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Abstract

A new phase of strongly interacting matter consisting of deconfined quarks and gluons
has been predicted to exist at very high energy densities. This matter is referred to as a
quark gluon plasma. The universe probably went through a quark gluon plasma phase
shortly after the ”Big Bang”. The densities of some neutron stars are large enough for
a quark gluon plasma to exist in the core of the stars. In the laboratory, sufficiently
high energy densities for a quark gluon plasma to be formed are obtained in relativistic
heavy ion collisions. Experiments searching for the new phase of matter and analysing
its properties are performed at CERN outside Geneva, Switzerland and at BNL outside
New York, USA.

Enhanced production of strange particles is one of the expected observables from a
quark gluon plasma. The WA97 collaboration at CERN has measured the production
of strange particles (K0

S, Λ, Ξ and Ω) at central rapidities and high transverse momenta
in heavy ion collisions compared to proton induced reactions. Strangeness is found to
be enhanced in lead-lead collisions at 158 A GeV/c compared to proton-beryllium and
proton-lead collisions at the same beam momenta. The enhancement is found to increase
with increasing strangeness content of the particle, up to about a factor 20 for the triply
strange Ωs in central lead-lead collisions. The NA57 collaboration extended the WA97
measurements by studying more peripheral collisions and collisions also at 40 GeV/c per
nucleon, searching for the onset of the strange particle enhancement.

In this thesis, results from Pb-Pb collisions at beam momenta of 158 A GeV/c col-
lected by the NA57 collaboration in 1998 are presented (chapter 5). The author’s main
contributions to the results are in the correction procedure presented in chapter 4 and in
connection with this the examination of the difference in results from WA97 and NA57
presented in section 5.5, and the selection of Λ and Λ from the 158 A GeV/c lead-lead
data sample collected in 1998, and the final analysis of these results (chapter 3 and 5).
In chapter 1, a theoretical overview of the physics of relativistic heavy ion collisions is
presented. The WA97 and NA57 experiments are described in chapter 2. A discussion of
the results of this thesis, and a comparison to other results from the NA57 experiment
and to results from other SPS and RHIC experiments, are found in chapter 6. Chapter 7
contains a summary of the WA97/NA57 results and an outlook for relativistic heavy ion
physics.
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Chapter 1

The Quark Gluon Plasma

The word ”atom” originates from the Greek word ”atomos”, which means indivisible.
The Ancient Greeks believed in the existence of a single, indivisible particle being the
building block of the Universe. Much later, the atoms we know today were discovered
and were believed to be such indivisible building blocks in nature. In the early part of
the 20th century, discoveries revealed that the atom is not an elementary particle after
all, but consists of a positively charged nucleus and negatively charged electrons orbiting
the nucleus. The nucleus itself was later found to be composed of protons and neutrons.
Electrons, protons and neutrons were the new elementary particles, believed to be indi-
visible. From the middle of the 1940s, many new sub-atomic particles were discovered by
studying collisions between known particles at high energy. The new particles were found
to be very unstable with short lifetimes. Until the 1960s, physicists were confused by the
large number and variety of subatomic particles being discovered. They were trying to
find a pattern that would provide a better understanding of the variety of particles.

1.1 Quarks and gluons

In 1964 quarks were introduced independently by Gell-Mann [1] and Zweig [2] as building
blocks of hadronic matter. As far as we know today, quarks are indivisible elementary
particles. Hadrons are divided into two groups. One group called baryons, consisting of
three quarks (qqq) like protons and neutrons. The other group called mesons, consisting
of a quark-antiquark pair (qq) like pions and kaons. Quarks are found in six different
flavours, all having spin 1

2
, as shown in table 1.1. The electric charges are given in

the table in units of the electron charge, |e|. Antiquarks (q) have the same masses,
but opposite electric charges (−2

3
|e| or +1

3
|e|). Particles seen in nature always have a

net charge of n|e|, where n = ±0, 1, 2, . . . Some examples of particles and their quark
contents are given in table 1.2. The corresponding antiparticles have antiquarks instead
of quarks, and opposite electric charges. The mass of an antiparticle is the same as for
the corresponding particle.

In addition to the electric charge, quarks have a colour charge responsible for the
strong interaction. There are three different colour charges, called red, green and blue,
and their corresponding anti-colours. A baryon consists of a red, a green and a blue quark
to form a colour-neutral (white) particle, while a meson is composed of a colour and its
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Quark Flavour Electric charge/|e| Mass [MeV/c2]

u (up) +2
3

1.5 - 4

d (down) −1
3

4 - 8

s (strange) −1
3

80 - 130

c (charm) +2
3

1150 - 1350

b (bottom) −1
3

4100 - 4400

t (top) +2
3

(174.3 ± 5.1) · 103

Table 1.1: Quark flavours, their relative electric charges and masses [3].

Particle Quark content Mass [MeV/c2] Electric charge/|e|
p uud 938.27203± 0.00008 +1
n udd 939.56536± 0.00008 0

π+ ud 139.57018± 0.00035 +1
π− ud 139.57018± 0.00035 -1
K0 ds 497.648 ± 0.022 0
K+ us 493.677 ± 0.016 +1
K− us 493.677 ± 0.016 -1
Λ uds 1115.683 ± 0.006 0
Ξ− dss 1321.31 ± 0.13 -1
Ω− sss 1672.45 ± 0.29 -1

Table 1.2: Example of particles and their quark contents, masses and electric charges [3].

anti-colour quark-antiquark pair, also giving a net colour of white. Only colour-neutral
particles exist in nature.

In Quantum Electrodynamics (QED), the field theory of electromagnetic interactions,
particles interact by exchanging photons. The photons themselves have no electric charge,
and therefore do not interact with each other. The field theory describing strong in-
teraction is called Quantum Chromodynamics (QCD). The quarks interact strongly by
exchanging gluons. The gluons are massless and have spin 1, like the photons, but while
the photons have no electric charge, the gluons themselves carry colour charge and can
thereby interact with quarks and other gluons.

The potential between two quarks at a distance r is of the form

V (r) ∼ −αs(r)

r
+ kr (1.1)

where k is a constant and αs(r) is the strong coupling constant. At short distances, the
first term in the potential dominates, and the potential looks similar to the electromag-
netic potential between two electric charges. The fact that gluons are coloured means
they can interact with each other, causing the lines of colour charge connecting two sepa-
rating quarks to be stretched and grouped together to form a string. Therefore, at larger

2



distances, r � 1 fm (10−15 m), the second term in equation 1.1 dominates and V (r) → ∞.
The constant k can be thought of as a spring constant providing the tension in the string.
This property of the strong force binds quarks together into hadrons. A quark can only
exist close to other quarks, making the net colour charge of the composite object zero.
This is referred to as QCD confinement.

When two quarks are forced to separate, it becomes energetically favourable to break
the colour string and produce a quark-antiquark pair. Two new colour neutral objects
are created from the original colour neutral object. This is the reason why no free quarks
are observed at normal temperatures and densities.

At very small distances, r → 0, the coupling between the quarks becomes small,
αs(r) → 0. The potential between the quarks decreases with the distance and at infinitely
small distances the quarks are considered to be free. This is called asymptotic freedom.

1.2 Hot and dense nuclear matter

The observation that QCD is an asymptotically free theory, led to the suggestion that a
critical behaviour at high temperature and/or density is related to a phase transition [4].
The phase transition between confined and deconfined matter is expected to happen at
a critical temperature and energy density. Below this limit quarks are confined and only
hadronic matter can be observed. Above the critical temperature and energy density
quarks are no longer confined in hadrons and we have a new state of matter called quark
gluon plasma (QGP). In this state, quarks and gluons can be seen as free particles.
At high temperature and/or baryon density, QCD is characterized by an approximate
chiral symmetry which is a symmetry between right handed and left handed terms in
the Lagrangian. The symmetry is exact only at vanishing quark masses. At normal
temperature and baryon density, this chiral symmetry is spontaneously broken and the
quark masses originate as a direct consequence of this mechanism.

If we look for quark gluon matter in nature, we expect to find it in the early universe
where the temperature is extremely high, and in the core of neutron stars where the
density is above the critical density, but with a low temperature. To study the phase
transition in the laboratory, the only possibility is to study collisions between heavy ions
at relativistic energies. Relativistic heavy ion collisions are described in section 1.3.

The strong coupling constant, αs, increases with distance or, correspondingly, de-
creases with momentum transfer. For hard processes, i.e. processes with large momentum
transfer and small αs, perturbative QCD calculations can be applied. The soft processes
which have small momentum transfer and large αs, can not be described by perturba-
tive QCD. One way to overcome this problem is to calculate QCD on a discrete lattice
in space and time. Lattice QCD makes use of Monte Carlo techniques and is therefore
ideal for numerical calculations on powerful computers. To get good results, a high den-
sity of space-time points is needed. Due to limited computer power, calculations so far
have been done only on limited topics and mostly assuming massless particles or zero
net-baryon density, i.e. vanishing baryochemical potential. Lately, lattice calculations at
finite chemical potential (e.g. [5] and references therein) have been performed.

If the u, d and s quarks are assumed to have physical values of their masses, lat-
tice QCD calculations at zero chemical potential indicate that there is a rapid crossover
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Figure 1.1: Lattice QCD calculations of the critical end-point in the QCD phase dia-
gram [6].

between hadronic and quark gluon matter [5] around a critical temperature of about
165 MeV [6]. In a crossover the observables change rapidly, but no singularities appear.
At large chemical potential and finite temperature, a first order phase transition is pre-
dicted by several models [5]. A first order phase transition leads to a discontinuity of
the energy density, ε(T ). To combine the first order phase transition at large chemical
potential with the crossover at zero chemical potential, a critical end-point is introduced.
At this point the phase transition is expected to be of second order, meaning that the
second derivative of the free energy, the specific heat, is discontinuous. Recent calcula-
tions estimate the temperature, T , at the critical point to be around 162 MeV, and the
chemical potential, μB, to be around 400 MeV [6] (see figure 1.1).

Figure 1.2 shows a phase diagram of QCD. In the left figure, the solid line indicates a
first order transition from hadronic to quark gluon matter at high baryochemical potential
μB, and the long-dashed line indicates a crossover region at low μB. The short-dashed
line indicates a phase transition between normal and colour superconducting quark gluon
matter (not discussed in this thesis). The right figure shows the prediction for the transi-
tion from hadronic matter to quark gluon matter calculated from lattice QCD, together
with the experimentally measured chemical freeze-out parameters. The freeze-out curve
is a fit to the datapoints. The experimental freeze-out parameters originates from the
final stage of the expansion of the hot collision zone, and the baryochemical potential
is therefore assumed to be higher at an earlier stage. As can be seen from the figure,
the QCD phase diagram has been explored by using different collision energies. Higher
collision energies leads to increased temperatures and a lower baryochemical potential.
Values of μB ≈ 400 MeV, where the location of the critical end-point has been predicted,
can be explored by using beam momenta around 40 A GeV/c [7].
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Figure 1.2: The QCD phase diagram [7].

1.3 Heavy ion collisions

Colliding heavy ions is the only way to produce sufficiently high temperatures and den-
sities for a quark gluon plasma to be formed in the laboratory. Figure 1.3 illustrates the
geometry in a heavy ion collision. Two nuclei collide with an impact parameter, b, defined
as the distance between the centres of the colliding nuclei measured perpendicular to the
beam axis. Nucleons in the overlapping region are called participants, while the remain-
ing nucleons are called spectators. The participants form a hot and dense fireball that
interacts strongly, while the spectators lose some of their original momenta but continue
away from the hot collision zone. Head-on collisions, with an impact parameter close to
zero, have the maximum number of participants, and the maximum size and density of
the fireball. If the volume and the lifetime of the fireball are sufficiently large, the system
can reach a state of thermal equilibrium, and a quark gluon plasma may be formed if the
energy density is above the critical value.

A quark gluon plasma is most likely to be formed in central collisions, i.e. when the
impact parameter is small. Unfortunately, the impact parameter can not be measured
directly in an experiment, so the centrality has to be estimated from other measurable
quantities. Such quantities are for instance the number of charged particles produced in
the collision or the transverse energy. A central collision produce more charged particles
and give higher transverse energy than a peripheral collision. The number of participants
can be estimated from the measured quantity using for instance a Glauber model. (See
section 5.2 for a description of the method used by WA97 and NA57.)

The main facilities for studying heavy ion collisions are localized at BNL (Brookhaven
National Laboratory) in the USA, and at CERN (European Organization for Nuclear
Research) outside Geneva, Switzerland. The accelerators at the two laboratories provide
different energy regimes, from the AGS (Alternating Gradient Synchrotron) at BNL, via
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Figure 1.3: Geometric illustration of a heavy ion collision, before the collision (left) and
after the collision (right). The projectile collide with the target with an impact parameter
b. The illustration is made in the center-of-mass system.

the SPS (Super Proton Synchrotron) at CERN, to RHIC (Relativistic Heavy Ion Collider)
at BNL. In the future, heavy ion collisions will also be studied at the LHC (Large Hadron
Collider) at CERN. The RHIC and the LHC are colliders, with two beams accelerated
in opposite directions and collided with each other. In the other accelerators the beam
impinges on a fixed target. The accelerator facilities and their maximum energies for the
heaviest accelerated ions are summarized in table 1.3.

Accelerator Heaviest ions Max. pbeam/A (GeV/c) Max.
√

sNN (GeV)
AGS Au 10.7 4.7
SPS Pb 158 17.3

RHIC Au 100 200
LHC Pb 2750 5500

Table 1.3: Accelerator facilities for heavy ions.

1.3.1 Kinematic variables

When describing the kinematics of relativistic heavy ion collisions, it is convenient to use
quantities that are invariant under Lorentz transformations. The movement of a particle
along the beam axis can be described in terms of the Lorentz additive parameter rapidity,
y, rather than velocity or longitudinal momentum. Rapidity is defined as

y = tanh−1
(vL

c

)
=

1

2
ln

(
E + pLc

E − pLc

)
(1.2)

where E is the energy of the particle, vL is the velocity of the particle along the beam
axis, pL is the momentum of the particle parallel to the beam axis, and c is the speed
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of light in vacuum. In the nonrelativistic regime rapidity is numerically close to the
value of the speed in units of c. A rapidity distribution has the same shape in the
laboratory and the centre-of-mass systems, only the absolute values are shifted. The
rapidity distribution for different particles gives information about where the particles
originate from. Target spectators have a rapidity close to the target rapidity, ylab = 0 in
a fixed target experiment, while spectators from the beam have a rapidity close to the
rapidity of the beam. Particles from the fireball, the participants, have a rapidity close
to the rapidity of the centre-of-mass.

At relativistic energies (E � m) rapidity can be approximated by pseudorapidity, η,
which is independent of the mass of the particle, and therefore independent of particle
type. This is useful when no particle identification is available. Pseudorapidity is defined
as

η = − ln tan

(
θ

2

)
(1.3)

where θ is the angle between pL and the total momentum p.
When transformations are made along the beam direction, the momentum of a particle

transverse to the beam axis, pT, is also invariant under Lorentz transformations. Another
frequently used parameter is the transverse mass, mT, defined as

mT =
√

p2
T + m2 (1.4)

where m is the mass of the particle, and c = 1. The temperature of the system can be
extracted from the transverse mass distribution (see e.g. section 1.4.1).

1.3.2 Nuclear stopping

When two nucleons interact they lose kinetic energy. The loss of kinetic energy is referred
to as stopping. The kinetic energy is deposited in a small volume giving a large energy
density. The amount of stopping increases with increasing number of nucleon-nucleon
collisions.

At relatively low energies, like at AGS, the nucleons pile up at mid-rapidity, leaving a
baryon rich interaction zone. This scenario resembles the picture of the hydrodynamical
Landau model [8]. At high energies, like at RHIC, or at the future LHC, the nuclei manage
to escape from the interaction region even if the energy loss due to nucleon-nucleon
collisions is very high. In this case the interaction zone has a large energy density, but is
almost baryon free. Such transparent interactions are described by the hydrodynamical
Bjorken model [9].

The net-baryon rapidity distribution gives information about nuclear stopping. In a
model assuming full stopping, like the Landau model, a gaussian rapidity distribution
around the central rapidity is expected. In the other extreme, assuming full transparency
like the Bjorken model, the central rapidity distribution for net-baryons is assumed to
be zero, i.e. vanishing baryochemical potential. Experimental results showing rapidity
distributions of net-protons from central heavy ion collisions at AGS, SPS and RHIC at
centre-of-mass energies of 4.7, 17.3 and 200 GeV respectively, are shown in figure 1.4. The
figure indicates that the Landau model can be applied at AGS energies. At SPS energies,
there is a dip in the centre of the distribution indicating some degree of transparency.
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Figure 1.4: Rapidity distributions for net-protons at AGS, SPS and RHIC energies [10].
yp is the rapidity for the incoming projectile.

A broad minimum spanning several units of rapidity indicates that collisions are quite
transparent at RHIC energies.

1.3.3 Evolution in space and time

An illustration of the evolution of a heavy ion collision in space and time, assuming that
the system goes through a quark gluon plasma phase, is shown in figure 1.5. Initially
there is a pre-equilibrium phase dominated by hard scatterings. As the particles interact,
the temperature increases and exceeds the critical temperature, Tc, where a transition to
a quark gluon plasma is expected. As the quark gluon plasma cools down, it eventually
again reaches the critical temperature Tc and a transition into a hadron gas takes place. In
this phase, elastic and inelastic interactions change the kinetic properties of the particles
and the particle composition of the system. As the system expands, the density decreases
and the particles eventually stop interacting. This defines the freeze-out of the particles. It
is distinguished between chemical and kinetic freeze-out. When the particle composition
is no longer changed by inelastic interactions, it is called chemical freeze-out (Tch). A
thermal freeze-out (Tfo) happens when the kinematic distributions are no longer changed
by elastic interactions. Different particles may freeze-out at different times. The particles
after freeze-out can be observed experimentally.

1.4 Experimental observables

The lifetime of a quark gluon plasma is expected to be in the order of a few fm/c, or about
10−23 seconds. The only way to retrieve information about the QGP phase, is to detect
and analyse the final state particles that are frozen out from the hot collision zone, or
direct photons or dileptons that are not affected by final state interactions. Experimental
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Figure 1.5: Space-time evolution of heavy ion collisions assuming that the system passes
through a QGP phase [11].

observables from a quark gluon plasma are compared to predictions from different models
describing heavy ion collisions.

The different experimental observables give information about different stages of the
collision. Some observables are weakly affected by the interactions that take place after
the collision, and can therefore give important information about the early stage of the
collision. Other signals are related to the chemical or the thermal freeze-out. Some
experimental observables are discussed in the following sections.

1.4.1 Temperature and radial flow

Hagedorn first introduced the connection between the freeze-out temperature of a thermal
source and the transverse mass [12]. In p-p collisions the transverse mass spectra of all
produced particles can be described using one common inverse slope, T , by the equation

1

mT

dN

dmT

∝ exp(−mT

T
) (1.5)

In p-p collisions the inverse slope is interpreted as the temperature of the system. Going
to nucleus-nucleus collisions this picture is more complicated, and the inverse slope pa-
rameter can no longer be directly interpreted as the temperature of the system. In A-A
collisions T is found to increase with the particle mass [13], as can be seen in figure 1.6.
This effect can be interpreted as a common transverse flow of all particles in the source
in addition to the thermal motion [14]. If the source expands with a common transverse
velocity, the transverse mass of the particles is higher for heavier particles. An exception
is observed for the multistrange particles Ξ and Ω. Their inverse slopes fall below the line
drawn through the π, K and p points. This has been interpreted as an early freeze-out
of multistrange hadrons [15].

Statistical models can describe the final state of high energy collisions using a small
number of macroscopic parameters. It is assumed that the final state is in thermal and
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Figure 1.6: Inverse slopes as a function of the particle rest mass in Pb-Pb interactions at
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chemical equilibrium and that it can be described using thermodynamics. The models
describe the system as a whole, but the information about single particles is lost.

The statistical hadronization model in [14] also describes the mT distributions. The
model assumes that particles decouple from a system in local thermal equilibrium with
temperature T . The system is assumed to expand both in the longitudinal and in the
transverse direction. Two parameters can be extracted from a fit of the model to the
experimental spectra, the thermal freeze-out temperature T and the average transverse
flow velocity 〈β⊥〉. The model is often referred to as the Blast-wave model.

Results from the STAR experiment at RHIC are shown in figure 1.7 [17]. Blast-
wave fits for π, K and p are shown for 9 different centrality classes, class 1 being the
most central class. They observe that the temperature decreases with centrality, while
the average transverse flow is increasing. This may indicate a more rapid expansion
in central collisions compared to peripheral collisions. For the most central class they
observe an average transverse flow of about 0.6c and a freeze-out temperature around
90 MeV. Fits for the particles φ and Ω, containing only strange quarks, are shown for
the most central class. The fits have large uncertainties but indicate that these particles
freeze out at a higher temperature and with a lower average transverse flow than the other
particles. The thermal freeze-out temperature of φ and Ω are close to the chemical freeze-
out temperature calculated by statistical models, while their average transverse flow is
about 0.5c. This suggests that the particles with no quarks in common with the colliding
nucleons decouple almost immediately after hadronization, but already with a significant
amount of radial flow. The flow must be accumulated prior to chemical freeze-out, maybe
in a partonic phase.

10



0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 0.1 0.2 0.3 0.4 0.5 0.6

Chemical freeze-out temperature 
Tch

 

 

p+p

Collective velocity < βT > (c)

T
em

pe
ra

tu
re

 T
fo

 (
G

eV
/c

2 )

 

 

 

(π , K, p) 23
4

5

67
8

9

1

1

1

 trig /  geom (%)
6

80-70 70-60 60-50 50-40 40-30 30-20 20-10 10-5 5-0

Au+Au (1- )σ

Au+Au (2- )σ

(sss)Ω

(ss)
_

φ

9 8 7 5 4 3 2 1
σ σ
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1.4.2 Directed and elliptic flow

Pressure gradients within the fireball leads to collective motion or flow. Flow can be de-
scribed by hydrodynamical models assuming an initial system in equilibrium. To be able
to describe the system in terms of thermodynamical quantities, it has to be established
that the particles undergo enough interactions to reach thermal equilibrium.

The overall azimuthal angular distribution with respect to the reaction plane can be
expressed as the Fourier series [18]

E
d3N

d3p
=

1

2π

d2N

pTdpTdy

(
1 +

∞∑
i=1

2vn cos[n(φ − Ψr)]

)
(1.6)

where φ is the azimuthal angle of the outgoing particle compared to the reaction plane Ψr.
The reaction plane is defined by the beam axis and the impact parameter. The Fourier
coefficients, vn = 〈cos[n(φ − Ψr)]〉 (n denotes the harmonic), is calculated as the mean
over all particles in all events.

The first Fourier coefficient, v1, is referred to as directed flow. It describes the sideward
motion of the fragments in ultra-relativistic nuclear collisions. The amount of directed
flow is closely related to the equation of state (EoS) of the matter. Creation of a quark
gluon plasma leads to a softening of the EoS and less directed flow. As a consequence of
the softer EoS a wiggle effect has been predicted around central rapidity [19] where the
quark gluon plasma is expected to be formed. Directed flow has been measured by STAR
at

√
sNN = 200 GeV [20] and by NA49 at

√
sNN = 17.3 GeV [21] as a function of pseu-

dorapidity. The pseudorapidity dependence of v1 in the target/projectile fragmentation
regions are found to be very similar at RHIC and SPS energies. At mid-rapidity the RHIC
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Figure 1.8: Elliptic flow near mid-rapidity in Au-Au collisions at
√

sNN = 200 GeV as a
function of pT [23]. Experimental results are compared to hydrodynamical calculations.

data are much flatter than the SPS data. STAR has also measured the directed flow at√
sNN = 62.4 GeV [22]. At this energy v1 is not completely flat around mid-rapidity, but

shows a slower decrease than in the forward region. No v1 wiggle effect is observed around
central rapidity, but can not be ruled out due to statistical uncertainties. As expected,
directed flow is found to decrease with the centrality of the collisions [22].

The second Fourier coefficient, v2, is referred to as elliptic flow. When two nuclei collide
with non-zero impact parameter, the initial overlap region is spatially deformed (almond
shaped). The particle momenta, however, are assumed to be azimuthally uniform. If the
particles do not interact during the expansion of the source, the spatial asymmetry will
have no effect on the momentum distribution and this will still be uniform. If the observed
momentum distribution is asymmetric, this is evidence that the produced particles have
interacted. In addition, it indicates that the interactions took place at an early stage,
since the expansion of the source will more or less erase the spatial asymmetry. Elliptic
flow for strange particles measured by the STAR experiment at RHIC [23] close to mid-
rapidity is presented in figure 1.8. The data are compared to the predictions from a
hydrodynamical model. It can be seen that the amount of elliptic flow at RHIC is close
to the hydrodynamical limit even for strange particles, indicating a system in equilibrium
at an early stage of the collision.

Figure 1.9 shows the elliptic flow at different energies. At the SPS the elliptic flow is
about a factor two smaller than at RHIC (see e.g. [24] and references therein). This is
lower than what has been predicted by hydrodynamical models. At even lower energies
(SIS/Bevalac and lower AGS) the elliptic flow is negative. At these energies the target
and projectile spectators are shadowing the emission of particles.
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1.4.3 Interferometry

In the 1950s Hanbury-Brown and Twiss (HBT) developed a method for measuring the
stellar radii by two-photon intensity interferometry [25]. In a similar way, identical particle
interferometry, e.g. ππ correlations, gives information on the reaction geometry in a
collision between particles [26]. The method exploits the fact that the probability of
detecting two particles in coincidence is enhanced for small momentum differences between
the particles. The size of the particle source can be related to the momentum range of this
enhancement. In addition, HBT interferometry provides information about the lifetime
and flow patterns of the fireball [27].

The correlation function for two pions can be expressed as

C2(p1, p2) =
P2(p1, p2)

P1(p1)P1(p2)
(1.7)

where p1 and p2 are the four-momenta of the two pions, P2 is the probability of detecting
two pions with the corresponding momenta in the same event, and P1 is the probability
of detecting a single pion with the given momentum. If there is no correlation, C2 = 1.
The probability function can also be expressed as

C2(q) = 1 + λ|ρ(q)|2 (1.8)

where q = p2 − p1 is the four-momentum difference and ρ(q) is the Fourier transform of
the space-time source density. The factor λ is introduced to correct for the fact that the
source might not be completely incoherent.

Different parametrizations have been introduced for the correlation functions. One of
them is the ’cartesian’ Pratt-Bertsch parametrization [28, 29], expressed in the out-side-
longitudinal system. The longitudinal direction is in the direction along the beam axis. In
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the transverse plane the out direction is chosen to be parallel to the transverse component
of the pair momentum, and the side direction is the remaining cartesian component.

HBT parameters are calculated as a function of the collision energy for mid-rapidity,
low pT π−π− correlations from central Au-Au, Pb-Pb and Pb-Au collisions from AGS to
RHIC energies [30]. None of the calculated radii are changing significantly in this energy
regime. The longitudinal radius Rl increases slightly with increasing collision energy,
reflecting a slightly larger freeze-out volume. The ratio between the out and the side
direction is a sensitive probe of the equation of state in hydrodynamical models [31, 32].
For a hadronic scenario the ratio has been predicted to be ∼ 1.0 − 1.2, while it has been
predicted to be ∼ 1.5− 10 in a QGP scenario. The experimentally measured ratio is not
increasing at RHIC energies compared to results at lower energies, and is compatible with
the predictions for a hadronic scenario.

1.4.4 Strangeness

Enhanced production of strange particles in a quark gluon plasma compared to a hadron
gas was suggested by Rafelski and others in the early 1980’s [33, 34]. The mass threshold
for production of strangeness in a quark gluon plasma is reduced compared to a hadron
gas. In addition, there is a large abundance of gluons taking part in the production of
strange-antistrange quark pairs.

The colliding nuclei contain only light quarks and no strange or antistrange quarks.
All strange particles seen in the detectors are therefore produced in the collision. Since
strangeness is a conserved quantity, a particle containing an anti-strange quark has to
be produced whenever a particle containing a strange quark is produced. In hadronic
matter, strangeness is for instance produced in these reactions:

π + π → K + K (Q = 2mK − 2mπ ≈ 710 MeV)

N + N → N + Λ + K (Q = mΛ + mK − mN ≈ 670 MeV)

π + N → K + Λ (Q = mK + mΛ − mπ − mN ≈ 530 MeV)

The values in parenthesis are the Q-values for the reactions, i.e. the threshold value
for the energy needed to produce the new particles. In hadronic matter a multi-strange
particle can be produced by first producing a singly-strange particle. The production of
multi-strange particles therefore requires a long time scale in addition to high energy. At
high densities, close to the phase boundary, multi-strange particles might be produced
in multi-hadron reactions [35]. This leads to a shorter time scale for the production of
multi-strange hadrons in a hadron gas.

In a quark gluon plasma there will be a lot of gluons and light (u and d) quarks. A
light quark and an antiquark can react and produce a strange-antistrange quark pair,

q + q ↔ s + s (1.9)

where q refers to a light quark, i.e. u or d quark. If the mass of a light quark, mq, is
neglected, the energy needed is only the mass excess of the two strange quarks, 2ms ≈
2− 300 MeV. Due to Pauli blocking, production of uu and dd pairs requires more energy

14



than only the mass excess, 2mq, which favours production of strange quark pairs. In
addition, strange quarks may be produced by gluon fusion and by gluon decay,

g + g ↔ s + s (1.10)

g ↔ s + s. (1.11)

Gluon decay requires a massive gluon. A finite mass for gluons suppresses gluon fusion,
and leave gluon decay as a dominating process for production of strange-antistrange
quarks [36]. With a massless gluon, the gluon fusion dominates the strange-antistrange
quark pair production. Because of the large density of gluons in the plasma, the two gluon
channels are the dominant processes. The relative importance of the two gluon processes
varies with the gluon mass, but the total rate stays almost constant [36]. The production
of strangeness in a quark gluon plasma therefore requires less energy and occurs with a
larger probability (due to the large amount of gluons) than in a hadron gas. The largest
enhancement is expected for multi-strange particles, which in a quark-gluon plasma are
formed simply by combining several strange quarks in one particle at freeze-out.

Statistical models and particle ratios

Statistical models (see for instance [37] for an overview) assume that the system is in
thermal and chemical equilibrium at chemical freeze-out, and that hadrons and resonances
are not interacting anymore. The models do not have any description of the system before
freeze-out. A statistical model can be used to calculate the number density of a particle
species for a given chemical freeze-out temperature and baryochemical potential. The
ratios predicted by the model are compared to experimentally measured ratios for a given
data set. The temperature and the chemical potential are varied until the minimum
difference between the measured and calculated ratios are found.

Due to the short lifetime of the system, there may not be enough time to fully saturate
the strangeness content. The system can still be thought of as being in equilibrium if the
produced strangeness is evenly distributed, but the strangeness phase space will not be
saturated. This effect is often accounted for in the models by a strangeness saturation
factor γs, where γs ≤ 1. At RHIC energies γs is found to be very close to unity [11].
At the top SPS energy γs is found to be around 0.8-0.9, and close to unity at central
rapidity [38].

Figure 1.10 shows the results of a fit using the statistical model described in [39] for
SPS data at 158 A GeV/c. The model describes the experimental data well for a tempera-
ture of T = 170 MeV and a baryochemical potential of μB = 255 MeV. Statistical models
seems to work well also for other colliding systems and at other energies, for instance at
RHIC energies [40, 37]. It is shown that statistical models work well for systems all the
way down to collisions between elementary particles [41]. The fitted chemical freeze-out
temperatures for different systems are shown in figure 1.11. The temperature flattens
out at about 170 MeV when the collision energy increases, independent of the size of the
colliding system. All the experimental ratios are found from an average over many events.
It is possible that the fits do not represent true temperatures and chemical potentials if
each event is not a statistically independent system.

A grand canonical approach is used in the statistical models. This is valid for large
systems where the quantum numbers are conserved on average. In a small system where
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Figure 1.10: Particle ratios from statistical model compared to experimental ratios from
SPS experiments at 158 A GeV/c [37].

Figure 1.11: Chemical freeze-out temperature as a function of collision energy, for e+e−

(squares), pp (open triangles), pp (circles) and AA (filled triangles) collisions [41].
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Figure 1.12: Left, the predicted centrality dependence of strangeness enhancement for Λ,
Ξ and Ω at 40 A GeV/c. Right, the predicted centrality dependence of Ξ− enhancement
at different collision energies [42].

the canonical approach should be used, all quantum numbers have to be conserved ex-
plicitly. This means that in addition to sufficient energy, there has to be available phase
space for strangeness production. Due to the lack of available phase space this results
in a suppression of strangeness in small systems. When the volume becomes larger the
suppression is expected to disappear and the strangeness production becomes constant.
The volume is believed to be directly proportional to the number of participants in the
collision. The strangeness suppression in small systems contributes to the strangeness
enhancement in large systems. Figure 1.12 (left) shows the enhancement for Λ, Ξ and Ω
in Pb-Pb collisions compared to p-p collisions using a beam momentum of 40 A GeV/c
(
√

s = 8.73 GeV), predicted by a statistical model including canonical suppression in
small systems [42]. As shown, the enhancement is expected to be increasing with the
strangeness content of the particle, and the largest enhancement is expected for the
triply strange Ω. The enhancement is increasing with the size of the system (Npart), and
is saturating for sufficiently large systems indicating that the grand canonical limit is
reached. The predicted enhancements for the top SPS energy of 158 A GeV/c show the
same pattern [43], but is expected to be lower [42]. In general it is predicted that the
strangeness enhancement is decreasing with increasing energy (see figure 1.12, right).

Experimental results shown in chapter 5 and 6 of this thesis show that there is a
strangeness enhancement and it is in fact increasing with increasing strangeness content
of the particle. The enhancement increases with the size of the system. However, there
is no evidence for a saturation, except maybe for Λs, and the measured enhancements
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Figure 1.13: The K+/π+ (left) and K−/π− (right) ratios in central Pb-Pb and Au-Au
collisions as a function of the collision energy [45]. Results from p-p collisions (open
circles) are also included. The curves are predictions from a hadron gas model [46].

are not decreasing with increasing energies. One possible explanation is that the volume
is not proportional to the number of participants. Another possibility is that the fitted
temperature used to calculate the enhancement factors is not correct.

Strangeness enhancement and baryon density

Figure 1.13 shows the energy dependence of the K+/π+ and K−/π− ratios. The
K+/π+ ratio shows a dramatic change around a beam momentum of 30 A GeV/c
(
√

sNN = 7.62 GeV) [44]. It is tempting to believe that this discontinuity indicates a
phase transition. If the system is in a hadronic phase, the chiral symmetry is broken
and the strange quark mass has its constituent value. In this scenario the K/π ratio is
expected to increase with increasing collision energy. If the chiral symmetry is restored
and the quark masses decrease as a result of this, the K/π ratio is expected to be roughly
independent of the collision energy. The K+/π+ ratio is compatible with this interpreta-
tion indicating a phase transition around

√
sNN = 7.62 GeV. However, the K−/π− ratio

shows a continuous rise with increasing collision energy.
The interpretation of the horn in figure 1.13 at lower SPS energy is debated. When

increasing the collision energy, the baryon density of the fireball is decreasing. The
quark contents of the K+ and K− mesons are us and us respectively. The K−/K+ ratio is
therefore effectively u/u (since s/s = 1), and is therefore depending on the baryon density.
The experimentally measured K−/K+ ratio is shown in figure 1.14 as a function of the
p/p ratio for different collision energies from AGS to RHIC. The p/p ratio is a measure
on the baryon density or baryochemical potential (shown at the top of figure 1.14). The
data show that the K−/K+ ratio is indeed varying with the baryon density. Included
in the figure is also a prediction from a statistical model by Becattini et al. [47]. The
model describes the data well. The BRAHMS experiment at RHIC has also measured
the rapidity dependence of the K+/π+ and K−/π− ratios [48]. They find that the K+/π+
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Figure 1.14: Correlation between strange meson and baryon-antibaryon ratios [49].

ratio increases and the K−/π− ratio decreases at high rapidities due to an increase of the
baryon density (see figure 1.15). This behaviour is similar to what is observed by going
from RHIC to SPS energies, and indicates that this is only an effect of the increased
baryon density.

The Wroblewski factor, λs, is defined as [50]

λs ≡ 2〈ss〉
〈uu〉 + 〈dd〉 (1.12)

where the quantities in brackets refer to the newly formed quark-antiquark pairs. This
factor gives the ratio of produced strange quarks to produced non-strange quarks. Quarks
that were present in the target and projectile are not included in the Wroblewski factor.
Lines of constant λs in the T − μB plane, calculated from the thermal model in [46], are
shown in figure 1.16 together with the freeze-out curve [51]. The calculated Wroblewski
factor increases quickly up to AGS energies, and reaches a maximum around lower SPS
energies (T ≈ 130 MeV and μB ≈ 500 MeV). As the collision energy increases, the change
in T is small whereas μB is decreasing resulting in a decreasing λs. From this prediction
of the Wroblewski factor, the thermal model calculations [46] show a broad maximum in
the K+/π+ ratio as shown by the curve in figure 1.13. The predicted maximum is at the
same energy as observed by the NA49 experiment, but is not as sharp as the measured
horn. The thermal model predictions for the K−/π− ratio shows the same trend as the
data, but overpredicts the ratio at the higher energies.
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Figure 1.17: Excess of photons in central Au-Au collisions at RHIC [54].

1.4.5 Electromagnetic observables

Photons and leptons are affected by electromagnetic interactions only, and can therefore
pass through the strongly interacting matter of the fireball virtually unchanged. The
electromagnetic observables therefore provides information about the earliest stages of
the collision.

Direct photons produced in the fireball mainly via the qq → γγ and gq → γq channels
carry information about the temperature at the initial stage of the collision. It has also
been estimated that photon production at sufficiently high initial temperatures is higher
in quark matter than in hadronic matter [52]. However, direct photons are very difficult
to identify because of the large background from hadronic reactions, especially π0 → γγ.
Results from the WA98 experiment at CERN indicates an excess of photons in central
Pb-Pb collisions at 158 A GeV/c [53]. Direct photons have also been measured by the
PHENIX experiment at RHIC for central Au-Au collisions at

√
sNN = 200 GeV [54].

Figure 1.17 shows the measured γ/π0 ratio relative to the expected γ/π0 ratio for the
background measured by PHENIX. The results are compared to perturbative QCD cal-
culations and found to be consistent with these. The dot-dashed curve in the figure
indicates the expected enhancement if there was no suppression of mesons in the medium
(see section 1.4.7).

Like photons, dileptons produced in the quark gluon plasma can provide information
about the initial state. Again, the difficult task is to sort out the dileptons produced
in the plasma from the large background of leptons produced in processes like photon
conversions, pion annihilation, resonance decays, πρ and Drell-Yan interactions.

The NA38/NA50 experiments at CERN have measured an excess of dimuons in the
intermediate mass region between the φ and the J/Ψ in central A-A collisions [55]. The
excess is found to increase with the centrality of the collisions. The results are also
confirmed by the NA60 experiment for In-In collisions at 158 A GeV/c [56]. NA60 have
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Figure 1.18: Excess of lepton pairs in the low mass region in central In-In collisions at
the SPS [56].

concluded that the enhancement is consistent with prompt dimuons, while enhancement
due to enhanced production of open charm particles is ruled out.

An excess of electron pairs in the low mass region 0.2-0.6 GeV/c2 has been measured by
the CERES/NA45 experiment at CERN in Pb-Au collisions at 40 and 158 A GeV/c [57].
An excess of lepton pairs is lately also seen in central In-In collisions at 158 A GeV/c by
NA60 [56] (see figure 1.18). The excess is rising with centrality. The shape of the excess
is found to be consistent with broadening of the ρ mass, whereas a mass shift of the ρ is
ruled out (mρ = 775.8 ± 0.5 MeV [3]).

1.4.6 J/Ψ suppression

The J/Ψ meson is a bound state of a charm and an anti-charm quark (cc). It has been
predicted that colour screening would prevent cc binding in a quark gluon plasma, and
that J/Ψ suppression in nuclear collisions should provide an unambiguous signature of a
quark gluon plasma formation [58]. The J/Ψ meson has a large bound state radius and
in a plasma the c and c quarks effectively do not ”see” each other. Instead of binding
to each other, they therefore find a different quark and open charm particles, such as D
mesons (cq or cq), are produced. The Ψ’ has an even larger bound state radius than the
J/Ψ and should therefore also be suppressed in a quark gluon plasma [58].

The NA38 [59] and NA50 [60] experiments identify the J/Ψ meson through its decay
into muon pairs (μ+μ−). This accounts for 5.9% of the J/Ψ decays. J/Ψ has been found
to be suppressed in O-U, S-U and Pb-Pb collisions, and the suppression is found to
increase with centrality [61, 62]. However, there are now several theoretical models, also
without QGP formation, that are able to explain the NA38/NA50 results (e.g. [63, 64]).
The NA60 collaboration measures an anomalous J/Ψ suppression also in In-In collisions
at 158 A GeV/c [56]. The suppression is found to be depending on the centrality of the
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Figure 1.19: J/Ψ production relative to the nuclear absorption, versus number of partic-
ipants [56] measured by the NA38, NA50 and NA60 experiments.

collisions, with an onset around Npart = 90. J/Ψ suppression is observed already in p-A
collisions due to absorption of the J/Ψ as it passes through the nuclear matter. This
absorption is also affecting the number of J/Ψs observed in A-A collisions. The J/Ψ
production, compared to the expected production in case of pure nuclear absorption,
measured by NA38, NA50 and NA60 is presented as a function of number of participants
in figure 1.19.

A statistical recombination model (see e.g. [37] and references therein) suggests that
the suppression of J/Ψ is overcome by statistical recombination of J/Ψ mesons from the
same or different cc pairs at freeze-out. The effect of the recombination is an enhanced
production of J/Ψ in a quark gluon plasma compared to a hadronic scenario.

The PHENIX experiment has measured the J/Ψ production at RHIC [65]. In central
Au-Au collisions at

√
sNN = 200 GeV the suppression is found to be similar to the

suppression found by NA50 at the SPS [66]. The results is in agreement with models
including both colour screening and recombination.

1.4.7 High pT suppression

Partons resulting from hard scatterings during the initial collision between two nuclei are
probes that are directly sensitive to the properties of the matter created in the collision.
A colour charged parton passing through colour charged matter may interact and lose
energy through gluon bremsstrahlung. As a result, the yield of high pT hadrons produced
from the fragmentation of these partons are expected to be suppressed at RHIC and
LHC energies [67]. In contradiction, if the parton passes through hadronic matter which
is colour neutral, it does not interact strongly with the matter and loses much less energy.
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Figure 1.20: Two-particle azimuthal distributions for a) minimum bias and central d-Au
collisions and p-p collisions, and b) central Au-Au collisions compared to central d-Au
collisions and p-p collisions measured by the STAR experiment at RHIC [68].

One way of studying the suppression of high pT hadrons is to measure the two-particle
azimuthal distribution. The high pT parton fragments into a jet of hadrons, i.e. a group of
high pT particles emitted in a narrow cone. The high pT parton scattering processes and
the production of jets can be described by perturbative QCD. The jets are produced in
pairs that are emitted back-to-back. If a jet is produced close to the surface of the fireball
in a nucleus-nucleus collision, it may escape from the collision zone and be detected as
high pT particles. The other jet has to pass through the coloured matter of the fireball and
is therefore expected to lose energy. The two-particle azimuthal distribution for p-p, d-Au
and Au-Au collisions measured by STAR [68] is shown in figure 1.20. A leading particle
from a jet is measured at the near-side, Δφ = 0. The azimuthal angle of other high pT

hadrons are measured relative to this particle. As can be seen from the figure away-side
jets, Δφ = π, are observed both in p-p and in d-Au collisions at RHIC. In central Au-Au
collisions, the away-side jets are quenched and the peak at Δφ = π disappears.

Another method for observing the high pT suppression is to measure the nuclear
modification factor

RAB(pT) =
d2NC

AB/dpTdy

〈Ncoll〉/σpp
ineld

2σpp/dpTdy
(1.13)

where 〈Ncoll〉 is the mean number of binary collisions in the A-B collision, σpp
inel is the

inelastic cross section for p-p collisions, d2NC
AB/dpTdy is the measured differential particle

yield per event in A-B collisions, and d2σpp/dpTdy is the measured differential cross
section from p-p collisions. If A-B collisions are a superposition of Ncoll independent
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d-Au (right) collisions measured by PHENIX [69].

nucleon-nucleon collisions, the nuclear modification factor should be equal to unity. If it
scales with the number of participants it should be less than unity since Npart ≤ Ncoll.

Nuclear modification factors, RAB, for Au-Au and d-Au collisions at
√

sNN = 200 GeV
measured by PHENIX [69] are shown in figure 1.21. RAB are measured for both charged
hadrons and π0 and is given as a function of pT. The results are presented for different
centrality classes. A suppression of high pT particles in central Au-Au collisions is ob-
served, probably due to partons losing energy in the dense medium. In peripheral Au-Au
collisions RAB is consistent with unity. In d-Au collisions no quark gluon plasma is ex-
pected to be formed. This collision system is studied to make it possible to distinguish
between initial and final state effects. The measured nuclear modification factors for
central d-Au collisions shows a clear difference from central Au-Au collisions. No high
pT suppression is observed in d-Au collisions, indicating that the high pT suppression
in central Au-Au collisions comes from final state effects. This supports the picture of
medium-induced energy loss. The enhancement at intermediate pT is due to multiple soft
scattering of incoming nucleons or partons, referred to as the Cronin effect.

All four RHIC experiments observe a suppression of high pT particles in Au-Au col-
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lisions compared to p-p collisions [70], indicating that some kind of coloured matter is
created. It is not clear whether the matter is deconfined or consists of confined coloured
matter. Elliptic flow measurements at RHIC indicate that the observed matter is behav-
ing like a perfect liquid. Shuryak and Sahed [71] have suggested that the new matter is
a strongly coupled quark gluon plasma (sQGP), consisting of confined coloured matter.
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Chapter 2

The WA97 and NA57 experiments

The WA97 [72] and NA57 [73] experiments operated at the Super Proton Synchrotron
(SPS) facility at CERN. They were both fixed target experiments designed to study the
central fireball region created in ultrarelativistic heavy ion collisions. The WA97 experi-
ment had its first period of data taking in 1994, and was located in the OMEGA facility
in the West Area at CERN. Due to the decommissioning of the OMEGA spectrometer
in 1996, a new but similar experiment, NA57, was set up in the North Area at CERN in
1997. The NA57 experiment collected data from 1998 to 2001.

NA57 is the last in a series of experiments. The series began in 1987, when the WA85
experiment [74] started collecting data. This experiment was replaced by the WA94
experiment [75] in 1991, and later by WA97 and NA57. The common denominator for
all four experiments is the study of strangeness enhancement in ultrarelativistic heavy
ion collisions (see section 1.4.4). The differences between the four experiments are in the
collision systems and beam energies, and most of the detectors have been replaced during
the years. WA85 studied sulphur-tungsten collisions, while WA94 studied sulphur-sulphur
collisions. The WA97 and NA57 experiments are described in detail in this chapter.

The WA97 experiment was designed to look for strange particle enhancement as a
signature of a quark gluon plasma phase. A quark gluon plasma is expected to be formed
only if the energy density is large. In the laboratory the largest energy density is obtained
in central heavy ion collisions with a large beam energy. Lead ions are the heaviest
accelerated particles at the SPS, and WA97 therefore studied central lead-lead interactions
at a beam momentum of 158 A GeV/c, which is the maximum for lead ions in the SPS.
As reference data for the lead-lead measurements, both proton-lead and proton-beryllium
collisions were studied. The proton beam momentum was 158 A GeV/c. The main
result from WA97 is that the production of strange baryons and anti-baryons in Pb-Pb
collisions at 158 A GeV/c, is enhanced with respect to p-Be collisions at the same beam
momentum [76]. The enhancement increases with the strangeness content of the baryon.
The observed behaviour has been predicted as a consequence of the quark gluon plasma
phase transition [33]. The results are further described in chapter 5.

The NA57 experiment was designed to look for the onset of the strange particle en-
hancement. This is done in two ways. The first approach is to study the enhancements
for different collision energies per incoming nucleon. NA57 has therefore collected data at
both 40 and 158 A GeV/c, while WA97 collected data at 158 A GeV/c only. The other
approach is to study the enhancements for more peripheral collisions.
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Figure 2.1: The WA97 experimental setup.

When studying strangeness enhancement, multistrange particles like the Ξ or the Ω
are of special interest. The Ω is very rare, so a large number of events has to be collected
in order to gain a reasonable sample. Therefore WA97 and NA57 chose to build a small
detector that covered only a narrow phase space, about one unit of rapidity around the
central rapidity and relatively high pT. Hyperons (especially the Ωs) are mostly created
in the central collision zone. To study the overall properties of heavy ion collisions, a
large acceptance detector is needed, but with a small, central detector, a comparatively
large sample can be obtained in a reasonable time even for proton-induced reactions.

2.1 The WA97 experiment

A sketch of the setup of the WA97 experiment is shown in figure 2.1. The target, the
scintillator petals, the multiplicity detectors and the silicon telescope are all placed in a
magnetic field. This means that the tracks from charged particles are bent, and their
momenta can be calculated. The main detector in the experiment is the silicon telescope,
used for track finding. The pad chambers, which are placed outside the magnet, are
used together with the last part of the silicon telescope, as a lever arm to improve the
momentum resolution of the high-momentum tracks. The multiplicity detectors are used
for offline analysis of the charged particle multiplicity of an event. The fast scintillator
petals are used for triggering purposes together with a number of beam counters that are
not shown in the figure.
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2.1.1 The Omega spectrometer

The Omega spectrometer was a general purpose facility located in the West experimental
area of the CERN SPS. The spectrometer was decommissioned in 1996 for economic
reasons. The superconducting Omega magnet consisted of two Helmholtz coils producing
a close to uniform magnetic field of 1.8 T. Inside the magnet there was an area of about
36 m2 where the target and most of the detectors used for track identification were placed.
A more detailed picture of the WA97 setup is shown in figure 2.2.

The center of the magnet defines the origin of the coordinate system of the experiment.
The x axis points downstream along the beam direction. The positive z direction is
upwards (towards the ceiling), and the direction of the y axis is defined by requiring a
right-handed coordinate system. The main component of the magnetic field is in the z
direction.

During the experiment both field directions, up and down, of the magnet were used.
This was done to reduce systematic errors and to help the detailed alignment of the
detectors.

2.1.2 The target

A lead target was used with the lead beam, and beryllium and lead targets were used
with the proton beam. When using a lead beam the lead target was 0.4 mm thick, which
corresponds to 1 % of an interaction length. In 1994 the experiment started out with
the target placed 120 cm upstreams from the first plane of the telescope (x = -120 cm).
During the run, the target was moved to x = -90 cm to increase the acceptance. It turned
out that the number of tracks in the telescope were quite manageable, so from 1995 the
target was moved to x = -60 cm, i.e. 60 cm in front of the first pixel plane in the telescope.

When using a proton beam, the target was always placed 90 cm upstreams from the
first pixel plane. The lead and the beryllium targets in this case had a thickness corre-
sponding to 8 % of their respective interaction lengths. For beryllium this corresponds
to a thickness of approximately 3.2 cm.

2.1.3 Multiplicity detectors

There were two sets of multiplicity counters in WA97. A set of six scintillators, the petals,
were placed 10 cm downstream from the target (see figures 2.1 and 2.2). These detectors
were used in the trigger to select the most central events. The trigger corresponded to
selecting approximately the most central 40% of the Pb-Pb collisions. The petals were
covering a pseudorapidity range of 1 < η < 2.

Two stations of multiplicity microstrip detectors (MSD) were placed just behind the
petals (20 and 55 cm behind the target). Each station consisted of 3 arms, one down and
two to the sides (see figure 2.3). The upper arm was left out to avoid too much material
in front of the silicon telescope. The strip dimensions were chosen to keep the occupancy
approximately uniform in all strips. The two planes covered the pseudorapidity region
2 < η < 3 and 3 < η < 4 respectively. Information from the MSD was used to calculate
a more accurate multiplicity of charged particles in the offline analysis.
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Figure 2.2: The WA97 experimental setup (detailed).
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Figure 2.3: The WA97 multiplicity microstrip detectors.

2.1.4 The silicon telescope

The telescope was composed of silicon pixel planes and silicon microstrip planes. The
first part (30 cm) of the silicon telescope in WA97 consisted of densely packed planes
of silicon detectors, and provided information used to reconstruct tracks from charged
particles passing through. This is called the compact part of the telescope. The last part
was used together with the pad planes as a lever arm to get an improved momentum
resolution for high momentum tracks. There was a gap of 30 cm between the compact
part of the telescope and the first plane in the lever arm.

The WA97 silicon telescope was placed above the beam line and inclined to point
back to the target. The inclination angle was chosen in such a way that there was a
good acceptance for the decay particles from hyperons produced at central rapidity and
pT > 0.5 GeV/c. Each plane had a sensitive area of 5 × 5 cm2, and the total length of
the telescope was 90 cm.

Silicon microstrip detectors

The silicon microstrip detectors had a pitch of 50 μm, and each detector plane had 1024
channels and a size of 5 × 5 cm2. There were y- and z-planes. The y-planes had vertical
strips and gave xy coordinates. The z-planes had horizontal strips and gave xz coordi-
nates. A three-dimensional track from a charged particle is reconstructed by combining
hits from y- and z- planes.
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Figure 2.4: The WA97 silicon pixel detectors.

Silicon pixel detectors

During the first WA97 run in 1994, four OMEGA-2 pixel planes [77] were placed in the
silicon telescope [78]. The pixel detectors provided two-dimensional readout, and each
hit gave a space point, where the x coordinate was given by the x position of the plane.

Each pixel plane consisted of two arrays mounted face-to-face, and one array shifted
about 4 mm with respect to the other. Each array consisted of six ladders (see figure 2.4),
with six readout chips per ladder. There was a small overlap between the ladders in the
two arrays in order to make sure that the whole 5 × 5 cm2 area of a plane was covered.
A ladder was built from 96 columns and 64 rows of rectangular diodes, ion-implanted on
a high-resistivity n-type silicon substrate. Each diode was a pixel in the detector. Each
pixel had a size of 500 μm × 75 μm, and in one single plane there was altogether more
than 73,000 pixels.

The support for the planes was u-shaped, with no material on the lower edge nearest
to the beam. The thickness of material in the sensitive region of one plane corresponded
to about 1.7% of a radiation length.

Due to the rectangular shape of the diodes, they gave a better resolution in one space
coordinate than the other. Therefore, there was a mixture of orientations of the planes,
some simply rotated 90◦ compared to the others. The planes are referred to as y and z
pixel planes. In the offline analysis, the information from the pixels were originally (for
historical reasons) used after the initial track finding was done using information from the
microstrip planes. The pixels only helped in finding the most correct combination of hits
in the microstrip planes. This method was changed already in the analysis of the 1995
data sample. At this time more microstrip planes had been exchanged by new pixel planes,
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Figure 2.5: 153 reconstructed tracks in the WA97 pixel telescope in a no-field event.

and the track finding was performed using the pixels. After this, the information from
the microstrip planes were used only to improve the resolution in the coordinate where
the pixels had the poorest (500 μm) resolution. Figure 2.5 shows tracks reconstructed
using information from the pixel planes in WA97.

2.1.5 Lever arm

The last stations in the silicon telescope and the three pad chambers that were placed
outside the OMEGA magnet, were not used in the track finding. Tracks from the compact
part of the telescope were extrapolated to these detectors. Hits that matched the tracks
were included in the track information to get an improved momentum resolution for high
momentum tracks.

The pad chambers were three multi-wire proportional chambers with pad cathode
read-out. Each chamber had a sensitive area of 810 × 192 mm2, and the cathode was
divided into pads of size 4 × 12 mm2.
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2.1.6 Trigger

S2, V2 and V0 shown in the setup in figure 2.2 are beam counters used for triggering
information. S2 was placed in the beam upstream of the target and gives information
about the beam. V2 was a square veto counter with a hole in the center to allow the
beam to pass through. To trigger on a clean beam, a hit in S2 was required together with
no hit in V2, and also no further hit in S2 during the next 30 ns to avoid beam particles
hitting the target too close in time. The V0 counter was placed downstream of the target,
after the pad chambers, in the prolongation of the beam line. If there was an interaction
in the target, no particles are expected to follow the beam line and hit the V0 counter.
Absence of a hit in V0 was therefore required to trigger on an event. Finally, the petals
described in section 2.1.3 were used to trigger on the centrality of the event.

2.1.7 The beam telescope

During the p-Be run in 1996 a set of five microstrip planes formed a beam telescope.
The planes were placed before the target and stored the parameters of the beam track
for each triggered interaction. The information was used in combination with telescope
tracks to reconstruct the exact vertex position inside the 3.2 cm thick beryllium target
(see section 3.2.2).

2.2 The NA57 experiment

After the decommissioning of the OMEGA spectrometer, most of the experimental pro-
gramme of WA97 was continued in the North Area at CERN in the NA57 experiment.
The new experiment was also optimized to measure strange particles. The geometrical
acceptance of NA57 is similar to WA97, covering about one unit of central rapidity, and
transverse momenta down to a few hundred MeV/c [79]. The multiplicity detectors used
by WA97 were reused by NA57 and the tracking was still done by the silicon telescope.
Some important changes were done that are summarized here:

• A new beam line with a smaller spot size than in WA97

• A different magnet

• A new telescope layout with silicon pixel planes only

• A new data acquisition system, and thereby a new data format

The new beam line had its last beam detector (S2) far away from the target. The
beam line had better shielding and vacuum all the way to the target, resulting in less
empty target contamination. As a consequence of the new data acquisition and the new
telescope layout, significant changes had to be made in the alignment, track finding and
event reconstruction software.

NA57 collected Pb-Pb data at both 40 and 158 A GeV/c beam momentum, together
with a sample of p-Be reference data at 40 GeV/c. For proton reference data at 158
GeV/c, the WA97 p-Be and p-Pb data samples are used. The NA57 experimental layout
is shown in figure 2.6.
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Figure 2.7: The GOLIATH magnet with the silicon telescope mounted on rails.

2.2.1 The Goliath magnet

NA57 uses the GOLIATH magnet, which provides a slightly weaker and less uniform field
than the OMEGA magnet used by WA97. The gap is 1.05 m and the maximum field is
1.4 T. The GOLIATH magnet is also physically smaller than the OMEGA magnet. The
OMEGA magnet was big enough to walk inside, and detectors were mounted directly
inside the magnet. In the GOLIATH magnet, the detectors are mounted on an optical
bench that can be moved in and out from the magnet on rails (see figure 2.7).

2.2.2 The Beam

In NA57 there is a new beam line with a smaller spot size compared to WA97, both in
vertical and horizontal direction. The amount of material in the beam line has been kept
to a minimum in order to minimize interactions outside the target. This allows for an
extended centrality range.

2.2.3 The target

No changes were done to the lead and beryllium targets compared to WA97 (see sec-
tion 2.1.2). At 158 A GeV/c the target was positioned 60 cm in front of the first pixel
plane of the telescope. At 40 A GeV/c the distance was reduced to 30 cm.
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2.2.4 The multiplicity detectors

The Pb-Pb data sample was collected using a centrality trigger, based on the scintillator
petals described for WA97 (section 2.1.3) placed 10 cm downstream of the target. The
trigger in NA57 selects the most central 60% of the collisions. More precise centrality
information, used for off-line analysis, is provided by two planes of silicon microstrip
detectors (MSD), also used by WA97 (section 2.1.3).

2.2.5 The silicon telescope

The main tracking device is the silicon telescope. In NA57 the silicon microstrip planes
used by WA97 (section 2.1.4) are all replaced by silicon pixel detectors. The sensitive
area of a plane is also here 5 × 5 cm2. About half of the pixel planes used by NA57
were OMEGA-2 planes, already described in section 2.1.4. The other half of the planes
were new OMEGA-3 planes [80]. The most visible difference being the pixel size that has
changed from 500 μm × 75 μm to 500 μm × 50 μm. An OMEGA-3 ladder has 96× 127
pixels, and four ladders in each array, altogether about 97,000 pixels per plane.

2.2.6 Lever arm

The last part of the silicon telescope is used as a lever arm to improve momentum resolu-
tion for the high momentum tracks. In addition, four double-sided microstrip planes were
installed from 1998. The active area for each microstrip plane is 73× 40 mm2, and there
are 768 read-out strips implanted on each side with a 95 μm pitch. The strips are tilted
with respect to the short side of the detector by a small angle of 17.5 mrad. The internal
angle between the strips on the two sides is therefore 35 mrad. The RMS resolution of the
detectors is about 27 μm in the bending plane (y) and about 1 mm in the non-bending
plane (z).

2.2.7 Trigger

Triggering in NA57 was essentially done the same way as in WA97 (section 2.1.6), except
there was no V2 counter. Placed upstream from the target, S2 was used to trigger on a
beam particle, and also to avoid triggering on an event where two beam particles were
too close in time. An absence of a signal in V0 was required in order to trigger on events
with interaction in the target. Finally, the Petals were used for centrality selection (see
section 2.2.4).

2.2.8 Data acquisition

The data acquisition system used by NA57 is called DATE (Data Acquisition and Test
Environment) [81] and is provided by the ALICE DAQ group. DATE is further developed
and will be used as the data acquisition system for the ALICE experiment. The NA57
experiment provided a real-life testbed for the development of the system.
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2.3 Running periods for WA97 and NA57

The WA97 and NA57 collaborations have collected data from 1994 to 2001. Information
of the running periods is listed in table 2.1.

Experiment Year Beam momentum Collision system
WA97 1994 158 A GeV/c Pb-Pb

1995 158 A GeV/c p-Pb and Pb-Pb
1996 158 A GeV/c p-Be and Pb-Pb

NA57 1998 158 A GeV/c Pb-Pb
1999 40 A GeV/c p-Be and Pb-Pb
2000 158 A GeV/c Pb-Pb
2001 40 A GeV/c p-Be

Table 2.1: Running periods for the WA97 and NA57 experiments.
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Chapter 3

Event reconstruction

In this chapter the general procedure for track reconstruction is described. The procedure
is in principle the same for the WA97 and the NA57 experiments, but some differences
are pointed out. The cuts made during the analysis are slightly different for the different
data sets. In this thesis the cuts for Pb-Pb data collected in 1998 are discussed in some
detail. The results shown in chapter 5 also include other data sets, with similar cuts.

The aim for the analysis in the two experiments is to find the number of strange
particles produced in the collisions. The measured strange particles are K0

S, Λ, Ξ, Ω and
their corresponding antiparticles. All particles are identified by analysing their decay into
charged particles (branching ratios in parenthesis):

K0
S −→ π+ + π− (BR = 68.9 %)

Λ −→ p + π− (BR = 63.9 %)

Ξ− −→ Λ + π− (BR = 99.9 %)

→ p + π−

Ω− −→ Λ + K− (BR = 67.8 %)

→ p + π−

The antiparticles are identified by looking at the corresponding decay channels. The
decays are illustrated in figure 3.1. By this method, neutral particles like K0 and Λ, may
be identified via their decays to charged particles. The strange particles are required to
decay before the tracking detectors, so the vertices are reconstructed by extrapolating
the charged tracks.

The decay tracks have to be reconstructed among ∼ 1000 charged particles produced
in a central lead-lead interaction. Due to the small size of the tracking detectors, and
since the detectors are lifted above the beam line, only about 20 charged particles pass
through the silicon telescope per event in Pb-Pb collisions at 158 A GeV/c.
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Figure 3.1: Decay topologies for strange particles studied by the WA97 and NA57 exper-
iments.
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The offline analysis is divided into steps. The event multiplicity is calculated from
information stored in the multiplicity microstrip detectors (see section 2.1.3). Hits from
charged particles traversing the silicon telescope are combined to give tracks. V 0 can-
didates are found by combining two oppositely charged tracks, and some of them are
identified as K0s or Λs. Some of the Λs, when combined with another charged track, give
cascade candidates (Ξ or Ω). Some of the cascade candidates pass all selection criteria
and a Ξ or an Ω is identified. All results are corrected for inefficiencies and geometrical
acceptance before final yields are presented.

3.1 Track finding

A general track reconstruction program called ORHION is developed for the two exper-
iments. The tracking is done using data from the silicon telescope. Charged particles
passing through the telescope leave hits in the silicon pixels. The hit information from
the pixel detectors gives space points. These points are combined to tracks using the
ORHION program. Positively and negatively charged particles bend in opposite direc-
tions in the magnetic field, and the electric charge of the particle is found from looking
at the bending direction of the track. The momentum of the particle is calculated from
the curvature of the track.

The main component of the field is in the z direction (towards the ceiling). Charged
particles therefore have trajectories with a helical shape represented by an arc of a circle
in the x-y projection, while it is approximated by a straight line in the x-z projection (x
being along the beam axis). The procedure for finding a track is to start with combining
one hit from the first pixel plane with one hit from the last pixel plane. A hit in the defined
mid plane compatible with a particle passing through the telescope is then searched for.
If such a hit is found, hits in the other planes are searched for and then added to the track
candidate. If the required number of hits is associated with the track candidate, a three-
dimensional curve is fitted to the hits, and this curve defines a track. The momentum of
the track is calculated from its curvature. Hits included in the track fitting are marked
and can not be reused during the rest of the track finding. When all possible tracks with
a hit in the first and the last plane are found, also shorter tracks are searched for. In
WA97, having only four pixel planes, information from the silicon microstrip detectors was
used to improve the track parameters. NA57 had more pixel planes, and the microstrip
detectors were not in use.

Each track is required to pass through a certain number of detector planes. This
number is optimized for each data sample. If too few hits are required per track, a lot of
ghosts (fake tracks) are found and stored for further analysis, resulting in a larger fraction
of background. On the other hand, if too many hits are required per track, a lot of real
tracks are not found due to detector inefficiencies. The number of required hits per track
is an example of a parameter that has to be optimized before the analysis starts. A
Pb-Pb event with hits and reconstructed tracks in the x-y and x-z projections is shown
in figure 3.2. Each hit and each track is given a number, and the positions of the pixel
planes are indicated by the dotted lines. The direction of the beam is shown below the
figure.
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Figure 3.2: Track finding in ORHION. An event display of the planes in the silicon
telescope shows hits and fitted tracks in the x-y projection (left) and in the x-z projection
(right).
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3.2 Reconstruction of primary vertex

The primary vertex is defined as the position where the interaction between the projectile
and the target happened. The trajectory of a particle produced in the collision comes
from the primary vertex, whereas a secondary particle does not come from the primary
vertex. Background reduction is obtained e.g. by extrapolating the secondary particle
tracks back to the target plane and requiring a certain distance to the primary vertex.

The philosophy for defining the primary vertex was different for the WA97 and NA57
experiments, and since this has an influence on the results, the methods are described in
some detail.

3.2.1 Primary vertex for Pb-Pb collisions

In Pb-Pb collisions there are many charged particles coming from the target. By extrap-
olating the tracks from the charged particles back to the target plane, an estimate of the
position for the primary vertex is found.

WA97

In the Pb-Pb data from the WA97 experiment a primary vertex is found for each event.
All charged tracks are traced back to the target plane, and a mean y and z position for
all tracks coming from the target is calculated. In a second iteration, all tracks with an
impact parameter 1 in the target plane that is too far from the temporary mean position
are excluded from the calculation of the final mean position.

NA57

The NA57 experiment is very similar to the WA97 experiment, but as described in sec-
tion 2.2 it moved from the West Area to the North Area at CERN. The beam line was
therefore different for the two experiments. The beam line in the North Area gave a more
narrow beam than the beam line in the West Area, and the beam was also moving less
during a burst. As a result, the primary vertex position was changing less from event to
event in NA57 than in WA97. In WA97 it was necessary to calculate an event by event
vertex position. This was not the case in NA57.

In addition, the algorithm of finding a primary vertex for each event becomes inefficient
in the new centrality range covered by NA57, where the multiplicity of tracks in the silicon
telescope is low. The primary vertex position used in NA57 is therefore an average vertex
position for each run. A run is here about half an hour of data taking, or about 200
000 events stored in one single file. The run by run vertex positions are calculated using
the same algorithm as for the WA97 event by event vertex positions, but using only high
multiplicity events from the selected time period.

The distribution of the event by event vertex positions from the high multiplicity
events is fitted with a Gaussian distribution in y and z, and the mean positions are given

1The impact parameter is here defined as the distance (perpendicular to the beam direction) between
the extrapolated line of flight of a particle and the primary vertex.
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as yrun and zrun. The sigmas of the Gaussian fits are given as σyrun and σzrun, and the
values are typically of the order of σyrun � 350μm and σzrun � 650μm.

3.2.2 Primary vertex for p-A collisions

Different methods are used for finding the position of the primary vertex when analysing
p-Be and p-Pb collisions. In the thick beryllium target (∼ 3.2 cm) the x-position of
the vertex varies from event to event, whereas the x-position in the thin lead target
(∼ 0.4 mm) is assumed to be fixed. For p-Be collisions in WA97, a beam telescope
consisting of silicon microstrip detectors was placed before the target. Combination of
tracks from the beam telescope and the normal tracking telescope were used to localize
the primary vertex. This analysis is described in [82]. The beam telescope was not used
by NA57. Instead, the position of the primary vertex was found by combining a run-by-
run vertex position with the extrapolation of a V 0 line of flight for each event. For the
p-Pb data samples, similar methods to the NA57 run by run vertex method are used.

3.3 Reconstruction of V 0 candidates

A V 0 topology is a combination of two charged tracks intersecting in a point at a certain
distance from the target. It can in principle represent any neutral particle decaying into
two charged particles. In WA97 and NA57 V 0s that can be identified as Λs, Λs or K0s are
searched for. These particles are again used for identifying Ξs, Ωs and their antiparticles
according to the decay topologies shown in figure 3.1. A neutral particle can not be
detected directly by the silicon detectors, but the two charged decay particles can be
detected and combined to a reconstructed V 0.

Silicon telescope

Target

proton 
trajectory

pion 
trajectory

Distance of
closest 
approach

by

Figure 3.3: Distance of closest approach.

The search for V 0s is included in the ORHION program. This part of the program
uses a minimising routine in order to find the distance of closest approach. This parameter
is defined as the distance that separates the closest points on the two oppositely charged
tracks (see figure 3.3). The decay vertex of the V 0 candidate is determined to be half way
along the line that joins the two points. A loose cut on the distance of closest approach is
made at this stage. The cut is made only to have a coarse selection of events containing
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Sailor topology Cowboy topology

Figure 3.4: Possible configurations for the decay of a V 0.

V 0s, since only these events are stored on tape for further analysis. The cuts used for
identifying the different particles may differ slightly, so the cuts should not be too strict
at this stage. The maximum distance is normally set to ∼ 1 mm (see also section 3.4.1).

Two different topologies are possible for a V 0 candidate. They are called sailor and
cowboy topologies (see figure 3.4). In the sailor topology the two tracks leave the decay
vertex in the bending direction of the magnetic field. The particles intersect only once
in the bending plane. In the cowboy topology the two tracks leave the decay vertex in
the opposite direction to which they bend in the magnetic field. The track projections
in this case intersect a second time in the bending plane. The experimental setup of
WA97 and NA57 favours the cowboy topology since the two tracks in this case are less
separated when reaching the relatively narrow telescope. All tracks are normally required
to pass through the first and the last plane of the compact part of the telescope, and this
is difficult to obtain in the case of sailor topology. The sample of V 0s with a sailor type
decay therefore has a low signal/background ratio. To eliminate some background, the
V 0 decay is required to be of the cowboy type.

It is required that the V 0 decays at a minimum distance from the target (10 cm for
Pb-Pb data in 1998). This is to avoid the large amount of background coming from the
combination of any two charged particles produced in the collision. The cut is further
described in section 3.4.1.

The transverse momentum of the charged decay particles with respect to the line of
flight of the the V 0 is denoted qT. A K0

S decaying into two charged pions has qT ≤
0.206 GeV/c, and a Λ decaying into a proton and a pion has qT ≤ 0.101 GeV/c (see
also section 3.4.2). It is required by the ORHION program that qT ≤ 0.4 GeV/c. This
cut only deselects background outside the Λ and K0 mass peaks, and does not remove
any background from the signal area. However, only geometrical cuts should have been
applied in the reconstruction program.

In figure 3.5, the invariant mass M(p, π) is plotted for V 0 candidates selected by the
ORHION program. The arrow is pointing at the Λ mass (mΛ = 1.115683 GeV/c2). From
the measured momenta of the decay particles and assuming their masses, the invariant
mass is calculated by

Minvariant =
√

(E1 + E2)2 − p2 (3.1)

E1 and E2 are the energies of the two charged decay particles. p is the momentum of the
reconstructed particle calculated by p2 = (px1 + px2)

2 +(py1 + py2)
2 +(pz1 + pz2)

2, px1 etc.
being the momentum components of the charged decay particles. If the reconstructed
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Figure 3.5: The invariant mass M(p, π) for V 0 candidates after a coarse selection in the
ORHION program.

tracks originate from the decay of the assumed particle, the invariant mass is the correct
mass of the particle (within the momentum resolution of the tracking detectors).

3.4 Λ, Λ and K0
S reconstruction

In order to select K0
S, Λ or Λ from the V 0 candidates, a number of selection criteria have

been applied to minimize the number of false identified particles in the final samples.
The selection criteria are set after a systematic study of the data sample. The cuts are
introduced one by one, and finally every cut is checked by comparing the outcome with
and without including the cut that is being studied. All other cuts are kept at the selected
value. This is done to avoid overlapping cuts. Cut values are selected in such a way that
as much background as possible is eliminated without reducing the signal level more than
strictly necessary. One should also be careful not to introduce any systematic errors when
making the cuts. This is discussed further in section 4.7.
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Figure 3.6: Illustration of x position of V 0 decay and impact parameter for V 0.

3.4.1 General description of selection criteria

The experimental conditions for the different periods of running are slightly different.
As a result, the cuts are set at different values for different data samples. Although the
values are different, the parameters used for the selection are mainly the same for all
data samples. The general cuts for the selection of Λ, Λ and K0

S in WA97 and NA57 are
discussed, and the values for the 1998 lead data sample are presented. All cuts described
here are made in addition to the selection criteria for the V 0 candidates described in
section 3.3.

X position of V 0 decay

A cut is made in the x position of the V 0 decay, xV 0 , shown in figure 3.6. The coordinate
system used is the Goliath reference system. This has its center in the center of the
magnet. In the period of running discussed here, the target was located at x = −60 cm.
A lot of charged particles are produced in the target region, and the risk that two uncor-
related tracks coming from the target can be combined to a fake V 0 is therefore large.
To remove this background from the data sample, only V 0 candidates with an x position
of the decay at a certain distance from the target are selected, here xV 0 ≥ −30 cm. The
first plane of the silicon telescope is positioned at x = 0. Particles interacting inside the
telescope can produce charged particles that are identified as V 0s. The charged tracks are
also required to pass through all the detector planes in the compact part of the telescope.
It is therefore required that xV 0 ≤ −0.5 cm.

In figure 3.7a) the x position of the decay of a selection of Λ and Λ candidates from
Pb-Pb collisions is shown. The correlation to the invariant mass M(p,π) for the same
candidates is shown in figure 3.7b). In both figure a) and b) all other final cuts (described
in the following sections) are included, only the cut described here is left out. A cut at
xV 0 ≥ −50 (10 cm from the target) is already done in the ORHION program. The mass
of Λ and Λ is 1115.683± 0.006 MeV [3]. The figure shows that the distribution is centred
around this value. The cuts are indicated by lines in the figure. Only particles with xV 0
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Figure 3.7: In a), the distribution of the decay vertex of the V 0 for the Λ and Λ candidates.
In b), the correlation between the invariant mass, M(pπ), and the decay vertex of the
V 0. The selection criteria are indicated by vertical lines.

between the two lines are selected.

Distance of closest approach

This cut is already described in section 3.3 and is illustrated in figure 3.3. A loose
cut is made in the ORHION program, but a tighter cut is needed in order to eliminate
background for the different particles. Figure 3.8 shows a) the distribution of the distance
of closest approach for a selection of Λ and Λ candidates from Pb-Pb collisions, and b)
the correlation to the invariant mass M(p,π) for the same candidates. The cut applied to
this data sample is indicated by a line in the figure. Only candidates with a distance of
closest approach smaller than 0.03 cm are selected.

Impact parameter for V 0

The decay vertex of the V 0 candidate is determined by the distance of closest approach.
The momenta of the charged tracks are calculated from the curvature of the tracks. The
momentum of the V 0 is calculated from the momenta of the charged tracks. Knowing
the decay point and the momentum of the track, the ’invisible’ track from the V 0 is
extrapolated back to the target plane, and the impact parameter is found. The y and
z components of the impact parameter are denoted byV 0 and bzV 0 . The parameter is
illustrated in figure 3.6. In figure 3.9 the V 0 impact parameter is plotted for a selection
of Λ and Λ candidates.

Rather than making a square cut in the y and z direction of this parameter an elliptic
cut is made, illustrated by the ellipse in the figure. σy and σz are the same as σyrun and
σzrun for the primary vertex calculation described in section 3.2. The selection criterion
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is indicated by the vertical line in the figure.

is here [
byV 0

2.5 · σyrun

]2

+

[
bzV 0

3.0 · σzrun

]2

< 1 (3.2)

Impact parameter of the charged tracks

The impact parameter of a charged track is found by extrapolating it back to the target
plane and calculating the distance from the intersection point to the primary vertex. No
cut was made in the impact parameters for the charged decay tracks from Λs and Λs in
the 1998 data sample, but was introduced for the selection of K0

S (see section 3.4.4).

Transverse momentum of the decay tracks

The transverse momentum of the charged particles with respect to the line of flight of the
V 0, qT , is already discussed in section 3.3. In addition to the upper cut at 0.4 GeV/c dis-
cussed earlier, a cut at low qT is introduced at this stage to remove V 0 candidates coming
from gamma conversions, γ → e+e−. As shown in figure 3.10, the selection criterion is
qT ≥ 0.02 GeV/c. The upper cut at 0.4 GeV/c introduced before the geometrical cuts
should have been omitted, and would probably not have be necessary after the geometrical
cuts.

Internal decay angles

In order to define the internal decay angles of a V 0, a new coordinate system x′y′z′ is
defined such that x′ is in the direction of the V 0 line of flight. The y′ axis is chosen to be
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Figure 3.12: The correlation between the invariant mass, M(pπ), and the internal decay
angle, φV 0 , for the two polarities of the magnetic field plotted together. The selection
criteria are indicated by vertical lines.

parallel to the original xy plane. The direction of z′ is such that the coordinate system is
right handed. The internal azimuthal decay angle of the V 0, φV 0 , is defined as the angle
between the projection of the momentum of the negative track in the y′z′ plane and the
y′ axis (see figure 3.11). The cuts at |φV 0 | > 9◦ (magnetic field pointing downwards) and
at |φV 0 | < 171◦ (magnetic field pointing upwards) are illustrated in figure 3.12, where
the correlation between |φV 0 | and the invariant mass, M(pπ), is plotted for a set of Λ
candidates.

3.4.2 Selection of K0
S, Λ and Λ

All cuts in the previous subsection are general cuts for K0, Λ and Λ, and do not distinguish
between these particles. The values referred to are those used for Λ and Λ in the lead
data sample from 1998. The values for K0 are similar (see section 3.4.4). In order to
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Figure 3.13: V 0 decay kinematics.

identify the candidates as Λ, Λ or K0, the Podolanski-Armenteros variables α and qT [83]
are used. The variable α is defined as

α =
q+
L − q−L

q+
L + q−L

(3.3)

where q+
L is the momentum of the positive decay track along the V 0 line of flight, and

q−L is the momentum of the negative decay track along the V 0 line of flight. qT is the
momentum of the decay track transverse to the V 0 line of flight. An illustration of the
V 0 decay kinematics is given in figure 3.13.

A Λ is identified from the decay into a proton and a π−. Since the mass of the proton
is much larger than the mass of the π−, the momentum of the proton is much larger than
the momentum of the π− in the laboratory system, and therefore α is positive. An Λ
decays into an antiproton and a π+, so the momentum of the positive track is smaller
than the momentum of the negative track in the laboratory system, and α is negative.
This separates Λs from Λs. K0 decays into a π− and a π+. For K0s, α has a distribution
centred around α = 0 as illustrated in figure 3.14.

Figure 3.15 shows an experimental Podolanski-Armenteros plot for a selection of V 0

candidates from the 1998 Pb-Pb data sample. Λs are selected requiring α > 0.45, and
Λs requiring α < −0.45. In figure 3.15 the V 0 candidates at low qT originating from
gamma conversions are not excluded. All other previously described cuts are applied to
the presented data sample.

K0 mass cut

As seen from figure 3.15, there is a considerable amount of K0s in the sample of Λ and
Λ candidates. A cut around the K0 mass is therefore applied in the Λ and Λ selection.
Figures 3.16 a) and b) show the invariant mass for the K0 hypothesis, M(π+, π−), for Λ
and Λ candidates respectively. The K0 mass cut is indicated by lines in the figures. The
plots show only Λ and Λ candidates where 0.45 < |α| < 0.65. In this interval the Λs and
the Λs are relatively well separated from the K0s, so the decision on where to make the
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Figure 3.16: The invariant mass M(π+, π−) for a selection of a) Λ and b) Λ candidates.
A cut around the K0 mass is indicated.

K0 mass cut becomes easier. The reconstructed K0 mass is slightly shifted compared to
the table value. A similar shift has been observed by several other Omega experiments.
Due to this systematic error, the cut is slightly asymmetric around the table value of the
K0 mass.

As seen from figure 3.16, the cut is especially important for the Λ selection. In
figure 3.17 the invariant mass for the Λ or Λ hypothesis, M(p, π) is plotted as a function
of the invariant mass for the K0 hypothesis, M(π+, π−). The cut around the K0 mass is
again indicated by vertical lines. Both Λ and Λ candidates are included in this plot. In
the 1998 Pb-Pb data sample it is required that M(π+, π−) > mK0 + 0.034 GeV/c2 and
that M(π+, π−) < mK0 − 0.026 GeV/c2, where mK0 = 497.65 MeV/c2 is the table value
of the mass of the K0 [3].

Figure 3.18 shows the final Λ and Λ samples after all cuts, including the low qT cut
and the K0 mass cut.

3.4.3 Final selection of Λ and Λ

The selection criteria for Λ and Λ from the Pb-Pb data sample collected by the NA57
experiment in 1998 are summarized here:

• Both decay tracks pass through the first and the last plane in the compact part of
the telescope

• The distance of closest approach is smaller than 0.03 cm

• Only cowboy topology is accepted

• The decay is in the interval -30 cm < xV 0 < -0.5 cm
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0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-1 -0.5 0 0.5 1

α

q
T
   

(G
eV

/c
)

ΛΛ
–

Figure 3.18: Podolanski-Armenteros plot for the final Λ and Λ sample.
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Figure 3.19: Final invariant mass plots for Λ (left) and Λ (right).

• The V 0 trajectory points back to the target,
[

byV 0

2.5·σyrun

]2
+
[

bzV 0

3.0·σzrun

]2
< 1

• The transverse momentum of the charged tracks relative to the momentum of the
V 0 is in the interval 0.02 GeV/c < qT < 0.4 GeV/c

• The internal decay angle |φV 0| > 9◦ (magnetic field pointing downwards) or |φV 0 | <
171◦ (magnetic field pointing upwards)

• The Podolanski-Armenteros variable α > 0.45 (Λ) or α < −0.45 (Λ)

• Exclude K0s, M(π+, π−) > mK0 + 0.034 GeV/c2 or
M(π+, π−) < mK0 − 0.026 GeV/c2

The invariant mass plots for the selection of Λ and Λ are shown in figure 3.19. As seen
from the figure, the residual background is very low. For the final selection of particles
used for further analysis, a cut in the invariant mass is included. For the 1998 Pb-Pb
data sample, particles fulfilling the criterion |M(p, π)−mΛ| < 0.010 GeV/c2 are selected.
This is indicated by the yellow (shaded) area in the histogram.
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3.4.4 Final selection of K0

The selection criteria for K0
S from the Pb-Pb data sample collected by the NA57 experi-

ment in 1998 is summarized here:

• Both decay tracks pass through the first and the last plane in the compact part of
the telescope

• The distance of closest approach is smaller than 0.035 cm

• Only cowboy topology is accepted

• The decay is in the interval -42 cm < xV 0 < -0.5 cm

• The V 0 trajectory points back to the target,
[

byV 0

2.5·σyrun

]2
+
[

bzV 0

2.5·σzrun

]2
< 1

• The charged tracks do not point back to the target and is on the correct side of the
target, ±byπ+ < −0.2 cm and ±byπ− > 0.2 cm,
where the sign is positive for positive magnetic field and negative for negative mag-
netic field

• The transverse momentum of the charged tracks relative to the momentum of the
V 0 is in the interval 0.04 GeV/c < qT < 0.4 GeV/c

• The internal decay angle |φV 0| > 9◦ (magnetic field pointing downwards) or |φV 0 | <
171◦ (magnetic field pointing upwards)

The invariant mass plot for the selection of K0 is shown in figure 3.20. For the final
selection of particles used for further analysis, a cut in the invariant mass is included.
The experimental mass peak for K0 is slightly shifted, and the cut is therefore asymmetric
around the table value of the K0 mass. For the 1998 Pb-Pb data sample, particles fulfilling
the criterion mK0 − 0.0134 GeV/c2 < M(π+, π−) < mK0 + 0.0166 GeV/c2 are selected.
This is indicated by the yellow (shaded) area in the histogram.

3.5 Cascade reconstruction

This section contains a summary of the selection criteria for Ξ and Ω identification in the
WA97 and NA57 experiments. The cuts are defined similar to the Λ and K0 cuts. The
specific values of the cuts are those used in the analysis of the Pb-Pb data sample from
1998. For other data samples, similar cuts are applied.

3.5.1 Ξ identification

A Ξ has to satisfy these selection criteria:

• All three decay tracks pass through the first and the last plane of the compact part
of the telescope
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Figure 3.20: Final invariant mass plot for K0.
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• The distance of closest approach between the trajectory of the pion and the line of
flight of the V0 is smaller than 0.05 cm

• Only cowboy topologies are accepted for the Ξ decay

• The Ξ decay is in the interval -40 cm < xΞ < -3 cm

• The Ξ decays before the V0, xΞ < xV 0

• The Ξ trajectory points back to the primary vertex position,[
byΞ

3 · σyrun

]2

+

[
bzΞ

3 · σzrun

]2

< 1

• The impact parameter of the V 0 is different from the Ξ impact parameter and is on
the correct side:

(byV 0 − byΞ) · (±1) < −0.2 cm (Ξ−) or (byV 0 − byΞ) · (±1) > 0.2 cm (Ξ
+
)

The sign is positive when the magnetic field points upwards, and negative when the
field points downwards

• The impact parameter of the π is on the correct side of the Ξ impact parameter:

(byπ − byΞ) · (±1) > 0cm (Ξ−) or (byπ − byΞ) · (±1) < 0cm (Ξ
+
)

The sign is positive when the magnetic field points upwards, and negative when the
field points downwards

• The internal decay angle of the Ξ cos θ∗Ξ > −0.9, where θ∗ is the angle between the
momentum of the Λ and the line of flight of the Ξ

• Internal decay angles of the Ξ and V 0 |φV 0 | > 0.2 rad or |φΞ| > 0.2 rad

In addition, to select the Λ of the Ξ decay, these criteria were applied to the V0 candidates:

• The distance of closest approach between the trajectories of the two charged decay
tracks < 0.035 cm

• Only cowboy topology is accepted for the V0 decay

• The V0 decay is in the interval -30 cm < xV 0 < 0 cm

• The transverse momentum of the charged tracks relative to the momentum of the
V 0 is in the interval 0.02 GeV/c < qT < 0.4 GeV/c

• Select Λs or Λs: α > 0.45 (Ξ−) or α < −0.45 (Ξ
+
)

• The invariant mass for the Λ (Λ) candidate, M(p, π), is in the interval
mΛ − 0.012 GeV/c2 < M(p, π) < mΛ + 0.015 GeV/c2

The invariant mass plots for Ξ− and Ξ
+

after the above selection criteria, are shown in
figure 3.21. The final selection of particles used for further analysis requires the invariant
mass M(Λ, π) to be in the interval mΞ − 0.015 GeV/c2 < M(Λ, π) < mΞ + 0.020 GeV/c2

where mΞ = 1321 MeV. The interval is indicated by the yellow (shaded) area in the figure.
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Figure 3.21: Final invariant mass plots for Ξ− (left) and Ξ
+

(right).
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3.5.2 Ω identification

An Ω has to satisfy these selection criteria:

• All three decay tracks pass through the first and the last plane of the compact part
of the telescope

• The distance of closest approach between the trajectory of the kaon and the line of
flight of the V0 is smaller than 0.03 cm

• Only cowboy topologies are accepted for the Ω decay

• The Ω decay is in the interval -40 cm < xΩ < 0 cm

• The Ω decays before the V0, xΩ < xV 0 − 0.2 cm

• The Ω trajectory points back to the primary vertex position,[
byΩ

3 · σyrun

]2

+

[
bzΩ

3 · σzrun

]2

< 1

• The internal decay angle of the Ω cos θ∗Ω < 0.8, where θ∗ is the angle between the
momentum of the Λ and the line of flight of the Ω

• Internal decay angles of the V 0 and the Ω |φV 0| > 0.15 rad or |φΩ| > 0.15 rad

• Transverse momentum of the decay tracks from the Ω relative to the Ω line of flight
qTΩ

> 0.12 GeV/c

• Deselection of Ξs, M(Λ, π) < mΞ − 0.020 GeV/c2 or M(Λ, π) > mΞ + 0.030 GeV/c2

In addition, to select the Λ of the Ω decay, these criteria were applied to the V0 candidates:

• The distance of closest approach between the trajectories of the two charged decay
tracks < 0.025 cm

• Only cowboy topology is accepted for the V0 decay

• The V0 decay is in the interval -27 cm < xV 0 < 0 cm

• The transverse momentum of the charged tracks relative to the momentum of the
V 0 is in the interval 0.03 GeV/c < qTV 0

< 0.4 GeV/c

• Select Λs or Λs: α > 0.45 (Ω−) or α < −0.45 (Ω
+
)

• The invariant mass M(p, π) is in the interval |M(p, π) − mΛ| < 0.008 GeV/c2

The invariant mass plots for Ω− and Ω
+

after the above selection criteria, are shown in
figure 3.22. The final selection of particles used for further analysis requires the invariant
mass M(Λ, K) to be in the interval |M(Λ, K) − mΩ| < 0.017 GeV/c2. The interval is
indicated by the yellow (shaded) area in the figure. The figure includes Ωs from the
158 GeV/c data collected in 1998 and in 2000.
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Figure 3.22: Final invariant mass plots for Ω− (left) and Ω
+

(right).
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Figure 3.23: The invariant mass distribution M(π+, π−) for real and mixed events before
(left) and after (right) analysis cuts.

3.6 Estimation of background

The mass spectra shown in the previous section show a very low background. Still, a
detailed study has been done to estimate the residual combinatorial background. For K0

Λ and Λ fake V 0s have been created by pairing all negative particles from one event with
all positive particles from another event (event mixing). The two events have similar
multiplicities. The fake V 0s are analysed as normal events with the analysis programs
described earlier in this chapter and shown in figure 4.1. This provides an estimate of
the combinatorial background. Absolute normalization is fixed by the number of pairs of
oppositely charged particles in real and mixed events.

Figure 3.23 shows the invariant mass plot, M(π+, π−), for K0 candidates before (left)
and after (right) the final analysis cuts are applied. The plots contain both real and mixed
events. The estimated residual background after the analysis cuts is shown to be very
small. Using the event mixing method, the total amount of combinatorial background is
estimated to be 0.7% for K0

S, 0.3% for Λ and 1.2% for Λ. The residual background for
the Ξ and Ω has been estimated using a similar technique, and is found to be less than
4% for Ξ and less than 6% for Ω. The residual background has been neglected in the
further analysis.
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Chapter 4

Corrections

In the collisions studied by WA97 and NA57 a number of particles are produced, ranging
from only a few in p-Be collisions, to some thousand in Pb-Pb collisions at 158 GeV/c
per nucleon. The WA97 and NA57 detectors are covering only a small part of the total
phase space, i.e. only a small fraction of the produced particles actually pass through the
detectors. The number of produced particles not measured experimentally is estimated
and corrected for in the final results.

A perfect detector would give a signal for all particles passing through it. The silicon
pixel detectors used by WA97 and NA57 started out being 98-99% efficient. After being
used many times, the overall efficiency is reduced to 80-90%. In addition, the analy-
sis programs are not able to identify all tracks made by real particles, and some fake
tracks from noise or wrong combinations of hits are found. The detector and tracking
inefficiencies are corrected for in the final results.

Another correction factor comes from feed-down. An example of feed-down is a Ξ−

decaying into a Λ and a π−. This Λ could be reconstructed as a particle coming directly
from the interaction, and therefore be counted as a Λ even if it is a secondary particle.
Ideally one should only count Λs that are produced in the reaction zone, and not Λs
that are decay products produced after chemical freeze-out. In the WA85 experiment [84]
feed-down corrections were important because of the relatively long distance between the
target and the tracking detectors. Correcting for feed-down leads to an increase of the

measured Ξ
+
/Λ ratio. In WA97 and NA57 however, the distance between the target

and the tracking detectors was so short that the effects of feed-down are neglected. In
addition, part of the feed-down is removed by requiring that the Λ comes from the target.
Since the position resolution of WA97/NA57 is much better than for WA85, this also
improves the WA97/NA57 results. For WA97 the feed-down for Λ and Λ is estimated to
be less than 5% and 10% respectively. The Λ sample is not corrected for feed-down from
Σ0 → Λ + γ.

4.1 Correction procedure

In the previous experiments, WA85 and WA94, corrections for geometrical acceptance
and efficiencies were done by applying two separate correction factors. One factor con-
taining the geometrical acceptance, and one containing the reconstruction efficiencies,
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Figure 4.1: Sketch showing analysis programs used by WA97/NA57.

depending on the detector efficiencies (see e.g. [85]). These two experiments used wire
chambers and silicon strip detectors which provided two-dimensional readout. When the
hit multiplicity increased, the number of combinations of points possible for making a
track increased dramatically. The reconstruction efficiencies therefore depended heavily
on the multiplicity of the event, and the efficiencies were given as a function of the event
multiplicity. The efficiencies depended only weakly on other parameters, for instance ra-
pidity or transverse momentum. These parameters influenced the geometrical acceptance
only.

The WA97 and NA57 experiments used pixel detectors for reconstructing the tracks.
WA97 also use silicon strip detectors, but only for improving the quality of the track
already found by the pixels. The pixel detectors give information about all three space
coordinates. The three-dimensional track finding is much less depending on the hit mul-
tiplicity than the two-dimensional track finding was. Instead, the detector efficiencies
become important, since they vary over the sensitive region of a plane. The most impor-
tant parameter is now the exact position of the hit in the telescope, and not the density
of hits. This is difficult to correct for when using only acceptance and efficiency tables.
The strategy for correcting the WA97 and NA57 results is therefore changed compared
to the earlier experiments. Individual correction factors are calculated for each identified
particle.

Correction factors, weights, are calculated for each identified particle using simulations
in combination with the normal analysis programs. The normal analysis is described in
chapter 3, and figure 4.1 shows a sketch of the applied programs. The programs used for
weight calculation are shown in figure 4.2, and described in this chapter.

The particle species, the rapidity and the transverse momentum are given as input
to the chain of programs. By using the GEANT package [86], a number of particles
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Figure 4.2: Sketch showing weight analysis programs used by WA97/NA57.

67



with the given rapidity and transverse momentum are simulated and traced through the
detector volumes. At this stage the detector inefficiencies are also taken into account. In
the MIXRAWMC program the simulated tracks are embedded in normal events with a
similar multiplicity to the event where the actual particle was found. The mixed events
look like any other event, and are analysed by the analysis programs used in the normal
analysis. The simulated particles are found if they pass all the criteria described in
chapter 3. A weight is calculated from the ratio of the number of particles simulated by
GEANT, to the number of simulated particles that are found by the analysis programs.

4.2 Detector inefficiency and noise subtraction

The silicon pixel detectors started out being ∼100% efficient. After being used in several
data taking periods, some of the pixels are damaged from radiation. Some pixels are dead
or noisy. The overall efficiency is reduced to 80-90%. The efficiencies are calculated as
an average number for each readout chip (see section 2.1.4). The pixel efficiencies are
calculated for each calibration period and stored in the experimental database.

The effect of a noisy pixel is the same as a dead pixel. A ’hit’ in a noisy pixel should
not be used during the track finding. Information about noisy pixels is therefore stored in
noise tables. These tables are calculated each day during the run and are used to subtract
some of the noise from the data during analysis. Some parts of the pixel detectors are
especially noisy. If more than two columns are noisy, the whole chip is marked as noisy
in order to reduce the size of the tables. Some readout chips are not working correctly,
producing dead areas on the detector surface. Entire chips flagged as noisy effectively
increase the number of dead chips in the analysis.

4.3 Simulation using GEANT

Monte Carlo (MC) simulations play an essential role in the calculation of correction fac-
tors. A particle may be simulated given the particle type and momentum at the primary
vertex. The particle is traced through the different detector volumes, and knowledge of
the lifetime of the particle, decay modes and branching ratios makes it possible to simulate
the particle decay by using random numbers. The decay vertex is then known and the
secondary particles are assigned momenta, again using random numbers. In the same way
as the original particle, the secondary particles are traced through the detector volumes
and might also decay according to their lifetimes. The MC simulation gives information
about the position of the particle at any time, and how the particle passes through the
detectors, and this is transformed into the kind of information that we normally get from
a detector, e.g. pixel number in a plane in the silicon telescope in NA57, described in
section 2.1.4.

In GEANT, the general parameters, like lifetimes, decay modes and branching ratios,
are included in the general program. Experiment specific parameters, like for instance the
size, geometry and building material of the detectors, have to be given specifically for the
experiment. Also the detector efficiencies for the experiment enters as input to GEANT.
In the WA97 and NA57 experiments, when a simulated particle passes through the pixel
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detectors, the program checks the detector efficiency for each particular detector that is
hit to find the probability that the particle is registered by the detector. The program
also estimates the energy loss for the particle in the detector, independent of whether a
hit is stored or not. In this way the particle is traced through all detectors on its way
through the experiment, and hit information is stored for later analysis.

For each ’real’ particle that is identified by the analysis programs in the experiment,
a number of particles of the same type and with the same rapidity and transverse mo-
mentum are simulated. The number of simulated particles is compared to the number of
particles identified by the analysis programs. GEANT tracking of particles through the
experimental setup is a very time consuming task. To save CPU time, the simulation
study is limited to particles that actually pass trough the experimental setup. Other
particles are counted as simulated particles that can not be detected in the experiment,
but they are not traced. A particle that pass through the experimental setup has to be
emitted from the primary vertex with a certain angle. By limiting this emission angle,
less time is spent on tracking particles that never hit the main detectors.

A lot of CPU time can also be saved by simulating only the decay channels measured
by the experiment, i.e. only decays into charged particles as described in the beginning
of chapter 3. There is e.g. no point in spending time on simulating a Λ decaying into
neutron and a π0 (BR = 35.8%) since neutral particles are not detected in the experiment.
This is easily corrected for in the final weight calculation by dividing the weight with the
branching ratio for the selected decay channel.

Cuts that are similar to those used in the analysis chain (chapter 3) can also be
introduced in GEANT. However, they must be checked carefully to make sure that the
particles that are not stored for further analysis can under no circumstance be found
by the analysis programs. In the analysis all tracks are required to pass through the
first and the last plane in the compact part of the telescope. In the simulation it is
therefore required that the track has to pass through a certain number of pixel planes.
For instance, if the particle only passes through the first two planes, this particle can not
be reconstructed by the analysis programs, so the information about the particle is not
stored for further analysis, only counted as simulated.

In NA57, the primary vertex position is also simulated by GEANT. The experimen-
tally observed run-by-run vertex positions, yrun and zrun (see section 3.2), are given as
input together with the observed gaussian spread of this position, σyrun and σzrun. The
primary vertex position is simulated according to these values so that the simulated events
have the same distribution as the real events. This method was not used by the WA97
experiment. More details are given in section 5.5. Figure 4.3 shows a simulated particle
from GEANT analysed by the ORHION program. Only the compact part of the silicon
telescope is shown.

The correction factors are calculated requiring 2500-5000 particles from GEANT
stored for further analysis.

4.4 Mixing with real data

The particles simulated by GEANT are added to a real event with tracks and noise,
making the conditions the same as for real particles. The real events are here referred
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Figure 4.3: Simulated Λ in NA57.

to as background events. Background events are selected from the whole running period
where the real particle was found. A running period is here defined as a continuous
period where the running conditions are similar. The magnetic field is always the same
in a running period, and the variation of the detector efficiencies is small. The selection
of background events is done in a periodic manner, i.e. every 200th event.

Further more, when selecting background events for mixing with a simulated particle,
events with a similar hit multiplicity in the telescope as the event where the real particle
was found, are chosen. It is more difficult to find a particle in a high multiplicity event
than in a low multiplicity event, and this should be reflected by the weights. The weight
is therefore slightly higher for a particle found in a high multiplicity event than for a
particle found in a low multiplicity event. This effect is much smaller for WA97 and
NA57 where there is three dimensional hit information, than for WA85 and WA94 where
wire chambers and silicon microstrips gave only two dimensional hit information.

To add a simulated particle into a background event, the GEANT information about
the particle is converted into the same format as used in a raw data file. For instance,
GEANT gives information of which pixels that are hit by the particle by giving a pixel
number (in y and z direction), ladder number and chip number. Basically, the same infor-
mation is given in a raw data file, but the format is completely different. In WA97, which
uses the EPIO (Experimental Physics Input Output Package) format [87], a pixel hit is
stored in four 16 bit words. In the NA57 experiment, the EPIO format was exchanged
with the newer DATE format [81] which is developed for the ALICE experiment. DATE
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Figure 4.4: A simulated Λ in NA57 added to a background event.

uses 32 bit words, and a single pixel hit is stored in two words. In both the EPIO and
the DATE formats, the pixel hits are stored ordered by planes, since information about
the plane number the hit belongs to is not given in the two/four words representing a hit.
Therefore, the simulated hits have to be added to the raw data file in the correct place.
The vertex position with its spread used when simulating the event in GEANT, is stored
in the mixed event and used during the later analysis.

Figure 4.4 shows an event display with the simulated particle from figure 4.3 mixed into
a background event from NA57. The background event without the implanted particle is
shown in figure 3.2.

4.5 Analysis

The further analysis of the mixed events is almost identical to the analysis of the real
data. This is already described in detail in chapter 3. The charged particle multiplicity
of the mixed event is not found at this stage, since this is already known from the original
analysis. As the primary vertex, the position used by GEANT is taken from the mixed
event, and is not recalculated using tracks from the background event. ORHION is used
for track finding and selection of V 0 candidates, and ANALYZE/CASCADE is used for
selecting the particles under study. The different programs are shown in figure 4.2. The
output from this is a Data Summary Tape (DST) where information about the identified
particles is given, e.g. rapidity and particle momentum.
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4.6 Calculation of weights

A weight for each ’real’ particle is calculated. The weight, W, is defined as

W =
360◦

Δφ
· Ngen

Nfound

· 1

BR
(4.1)

where Δφ is the interval for the azimuthal angle where particles are generated, Ngen is
the number of generated (simulated) particles, Nfound is the number of particles found
by the analysis program, and BR is the branching ratio for the decay channel that was
used during the simulation. In this way, the particles that were not simulated by GEANT
since they could not be found by the analysis programs, are accounted for. A fraction P
is defined as

P =
Nfound

Ngen
(4.2)

The error on the weight is then calculated as

eW = W · eP

P
=

W

P

√
P (1 − P )

Ngen

(4.3)

Mean weights for particles from Pb-Pb collisions with a beam momentum of 158 GeV/c
are given in table 4.1.

Particle Mean weight < W >
K0

S 986 ± 52
Λ 1517 ± 38

Λ 1552 ± 36
Ξ− 26090 ± 719

Ξ
+

25590 ± 1365
Ω− 20740 ± 1360

Ω
+

19245 ± 1770

Table 4.1: Mean weights for particles from Pb-Pb collisions at 158 GeV/c.

4.7 Comparison between Monte Carlo and real data

in NA57

A number of checks have been performed to make sure that the simulations used for
calculating the correction factors in NA57 give the same distributions as the real data.
If the simulations are not reproducing the distributions from the real data, it indicates
that the cuts in the analysis have a different effect on the simulated data compared to the
real data. The consequence might be that too many or too few simulated particles are
found by the analysis programs. As a result, the calculated weights are underestimated
or overestimated, which affects the final yields (see chapter 5).
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Figure 4.5: Comparison between real data and Monte Carlo simulations for (left) the
decay length of the Ξ, and (right) the decay length of the Λ coming from the Ξ decay.

Some comparisons between simulations and real data for Ξ measurements are pre-
sented here:

• The decay length of the Ξ (see figure 4.5 (left))

• The decay length of the Λ from a Ξ decay (see figure 4.5 (right))

• The π impact parameter with respect to the primary vertex (see figure 4.6 (left))

• The Λ impact parameter with respect to the decay vertex of the Ξ (see figure 4.6
(right))

• The internal decay angles in the Ξ reference system: cos(θ∗), where θ∗ is the angle
between the Λ and the Ξ lines of flight in the Ξ reference system, and φ is the
azimuthal angle (see figure 4.7)

• The closest distance in space between the extrapolated π and proton tracks coming
from the Λ decay (see figure 4.8)

As seen in the figures, all tests show agreement between simulated and real data. Some
similar plots for K0

S, Λ and Ω are presented in [16].
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Figure 4.6: Comparison between real data and Monte Carlo simulations for (left) the π
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Chapter 5

Analysis and results

5.1 Acceptance regions

After all the events have been weighted, a window of good geometrical acceptance in pT

and rapidity is selected. Figure 5.1 shows the selected regions for K0s, Λs, Ξs and Ωs from
Pb-Pb collisions at 158 A GeV/c collected in 1998. The shape of the acceptance regions
are related to the area of the telescope and its inclination angle with respect to the beam
line. The edges of the acceptance window correspond to the edges of the telescope. In
the weighting procedure, particles generated close to the edges of the telescope due to
smearing effects sometimes hit inside the telescope and sometimes outside. The weights
for these particles are therefore higher than for particles hitting well inside the telescope.
In order to select a good acceptance window, a region is selected such that the highest
weights are excluded from the acceptance area. Normally, weights up to about ten times
the size of the smallest weight are accepted inside the final acceptance window1. The
region is selected by choosing a minimum and a maximum pT, and a minimum value of
the rapidity. The left and right curves in the acceptance window are related to the angle
of inclination of the telescope. The acceptance windows are the same for particles and
antiparticles.

A study of the sensitivity to the selection of the acceptance window is performed.
As an example, the result for the Ξ acceptance region is shown in figure 5.2. The left

figure shows the different acceptance windows being studied for Ξ− and Ξ
+
. In the right

figure the particle production yields per event for Ξ− and Ξ
+

are plotted as a function
of the selected acceptance windows. (The calculation of particle yields is described in
section 5.4.) The number 0 corresponds to the acceptance window drawn with a thick
line. Negative numbers corresponds to the smaller acceptance windows, while positive
numbers corresponds to the larger windows. As seen in the figure, the final yields are
stable with respect to the selection of acceptance window.

1For particles with a small statistical sample, the acceptance regions are defined by a Monte Carlo
study.
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Figure 5.1: Acceptance regions for Pb-Pb collisions at 158 A GeV/c.
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5.2 Centrality

The centrality of a collision can not be measured directly, but can be estimated e.g. from
measured transverse energy or the multiplicity of charged particles. WA97 and NA57
measure the charged particle multiplicity. The centrality of a collision can be estimated
by the number of participants. The number of participants increases with the centrality
of the collision. The number of participants is here defined as the number of wounded
nucleons (Nwound), i.e. the nucleons which take part in the initial collisions, calculated
from the Glauber model [88]. The Glauber model is a simple geometrical model describing
the collision between two nuclei. In this model the projectile nucleons traverse the target
nucleus in a straight line and collide with several nucleons in the target. The nucleons
inside a nucleus are assumed to be independent, and the nucleus-nucleus collisions are
regarded as a superposition of independent sequential nucleon-nucleon interactions. Cross
sections are interpreted as geometric areas, and when two nucleons overlap they are
assumed to interact.

In both the WA97 and NA57 experiments, the charged particle multiplicity is mea-
sured using two planes of silicon microstrip detectors (MSD, see section 2.1.3). The two
planes together cover the pseudorapidity region 2 < η < 4. In the setup at 40 A GeV/c
there is an overlap between the pseudorapidity coverage of the two planes, corresponding
to the region 2.4 < η < 3. In this region the multiplicity is determined from an average
of the multiplicities measured in the two planes. By analysing the data from these detec-
tors (see [89] for details), the distribution of the total hit multiplicity in the two planes
is found. The contribution of interactions in the air or other material along the beam
line, the empty target contamination, is evaluated using events collected with no target in
the experiment. This contamination is subtracted from the final MSD data. The empty
target contamination corresponds to about 17% for WA97 and about 6% for the NA57
experiment.

In order to obtain the final charged particle multiplicity, the hit multiplicity in the
MSD is corrected for delta-rays and background hits, geometrical acceptance, detector re-
sponse (efficiencies, double hits, charge sharing between contiguous strips), secondary in-
teractions and gamma ray conversions. This is done using the VENUS model [90] and the
GEANT package. The charged particle distribution for NA57 measured at 158 A GeV/c
is shown in figure 5.3. The drop at low multiplicities is the effect of the scintillator petals
centrality trigger suppressing low multiplicity events. The NA57 multiplicity distribution
is divided into five classes (0, 1, 2, 3 and 4), 4 being the most central class. The WA97 ex-
periment had a stricter centrality trigger and measured only the four most central classes
(1 to 4). The most peripheral class (0) is therefore accessible only to NA57.

The number of wounded nucleons (Nwound) is calculated assuming that the mean
number of charged particles is proportional to Nα

wound. In WA97 α = 1 was used, which
means that the average charged particle multiplicity is proportional to the number of
wounded nucleons. The measured multiplicity spectrum in NA57, is compatible with
values of α between 1.02 and 1.09. Varying α within this range has a minor effect on
the WA97 data, at most 7%. No significant change in the centrality dependence of the
hyperons is observed.

In NA57 another method for determining the number of wounded nucleons was chosen.
This method is based on the measured trigger cross section, and is much less dependent
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Figure 5.3: Multiplicity distribution for charged particles and centrality classes for Pb-Pb
collisions at 158 A GeV/c.
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on the relation between the number of wounded nucleons and the number of charged
particles. The centrality classes for the model has been chosen in such a way that they
represent the same absolute cross section as the data. The fraction of the total inelastic
cross section for the five centrality classes, and the average number of wounded nucleons
for each class, are given in table 5.1.

Class 0 1 2 3 4
σ/σinel (%) 40-53 23-40 11-23 4.5-11 0-4.5
〈Nwound〉 62 ± 4 121 ± 4 209 ± 3 290 ± 2 349 ± 1

Table 5.1: Inelastic cross section and number of wounded nucleons for the five centrality
classes.

5.3 Transverse mass distributions

The double-differential (y, mT) distributions for each type of particle has been fitted to
an exponential function using the maximum likelihood method. The distributions are
parametrized using the expression

1

mT

d2N

dmTdy
= f(y) exp(−mT

T
) (5.1)

where mT is the transverse mass defined in equation 1.4. The rapidity distribution is
assumed to be flat (f(y) = const.) within the experimental acceptance region. The inverse
slope parameter, T , is left as a free parameter and is extracted by fitting the equation to
the experimental data. Figure 5.4 shows experimental transverse mass spectra for K0

S,
Λ, Ξ and Ω particles measured by NA57. The lines show the inverse slope parameter T

obtained by the maximum likelihood fits. For Ω− and Ω
+
, the open points are not used in

the fit. The best fit values are given in table 5.2. The fit is done for the whole centrality
range of NA57, i.e. the 53% most central collisions. For each particle species, the inverse
slope parameter is found to be in good agreement with that of the antiparticle.

The same fits are done for data from WA97 on about the 40% most central colli-
sions [91]. The values are in agreement with the values found by NA57.

5.4 Particle yields

For each particle species and for each centrality class, the particle production yield per
event, Y , is calculated. The particle production yield is defined by the integral

Y =

∫ ∞

m

dmT

∫ ycm+0.5

ycm−0.5

d2N

dmTdy
dy (5.2)

where ycm is the mid-rapidity. For the 158 A GeV/c data the mid-rapidity is at ycm =
2.92. The particle production yields per event are extrapolated to a common phase space
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Figure 5.4: Transverse mass distributions measured at 158 A GeV/c. The exponential
functions have inverse slopes obtained by the maximum likelihood fits. The open points

in the Ω− and Ω
+

spectra are not used in the fit.

Particle T (MeV)
K0

S 237 ± 4 ± 24
Λ 289 ± 7 ± 29
Λ 287 ± 6 ± 29
Ξ− 297 ± 5 ± 30

Ξ
+

316 ± 11 ± 30
Ω− 264 ± 19 ± 27

Ω
+

284 ± 28 ± 27

Table 5.2: Inverse slope parameters, T , of strange particles measured in Pb-Pb collisions.
Statistical (first) and systematic (second) errors.
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Yield (Y) Extrapolation factor (S)
K0

S 9.0 ± 0.6 3.4
Λ 7.8 ± 0.2 2.6

Λ 1.17 ± 0.03 2.6
Ξ− 0.819 ± 0.026 3.4

Ξ
+

0.220 ± 0.014 3.4
Ω− 0.118 ± 0.011 7.1

Ω
+

0.054 ± 0.007 7.1

Table 5.3: Total yields and extrapolation factors for the 1998 Pb-Pb data sample at
158 A GeV/c.

window using equation 5.1, assuming that the fitted value of the inverse slope parameter
T is not changing inside this window. The common window covers one unit of rapidity
around the central value and the full mT range.

The total particle production yield for a particle species in the extrapolated phase
space window can be written as the yield in the acceptance window for the experiment,
YAcc, times an extrapolation factor S,

Y = YAcc · S. (5.3)

The extrapolation factor can be defined as

S =
ITot

IAcc
(5.4)

where ITot = Y is the total integral (from equation 5.2) over the full extrapolated phase
space and IAcc is the corresponding integral in the acceptance window of the experiment.
The error on the total yield can then be found by

eY =
√

(S · eYAcc
)2 + (eS · YAcc)2 (5.5)

where eYAcc
is the error on YAcc, and eS is the error on S. The error on the yield in the

acceptance window is calculated by

eYAcc
=

√∑
i(W

2
i + e2

Wi
)

Nev
(5.6)

The weight, W , and the error on the weight, eW , are discussed in section 4.6. Nev is the
total number of analysed events corrected for empty target contamination. The error on
the extrapolation factor is found by

eS =
dS

dT
· eT (5.7)

where eT is the error on the fitted value of the inverse slope parameter T . Total yields
and extrapolation factors for the 158 A GeV/c Pb-Pb data sample collected in 1998 are
listed in table 5.3.
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Particle production yields for the hyperons from the analysis of NA57 data collected
at a beam momentum of 158 A GeV/c are listed in table 5.4. To find the strangeness
enhancement, the particle yields found in Pb-Pb collisions are compared to the yields
found in p-Be and p-Pb collisions where creation of a quark gluon plasma is not expected.
However, such collisions have not been studied by NA57 at this energy. The NA57 Pb-Pb
yields are therefore compared to the p-Be and p-Pb yields from WA97 [92], here listed in
table 5.5. All errors presented here are statistical only.

System → Pb-Pb

< Nwound > → 62 (0) 121 (1) 209 (2) 290 (3) 349 (4)
K0

S 2.96 ± 0.54 7.17 ± 0.85 15.2 ± 2.4 19.6 ± 2.4 25.3 ± 3.5
Λ 2.30 ± 0.22 5.19 ± 0.29 9.5 ± 0.5 15.0 ± 0.8 18.5 ± 1.1
Λ 0.417 ± 0.035 0.82 ± 0.04 1.60 ± 0.07 1.84 ± 0.10 2.47 ± 0.14
Ξ− 0.181 ± 0.013 0.52 ± 0.02 1.07 ± 0.04 1.80 ± 0.07 2.08 ± 0.09

Ξ
+

0.045 ± 0.007 0.14 ± 0.01 0.29 ± 0.02 0.37 ± 0.03 0.51 ± 0.04

Ω− + Ω
+

0.037 ± 0.017 0.095 ± 0.017 0.23 ± 0.03 0.33 ± 0.05 0.47 ± 0.07

Table 5.4: Particle productions yields per event for hyperons in Pb-Pb collisions at
158 A GeV/c from NA57. The centrality classes are included in parenthesis.

System → p-Be p-Pb

< Nwound > → 2.5 4.75
Λ 0.0344 ± 0.0005 0.060 ± 0.02
Λ 0.0111 ± 0.0002 0.015 ± 0.001
Ξ− 0.0015 ± 0.0001 0.0030 ± 0.002

Ξ
+

0.00068 ± 0.0001 0.0012 ± 0.0001

Ω− + Ω
+

0.00016 ± 0.00006 0.000263 ± 0.000078

Table 5.5: Particle productions yields per event for hyperons in p-Be and p-Pb collisions
at 158 A GeV/c from WA97.

Figure 5.5 shows the hyperon enhancement factors, E, as a function of the number of
wounded nucleons, < Nwound >. Enhancement is defined as

E =

(
Y

< Nwound >

)
Pb−Pb

/

(
Y

< Nwound >

)
p−Be

(5.8)

for Pb-Pb collisions. Enhancement factors for p-Pb collisions are normalized to p-Be
collisions in the same way as for Pb-Pb collisions. The enhancement factors are presented
in two separate figures. The left figure shows the enhancement for Λ and Ξ−, particles
that have at least one valence quark in common with the colliding nucleons. In the figure

to the right, the enhancement factors for Λ, Ξ
+

and (Ω− + Ω
+
) are shown. These particles

have no quarks in common with the incoming nucleon, i.e. all quarks have to be created
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Figure 5.5: Yields per wounded nucleon relative to the p-Be yields as a function of the

number of wounded nucleons, for Λ and Ξ− (left) and for Λ, Ξ
+

and Ω− + Ω
+

(right)
measured by NA57 at 158 A GeV/c.

in the collision. The horizontal line represents the predicted centrality dependence if the
yields were to increase proportionally to the number of wounded nucleons all the way from
p-Be to central Pb-Pb collisions. The deviation from this line shows the enhancement.

The Ω− and the Ω
+

are combined in one enhancement factor due to the low statistical
sample from the data using a proton beam. The figure shows that all strange particle
yields are enhanced in Pb-Pb collisions compared to p-Be and p-Pb collisions, and that
the enhancement grows with the strangeness content of the particle, up to a factor of

about 20 for the (Ω− + Ω
+
) at the most central collisions. While the enhancement may

have saturated for the Λ, the other particles show no such saturation.

5.5 Differences between WA97 and NA57 results

The NA57 yields presented in the previous section are found to be 20-30% larger than
the WA97 yields. There is no obvious reason why the results should be different for the
two experiments. A number of tests of the analysis programs used by WA97 and NA57
have been performed. The methods used in the analysis and in the correction procedure,
the stability of our analysis and the software have all been tested. All tests referred to

here are for Ξ− and Ξ
+
, but similar tests have also been performed for the other particle

species.

The knowledge of the position of the interaction vertex is used for various kinematic
cuts in the analysis. There is a difference in the methods used by the two experiments
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Figure 5.6: NA57 Ξ− and Ξ
+

yields per wounded nucleon relative to the p-Be yields
measured by WA97. Events with different magnetic field polarities are separated. The
points are slightly shifted with respect to each other.

for determining this position. As described in section 3.2, the primary vertex position in
WA97 is determined event by event by extrapolating the reconstructed tracks to the target
plane. The primary vertex position used in NA57, is instead an average vertex position
for each run, calculated using only the high multiplicity events. Both the average vertex
position and the spread of the position is found. The two methods should be equivalent if
treated correctly in the correction procedure. However, in WA97 the measured event by
event primary vertex position, without introducing any spread, was used in the simulation
when calculating the correction factors. As a result, the correction factors in WA97 are
underestimated, and the Pb-Pb particle yields are systematically shifted down by about
10%. The effect shows no multiplicity dependence. This problem does not affect the p-Be
results used in the calculation of enhancement factors for NA57 (158 A GeV/c), since a
completely different method was used in the analysis of the WA97 p-Be data, where the
position of the beam was reconstructed using a beam telescope [93].

In order to check the stability of our analysis, the NA57 Ξ− and Ξ
+

yields were
recalculated and corrected for acceptance and efficiency, using different selection criteria.
No significant changes in the NA57 results were seen.

The Ξ− and Ξ
+

yields have also been studied in different time periods, for differ-
ent magnetic field polarities (see figure 5.6), and in different acceptance windows (see
figure 5.2) without observing any systematic shift in the final results.

To check the program chain used for calculating correction factors, the Ξ−s and Ξ
+
s

identified in WA97 are weighted using the NA57 chain of programs. The result is, within
statistical uncertainties, the same as the previous WA97 result. The NA57 Monte Carlo
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simulations have also been checked carefully as described in section 4.7. Due to a larger
background in the NA57 invariant mass plots than in WA97, a study using event mixing
was also performed (see section 3.6) to estimate the background. It is found that the
slightly larger background has little influence on the results. In summary, all tests show
that the NA57 results are stable.

Overall, the experimental conditions were better in NA57 than in WA97. The beam
was more stable and cleaner due to the improved beam line, more pixels were used, and
much more tests of the analysis programs were performed. The outcome of all the checks
gave confidence in the NA57 results.

5.6 Results from 40 A GeV/c data

Figure 5.7 shows the Λ, Λ, Ξ−, Ξ
+
, Ω− and Ω

+
signals for the complete sample of Pb-Pb

central events at 40 A GeV/c. The total data sample consists of 240M events. The
analysis of the data set is presented in reference [94]. Figure 5.8 shows the Λ, Λ and
Ξ− signals for 2/3 of the data sample from p-Be collisions at 40 A GeV/c, about 110M
events. The complete analysis is presented in reference [95].

The 40 A GeV/c Pb-Pb data are separated in the same five centrality classes as the
158 A GeV/c data (see section 5.2). The analysis follows the same procedure as earlier
described for the Pb-Pb data at 158 A GeV/c. Figure 5.9 shows the enhancement factors
for the 40 A GeV/c data sample. The limited statistics allows only enhancement factors

for Λ, Λ and Ξ− to be presented. A lower limit to the Ξ
+

enhancement in the four
most central classes at a 95% confidence level is indicated in the figure. A significant
enhancement of the production of hyperons when going from p-Be to Pb-Pb collisions is
observed also for the 40 A GeV/c data. The enhancement also follows the same hierarchy
as in the 158 A GeV/c data sample when looking at the strangeness content of the particle,

E(Ξ−) > E(Λ) and E(Ξ
+
) > E(Λ).
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Figure 5.7: Invariant mass plots for Λ, Ξ and Ω in Pb-Pb collisions using a beam mo-
mentum of 40 A GeV/c.
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Chapter 6

Discussion

In this chapter the WA97/NA57 results are discussed and compared to results from other
experiments at the SPS and RHIC. Some recent results from NA57 on the description of
the mT spectra and high pT suppression are included.

6.1 Energy dependence

The particle production yields found by NA57 for Pb-Pb collisions at 40 and 158 A GeV/c
beam momentum are plotted in figure 6.1 together with the yields found by the STAR
collaboration at RHIC. The STAR results are measured at mid-rapidity in

√
sNN =

130 GeV Au-Au collisions [96, 97, 98, 99]. The NA57 results are here presented in the
same centrality ranges as the ones used by STAR which is the most central 6%, 5%, 10%
and 11% collisions for K0

S, Λ, Ξ and Ω respectively. This leads to rather large error bars

in the Ξ
+

and Ω yields from NA57. All presented yields are calculated at one unit of
rapidity around the central rapidity. The Λ and Ξ− yields do not vary much with energy,

while a clear energy dependence is seen for K0
S, Λ, Ξ

+
and Ω

+
.

The antihyperon to hyperon ratios are shown in figure 6.2 for the two SPS energies

and at
√

sNN = 130 GeV at RHIC [100]. Again, there are large error bars in the Ω
+
/Ω−

ratio because the NA57 data sample is restricted to the centrality range covered by
STAR. At all three energies, the ratios increase with increasing strangeness content of
the particle. The ratios also increase with increasing centrality of the collision, but the
energy dependence is weaker for particles with higher strangeness content. These results
are consistent with a lower baryon density at mid-rapidity with increasing energy.

Figure 6.3 shows the enhancement factors for Λ, Λ and Ξ− separately, comparing the
results from 40 and 158 A GeV/c measured by NA57. For the most central collisions
(class 3 and 4) the enhancement factors are higher at 40 than at 158 A GeV/c, and the
increase with the number of wounded nucleons is steeper at the lower energy.

STAR has also measured enhancement factors for Λ and Ξ as a function of centrality
at

√
sNN = 200 GeV [101] (see figure 6.4), similar to the WA97 and NA57 measurements

at SPS energies. None of the particles show any sign of reaching a plateau at the top
RHIC energy. The enhancement factors are similar to the factors measured at SPS
both at 40 and at 158 A GeV/c. In statistical models including canonical suppression
in small colliding systems, the strangeness enhancement is predicted to be decreasing
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Figure 6.3: Λ, Λ and Ξ− yields at 40 A GeV/c compared to yields measured at
158 A GeV/c.

with increasing collision energy, reaching a plateau at a certain energy [102]. The data
are compatible with canonical suppression, but neither the plateau or the decreasing
enhancement with increasing energy are seen in the data. A possible explanation is that
the volume of the system is not proportional to the number of participants as assumed
in the calculations.

6.2 Comparison with NA49

The hyperon yields measured by NA57 at a beam momentum of 40 and 158 A GeV/c
are compared with the corresponding results from the NA49 experiment [103, 104, 105,
106, 107]. For comparison, the centrality ranges are restricted to those of NA49. The
NA49 yields of K0

S are extracted from their charged kaon yields. The comparison shows a
systematic discrepancy between the two experiments. The yields measured by NA49 are
found to be about 30% lower than the yields measured by NA57 at both energies [108].
The particle ratios are found to be compatible within statistical uncertainties, since the
differences in the absolute yields cancel in the ratios. The differences between the two
experiments are so far not understood.

6.3 Blast-wave description of the mT spectra

A statistical hadronization model [14] is used to describe the mT distributions (see also
section 1.4.1). The model assumes a system in local thermal equilibrium that expands
both in the longitudinal and in the transverse direction. By fitting the model to the
experimental spectra the thermal freeze-out temperature T and the average transverse
flow velocity 〈β⊥〉 can be extracted. Assuming a uniform particle density, the average
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√
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systematic uncertainty.

transverse flow velocity is given as [109]

〈β⊥〉 =
2

2 + n
βS (6.1)

where βS is the is the transverse flow velocity of the surface. The model fit to the data
points from all the strange particles simultaneously, using a linear (n = 1) r-dependence of
the transverse flow velocity, is shown in figure 6.5. The model describes the experimental
distributions well, with the values of T and 〈β⊥〉 indicated in the figure. A detailed
description of the analysis is found in [16].

Blast-wave fits for singly- and multi-strange particles separately have also been per-
formed. The fits are shown in figure 6.6 together with the global fit. The figure shows
the 1σ contours around the fitted values. Due to low statistics of the Ω it is not possible
to make a separate fit on its spectrum. The Ξ + Ω contour is dominated by the Ξ and
does basically not change if the Ω spectrum is removed from the fit. Therefore, it can
only be concluded that the thermal freeze-out of the Ξ is compatible with that of the
singly-strange particles.

A global fit to the spectra of each of the five centrality classes of NA57 is also per-
formed. The 1σ confidence level contours of the fits are shown in figure 6.7. The general
trend is that with increasing centrality, the thermal freeze-out temperature is decreasing
and the average transverse flow is increasing. After a central collision, the system seems
to expand explosively and then freeze out when the temperature is about 120 MeV and
the average transverse flow velocity is about half the speed of light. At RHIC, PHENIX
have measured the centrality dependence of the freeze-out parameters in Au-Au collisions
at

√
sNN = 130 GeV for singly-strange and non-strange particles [110]. They observe a

similar centrality dependence as NA57.
Another RHIC experiment, STAR, has measured the freeze-out parameters for Ξ−

94



1

10

102

103

104

105

106

107

108

0 0.5 1 1.5 2 2.5

Λ

Λ
–

K0 
S

Ω-

Ω
– +

Ξ-

Ξ
– +

mT - m0   [GeV]

1/
m

T
 d

N
/d

m
T
  [

a.
 u

.]

T=144±7 MeV
<β⊥>=0.381±0.013

χ2/ndf=37.2/48

120

125

130

135

140

145

150

155

160

165

170

0.32 0.34 0.36 0.38 0.4 0.42 0.44

<β⊥>

T
  [

M
eV

]

1σ

3σ
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and Ξ
+

for central Au-Au collisions at the same energy [111]. They find a final freeze-
out temperature significantly higher than the value obtained for singly-strange and non-
strange particles, and a lower transverse flow. This may indicate an earlier freeze-out of
the Ξ than the singly-strange and non-strange particles at RHIC energies. They have
also measured the freeze-out parameters for φ(ss) and Ω in central Au-Au collisions at√

sNN = 200 GeV [17] shown in figure 1.7. The observed freeze-out temperature for these
particles is higher than for singly-strange and non-strange particles, indicating an earlier
freeze-out of all multi-strange particles.

6.4 High pT suppression

One of the main discoveries at RHIC is the high pT suppression in central heavy ion
collisions (see section 1.4.7). This effect is seen in the nuclear modification factor described
in equation 1.13. If an AA collision is only a superposition of Ncoll NN collisions, this
leads to a nuclear modification factor RAA(pT) = 1. The PHENIX [112] and STAR [113]
collaborations measure a factor 4-5 suppression with respect to unity in RAA(pT) for
pT � 5 GeV/c in central Au-Au collisions at

√
sNN = 200 GeV.

A similar suppression at high pT is measured for central-to-peripheral nuclear modifi-
cation factors [114]. Central-to-peripheral nuclear modification factors are defined as

RCP (pT) =
〈Ncoll〉P
〈Ncoll〉C × d2NC

AA/dpTdy

d2NP
pp/dpTdy

(6.2)

〈Ncoll〉P is the average number of NN collisions for AA collisions in centrality class P, and
class P is a set of peripheral collisions that replaces the pp collisions used for reference.
The suppression of high pT particles is interpreted as energy loss of hard partons traversing
the high-density QCD medium expected to be formed in high energy heavy ion collisions.
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Nuclear modification is also measured at
√

sNN = 62.4 GeV at RHIC. Preliminary
results show an RAA suppression of about a factor 3 [115, 116]. This indicates that the
high pT suppression at this energy is not much smaller than at

√
sNN = 200 GeV. It is

therefore interesting to look for effects of parton energy loss at even lower energies, e.g.
SPS energies.

Recently, NA57 has calculated central-to-peripheral nuclear modification factors, RCP

for the pT distributions of K0
S, Λ, Λ and unidentified negatively charged particles (h−),

measured in Pb-Pb collisions at
√

sNN = 17.3 GeV [117]. The data are divided in five
centrality classes corresponding to 0-5%, 10-20%, 20-30%, 30-40% and 40-55% of the
total inelastic cross section σPb−Pb

inel . The number of participants, Npart, and the number
of collisions, Ncoll, are calculated from the Glauber model for each class. The class 40-
55% of σPb−Pb

inel is used as the peripheral reference class for the other ’central’ classes.
Figure 6.8 shows the result of this analysis. The systematic error on the 〈Ncoll〉P /〈Ncoll〉C
ratio is indicated by the shaded bands around RCP = 1. The RCP values expected from
scaling with the number of participants are indicated by the shaded bands at RCP < 1.
At low pT, the RCP for negatives, K0

S and Λ are consistent with scaling with the number
of participants. For Λ the ratio is found to increase even slower than the number of
participants. The K0

S RCP pattern is slightly enhanced at pT � 1.2 GeV/c in the less
central classes compared to the most central one. Within errors the RCP patterns for the
other particles do not vary with the different centrality classes. It is also shown that the
RCP patterns for K0

S, Λ and Λ measured at the SPS at
√

sNN = 17.3 GeV are similar
to those measured at RHIC at

√
sNN = 200 GeV, but are moved upward by about 0.5

units [117].
Figure 6.9 shows the RCP values for K0

S measured by NA57 compared to predictions
by Wang obtained from a perturbative QCD based calculation [118, 117]. The thick
line shows the prediction including the in-medium parton energy loss, while the thin line
shows the prediction excluding this energy loss. Without parton energy loss the 0-5%/40-
55% RCP is expected to increase with increasing pT due to initial-state partonic intrinsic
transverse momentum broadening (Cronin effect). This effect is expected to be larger
for central than for peripheral collisions. Including parton energy loss, the 0-5%/40-55%
RCP is expected to decrease with increasing pT. At this centrality class the prediction
including parton energy loss describes the data better than the prediction excluding the
energy loss. At less central collisions the predictions with and without energy loss are
similar and both scenarios are compatible with the data.
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Chapter 7

Summary and outlook

7.1 Summary

The WA97 and NA57 collaborations have studied the production of strange particles,
Λ, Ξ, Ω and K0

S, in Pb-Pb, p-Pb and p-Be collisions at relativistic energies. Particle
production is measured at one unit of rapidity around the central value and at high
transverse momenta.

As first measured by WA97, and confirmed by NA57, strangeness production is en-
hanced in Pb-Pb collisions at 158 A GeV/c compared to proton induced collisions at the
same beam momenta. The enhancement is increasing with the strangeness content of the

particle. The largest enhancement is found for Ω− + Ω
+

which is enhanced by a factor
20 in the most central Pb-Pb collisions compared to p-Be collisions at 158 A GeV/c.
Looking at all the five centrality classes from NA57, there is no sign of saturation in the
enhancement factors when going to more central collisions, with the exception of Λ.

The same enhancement pattern is found by NA57 in Pb-Pb collisions at 40 A GeV/c.
At this energy the statistical sample is not large enough to present results from Ω− and

Ω
+
. The enhancement factors for Λ and Ξ are similar to those measured at 158 A GeV/c,

but show a faster increase with centrality. A comparison to STAR results at
√

sNN =
200 GeV shows that the enhancement factors for Λ and Ξ at this energy are similar to
the SPS results. Statistical models with canonical suppression, which predicts decreasing
enhancement with increasing collision energy, are quantitatively not compatible with the
data. A possible explanation is that the volume of the system is not proportional to the
number of participants as assumed in the calculations.

Transverse mass distributions are measured for the hyperons and K0
S, and are pre-

sented here for the 158 A GeV/c data sample. The fitted inverse slope parameters for
K0

S and Λ fits in a picture where the inverse slope is increasing with the particle’s rest
mass. The Ω have a lower inverse slope parameter than expected from this picture. The
hyperons are found to have similar inverse slope parameters, TΩ ≈ TΞ ≈ TΛ.

The transverse mass spectra are also fitted with the blast-wave model, from which the
freeze-out temperature and the average transverse flow velocity are extracted. At the top
SPS energy, the common freeze-out temperature for all particles is found to be around
140 MeV and an average transverse flow around 0.4c. The temperature and transverse
flow of the Ξ are found to be compatible with the parameters for the singly-strange
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particles. A separate fit for the Ω is not presented due to the limited statistical sample.
The average transverse flow is found to increase with increasing centrality of the collisions,
while the temperature is decreasing.

Inspired by the results from RHIC, central to peripheral nuclear modification factors
are measured by NA57. The RCP patterns for K0

S, Λ and Λ measured at the top SPS
energy are found to be similar to those measured at

√
sNN = 200 GeV at RHIC, but are

shifted upward by about 0.5 units. The measured RCP values for K0
S are better described

by a model including parton energy loss than the model without energy loss.
The large enhancement of Ω in Pb-Pb collisions compared to p-Be collisions is still

difficult to explain by hadronic models, but fits nicely into a quark gluon plasma picture.
The WA97/NA57 result therefore supports the assumption that a strongly coupled quark
matter is created already at SPS energies.

7.2 Outlook

7.2.1 LHC and ALICE

In the future, relativistic heavy ion collisions will be studied at the Large Hadron Collider
(LHC) at CERN in addition to the RHIC experiments. It is scheduled to start running
in 2007. Nine months per year is dedicated to proton-proton collisions and one month to
heavy ion runs. The first heavy ion run is scheduled in 2008.

ALICE is a general-purpose experiment optimized for heavy-ion physics. It is de-
signed to measure and identify forward dimuons and mid-rapidity hadrons, leptons and
photons that comes from the hot interaction zone. The experiment is being optimized to
reconstruct tracks and identify particles in a wide range of pT, from about 100 MeV/c
to about 100 GeV/c. It will be possible to reconstruct short lived particles like hyperons
and D mesons. Finally all track reconstruction and particle identification have to work
in a high multiplicity environment with up to 8000 charged particles per unit of rapidity
at mid-rapidity.

The detectors will be placed in an underground cavern about 50 metres below the
ground. The experimental setup is shown in figure 7.1. The experiment consists of a
central system covering mid-rapidity (|η| ≤ 0.9, full azimuthal coverage) and several
forward systems. The whole central system is placed inside a large solenoidal magnet
with a magnetic field of ≤ 0.5 T. The magnet has a radius of 5 m, and a length of 12 m.

A detailed description of ALICE and the physics that can be studied using the ex-
perimental setup is given in [119]. In the LHC, the energy will be so high that a large
amount of strange particles will be produced. This will make it possible to study strange
particle spectra with small statistical errors even for relatively high transverse momenta.
Simulation studies show that it will be possible to measure short lived resonances carrying
strangeness, which is important when characterizing chemical equilibrium in heavy ion
collisions.

At LHC energies, production of heavy quarks like charm and bottom becomes in-
creasingly important, and will take over some of the role that strange quarks play at SPS
energies.
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Figure 7.1: ALICE experimental setup.

101



102



Appendix A

List of publications

A.1 Publications in refereed journals

1. S. Abatzis et al. (WA94 Collaboration) (. . . K. Fanebust, 58 authors),
Strange particle production in sulphur-sulphur interactons at 200 GeV/c per nu-
cleon,
Nucl. Phys. A590 (1995) 317c

2. G. Alexeev et al. (WA97 Collaboration) (. . . K. Fanebust, 124 authors),
First Results from the 1994 Lead Beam Run of WA97,
Nucl. Phys. A590 (1995) 139c

3. S. Abatzis et al. (WA94 Collaboration) (. . . K. Fanebust, 57 authors),
A study of cascade and strange baryon production in sulphur-sulphur interactions
at 200 GeV/c per nucleon,
Phys. Lett. B354 (1995) 178

4. H. Helstrup et al. (WA97 Collaboration) (. . . K. Fanebust, 114 authors),
WA97 results on strangeness production in lead-lead collisions at 158 A GeV/c,
Nucl. Phys. A610 (1996) 165c

5. S. Abatzis et al. (WA94 Collaboration) (. . . K. Fanebust, 57 authors),
Study of charged particle production using Omega RICH in WA94 experiment,
Nucl. Instr. Meth. A371 (1996) 22

6. S. Abatzis et al. (WA94 Collaboration) (. . . K. Fanebust, 59 authors),
Hyperon Production in Proton-Sulphur Collisions at 200 GeV/c,
Phys. Lett. B400 (1997) 239

7. A. Andrighetto et al. (WA94 Collaboration) (. . . K. Fanebust, 55 authors),
Charged particle production in S-S collisions at 200 GeV/c per nucleon,
Phys. Lett. B412 (1997) 148

8. M. Venables et al. (WA94 Collaboration) (. . . K. Fanebust, 59 authors),
Strangeness production in the WA94 experiment at CERN,
J. Phys. G23 (1997) 1857

103



9. A. K. Holme et al. (WA97 Collaboration) (. . . K. Fanebust, 106 authors),
Production of multi-strange particles in Pb-Pb interactions at 158 A GeV/c,
J. Phys. G23 (1997) 1851

10. E. Andersen et al. (WA97 Collaboration) (. . . K. Fanebust, 100 authors),
Λ, Ξ and Ω production in Pb-Pb collisions at 158 A GeV/c,
Nucl. Phys. A638 (1998) 115c

11. E. Andersen et al. (WA97 Collaboration) (. . . K. Fanebust, 103 authors),
Enhancement of central Λ, Ξ and Ω yields in Pb-Pb collisions at 158 A GeV/c,
Phys. Lett. B433 (1998) 209
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21. L. Šándor et al. (WA97 Collaboration) (. . . K. Fanebust, 50 authors),
Transverse mass spectra of strange and multiply-strange particles in Pb-Pb collisions
at 158 A GeV/c,
Nucl. Phys. A661 (1999) 481c

22. D. Elia et al. (WA97 Collaboration) (. . . K. Fanebust, 50 authors),
Hyperon and negative particle production at central rapidity in proton-Beryllium
interactions at 158 GeV/c,
Nucl. Phys. A661 (1999) 476c

23. N. Carrer et al. (WA97 and NA57 Collaborations) (. . . K. Fanebust, 94 authors),
Determination of the number of wounded nucleons in Pb+Pb collisions at 158 A
GeV/c,
Nucl. Phys. A661 (1999) 357c

24. F. Antinori et al. (WA97 Collaboration) (. . . K. Fanebust, 51 authors),
Strangeness enhancement at midrapidity in Pb-Pb collisions at 158 A GeV/c: A
comparison with VENUS and RQMD models,
Eur.Phys.J. C11 (1999) 79

25. V. Manzari et al. (NA57 Collaboration) (. . . K. Fanebust, 94 authors),
Silicon pixel detectors for tracking in NA57,
Nucl. Phys. A661 (1999) 716c

26. D. Evans et al. (WA97 Collaboration) (. . . K. Fanebust, 50 authors),
Enhancement of Strange and Multi-Strange Baryons in Central Pb-Pb Interactions
at 158 GeV/c per Nucleon,
Nucl. Phys. A663-664 (2000) 717c

27. F. Antinori et al. (WA97 Collaboration) (. . . K. Fanebust, 50 authors),
Transverse mass spectra of strange and multiply-strange particles in Pb-Pb collisions
at 158 A GeV/c,
Eur.Phys.J. C14 (2000) 633

28. F. Antinori et al. (NA57 Collaboration) (. . . K. Fanebust, 91 authors),
Probing the specific entropy produced in ultra-relativistiv heavy-ion collisions with a
silicon pixel multplicity detector: a simulation study,
Nucl. Instr. and Meth. A452 (2000) 323

29. F. Antinori et al. (WA97 and NA57 Collaborations) (. . . K. Fanebust, 96 authors),
Determination of the number of wounded nucleons in Pb+Pb collisions at 158 A
GeV/c,
Eur.Phys.J. C18 (2000) 57

105



30. F. Antinori et al. (NA57 Collaboration) (. . . K. Fanebust, 106 authors),
Study of production of strange and multi-strange particles in lead-lead interactions
at the CERN SPS: the NA57 experiment,
Nucl.Phys. A681 (2001) 165c

31. R. A. Fini et al. (WA97 Collaboration) (. . . K. Fanebust, 52 authors),
Strange baryon production in Pb-Pb collisions at 158 A GeV/c,
J. Phys. G27 (2001) 375

32. N. Carrer et al. (WA97 and NA57 Collaborations) (. . . K. Fanebust, 95 authors),
Determination of the event centrality in the WA97 and NA57 experiments,
J. Phys. G27 (2001) 391

33. V. Manzari et al. (NA57 Collaboration) (. . . K. Fanebust, 92 authors),
Status of the NA57 experiment at CERN SPS,
J. Phys. G27 (2001) 383

34. F. Antinori et al. (WA97 Collaboration) (. . . K. Fanebust, 49 authors),
Centrality dependence of the expansion dynamics in Pb-Pb collisions at 158 A
GeV/c,
J. Phys. G27 (2001) 2325

35. R. A. Fini et al. (WA97 Collaboration) (. . . K. Fanebust, 50 authors),
Strange particle production in p-Be, p-Pb. Pb-Pb at 158 A GeV/c (WA97 Experi-
ment),
Nucl. Phys. A681 (2001) 141c

36. H. Helstrup et al. (WA97 Collaboration) (. . . K. Fanebust, 52 authors),
Multistrange baryon production in heavy ion reactions at the SPS,
Nucl. Phys. A685 (2001) 407

37. D. Elia et al. (NA57 Collaboration) (. . . K. Fanebust, 94 authors),
Results on 40 A GeV/c Pb-Pb collisions from the NA57 experiment,
Nucl. Phys. A715 (2003) 514c

38. P.I. Norman et al. (NA57 Collaboration) (. . . K. Fanebust, 95 authors),
Hyperon production in 40 A GeV/c collisions from the NA57 experiment,
J.Phys. G30 (2004) S199

39. D. Elia et al. (NA57 Collaboration) (. . . K.F. Hetland, 79 authors),
Energy dependence of K0 and hyperon production at the CERN SPS,
J.Phys. G30 (2004) S1329

40. G.E. Bruno et al. (NA57 Collaboration) (. . . K.F. Hetland, 79 authors),
New results from the NA57 experiment,
J.Phys. G30 (2004) S717

41. F. Antinori et al. (NA57 Collaboration) (. . . K.F. Hetland, 94 authors),
Study of the transverse mass spectra of strange particles in Pb-Pb collisions at 158

106



A GeV/c,
J.Phys. G30 (2004) 823

42. F. Antinori et al. (NA57 Collaboration) (. . . K.F. Hetland, 94 authors),
Energy dependence of hyperon production in nucleus nucleus collisions at SPS,
Phys.Lett. B595 (2004) 68

43. F. Carminati et al. (ALICE Collaboration) (. . . K. Fanebust, 886 authors),
ALICE: Physics Performance Report, Volume I,
J.Phys. G30 (2004) 1517
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