtain a photon and hadron signal.
Readout in the Veto Calorimeter is achieved using wavelength shifter bars
with separate bars for the hadron and photon parts of each segment. Each
has a triangular end glued to a photomultiplier tube.

In its present position the Ring Calorimeter covers the projectile rapid-
ity region and is able to give information on transverse energy production
and event anisotropy. The transverse energy production information is re-
quired for calculating the energy density achieved in the collisions. The
Veto Calorimeter forms part of the trigger system as has been described in
Section 2.3.
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Chapter 3

Event Reconstruction

3.1 Introduction

Event reconstruction proceeds via several stages which include finding
strange particle decays. The software that does this is in fact a chain of
modular form rather than a single program. The raw event data, in the
from of the ADC counts, is loaded into memory and each module operates
on this data. The data is written out as a reconstructed event, including
tracks and vertices, to the Data Summary Tape (DST) after the final mod-
ule has run. The main stages, each consisting of a number of modules, are
cluster-finding to produce space points, tracking, and for this analysis, the
V0 search. There are also other modules which operate at various points in
the chain providing functions which are not used in the VO search such as
reconstruction of hits in the TOF detectors, the fitting of tracks to the main
vertex and calculation of the % By having this software infrastructure the
data can be organised so that the information pertaining to a physical ob-
ject can be kept together in a single data object! or series of linked objects.
These objects stay resident in the computer memory whilst different mod-
ules are run which can fill in or modify the data in the existing objects or

Lactually a C structure
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create new objects. It is also possible with this system to have objects filled
with constant data which remain in memory between events such as the
geometry information and program control parameters. The rest of this
chapter describes the modules that are required when reconstructing VO0s.

3.2 Clusters and Corrections

The modules which reconstruct space points can be divided into two
classes; those which locate the clusters of charge in the TPCs, the cluster
finders, and those which correct the position of these clusters in order to
remove known distortions in the data, the correction clients. There are ac-
tually three different cluster finder program modules each of which recon-
structs the space points in a particular detector.

They share several common features which will be described. The mod-
ules are di pt which finds clusters in VTPCL, cl us49 which examines
VTPC2dataand nt r ac poi nt s which finds clusters in the MTPCs. Each
searches the data for a particular pad row in bins in the the time(y) and
pad(x) directions. For the VTPCs this results in a set of space points which
have fixed z co-ordinates at one of the 72 positions corresponding to the
centres of the pad rows. The MTPCs are slightly different, because they
are at an angle to the beam, so a conversion between co-ordinate systems
needs to be done but the idea is the same. The cluster is found by examin-
ing the number of ADC counts in each pad-time bin and looking for bins
with counts above a threshold value. The environment in which the cluster
finder operates is illustrated in figure 3.1. This shows the large amount of
noise in the chamber, caused mainly by spiralling electrons, and associated
problem of charge saturation in the preamp. The program searches adja-
cent bins to build up an “island” of charge. The weighted mean in the pad
and time direction is then determined. These are converted into the x and
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y coordinates which, for the time direction, requires a conversion using the
drift velocity. Cuts are used to determine what are good clusters and it is
here that the two VTPC codes differ. The cl us49 cluster model allows for
charge to be collected on a number of pads but in fact cuts out those which
are not 2 or 3 pad clusters. The width of a pad is 3.5 mm whereas a time
bin corresponds to less than 1.5 mm. The model for VTPC1 employed by
di pt on the other hand uses a series of so-called morphology measures.
These are based on measuring the eccentricity of the cluster. This is done
by finding the component of the quadrupole moment along axes rotated
by 45° to the x and y directions and a component of the quadrupole mo-
ment perpendicular to this. This allows two perpendicular eccentricities
to be defined. Clusters may then be categorized [32] by their radius in the
newly created eccentricity space.

The correction clients follow the cluster finding modules and modify
the positions of the space points in order to take out systematic distor-
tions in the data. These may either be based on a correction derived from
the physical equations describing the electron drift, or be based on phe-
nomenological equations or tables. The most important correction, in the
VTPCs, removes the charge transport distortion E x B which can be over
2 cm in magnitude close to the edges of the chamber. When charge arrives
at the readout plane the time bin in which it arrived is recorded and this
can be converted into a 'y co-ordinate by using the drift velocity. However,
this procedure assumes a vertical drift path for the electrons and this is in
general not correct due to the shape of the B field. The electron’s motion
in electric and magnetic fields, E and B respectively, is governed by the
equation )

mZ—? = g(E+7x B)+mA (3.1)
where m is the electron mass, q is the charge on the electron, and mA is a
time varying force which effectively describes collisions with the gas. For
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Figure 3.1: A projection in the pad-time (x-y) plane of the raw data for one
of the VTPC2 sectors. Above (labelled A) is the ADC count versus time plot
for a pad in which saturation occurs. Below (labelled B) is the same plot for

a “normal” pad.
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a solution with constant v (i.e. jj—f — 0) the restorative force mA can be re-
placed by mTﬁ where 7 is the mean time between collisions. This leads to
the following solution [33]

3} M . ExB (E.B)B , |,
v:m(E—l— B wT—I—TwT (3.2)

— 9B

m

zero and v is along the direction of the fields. However, when there is an

where w and ;= . When E and B are parallel the term in F x B is
angle between the fields this term gives a velocity component perpendic-
ular to both of the fields so the original straight line assumption is invalid.
Thereis then, effectively, a distortion in the points which must be corrected.
Its magnitude is largest near the edge of the drift volume where the 5 field
is not parallel to the y-axis.

The method for correcting this involves following the path (backwards)
in time, from the readout plane over the known time interval, for each point
to find the true origin of the detected charge.

Other modules correct for mechanical distortions and inhomogeneities
in the electric field.

3.3 Tracking

The next stages are concerned with joining the space points together to
form tracks. In general, there are several ways to solve the track reconstruc-
tion problem and a comprehensive discussion of tracking methods can be
found in Ref. [34]. The solution finally arrived at for the NA49 experiment
combines elements of both the Track Following and Track Road methods.
This became the most practical solution as it built upon earlier work within
the Collaboration. A scheme was subsequently devised, known as Global
Tracking, which aimed to improve the tracking by using information from
all of the TPCs. This works by using the tracks found in one detector to
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look for tracks in another.

The first rounds of data production undertaken concentrated on recon-
struction of the tracks in each detector separately. The methods initially
chosen were those best suited to the tracking environments in those de-
tectors and the aims of the analysis. For the VTPCs this meant adopting
a Track Following method. The implementation used is described below.

3.3.1 Track Following in the VTPCs

Initially a seed is sought of five points in a row. This is achieved by taking
a hit from the last row and making an extension to the hits in the next row.
Several seeds may be grown from one hit. A linear extrapolation is made
to find the third hit for a seed and a point assigned if it exists within the
limits set for x and y. If no point exists the seed is rejected. The seed is
grown until it has five hits in a row using a helical fit for extrapolation. This
has the advantage that no information about the track direction is assumed
so tracks not originating from the target will be found which is obviously
important when searching for decay product tracks. The seed is now ready
to be fully extrapolated into a track.

The seed is projected through the TPC to create a track. The assignment
of a hit to a track continues row by row using the track following method.
At each row the nearest hit is added to the track and fits performed in the
y-z and x-z planes. The y-z fit is linear and the x-z fit to a circle. If either fit
falls outside predetermined limits on the * probability, the added point is
rejected. A point assigned to a particular track may not be used by another,
in contrast to the seed forming stage where a hit may be used many times.
Assignment of points to a track continues until it leaves the TPC or a gap
of more than 9 rows is found. Allowance is made for the two inter-sector
gaps. At this stage, if the track has less than 8 hits it is rejected and the
points assigned to it are returned to the pool for future use.
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Figure 3.2: The set of reconstructed space points which serve as the input
data for tracking. Only VTPC1 (back) and VTPC2 (front) are shown for

clarity. 40



3.3.2 Global Tracking

Global tracking starts once the space points in all of the TPCs have been
found, as pictured in figure 3.2. Tracking starts in the detectors furthest
downstream, the MTPCs. Here there is no magnetic field and the tracks
are straight lines. Each of these tracks can be assigned a momentum if one
assumes that they originate from the primary (interaction ) vertex. This as-
sumption then gives them a known path through the magnetic field and
each can be extrapolated towards the target to find out if they pass through
VTPC2. Tracking can then be carried out in VTPC2 using the Track Road
method employing the prior knowledge of where the track is expected to
appear. This scheme is, in general, not suitable for finding the tracks from
the daughter particles of weak decays as none of them come from the pri-
mary vertex, although some of them may appear to do so if the decay is
close to the target. Clearly, those particles which do not leave tracks in the
MTPC will also not be found by this method. A second step is thereforeem-
ployed where a Track Following method, as described in section 3.3, is used
which takes as its input those space points which remain unassigned after
the first VTPC2 tracking stage. This strategy is now repeated for VTPCL.
All tracks are extrapolated into VTPC1 and the two tracking stages are run.
In the case of this TPC a substantial fraction of the tracks are only found
by the second stage because they bend in the magnetic field and so do not
reach VTPC2. Finally, it is possible to extrapolate tracks downstream, from
VTPC2 to MTPC, in order to find track pieces which were missed by the
first pass.

Tracks are passed to the next module in the reconstruction chain for a
momentum fit to be performed. This fits the track to the points by vary-
ing the momentum components. The fourth order Runge-Kutta method
[37] is employed to integrate the equation of motion requiring knowledge
of the B field, provided by the magnetic field map, in order that the track
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may have a variable radius of curvature. During this stage there is no con-
straint that the track should point to the target. This would be undesirable
as it would tend to distort the momentum of tracks from particles which
are decay products. In fact, tracks are refitted assuming that they originate
from the interaction vertex at a later stage, after the VO search has been per-
formed, as this can give an improved momentum. The results of the fits us-
ing different assumptions are stored separately when the data are written
out. The set of reconstructed tracks for a single event are shown in figure
3.3.

3.4 V0 Reconstruction

The search for neutral strange particles, known as V0s because of the char-
acteristic "V* shape produced by the decay, takes place once all of the tracks
have been reconstructed and fitted. The input data are the fitted global
tracks which may pass through one or more of the TPCs. The basic idea is
to extrapolate pairs of tracks consisting of one positive track and one neg-
ative track upstream to look for a distance of closest approach. Only those
tracks passing a quality criterion of having 20 space points in at least one
of the VTPCs are considered. This is because a track must pass through
one of the VTPCs in order to have a measured momentum as opposed to
the one provided by the MTPC tracking which assumes the path through
the magnetic field in order to calculate the momentum. Also, track pairs
must pass a cut requiring that both tracks start in the same half of the TPC
if they are in VTPC1. This cut was chosen after studying the acceptance
and the data which revealed that a large number of background pairs are
added, by including combinations where the tracks are in opposite sides
of VTPC1, without greatly increasing the number accepted. The tracks are
extrapolated in the z-direction in 2cm steps and the distance between them
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Figure 3.3: The set of reconstructed tracks for a single event. The view is

as in figure 3.2.
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in the x and y directions calculated. If the distance decreases and then be-
comes larger over 3 steps then a distance of closest approach (DCA) must
have occurred somewhere in between. A DCA of less then 1cm in the x and
y directions is required. Pairs of tracks satisfying this criterion become VO
candidates. These are then subject to a number of other cuts in order to ob-
tain a reasonable signal to background ratio.

3.4.1 Cuts

It has been found that a cut on the separation in the x direction of the two
daughters when extrapolated to the target plane [35] is useful for reject-
ing candidates formed from pairs of primary tracks. This is better than a
simple cut which requires the daughters not to point to the primary ver-
tex because in the case of A(A) decay the (anti-)proton carries away most
of the momentum and may then appear to come from the target. This is
illustrated in figure 3.4. Also illustrated is the target cut, |xtarg| which is a
cut on how well the reconstructed neutral particle points back to the target
position.

A cut on the z co-ordinate of the decay vertex is required because the
combinatorial background becomes larger with decreasing z (i.e. going up-
stream). This increase is due to the increasing tracking density approach-
ing the target which means that more random track crossings appear to
form VO candidates. Since each VTPC has a different acceptance it makes
sense to have a different cut for those candidates starting in either VTPC1
or VTPC2. The final choice for this cut was determined by looking at the
data. Figure 3.5 shows the invariant mass, using the A hypothesis, plotted
against the z position of the decay vertex for both VT1? and VT2 as an ex-
ample of how the cuts are tuned. Calculation of invariant masses is dealt
with in section 4.3.1. In practice, the z-cut can be applied before a DCA is
found by not tracking upstream beyond the relevant z position. A balance

2VT1 and VT2 are synonymous with VTPC1 and VTPC?2 respectively.
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Cut Old VT2 value | New VT2 value | VT1value
Ty — T 5cm 2cm 2cm
letarg| 3.0cm 3.0cm 3.0cm
minimum z -430 cm -350 cm -555cm
¢ angle no cut 0.2 <lg|<2.9 |0.2<|g<2.9

Table 3.1: Cuts implemented at the VO finding stage.

must be sought between cutting too hard, in which case one is restricted to
the candidates recorded on the DST, and allowing in too many background
candidates which will lead to prohibitively long computing times for the
next stage which is the fitting of the VO candidates. A cut can of course al-
ways be tightened during the subsequent post-DST analysis. The cuts were
originally tuned for data reconstructed from VTPC2 only [36]. The values
decided upon are shown in the first column of table 3.1.

An angle ¢ is defined by constructing two vectors, y’, which is normal
to the momentum vector of the parent and lies in a plane defined by the tra-
jectory of the parent and the y-axis of the NA49 co-ordinate system and n
which is the normal to the decay plane. The angle ¢ is simply the angle be-
tween y’ and n as illustrated in figure 3.6. A study in which this angle was
calculated showed that the background preferentially appears with values
of ¢ around £x and zero as shown in figure 3.7. This is because for back-
ground tracks to combine to form a candidate they must cross due to bend-
ing in the magnetic field. If they are not approximately in the x-z plane
they have a large separation in y at the crossing point and do not form a
candidate. Thus, those appearing to form decays have values of ¢ close
to those mentioned, as the normal to the “decay” plane is roughly (anti-
)parallel to the y-axis. Cutting in ¢ close to this region reduces substan-
tially the amount of background. This allowed some of the cuts for VTPC2
candidates to be relaxed slightly at the post-DST analysis stage (see section
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4.2.) New values were chosen for the production of this dataset (table 3.1
column two). Additionally, cut values had to be found for the VTPC1 can-
didates and these are shown in table 3.1, third column.

3.5 VO Fitting

All candidates passing the cuts are passed to the VO fitting module. This
performs a nine parameter fit, the parameters being the three momentum
components of each of the daughter tracks and the three space co-ordinates
of the decay vertex. It is assumed that the tracks in the VO candidate come
from a common decay vertex, equivalently their DCA is zero. The fit min-
imizes the y? statistic by the Levenberg-Marquardt method [37]. The pa-
rameters are varied in turn and \? recalculated after each alteration. If
the alteration results in an improved * then the new parameter value is
adopted otherwise the old one is retained. The step size, the amount by
which a parameter is changed on each iteration, is variable which allows
the efficient minimization of 2.

This completes the reconstruction chain for neutral strange particles
and the candidates are written to the DST, from which they are extracted
for further analysis.
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Figure 3.7: Left panel: lambda mass peak with (dashed line) and without
(solid line) cut on ¢ variable. Right panel: ¢ distribution for candidates in
a 30 MeV mass window.
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Chapter 4

Analysis and Results

4.1 Introduction

This chapter describes the steps required in taking the set of fitted VO can-
didates to produce the final corrected transverse momentum and rapidity
distributions of neutral, singly-strange particles. This process starts with
the extraction of the raw yield from the data and is followed by the calcu-
lation of corrections to take account of the geometrical acceptance of the de-
tectors. Following on from this is the analysis of events with Monte Carlo
(MC) generated particles embedded into them in order to calculate the effi-
ciency of the software chain in finding the particles of interest. Checks were
performed to estimate whether there had been any double counting in the
data by looking at the properties of any pairs of particles in the same event.
The A and A data also require an additional correction to allow for the fact
that a significant fraction of the observed lambdas are the daughters of
weakly decaying multi-strange particles. Finally, the method of combining
the data with the various corrections to produce the final corrected distri-
butions is described.
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Cut value in vOf i nd | value at extraction
letarg| 3.0cm 1.5cm
minimum z (VT1) -555cm -535cm
minimum z (VT2) -350 cm -350 cm

Table 4.1: Cuts tightened during the extraction of data from the DST.

4.2 Extraction from the DST.

The Data Summary Tapes (DSTs) for this dataset were produced at CERN.
The 10° events used in this analysis produced a data volume of order 100
GB so the first step was to extract the relevant quantities for VO analysis
and produce amore manageable dataset. This resulted in a reduction of the
data volume by a factor of a few thousand. During this step several of the
cuts were tightened to further reduce the contamination from background.
The values used are listed in table 4.1 along with the original values used
in vOfi nd.

Files were produced with candidates from a single run which typi-
cally, if there were no problems during data taking, contained around 11000
events and 45000 vO candidates. Data were extracted from the DSTs from
several runs, with a total number of events of 104k. These events were
recorded with the experiment set up with the magnetic fields in the stan-
dard minus (STD-) configuration where positively charged particles are
bent towards the negative x direction. There were an additional 20k events
extracted from the standard plus (STD+) configuration data. There were
several hundred thousand more events recorded during the 1995 run but
it was found that these events were reconstructed whilst there were prob-
lems with the reconstruction software so they were unsuitable for use in
the final analysis. Events taken in subsequent years (over 1M) were not
available for analysis at this time.
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4.3 Classification of candidates

The extracted VO candidates could be any one of the following; real A,
A or K¢ decays, background from random track crossings, v conversions
and secondary interactions of produced particles. It is not possible to un-
ambiguously classify each candidate but it can be done on a statistical
basis utilizing the kinematic properties of the reconstructed decay. This
principally relies on two methods, invariant mass calculations and the
Armenteros-Podolanski plot.

4.3.1 Invariant mass analysis

The candidate could be any one of the decays, A — pr~, A — prT K2 —
7Tx~. Itis possible to calculate the invariant mass, M, of the parent particle
involved in a decay, under certain assumptions, using equation 4.1 which
is derived from energy and momentum conservation considerations.

M(mq,mz) = \/m% + m3 4 2(FE4 By — p1.p3) 4.2)
Here, m; is the rest mass, p; is the momentum and E; is the energy of the
daughter particle. The energy can be calculated from £ = /m? 4 p2.
The assumptions which must be made are the rest masses of the charged
daughter particles. By substituting the three possible combinations of the
proton and pion masses for m; and m,, one obtains the three possible in-
variant masses for each candidate. This allows invariant mass spectra to
be plotted for each of the three parent species as in figure 4.1.

4.3.2 The Armenteros Plot

The Armenteros-Podolanski plot [38] is formed by plotting two kinematic
variables against one another. One variable is p,,,,, defined as the momen-
tum component of the daughter perpendicular to the momentum vector of
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Figure 4.1: Invariant mass spectra for A (left), A (middle) and K2 (right). In each
panel the central hatched region is taken as the signal plus background and the
two hatched regions on either side used for background subtraction. Numerical

values are given in table 4.2.

the parent. Due to conservation of momentum, p,..,, is identical for each
daughter particle. The other variable, «, is defined as,
a:ﬂﬁfi (4.2)

Pt py
where pﬁ is the momentum component of the +ve particle in a direction
parallel to the momentum of the parent, measured in the laboratory frame.
When this equation is rewritten in terms of variables in the rest frame of the

parent it becomes,

o BT — BT
Bmo

where p is the component of the daughter momentum along the direction

(4.3)

of motion of the parent, £+ is the energy of the +ve daughter, m, is the
rest mass of the parent and /3 is the boost from the rest frame to the labo-
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ratory frame. Thus the « variable is approximately Lorentz invariant since
3, given by the ratio % for the parent in the laboratory frame, has a value
of 0.92 at the lowest measured rapidity and tends toward 1 going to higher
rapidities. Itis relatively simple to calculate the loci of allowed values of «
and p,.,, by considering the fraction of the momentum of the decay pro-
duced in the decay in the transverse directions. Inthe A and A decays the
proton or anti-proton takes more of the momentum so the loci of allowed
values for these decays have centres shifted away from zero. The K2 de-
cay has products of identical mass so the locus is symmetric around an « of
zero. More momentum is available in the K2 decay as reflected in the max-
imum value of p,,,... The theoretical loci are shown in figure 4.2. This plot
may be compared with that obtained from experimentin figure 4.3. The ex-
perimental plot is for 10000 events. From figure 4.2 it can be seen that there
are points where the locus for K¢ decays crosses those for A and A decays.
At these points it is not possible to distinguish between species. There is
never any ambiguity between A and A decays. Since the mass resolution
in the experiment is finite, the experimental points lie around the theoret-
ical loci. Those with a higher invariant mass lie above the curve and vice
versa. The point of overlap in the theoretical plot becomes an area of over-
lap in the experimental plot. This is shown in detail in figure 4.4 where the
overlap between A and K2 is shown when cuts are placed on the invariant
A and K¢ masses of =15 MeV and 20 MeV respectively, around the data
book values.

The actual extraction of the number of counts is done by background
subtraction using the invariant mass spectra. For each particle species a
window is defined which is considered to contain the signal plus back-
ground. To subtract the background, bands are defined on either side and
the number of counts in these bands is subtracted from the number in the
original window. This is illustrated in figure 4.1 where the windows and
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Figure 4.2: Theoretically allowed values of « and p.,.,, for neutral strange
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Particle Lower Band Mass Window Upper Band
Aand A || 1.081 < M < 1.096 | 1.101 < M < 1.131 | 1.141 < M < 1.156
K? 0.448 < M < 0.468 | 0.478 < M < 0.518 | 0.528 < M < 0.548

Table 4.2: Cuts in GeV/c? on invariant mass, M, used in the background
subtraction procedure.

bands are shown. The numerical values used for the cuts on invariant
mass, M, are listed in table 4.2. This method relies on the background being
linear in the intervals chosen.

4.4 Corrections

To convert the distribution of particles measured by the detectors into the
physical distribution that was emitted from the collision, a number of cor-
rection factors must be generated. The acceptance correction accounts for
the geometrical coverage of the detectors. This correction can be large,
varying from around five up to a factor of 100 in some part of phase space,
but it can be calculated with high precision. This means that it does not
contribute significantly to the error on the final result. Also, the factors in-
volved in the calculation are well understood so it will not contribute to
any systematic error. The efficiency correction takes account of both the ef-
ficiency of detecting particles in the detector and also the efficiency with
which the particle decays are reconstructed by the software. The efficiency
correction is not as large as the acceptance and is generally in the range of
two to five. However, this correction is more difficult to generate and can
more easily contain systematic biases. The extrapolation factor is used to
extend a measurement, which has been corrected for acceptance and effi-
ciency, from a limited region of y — p, phase space to the full phase space.
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This correction is necessarily model dependent so discussion is deferred to
later (section 5.1). The methods of generating the acceptance and efficiency

corrections are described in more detail in the following sections.

4.4.1 Acceptance Calculation

It is necessary to generate a correction factor to take account of those par-
ticles which are not reconstructed because either their daughter particles
do not traverse the active volume of the VTPCs, or they fail one of the cuts
implemented in vOf i nd or imposed during the extraction of the data. The
distribution in y — p, phase space of particles emitted in collisions is a pri-
ori unknown. The proportion of particles falling within the acceptance is
a function of this distribution. Therefore, the approach taken was to gen-
erate a distribution in y — p, phase space and produce a correction factor
for each bin. There is no requirement to choose the bin size before starting
as a smooth distribution is generated. The generated distribution was flat
in rapidity. This was achieved by giving each particle a random value of y
in a chosen range. Each particle is then assigned a value of p such that the
particles randomly populate a distribution,

dN — 1y
—— o prexp

dpt T

(4.4)

This method is not the only one that would work, and generating the cor-
rection factors on a bin-by-bin basis means that any y —p, distribution could
have been used provided the bin size is sufficiently small that the varia-
tion of the distribution across a single bin does not matter. Having been
assigned values of y and p,, the particle is given random emission angle
consistent with those values. From these variables the momentum com-
ponents in a Cartesian co-ordinate system are calculated and these are fed
into the NA49 implementation of the GEANT program.

59



4.4.2 GEANT Simulation

The GEANT program [40] propagates the particles through a simulation
of the detector system. This simulation is built up of volumes filled with
materials accurately matched to the actual experimental setup. Each parti-
cle randomly interacts with the material in the simulated volumes accord-
ing to the known cross-sections. The tracking is performed by using the
magnetic field map. Some of the volumes in the simulation are designated
as sensitive volumes to correspond with the active volumes of the detec-
tors and simulated particles transported through these volumes leave hits
where appropriate, for example, charged particles traversing the TPC ac-
tive volumes. The position co-ordinates of the hits generated are stored.
The level of detail in the simulation can be varied by turning some types of
interactions on or off. The simulation was run including multiple scatter-
ing, energy loss, and decay of the particles. The particles decay according
to the exponential decay law with the lifetimes given in the particle data
book [39]. The particles are decayed isotropically in their rest frame. After
a particle has decayed, or otherwise interacted, its daughters are followed
by the simulation. Tracking ceases when the particle leaves the vicinity of
the experiment. Some interactions were not included such as hadronic in-
teractions, bremsstrahlung, Compton scattering and positron annihilation.
Inclusion of all effects can lead to a large increase in the processing time for
the simulation and this is particularly true if the particles are followed into
the dense materials of the magnets and their yokes. The interactions which
have been left out of the simulation would mostly occur after the particles
had been tracked through the active detectors and their omission has a neg-
ligible effect on the acceptance calculation. The particle decay modes are
redefined so that the charged decay mode of interest has a branching ratio
of 100%. This saves time that would be spent simulating decays of parti-
cles that cannot by definition be reconstructed because they have neutral
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daughters. This well known factor can be explicitly included later using
the particle data book values. The more complex drift paths resulting from
the E x B effect as described in Section 3.2 mean that the charge deposited
inside the active volume of the TPC may drift outside. Some hits registered
in the simulation may not therefore actually be reconstructable. The con-
verse can also be true and charge deposited in the volume slightly outside
that which is directly below the readout plane could drift inwards and be
reconstructed. This is due to the way that GEANT generates the hits using
asimple projective geometry. It does not follow the drifting charge. The so-
lution adopted was to extend the pad rows in the x-direction which allows
extra hits to be generated. A separate program, run after GEANT, moves
hits along the drift path using knowledge of the £ and 5 fields. The hit is
placed at a position such that it will be placed on the track when the £ x B
correction is applied, as in the real data. Finally, the program checks which
of the generated hits are now actually reconstructable. This final step is
part of a program which calculates whether each decay passes the cuts im-
posed in the treatment of the real data. Particle decays passing all cuts are
defined as accepted. The acceptance in a particular bin is defined as the
ratio, 22l in that bin.

Taking K'Y decays as an example the acceptance is shown in figure 4.5.
It can be seen that the acceptance increases with p, and covers a broad range
of rapidity which corresponds to the rapidities at which VT1 and VT2 have
good acceptance.The distribution of accepted particles depends on the dis-
tribution with which they were generated. A distribution of accepted K2
is shown in figure 4.6. This distribution is clearly double peaked with the
peak at higher rapidity corresponding mainly to those detected in VT2 and
that at lower rapidity to those found in VT1. The peak is prominent in the
figure showing the accepted decays because the acceptance at low p, is less
near mid-rapidity and it is this region of p which is much more populated
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Figure 4.5: The fractional acceptance for KY decays with a charged final
state
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Figure 4.6: The accepted K2 decays from an approximately physical gen-
erated y — p; distribution. This plot has the axes rotated with respect to the
previous plot so that a better view is obtained.
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Figure 4.7: The fractional acceptance for A decays with a charged final state
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Figure 4.8: The accepted A decays from an approximately physical gener-
ated y — p, distribution. The axes are rotated with respect to the previous
plot so that a better view is obtained.
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by a physical distribution. The particles were generated with a flat rapid-
ity distribution and a p, distribution satisfying equation 4.4, with aninverse
slope parameter of 7' = 250 MeV, as an approximation to the physical dis-
tribution. The value of T was chosen as a result of earlier work [31] which
found this value. The value chosen does not affect the result of the accep-
tance calculation as it just controls the number of generated particles ap-
pearing in each bin and this number divides out when the ratio is taken.

The acceptance for A is shown in figure 4.7 and the distribution of ac-
cepted A is shown in figure 4.8. The latter figure uses the same approxima-
tion to the physical distribution as was used for K2 except that an inverse
slope parameter, 7' = 280 MeV was used. The symmetry of the detectors
is such that plots of the same quantities for A look very similar.

4.4.3 Efficiency Correction

A correction factor must also be generated so that proper account is taken
of those decays which were not reconstructed even though they fall within
the cut and detector acceptance. These are decays for which at least one
of the daughter tracks was not found or was mis-reconstructed so that the
decay vertex could not be found. This correction is termed the reconstruc-
tion efficiency correction. The correction should by design take account of
all the possible sources of inefficiency and it is therefore important to sim-
ulate the environment. The chosen method is called embedding and it in-
volves implanting MC decays into real events and running the reconstruc-
tion code. The advantage of this is that there is no need to simulate the
tracking environment from scratch because the real one can be used. The
procedure comprises several stages. The MC data associated with accepted
particle decays must be filtered off and a simulation performed so that it is
converted into mock raw data i.e. ADC counts. This mock raw data must
then be mixed in with the raw data from a real event. This step needs to
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take appropriate account of the saturation effect (see section 3.2) asit is one
source of inefficiency. Finally, the new hybrid event is given to the recon-
struction chain. This should take account of any inefficiencies in the var-
ious programs in the reconstruction chain. After this has been repeated a
larger number of times the VO0s in the output distribution are compared to
the input distribution to find out the probability of their being found and
thus the efficiency.

As in the case of the acceptance correction it is anticipated that the ef-
ficiency will be a function of both y and p,. An efficiency correction was
therefore generated on a bin-by-bin basis.

4.4.4 Simulation and Embedding Procedures

As described in section 4.4.2 the simulated tracks which cross the sensitive
volumes are assigned hits. The GEANT simulation is able to calculate an
energy loss associated with each hit and it would be possible to produce
simulated raw data from this. However, this would not achieve the desired
result because this takes no account of the detector response. Itis necessary
to produce simulated data with clusters of different size and shape in order
to mimic the real data. The detector simulation produces simulated raw
data which depend explicitly on the angle with which the track crosses the
pad and the drift length which a hit would have.

The simulated raw data are implanted into the actual raw data from an
event. Checks are made to ensure that data are not embedded into regions
of the TPCs where saturation of the preamps has occurred in that event.
Again, this is to ensure that the simulated data are treated in the same way
as real data. This process accounts for inefficiencies due to a daughter track
not being found because one, or more likely several, of its hits were in a
region of the TPC where no hits can be reconstructed in that event. This
can result in the track being either too short to pass the minimum number
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of points cut, by virtue of not having those hits, or not found as a track at
all. In either case the decay cannot be reconstructed.

In order to perform these embedding runs the software reconstruction
chain was assembled on some of the Nuclear Group computing facilities in
Birmingham. The data from several thousand raw events were also copied
and brought to Birmingham. The reconstruction chain was run on a com-
puter FARM consisting of ten single processor machines.

For the sake of simplicity only those events in which no candidates, con-
sistent with the particle being embedded, were found are used. An event
list is constructed by counting the number of candidates for each event in
the mass interval spanning both the peak and background regions of the in-
variant mass spectra as listed in table 4.2. The event list contains the num-
ber of A, A and K¢ in each event. When embedding A, only events where
the number of real A equal zero are used and similarly for A and K%. This
enables the assumption to be made that those V0s which are reconstructed
correspond to the ones that were embedded because there is no contami-
nation from the real VVOs in the events. The fraction of events available for
embedding are 51%, 58% and 80% for A, K9 and A respectively.

Embedded distributions The particles used for embedding are those
which are accepted but the definition of what is accepted is extended
slightly by the loosening of some cuts. This is to avoid any bias caused
by mis-reconstruction. For example, an MC particle decaying at a z posi-
tion of -345 cm may be reconstructed with a decay vertex of -355 cm and
thereby be cut out. However, an MC particle decaying at z=-355 cm would
not have the chance to be reconstructed on the allowed side of the cut be-
cause it does not fall within the acceptance and would not be embedded.
Mis-reconstruction would therefore introduce a bias towards measuring a
lower efficiency. The cuts which are opened up in the acceptance calcula-
tion and their values are summarized in table 4.3.
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Name effective reconstruction cut | cut for embedding
¢ angle 0.2 <|¢g|< 2.9 cut removed
ry —a_ VT1 5cm 3cm
xy —ax_VT2 2cm 0Ocm
minimum z VT1 -555cm -535cm
minimum z VT2 -350 cm -370 cm

Table 4.3: Cuts modified in selection of candidates for embedding.

The first column lists the cuts applied in the reconstruction and the sec-
ond the relaxed value. Other cuts which are used in the reconstruction do
not need to be relaxed because they do not apply to the MC data anyway.
These are the DCA and the VO impact parameter with the target which are
always zero in the MC. A choice must be made as to what region of y — p
phase space MC particles are generated over so that corrections may be
produced. Several factors influence this choice and the final correction pro-
cedure will be described in more detail in 4.6. Whatever range is desired
for producing the final corrected data, it is necessary to generate and em-
bed particles encompassing this range and also include one y and one p bin
on either side. This is again done to avoid the introduction of a bias due to
the MC particles being reconstructed with a different y or . The magni-
tude of this effect was studied in earlier work [31] and it was found that it
was sufficient to use one extray and p; bin on either side for bin sizes of 0.2
units of y and 0.2 GeV/c in p,.

Another property which can be varied is the number of particles which
are embedded into each raw event. The safest solution is to embed only
one simulated decay per event as this has the least perturbation to the event
and therefore the least effect on the environment, which is what causes the
inefficiency. However, the embedding process is quite time-consuming,
since the whole event has to be reconstructed. Even when nine processors
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are being used it takes over two days to embed into and process all of the
events available for A embedding (a total of 5366). It is necessary to have a
large amount of reconstructed embedded data, such that the contribution
to the statistical error from the embedding is similar to or smaller than that
from the real data. If only one particle per event had been embedded it can
be estimated that embedding would have taken around three months for
A only so the safest solution was not a practical one and it was necessary
to embed more than one particle per event.

The optimum solution is to embed as many as is possible without,
changing the characteristics of the event and causing a change in the effi-
ciency measured. An investigation into finding the optimum number was
done by doubling the number embedded and looking for a change in the
calculated efficiency. A long study could not be performed due to restric-
tions on time. A test with different numbers of particles was tried. A pop-
ulation of K2 was generated in the rapidity interval 1.6 to 4.8 and p, inter-
val 0 to 2.6 GeV/c using an exponential m — 7" distribution with an inverse
slope of 250 MeV. This population has an average acceptance of around 4%
so generating 100 particles per event resulted in the mean number of parti-
cles being embedded into each event being 4.32 and, as would be expected,
generating 200 particles per event results in an average of 8.64 decays be-
ing embedded. Thirteen thousand events were processed in the first mode
and just under seventeen thousand in the second. The results of an effi-
ciency calculation where the efficiency is calculated in rapidity bins with a
cut on p, is shown in figure 4.9. This shows that there is no observable sys-
tematic difference between the efficiency calculated from runs with the dif-
ferent numbers of K2 embedded and the observed differences are within
the statistical uncertainty of a few per cent. It was concluded that it is safe
to embed around 8 per event and this is why more events were processed
in the second mode. For A the mean number of particles embedded was
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Figure 4.9: The efficiency as a function of rapidity in a p, window for dif-
ferent mean numbers of K2 embedded per event.
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between eight and nine and for A just over ten per event were embedded
after initially starting with five and looking for a change in the same way
as was done for K73. The calculated efficiencies for K2 fall off as a function
of rapidity going towards high rapidity for both VTPCs. This behaviour
is observed for A and A also. The overall magnitude of the efficiency is
rather higher for VT2 than VT1. The efficiency reaches 40% for VT2 but
only around 25% in VT1. As a function of p;, efficiencies rise going from
low to high p;. The efficiency can be plotted as a function of p; in various
rapidity bins for each VO particle type. Figure 4.10 shows the efficiency for
K3 in six rapidity bins of size 0.2 units of y from 3.0 to 4.2. In general the
efficiency does not seem to be a strong function of p,.
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Figure 4.11: Split track, A, causing double counting of VO0s.

4.45 Double Counting

There exists the possibility of a particular decay being counted twice be-
cause one of the daughter tracks is reconstructed in two pieces. Thisis illus-
trated in figure 4.11. Here the negative track is reconstructed in one piece,
labelled B but the positive track is reconstructed twice (4, and A,). Itis
thus possible for a VO candidate to be formed by the track combinations
A1 B and A, B. Since the efficiency calculation is designed to reproduce the
conditions in the real data, cases of double counting should be present in
both the reconstructed embedded MC data and the real reconstructed data
in the same proportion. The efficiency correction would then correctly take
account of this. However, if the reason for the track splitting is not known
then there is the possibility of the efficiency correction not working as it
should. In order to see whether this is potentially important it would be
good to have an estimate of the amount of double counting present in the
data. This has been done using arelative 4-momenta analysis, as described
below. An analysis looking at the frequency of finding N candidates in an
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event, consistent with being a A, and modelling them with a Poisson distri-
bution gave a similar estimate for the double counting but it involves some

additional assumptions.

Qinv @analysis The relative 4-momenta of pairs of VO candidates can be
calculated and the resulting distributions examined. The idea is that dou-
ble counting causes an excess of pairs with low relative 4-momenta com-
pared to a reference distribution of pairs of VOs taken from different events.
The relative 4-momentum, ()., is calculated according to equation 4.5.

Q. = AE* — Ap2 — Ap? — Ap? (4.5)
In this equation A is the difference in energy and Ap; is the difference
in the p; component of momentum. The @, was calculated for all pairs
of candidates in the real data consistent with being a A. Cuts were ap-
plied limiting the calculation to the area of y — p phase space for which the
data are corrected. There are a total of around 40000 candidates, of which
around 20% are background. The reference distribution was for pairs with
the same cuts. The distributions are shown in figure 4.12.

The peak at low @);,,, is clearly visible. By subtracting the mixed event
distribution,! suitably weighted, the number of excess pairs at low ();,,, can
be estimated. This is about 1200 which is only 3% of the total number of A
candidates. This is not actually the best estimate for double counting but
is an upper limit since the excess pairs also include pairs of A candidates
which share one track derived from the same particle track but use two en-
tirely unrelated other tracks. These pairs are simply a real A with a combi-

1This is similar to the experimental technique for constructing the correlation function
which is the first step in extracting the source radii via the HBT effect. The correlation
function is constructed by dividing the real and mixed event pair distributions after en-
suring that there are no tracks counted twice. There were not enough events available to
do this for A and K?2.
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Figure 4.12: The @;,, distributions for real pairs (left) and mixed event
pairs (right) with the real pairs remaining (dashed line on left) after sub-
tracting a normalized distribution of mixed pairs.

natorial background candidate. It is not possible to know which is which
on an individual basis but further, more detailed, analysis can improve the
limit on double counts further. A similar percentage of double counts is
observed in the reconstructed MC data so the effect is small and it should
anyway be taken care of by the efficiency calculation. For these reasons no
explicit correction was introduced to correct for double counting. The ex-
ercise was repeated for A2 and similar results were obtained.

45 Feeddown Correction

Contained in the data are A and A which are non-primary particles. These
are the daughter particles from the weak decay of multi-strange baryons.
The decays == — Ar~ and =° — Ax° contribute to this and each has a
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branching ratio of almost 100%. There is also a contribution from Q- —
A K~ which has a 68% branching ratio. The charge conjugate anti-particle
decays contribute to the feeddown into A. There is no feeddown into A2
except from charmed mesons and this is extremely small and so neglected.

An explicit correction is required to subtract these from the data be-
cause they should not be part of the final measured distribution. The con-
tribution that they make to the final distributions depends on the geometry
of the experiment, so to leave them in would make comparisons difficult. A
and A are also produced in the decay of X baryons but these are either short
lived and essentially decay at the target (3°), or have such small branching
ratios to A that they can be ignored (¥*). For the decay of ¥ producing A
at the target, all experiments see the same thing so results for A production
are taken to include these.

The procedure adopted is to generate a y — p; distribution of A from
=~ and =° decays, the feeddown distribution, and subtract this, suitably
weighted, from the y—p, distribution in the actual data before it is subject to
the acceptance and efficiency corrections. To generate the feeddown distri-
bution =~ and =° are passed through the simulation chain in the same way
that VOs were for the efficiency calculation. Approximations to the physical
distributions of =~ and =° are required as a start point. == have been mea-
sured in Pb-Pb collisions [41] so the parameterization was taken from this
measurement and a y — p; distribution generated with a Gaussian rapid-
ity profile of with o = 1 unit of rapidity and an inverse slope parameter of
300 MeV. The normalization of 7.5 == per event was also taken from [41].
It was further assumed that the =° follow this parameterization and nor-
malization. It could be argued that there are fewer =° on the grounds that
they contain uss quarks as opposed to the dss quark content of == due to
there being more d—quarks from the isospin asymmetry of the initial nuclei
but this will be a small effect and is neglected. The == and =° are decayed
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by the GEANT program and the accepted A from these decays filtered off.
These A are then embedded into the real data and the reconstructed A ex-
tracted. The effect of the feeddown correction will be demonstrated in the
next section.

4.6 Production of corrected distributions

All of the components now exist for the production of the final corrected
y and p; distributions of A, A and K?. A correction factor is calculated for
each bin using the acceptance and efficiency corrections and is applied to
the background subtracted data in that bin.

4.6.1 Rapidity distributions

A rapidity distribution can be produced by summing the y — p bins within
a particular rapidity bin provided that the same p range is used for each y
bin. This has been done for K2 using a common p, range of 0.8 < p; < 1.8
GeV/cinthe rapidity interval 1.8 < y < 4.4 with the result shown in figure
4.13.

The points derived from data processed as VT1 candidates and that pro-
cessed as VT2 candidates are shown using different symbols. Near to mid-
rapidity there is an overlap of several rapidity bins in the acceptance for
each detector. However, this corresponds to the edge of the acceptance
where there is the possibility of the corrections being less reliable. The ac-
ceptance of VT1 at lower p, drops off sharply beyond mid-rapidity. Therea-
son for keeping the VT1 and VT2 data separate is to avoid contaminating
good data with less reliable data. It is possible to make use of the symme-
try of the collision system and reflect the points around the mid-rapidity
point at 2.9 units of rapidity. This has been done and these points are de-
noted by open symbols. The error bars are removed from the open symbols
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Figure 4.13: Rapidity distribution of K2 measured in the p, range 0.8 < p; <
1.8 GeV/c. Measured (filled symbols) and reflected (open symbols) points
are shown. The reflection is around mid-rapidity, marked with an arrow.

for clarity. Itis fairly obvious that VT1 points lie systematically lower than
the VT2 points and reasons for this are explored in the discussion (section
5.2).

The rapidity distribution for A in the p, interval 1.0 < p; < 2.2 GeV/c
was calculated in the same manner and is shown in figure 4.14. The same
convention for labelling the points is used. This distribution does not con-
tain the correction for feeddown from =. Points are shown over the interval
1.8 <y < 4.2. For A the procedure is repeated with the same p, range be-
ing summed as for A but a reduced rapidity interval of 2.0 < y < 4.0 due
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Figure 4.14: Rapidity distribution of A measured in the p range 1.0 < p; <
2.2 GeV/c. Measured (filled symbols) and reflected (open symbols) points
are shown. The reflection is around mid-rapidity, marked with an arrow.
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Figure 4.15: Rapidity distribution of A measured in the p range 1.0 < p; <
2.2 GeV/c. Measured (filled symbols) and reflected (open symbols) points
are shown. The reflection is around mid-rapidity, marked with an arrow.

to the smaller number of A. This distribution is shown in figure 4.15 and
again does not include a feeddown correction.

For the A and A distributions an additional cut on the z-position of the
decay vertex for VT1 candidates was imposed. This had a value of -500
cm. It was found that there is a source of background which appears to
be asymmetric around the mass peak which meant that too many counts
were subtracted from under the mass peak. It particularly affects the rapid-
ity distribution around y = 2.3 and it may be associated with the ceramic
posts at the front of the VTPC1 detector. A tightening of the z-cut seems to
improve the situation. The effect on the invariant mass spectrum of A, for
which the effect is proportionately bigger, is shown in figure 4.16.
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Figure 4.16: Invariant mass spectrum for A in the interval 2.2 < y < 2.4
with a z,...., cut at -500 cm (dashed line) and without cut (solid line)
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Figure 4.17: The effect of the feeddown correction on the rapidity distribu-
tion of A intherange 1.0 < p; < 2.2GeV/c

Effect of feeddown correction. The calculated feeddown correction con-
tains the number of =~ and = expected in the data sample in each bin. This
is then subtracted from the data before the acceptance and efficiency cor-
rections are applied. A comparison of the A rapidity distribution is shown
in figure 4.17.

4.6.2 Transverse momentum distributions

The p, distribution is constructed by plotting the corrected y —p bins which
lie in the same rapidity bin. Therefore, a p; distribution can be made for
each point in the rapidity distributions shown in figures 4.13 - 4.15. Since
there is no longer a need to use the same p; interval in each rapidity bin,
points at a lower p, may be included for some bins.

The experimental distribution, having been appropriately divided by
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the bin sizes, corresponds to % the double differential cross section. In
order to fit the individual p spectra in each rapidity bin a functional form
for the distribution is required. The starting point is the invariant cross sec-
tion, which can be written in terms of momentum components p and p,,
parallel and perpendicular to the longitudinal direction respectively,
Ao Ed*o
dp? - 2mpedpydp)

(4.6)

This can be written in terms of % the multiplicity per unit rapidity giving,

4.7)

where the constant terms have been amalgamated. Integrating using a dy-
namical model over the longitudinal direction [42] gives,
1 dN
—— = const.m K (—ﬁ) (4.8)
Pt dpt T

where K is the modified Bessel function. This is then approximated to
(4.9)

where a factor mt% has been neglected in addition to the substitution for K
which is valid when 7+ > 1. A is simply a multiplicative constant and my
is the rest mass of the particle.

Fits were tried using this equation with A and T as the two parameters.
This proved to be unsatisfactory as the values of T fluctuate from one ra-
pidity bin to the next. This behaviour is unphysical since, even if T is not
constant across the measured rapidity interval it should vary in a smooth
fashion. The reason for this behaviour is that the two parameters are highly
correlated as can be deduced from the error matrix. The two parameter fit
can well describe the p; distribution but the individual parameters do not
seem well constrained. One way around this is to fix the integral of the
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function to the sum of the data in the measured p, interval which is done
by re-writing the multiplicative constant, A, in terms of this sum. Equa-
tion 4.9 can be integrated analytically. The integral between p, = p;(,) and
pi = iy, denoted by N, is given by,

Nap = AT (exp —%(mt(a) +7T) —exp —%(mt(b) + 1)) (4.10)
where m; ;) = pi(;y* +mg. Equating N,;, with S, the sum of the measured
data between p; = p;(,y and p; = p; (), allows A to be written in terms of .5,
and T only. This is then substituted in to equation 4.9 which is used for a
one parameter fit.

Fits to the K¢ p; spectra for each rapidity bin from VT1 are shown in
figure 4.18. The fits for the VT2 rapidity points are in figure 4.19. The range
over which the fit is performed along with the value of the inverse slope
parameter and its error, obtained from the fit are printed on each panel, as
are the rapidity bin limits.

The values obtained for the inverse slopes are shown in figure 4.24
where they are plotted against rapidity. In the VT2 bins they are all con-
sistent with a value around 235 MeV and there is no evidence of a system-
atic trend in the fitted values of T. Those values obtained from the VT1 bins
are systematically higher and some are above the range of accepted val-
ues from previous measurements as well as being in disagreement with the
respective reflected bin from VT2. This points to some kind of systematic
problem. To have this effect the problem would have to make the p, spectra
flat so that a higher inverse slope is obtained. For instance, an underestima-
tion of the efficiency at high p, pushing up these corrected points and the
opposite of this, an overestimation of the efficiency going towards lower
pt, would both cause a flattening of the spectra.

The p,; spectra for A have also been fitted in the same way. The spec-
tra include the feeddown correction and the VT1 spectra include the addi-
tional cut on the z position of the vertex as before. Those derived from the
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VT1 data are in figure 4.20 and those from VT2 in figure 4.21. Again, the
values extracted from the fit can be seen in figure 4.24. Asin the case of K¢
the fits in VT2 are consistent with a common temperature, whereas in VT1
there is a larger spread in the values obtained.

Finally, the A plots are shown in figure 4.22 for VT1 and figure 4.23 for
VT2. The fits to the A spectra suffer from the smaller number of counts
available. Additionally, there may be some kind of systematic problem for
the VTL1 fits towards mid-rapidity as the fitted value of T obtained does not
agree with other measurements. The values obtained from VT2 data are all
consistent with a single value.

The overall picture is that, for each particle species separately, the fits
to VT2 data provide evidence favouring a single inverse slope parameter
which describes the p, spectra at all rapidities within the range covered by
the measurement.

86



1/N,..cn /dprdy 1/N.,.d?n/dp:dy 1/N,,.cPn /dprdy

1/N,,.d*n/dp.dy

F 16<Y<1.8| 2 F 1.8<Y <2
il T=2344+30 MeV % 20 B T=256+19 MeV
B 1<pi<2| > = 0.8<p;<2
= o 15 |
= <ok
C 5 f
L1 ‘ Ll ‘ L1 L 1| O Ll ‘ Ll ‘ L1 Ll |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
GeV/c GeV/c
, =~ 25 ¢
= 2<Y<2.2| © = 2.2<Y.<2.4
C T=264+16 MeV % 20 E T=2734+19 MeV
B 0.8<p<2| > B 0.8<pr<2
= T 15 |
= SRS
g 5 E
L1 ‘ | ‘ | Ll | O L1 ‘ L1 ‘ | Ll
0 0.5 1 1.5 2 0 0.5 1 1.5 2
GeV/c GeV/c
C > 25 ¢
F 24X <2.6| © F 2.6<Y<2.8
il T=288+15 MeV % 20 B T=253+15 MeV
B 0.6<p<2| X B 0.8<pr<2
— 5 15
= <10 F
] 5§
\\\‘\\\\‘\\\\ O \\\‘\\\\‘\\\\
0 0.5 1 1.5 2 0 0.5 1 1.5 2
GeV/c GeV/c
, >~ 25 ¢
F 2.8<Y <3| B F 3<Y, <32
C| T=209+16 MeV % 20 B T=2344+23 MeV
B 0.8<p<2| > B 0.8<p,<2
- o 15 =
: < 10 F
5 4 -
:\ L1 ‘ | ‘ | L1 O Crr1 ‘ L1 ‘ |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
GeV/c GeV/c

Figure 4.18: K2 p, spectra in the VT1 rapidity bins
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Figure 4.19: K2 p, spectra in the VT2 rapidity bins
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Figure 4.20: A p, spectra in the VT1 rapidity bins
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Figure 4.21: A p, spectra in the VT2 rapidity bins
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Figure 4.22: A p, spectra in the VT1 rapidity bins
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Figure 4.23: A p, spectra in the VT2 rapidity bins
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4.7 Summary of Corrections

In summary, the data presented are acceptance and efficiency corrected.
The acceptance correction factor although large is well known and calcu-
lated by standard techniques. The efficiency correction factor is smaller
than that for the acceptance but is more vulnerable to systematic effects.
The efficiency calculation attempts to include all known effects to minimize
this. The contribution from decays which count twice was investigated and
found to be negligible. Also, a feeddown correction was calculated and, al-
though it was found to be small, has been applied to the data.
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Chapter 5
Discussion and Conclusion

In this chapter the results are extrapolated from the limited region of phase
space in which the measurement is made. An assessment is made of the re-
liability of the results obtained by investigating the systematic errors. The
results are then compared with others from the strange particle sector in
Pb+Pb at 158 GeV, and also those at other energies and from other systems.
Trends in the data are identified and commented upon. To conclude, some
of the future directions of the work, within the NA49 experiment and the
CERN Heavy-lon Program and at other facilities, are summarized.

5.1 Extrapolation

The measurements of the production of A, A and K2 are made in a lim-
ited region of phase space and it is necessary to be able to estimate the total
number of each species produced in collisions by extrapolating to the full
phase space. This allows comparisons with models and other experiments
which might make measurements in a different region of y —p, phase space.
Such extrapolations are necessarily model dependent, so care should be
taken with the conclusions drawn from such extrapolated results.
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Particle | T (MeV) | yrange | p, range
A 27445 3.2-3.8 | 0.8-2.0 GeV
A 279+10 | 3.2-3.8 | 0.8-2.0 GeV
K? 238+5 | 3.2-3.8 | 0.6-2.0 GeV

Table 5.1: Fitted inverse slope parameters used for extrapolation to full p
and the range over which the fit was performed.

5.1.1 Extrapolation in p;.

Each rapidity point, which represents the number measured in that rapid-
ity bin over a limited range of p;, can be extrapolated over the full p, range
by assuming a p; distribution. If the distribution is assumed to be that used
to extract the inverse slope parameter in equation 4.9 it can be integrated
analytically. The ratio between the integral over the measured and full
ranges can be found and used as a scale factor for each rapidity point. In
this way the best use can be made of the available data as there is no restric-
tion to using a rectangular area of y — p, phase space. This has been done by
calculating the scale factor for each point but making the assumption that
the inverse slope is the same for the p, distribution in each rapidity bin. The
inverse slope used is found by fitting the p, distribution over a rapidity in-
terval corresponding to three y bins in the middle of the VT2 acceptance
in order to get the best possible estimate for T. The values obtained and
used are shown in table 5.1. Using this method rapidity distributions are
obtained for K¢ (figure 5.1), A (figure 5.2) and A (figure 5.3).

5.1.2 Extrapolation in rapidity.

For the extrapolation from the measured rapidity interval to full rapidity it
is less obvious how to proceed. A commonly used method is to fit a Gaus-
sian to the rapidity distribution. For the distributions obtained this may be
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Figure 5.1: Rapidity distribution for K2 extrapolated to full p;. A Gaussian
has been fitted to each set of points.
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Figure 5.2: Rapidity distribution for A extrapolated to full . A Gaussian
has been fitted to the VT2 points.
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Figure 5.3: Rapidity distribution for A extrapolated to full p. A Gaussian
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Particle || Detector | o (units of rapidity) | Peak Value | Yield
K2 VT2 1.134+0.08 19.24+1.0 94+5
K? VT1 1.214+0.13 16.74+0.6 5046

A VT2 1.074+0.06 19.3+0.4 5243
A VT2 0.77+0.07 2.85+0.15 | 5.5£0.6
A VT1 0.69+0.10 2.58+0.20 | 45+0.8

Table 5.2: Yields of particles obtained by integration of Gaussian fits to the
rapidity distributions along with the fit parameters.

appropriate in the cases of XS and A. For A this does not seem suitable for
two reasons. Only one of the distributions obtained, that from VT2, could
be described as peaked. Also, the A rapidity distribution might be expected
to follow the distribution of the nucleons as it shares a ud quark pair with
them. The net proton distribution has been measured [43] and it is a broad
distribution which is fairly flat over three units of rapidity with a slight dip
at mid-rapidity. This leads to the expectation of a similar distribution for
A — A which would mean that the A distribution would have to be approx-
imately flat. This resembles the A rapidity distribution obtained from VT1
rather than that obtained from VT2. The Gaussian fits are shown on fig-
ures 5.1, 5.2 and 5.3. Where possible the separate fits to VT1 and VT2 points
are shown which highlights the systematic difference between them. The
numerical results of the fits are summarized in table 5.2. The Gaussian fit
to the peaked A distribution obtained in VT2 is shown as it appears to be
quite a good fit. The reason for the discrepancy between the VT1 and VT2
measurements is not clear. In order to try to reveal the reasons for the dif-
ference some systematic studies were undertaken and are described in the
next section.
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5.2 Systematics

Several consistency checks were performed with the aim of highlighting
any systematic problem in either the data or the simulation process. Cer-
tain distributions were compared for the real and simulated data to see if
they are the same. The most useful of these was the number of points found
on tracks. The stability of the final corrected results against various cuts
was also tested to check that there was no dependence or bias introduced.

5.2.1 Numbers of points on tracks

A test is performed on the number of points on the tracks in the recon-
structed simulated data and the real data, as they ought to be the same.
It is important that they are they same because there is a cut made such
that daughter tracks must have 20 or more points. The most important re-
quirement is that the proportion failing this cut is the same for real data
and reconstructed MC data. However, only those candidates with more
than 20 points are found so this cannot easily be checked directly. Instead,
the number of points distributions above the cut are compared and it is hy-
pothesized that if they follow one another closely in the region above 20
then they will also follow each other below 20 and hence the proportion
passing the cut will be the same in each case.

The number of points on the positive and negative daughters are plot-
ted separately because, in the case of A and A, they have rather different
distributions. The plots are also made separately for VT1 and VT2 candi-
dates. In each plot the real data is represented by a solid line and the recon-
structed MC data by a dashed line. The histograms for the real and recon-
structed MC data are normalized to an arbitrary number so that the distri-
butions may be compared without the additional complication of having a
different number of entries in each. The vertical scale is therefore arbitrary
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as indicated on the plot. Each distribution is corrected for the contribution
from background by plotting the histograms using the cuts on invariant
mass, indicated in table 4.2, and subtracting them as appropriate.

The plots in figure 5.4 for K2 in VT2 show quite good agreement be-
tween data and MC although the positive tracks have slightly more hits on
average in the MC. The agreement for negative daughters is slightly better
than for the positive daughters. The VT1 plots for K2 in figure 5.5 show
that the simulation appears to produce tracks which are on average slightly
longer than those in the real data. This indicates that these tracks are eas-
ier to find and consequently the calculated efficiency may be too high. The
end result of this is that the final distribution is systematically lower. This
Is consistent with what is observed for the corrected distributions in figure
4.13 where the VT1 distribution lies below that from VT2.

It may be that there are small discrepancies because the distributions are
averaged over y —p;. Track length is a function of these kinematic variables
so any differences in the input y — p; distributions may show up. More im-
portantly, it may be that the simulation does not reproduce all of the details.
The simulated clusters being too big or not diffusing in the same way as in
the data could lead to more of them being found and so to longer tracks.
This kind of problem would be dependent on where the drift length of the
tracks in the TPC and would show up as a y-dependence. The VT1 tracks
are shorter than the VT2 tracks so the 20 point cut is cutting out a larger
fraction of the candidates which means that if this is not simulated correctly
it leads to a larger systematic error for VT1 than for VT2. An estimate of
the systematic error can be made by finding an approximate shape for each
number of points distribution and seeing what level of adjustment is nec-
essary for the means of the distributions to match up. For VT1 this means
a reduction in the positive track point positive distribution to 92% and the
negative track distribution to around 94% which, taken together, would re-
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Figure 5.4: The number of points on K2 daughter tracks in VT2 for real and
reconstructed MC data.
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Figure 5.5: The number of points on K2 daughter tracks in VT1 for real and
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quire a reduction in the K9 found to 86%. There is therefore a likely un-
derestimate in the rapidity distribution of approximately 15% of its current
value. The VT2 point distributions are much flatter so the error is less and
translates into a 6% underestimate in the rapidity points.

The same plots can be made for A and these are shown in figures 5.6
and 5.7. From these distributions it is estimated that the VT1 rapidity dis-
tribution should be 15% higher and the VT2 rapidity points increased by
5%. Although it has been possible to make these general estimates for the
systematic error introduced by the cut on the number of points it is not pos-
sible to produce a correction that can be applied to the rapidity spectra. In
general the systematic error will be rapidity dependent and there is an in-
sufficient amount of data to produce such a correction.

5.2.2 Stability against cuts

The stability of the final results against geometric and kinematic cuts was
investigated. The result, after corrections for acceptance and efficiency
have been applied, ought not to depend on geometric cuts such as the po-
sition of the decay vertex nor on kinematic cuts, for example, a cut on Ar-
menteros p; for K2. Even though the acceptance and efficiency corrections
may differ between, say, a cut on the position of the decay vertex of x> 0
and x< 0, this should be reflected in the actual number reconstructed from
the data. If the correction is accurate the same final result is obtained. The
reason for choosing to look at the x- and y-dependence is that candidates
with decay vertices with x< 0 (x> 0) correspond (approximately) to those
leaving tracks in the left (right) half of the VTPCs. The two halves have
different track densities due to the larger number of protons compared to
anti-protons. The study addresses the question of whether the efficiency
correction works in the same way in these different conditions. The y-
dependence allows one to look at whether the drift of the clusters is well

107



30

dN/dy

® V12 (Right)
| % VT2 (Left)
Foo VIt

[}
I

O L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L
0 1 2 4\3 4 5

rapidity

Figure 5.8: Rapidity distributions for A, from VT2 data divided into two
samples according to whether the x co-ordinate of the decay vertex is
greater than or less than zero. VT1 data is also shown for comparison.

simulated in the efficiency calculation since those decays with y< 0 have
tracks with longer drift paths in the detector than those with y> 0.

For K¢ the differences between the rapidity distributions with x< 0 and
x> 0 cuts for VT1 and VT2 lie within the statistical errors on the points
except in the outside bins in VT2. The up-down comparison also shows
guite good agreement with only a couple of VT1 points having a major
discrepancy. In the case of A the situation is not as good, the most seri-
ous discrepancy is the left-right comparison in VT2 shown in figure 5.8.
In some bins the points from the right hand side lie 30% lower. The right
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hand side (x< 0) is the side with a higher track density which means that
there could be dependence of the reliability of the efficiency calculation on
track density effects. The distribution obtained from the right hand side
of VT2 is rather similar to the full distribution obtained from VT1 which is
also shown in figure 5.8. It seems that regions of similarly high track den-
sity produce a similar effect on the final rapidity distribution which is what
might be expected for a systematic problem in calculating the efficiency
correctly.

In summary the results from VT1 and VT2 for K2 and A are in agree-
ment once the estimated systematic error is taken into account. For A there
is arough agreement between VT1 and the higher track density side of VT2
which may be due to further systematic problems in calculating the effi-
ciency correction. Alternatively the result from the side of VT2 with lower
density may be wrong although this conclusion would be difficult to jus-
tify. It seems most likely that the more peaked A distribution from this side
is the correct one. The systematic problem with the A rapidity spectra ap-
pears not to affect the spectra for K% and A to the same degree because their
daughter tracks populate the TPCs differently, with less weight attached to
the areas of high track density.

5.3 Comparisons

The results for rapidity, % at central rapidity and also the shapes and
widths of the distributions, are compared to previous results. Compar-
isons are also made for the extracted inverse slopes.

5.3.1 Other analyses from Pb+Pb at 158 GeV

Preliminary analyses from a limited set NA49 data have been published
previously in conference proceedings [18] [44] and theses [36] [31]. Addi-
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tionally, the WA97 Collaboration have published data for A, A and K2 [48].

Turning first to the preliminary NA49 analyses, a problem with the effi-
ciency calculation has been discovered which means that the high values of
% reported for A, A and K¢ in these analyses are systematically too high.
An analysis undertaken within NA49 which uses MTPC data with a modi-
fied target position [45] found a rather lower % for K¢ in broad agreement
with the analysis presented here. The inverse slopes found previously also
agree within the statistical errors (which were large), although since these
had systematic problems no great significance ought to be attached to this
agreement. The data for K2 can also be compared to that for charged kaons.
Figure 5.9 shows the K data from the present analysis plotted with the
data from the MTPC analysis. The dashed curve is the yield of K and K~

averaged. This data comes from 2£ measurements [46] and has a system-

atic error of 20%. All the data agree within these errors although clearly the
agreement could be better. Rather different estimates of the % ratio would

result from using only A2 or only the charged kaons. Calculating the % ra-

tio as described in section 1.6.2 results in a value of 0.135 + 0.025 which is
similar to the same ratio measured in S-induced reactions.

The WAQ97 collaboration report slopes of 232+9 MeV for K2 in agree-
ment with the result in this work. For A and A they report 28948 MeV and
287413 MeV respectively. Thus, the slope found for A in this analysis does
not quite agree within the statistical errors. The values of T found fit the
hypothesis of a transverse flow modifying the observed temperature in a
mass-dependent way. The observed value of T is given by,

T =Ty, +mp’ (5.1)

where Ty, is the true freeze-out temperature, m is the mass of the particle
and 3 = Z, the flow velocity. A variety of hadronic species ranging from
pions to deuterons have been found to have inverse slopes consistent with
this scheme [49]. WA97 have also recently produced preliminary rapidity
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Figure 5.9: Rapidity distributions for K%, from VT1, VT2 and MTPC anal-
yses and for charged kaons, averaged.

distributions for A, A and K? [47]. All of the distributions are almost flat
in the small interval over which they are measured, generally within half
a unit of rapidity either side of mid-rapidity. The % for K2 is 21, for A
it is approximately 14 and for A it is around 2. Thus, the K¢ distribution
agrees with this data only at the mid-rapidity point. The VT1 A distribu-
tion is very similar to the WA97 one but the VT2 one lies above it. The A
distribution peaks above the WA97 for both VT1 and VT2 and drops below
it so that in fact the average yield in the rapidity window is about the same
for both measurements. It must be noted that a flat rapidity distribution is
rather unexpected, especially considering the K% and comparing it to all of

the measurements of kaon production from the NA49 experiment in figure
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5.9.
The £ ratio obtained is 0.148+0.008 if evaluated at mid-rapidity and
0.105+0.013 if the integrated yields are used, and the Gaussian distribution

==

of A found in VT2 is assumed to be the correct one. This confirms the result
of WA97 which finds a 2 ratio of 0.133+0.007 for a rapidity window cen-
tred on mid-rapidity one unit of rapidity wide. These results are therefore
in very good agreement with each other.

5.3.2 Other energies and systems

A large set of data exist for S+S and S+Heavy-Nucleus collisions (S+Pb,
S+W, S+Au) at 200 GeV per nucleon beam energy. It is less complicated
to compare to the symmetric S+S collisions. Results for production of A, A
and K2 have been published by the NA35 and WA94 collaborations [50]
[51]. Comparisons with lighter systems need to be scaled and a simple
scaling by the number of participants going from S+S to Pb+Pb would im-
ply multiplying by a factor 6.5. It should be noted that both the Pb and S
data correspond to central triggers. The scaled yields of K%, A and A are
shown in table 5.3. The yields of K2 and A agree within the errors quoted
although there is of course a large systematic uncertainty attached to the
extrapolation of the measured yield. The A yield in Pb+Pb falls well below
that scaled up from S+S. It seems that a simple scaling from S+S collisions
is not an appropriate description for all three species. The% ratio in S+S
is 0.2240.01 as found by WA94. NA35 found a higher ratio but this was
not corrected for the effects of feeddown from cascade decays. It is inter-
esting to note that the same ratio has been measured in the intermediate
S+Heavy-Nucleus collisions . For S+W a value for the ratio of 0.196+0.011
was obtained by the WABS8S5 collaboration [53], which is as one would expect
between the values obtained in S+S and Pb+Pb collisions. However, for the
similar S+Pb system a value of 0.117+0.011 was recorded by the NA36 ex-
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Particle | Experimental | Scaled S+S| RQMD
K2 54+5 68+11 77.3+£04
A 52+3 61.1+6.5 53.5+0.4
A 5.5+0.6 14.34£2.6 | 4.1940.10

Table 5.3: Yields of particles extrapolated to full phase space compared to
scaled S+S and RQMD yields (see text). Experimental yields are those from
the VT2 measurement.

periment [52]. The origin of the disagreement between these is probably
due to the only partially overlapping y and p, intervals in which the ratio is
evaluated and to differences between the triggers for the two experiments.
The NA36 value is from the region slightly further away from mid-rapidity
which would tend to favour a lower value of the ratio when the A rapidity
distribution is broader than that for A. The end result is that the trend in
the 2 ratio is not as clear as it might otherwise be.

5.3.3 Comparison to model predictions

One of the more successful microscopic models in use for simulating
heavy-ion collisions is RQMD [54]. This model includes collective inter-
actions in the pre-equilibrium quark matter and a hadronic resonance gas
stage and thus goes beyond a plain superposition of nucleon-nucleon colli-
sions but does not introduce a QGP phase. Data from the model were pub-
lished [55] as part of a study of the effect of trying to extract thermal pa-
rameters from particle distributions measured in a limited region of phase
space. Theyield over the full phase space for each particle is shown in table
5.3. The A yield is the sum of A and ¥ from RQMD in order to correspond
to the experimental situation where these two particles are indistinguish-
able and the same procedure was used for A. The statistical errors on the
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results from RQMD are not those given in reference [55] as these were as-
signed so as to look like typical experimental errors. Instead, the statistical
errors have been calculated using the yields and the fact that 400 RQMD
events were simulated. The agreement for A is good and there is reason-
able agreement for A. However, the agreement between the experimental
data and the model for A may not be significant, given the systematic un-
certainty in extrapolating the measured A rapidity distribution. The exper-
imental data for the K2 yield is 30% less than that predicted by the model.
Overall though the model agrees better than a simple scaling from S+S col-
lisions as there are no discrepancies on the order of a factor of two.

5.4 Future Directions

In order to get absolutely final corrected results from the NA49 data some
improvements to the efficiency calculation are probably required for the
VT1 data. Hopefully this would lead to a better agreement between the
results derived from candidates found in the two detectors and give ex-
tra confidence to the results presented here. Such improvements ought
to be possible by further tuning of the simulation. The measurement of
singly strange particles is an important step in measuring multiply strange
baryons as they form part of the decay chain of these particles and are also

required in calculating ratios such as £-. This analysis is currently under-

way within the NA49 experiment and it will complement the findings of
WAO97 [48] by providing a larger acceptance measurement.

The NA49 experiment has also collected data from collisions over a
range of impact parameters and analysis of these, once the simulation is
stable, will allow comparisons to be made with the small collision systems
previously studied in S-induced reactions. This dependence on impact pa-

rameter and hence the system size is also being studied by the NA57 exper-
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iment [56]. Later this year data will be taken using a 40 GeV beam which
will allow part of the gap between AGS and existing CERN-SPS data to be
filled. This year also sees the start-up of the RHIC at BNL. Experiments
here will look at strange particle production in collisions with,/s an order
of magnitude higher than at the SPS. This wide ranging program will allow
the various dependencies on energy and system size to be identified.

5.5 Summary

Data for the production of A, A and K2 in Pb+Pb collisions have been
presented. This includes rapidity distributions, which are consistent with
a Gaussian shape for A and K2, and p; distributions which follow expo-
nential distributions with inverse slopes of 237+£5 MeV, 274+5 MeV and
2794+10 MeV for K2, A and A respectively. A reasonable overall agreement
with several other measurements that are available is achieved. Results
fit well to the trends in inverse slope, % ratio and % ratio from other ex-
perimental data. This suggests that the dominant production mechanisms
in S+S collisions also dominate in Pb+Pb collisions as there is no dramatic
change in the strangeness enhancement factor in moving to this large sys-
tem. If a QGP is formed then it is most probably formed in all collisions at
SPS energies. The alternative may be that a QGP will dramatically manifest
itself in collisions at the top RHIC energy. The effects seen at SPS energies
could be collective effects of lesser magnitude due to the more complex na-
ture of nuclear collisions where there is an overlap between independent
nucleon-nucleon collisions. It will still be important to understand the na-
ture of these effects in this case.
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Appendix A

Kinematic Variables

Itis usual to classify the particles produced in high-energy collisions using
the kinematic variables rapidity, y and transverse momentum, p. Rapid-
ity is a measure of the momentum in the longitudinal direction and it is
defined as,

E+pr
E—pp
where E is the energy and p;, is the momentum in the longitudinal direc-

1

tion. The transverse momentum is simply defined as,

pr = /p? — p? (A.2)

where p is the momentum vector and p. is the component of momentum
in the beam direction. The advantage of using these variables is that p is
Lorentz invariant and y is only modified by an additive constant when a
Lorentz transformation is performed so that comparisons between differ-
ent frames, for example the centre of momentum and laboratory frames,

are trivial and leave the shape of distributions unchanged. The rapidity
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variable has a dependence on mass, via the dependence on E. For p>>m the
rapidity is well approximated by the mass independent variable pseudo-
rapidity, n, given by’

0
n = —Intan 5 (A.3)

where 4 is the angle of the particle relative to the beam axis. In order to
compare the p, distributions among particles of different masses a further
variable is defined, the transverse mass, m, given by,

my = \/p? + mi (A.4)

where my is the rest mass.
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