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Abstract

A new phase of strongly interacting matter, the quark-gluon plasma, is predicted to exist
at extreme energy densities. In this plasma, quarks and gluons are no longer confined
inside hadrons.

A relativistic heavy-ion collision is one likely way to produce the required energy
density in a sufficiently large volume. The production of strange baryons and antibaryons
is considered to be an important diagnostic tool for understanding the dynamics of matter
under these extreme conditions.

The WA85 collaboration has measured the production of strange particles (A, E~,
Q~, and kaons) and antiparticles at central rapidities and high transverse momentum in
central sulphur-tungsten collisions at 200 AGeV/c. The main results are the high E+/A
ratio and the first observation of the Q~ and the Q+ in heavy-ion collisions.

The WA94 collaboration has extended the strange particle studies of WA85 to sulphur-
sulphur collisions. In addition, a Ring Imaging Cerenkov detector has been used to
identify charged particles in order to determine the production of protons and antiprotons,
and charged kaons and pions. The results on As and Es are very similar to the WA85
results. In particular, the E+/A ratio is still high. The particle identification in the
RICH worked well, but the low efficiency of other detectors has prevented the extraction
of physical results.

The WA97 collaboration measures production of strange particles in lead-lead colli-
sions at 160 A GeV/c. It is the first experiment to use silicon pixel detectors. The first
lead-beam data were taken in the autumn of 1994. The analysis is not finished, but some
preliminary results are available.
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Introduction

The aim of the study of relativistic heavy-ion collisions is to probe nuclear matter at
extreme energy density. The hope is to find evidence for a new phase of matter, the
quark-gluon plasma (QGP). In the QGP, the quarks and gluons are no longer confined
inside the nucleons, but can move throughout the entire volume of the plasma.

The whole universe was a quark-gluon plasma shortly after the "Big Bang". The
temperature of the expanding universe decreased. After approximately 0.00002 s, it
reached about 200 MeV (2 000000000000 K), and the plasma hadronised into protons
and neutrons. Today, cold quark-gluon plasma might exist in the interior of dense stellar
objects like neutron stars.

The quark-gluon plasma gives us a possibility to study the long-range behaviour of the
interaction between quarks and gluons, where the theory of Quantum Chromodynamics
(QCD) is poorly explored. It is of interest to address the fundamental questions of
confinement and chiral-symmetry breaking.

A relativistic heavy-ion collision is probably the only way to create a QGP in the
laboratory. The plasma, if formed in such a "micro bang", will occupy a small volume
of the same order as the volume of the nuclei and exist for a very short time (~ 10~22 s)
only. Thus it cannot be detected directly. One has to measure the final particles and look
for signatures that survive the phase transition and the final state interactions.

This thesis describes three heavy-ion experiments at CERN, WA85, WA94, and WA97,
that study one of these signatures, namely, strange particle production. The production
of multistrange baryons and antibaryons is expected to be particularly enhanced in a
quark-gluon plasma scenario compared to the production in a pure hadron gas [Raf82].

When a heavy ion, accelerated to relativistic energies, collides head-on with a nucleus
in the target, hundreds of particles are emitted mainly into a small cone in the forward
direction. To distinguish and identify the emerging particles requires the combined efforts
of a number of physicists leaning on the most advanced technological knowledge in detec-
tor and electronics development. Correspondingly, the software needed for the analysis
of the experimental read-outs is complicated and consists of a large number of programs.
Also, the heavy demand for CPU power and processing time for the huge amount of data
leads to years of computer analysis before the physical results can be presented. Thus,
such experiments can only be undertaken by relatively large collaborations. The WA85,
WA94, and WA97 experiments have from 40 to 120 participating physicists.

The WA85 experiment was primarily designed to measure with high statistics the
production of A and A at large transverse momentum in heavy-ion collisions. However,
the experimental setup also allowed the identification of cascades, i.e. E~ and E+, in
a sufficient number to determine transverse mass distributions and extract the inverse
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slope (the so-called "temperature" parameter). In addition, the possibility of having
a first observation of fi~ in a heavy-ion collision was to be tried. Although originally
proposed to use the oxygen beam, WA85 came to benefit from the availability of the
sulphur beam with momentum 200 A GeV/c when the first run started in 1987. A heavy
target nucleus, tungsten, was chosen in order to maximise the volume of the fireball and
the energy deposited.

The WA94 experiment used the same sulphur beam as WA85. However, a sulphur
target was chosen in order to have a symmetric system in which the rapidity of the fireball
was known and the acceptance could be extended by utilising the reflection symmetry. In
addition, it was a light symmetric system that could be compared with the heavier lead-
lead collisions that were forthcoming. The WA94 experiment wanted to identify protons
and antiprotons in addition to the strange particles, since a simple thermal model pre-
dicted that the ratios E!+/A and A/p were equal in quark-gluon plasma scenario. The only
possibility for charged particle identification at these energies is a Ring Imaging Cerenkov
counter. The upgraded Omega RICH and a set of wire chambers behind the RICH was
added to the setup. Much effort was spent to integrate these detectors into the setup and
develop analysis software. This also served as an investigation of the applicability of the
RICH in the higher-multiplicity environment of succeeding experiments.

The newly developed lead beam at CERN has allowed to study the production of
strange particles in a larger interaction volume than before. The WA97 experiment was
designed in particular to exploit this new beam at 160 AGeV/c in lead on lead collisions.
New detectors were designed to cope with the high density of tracks from these collisions.
This was achieved by a combination of silicon pixel detectors and silicon microstrip detec-
tors supplemented by pad detectors to improve the momentum resolution. In particular,
the new pixel detectors that represent a major step forward in the determination of hit
position with its two dimensional read-out and high granularity have not been employed
before in high-energy collisions.

Silicon pixels and silicon microstrips make it possible to build a compact and accurate
detector that can be placed rather close to the target in order to compensate for the
limited area of the detector. An interesting aspect of the use of silicon pixel detectors is
that they represent a candidate technology for the vertex detectors that will be used in
experiments at the Large Hadron Collider (LHC).

This thesis has been organised into six chapters, starting with a brief overview of the
physics behind the experiments and then follows the chronology of the WA85, WA94, and
WA97 experiments. Chapter 1 gives a short description of the quark-gluon plasma, its
possible creation in a relativistic heavy-ion collision and some of the signatures of QGP
formation. Chapter 2 covers the setup, analysis and results of the WA85 experiment.
Chapter 3 describes the analysis of strange particles in WA94, while the identification of
charged particles using a Ring Imaging Cerenkov detector is discussed in chapter 4. The
setup and some preliminary results for the lead beam experiment WA97 are outlined in
chapter 5. Chapter 6 gives a short summary and outlook.

Appendix A contains the four most relevant papers presenting results of the exper-
iments described in this thesis. Information that is considered to be too technical for
the main text is collected in appendices B to D, which describe the so-called Butterfly
geometry, decay kinematics, and the ring imaging geometry.



Chapter 1

The Quark-Gluon Plasma and
Relativistic Heavy-Ion Collisions

1.1 Quarks and Gluons

The quarks were introduced by Gell-Mann [Gel64] and, independently, by Zweig [Zwe64]
(who called them "aces") as the building blocks of hadrons. Using quarks and antiquaries
of three different flavours (up, down, and strange) Gell-Mann was able to construct all
known mesons as quark-antiquark pairs and baryons as clusters of three quarks. Three
more quark flavours have been discovered later, charm [Aub74, Aug74], bottom [Her77,
Inn77], and top [Aba95, Abe95].

The quarks have spin | , like the electron, but fractional electric charge (+§ or — | ) . In
addition they have a colour charge responsible for the strong interaction. There are three
different colour charges, usually called red, green, and blue. The quarks interact strongly
by exchanging gluons, just like electrically charged particles interact electromagnetically
by exchanging photons. The gluons are massless and have spin 1, like the photon, but
the gluons carry one of eight different colour charges, while the photon has no electric
charge. Thus, the gluons can self-interact.

The strong interaction is (currently believed to be) described by the theory of quantum
chromodynamics. QCD is a local non-Abelian gauge theory of coloured quarks and gluons.
The three coloured quarks of each flavour form a triplet in the fundamental representation
of colour SU(3). The eight gluons form an octet in the adjoint representation. The
Lagrangian density [Pri73, Wei73] can be written as

fa + ig.T*Al) - m,) *, - \F^Fa^, (1.1)

where ipf are the quark fields, gs is the strong coupling constant, Ta are the colour SU(3)
generators, A^ are the gluon fields, m/ are the current quark masses, / = u, d, s, c, b,
t is a flavour index, a = 1,2,..., 8 is a colour index, and repeated indices imply a sum.
The gluon field tensor is

F% = d^Al - duAl + gsf^Al, (1.2)

where / "^ are the structure constants of the SU(3) colour gauge group whose generators
satisfy the commutation relations [T°, Tb] = ifabcTc. The last term in eq. 1.2 is responsible
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Figure 1.1: Effective quark-antiquark potential in QCD. Solid line: confining potential of
a free qq pair; dashed line: screened potential of a qq pair embedded in the quark-gluon
plasma. The figure is taken from [Mul93].

for gluon self-interactions and distinguishes QCD from Abelian theories like quantum
electrodynamics (QED), which has no term like this.

Renormalisation gives rise to a "running coupling constant"

4TTM1
4TT ( l l -§Ar,) ln(- g

2 /A 2 ) '
(1.3)

where q is the transferred momentum, Nf is the number of quark flavours that can be con-
sidered as massless with respect to the transferred momentum, and A is a scale-breaking
parameter. The "running coupling constant" becomes zero at infinitely large momen-
tum transfers which corresponds to infinitely small distances. This is called asymptotic
freedom [Gro73, Pol73].

However, the coupling constant grows towards infinity at small momenta (large dis-
tances). The growth corresponds to a linearly rising potential [Bak81, Mul85]. This
implies permanent confinement of quarks and gluons, because an infinite amount of en-
ergy would be needed to separate two colour charges.

The colour charges present in the quark-gluon plasma are polarised in the vicinity of
another colour charge in the same way as electric charges are in an electric plasma. Thus,
in a QGP with temperature T, colour charges are screened at distances larger than the
Debye screening length XD ~ l/gs(T)T [Wel82]. This causes the QGP to be stable at
high temperatures because the attractive long-range force is screened by the medium.

Figure 1.1 shows the effective quark-antiquark potential in QCD at zero temperature
(confinement) and at high temperature (deconfinement).
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Figure 1.2: Energy density (open circles) and pressure (open squares) as function of
temperature obtained in two-flavour lattice QCD. The figure is taken from ref. [Kar95].

1.2 The QCD Phase Transition and the Quark-Gluon
Plasma

The energy density that is required for this phase transition can be estimated by Monte
Carlo simulations of lattice gauge theories [Cre80]. Lattice QCD is a non-perturbative
treatment of quantum chromodynamics formulated on a discrete lattice of space-time
coordinates [Wil74]. In practical calculations, because of the limitations in computer
memory and computer speed, the number of lattice points is limited, and the finite size
of the lattice spacing can introduce artifacts. It is necessary to perform calculations for
different numbers of lattice points (different lattice spacing) until "scaling" behaviour
occurs. That is, the relationship between the coupling constant and the scale of the
spatial spacing is in accordance with what is expected from perturbative QCD.

In the lattice calculations a sharp rise or a discontinuity in the energy density as a
function of temperature is found at a critical temperature Tc. The order of the phase tran-
sition depends on the number of colour and flavour degrees of freedom. In the case of QCD
with two light quarks one finds a second-order phase transition at Tc ~ 150 MeV [Kar95]
(see figure 1.2). The calculations indicate that the quark-gluon plasma deviates from an
ideal gas around the transition temperature and that T has to reach about 2TC before the
pressure p approaches the ideal relativistic gas behaviour, e = 3p.

Phase transitions are generally characterised by the spontaneous breaking/restoration
of a global symmetry of the system under consideration. They may be identified and
examined through the behaviour of the corresponding order parameters. An order pa-
rameter is a variable which is zero on one side of the phase transition and non-zero on the
other side. The QCD Lagrangian (eq. 1.1) possesses exact global symmetries only in the
limiting cases of infinite quark masses (the pure gauge theory limit) or vanishing quark
masses (the chiral limit).

The thermal expectation value of the Polyakov loop average, (L), is an order param-
eter for the deconfinement phase transition in a pure SU(N) gauge theory [Kar93]. The
Polyakov loop, L, can be thought of as a static fermionic test charge which probes the
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Figure 1.3: The order of the phase transition as function of the masses of the light quarks
(up and down) and the strange quark. The physical point is indicated by the dashed
circle. The figure is taken from ref. [Bro90].

screening properties of the surrounding gluonic medium [McL81]. The expectation value
is related to the excess free energy, F ((L) ~ e~F/T), induced by the presence of this test
charge in the gluonic heat bath. A single colour charge cannot be screened in the confined
phase, thus its free energy is infinite and {L) = 0. In the deconfined phase, however, the
free energy is finite and {L) # 0 . _

For a chiral symmetry restoring phase transition, the order parameter is (ijjip) ̂ vhich is
a measure of the effective quark mass [Sin93]. The transition from (iptp) ^ 0 to (ipip) = 0
signals the restoration of chiral symmetry. For baryon-less matter, deconfinement and
chiral-symmetry restoration are found to coincide in lattice calculations [Kar93]. However,
it is clear that the two phase transitions and their order parameters are in principle quite
distinct from each other.

The order of the phase transition is not yet established. While calculations with static
(mq = oo) and dynamical (m, = 0) give first order transitions, the use of realistic quark
masses (mUid = 10 MeV and m, = 200 MeV), indicates a second order transition as shown
in figure 1.3. However, the order of the phase transition for two light-flavour quarks has
changed twice between 1990 to 1994, from second to first and back to second, when the
lattice size was increased [Lee95]. This shows how difficult these calculations are, and
that there might be more surprises to come.

1.3 Heavy-Ion Collisions
The evolution of a heavy-ion collision is sketched in figure 1.4. Generally, the two nuclei
do not overlap completely in the interaction. A measure of the overlap is the impact
parameter b which is defined as the distance between the centres of the colliding partners,
measured perpendicular to the beam axis at infinity. The nucleons that belong to the
parts of the projectile and target nuclei that overlap are called participants, while the
rest of the nucleons are referred to as spectators. In asymmetric collisions with Ap < At,



Projectile Projectile spectators

Target Target spectators

Figure 1.4: Geometric picture of a non-central collision: The participants form a hot and
dense fireball, while the spectators proceed straight ahead.

target spectators are always present, while the entire projectile can hit the target nucleus
even for b ̂  0.

A simple geometric model can be used to estimate the number of participants. As-
suming that the projectile nucleons interact with all target nucleons that are inside a
tube of the same radius as the projectile, the number of participant nucleons, Af, and
the number of participant protons, Zf, in a head-on collision (b = 0) are given by

Af = 1 - (l - (Ap/At)^)

1 - (l - (Ap/At)^)

3/2

3/2'
(1.4)

where the subscripts p and t denote projectile and target.
The hot and dense matter formed in the reaction zone in a relativistic collision is

called a fireball. If the volume and the lifetime of the system are sufficiently large, the
interactions between the particles in the fireball cause the system to reach a state of
thermal equilibrium; and a quark-gluon plasma may be formed if the energy density is
above the critical value. As the fireball expands and cools, a phase transition from the
plasma back to hadron matter takes place. If the fireball is sufficiently dense, the hadrons
interact further until they freeze out and stream freely towards the detectors.

Two pictures are commonly used to describe a high energy heavy-ion collision. In
figure 1.5 the two models are shown for a symmetric (A + A) collision. In the Fermi-
Landau picture [Fer50, Lan53] the nuclei are completely stopped, and thermal equilibrium
is obtained in the first moments of the collision. The Bjorken-McLerran picture [Bjo83,
McL82] is used to describe collisions in the ultra-relativistic limit. The two colliding nuclei
pass through each other and a region of highly excited baryon-less matter is created in
the wake. The initial energy density e in the central region can be estimated using the
Bjorken formula

1 dET
£ = ^ l V (L5)

where R is the radius of the nuclei, To is an initial time of about 1 fm/c, ET is the
transverse energy, and y is rapidity.
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Figure 1.5: Schematic view of a relativistic heavy-ion collision in the Fermi-Landau picture
of full stopping (left) and the Bjorken-McLerran picture of complete transparency (right).
Top: the collision in space. Bottom: the evolution in space and time.

1.3.1 The language of high energy heavy-ion collisions

There are two natural reference systems for a heavy-ion collision in a fixed-target experi-
ment; the laboratory system (the target rest frame) and the centre-of-momentum system
(the rest frame of the fireball). The two frames are related to each other by a Lorentz
boost along the beam axis. Thus, it is convenient to present measured distributions
as functions of quantities that are invariant under Lorentz transformations in the beam
direction.

The movement of a particle along the beam axis is described in terms of the rapidity, y.
The rapidity, which is related to the component of the velocity parallel to the beam axis
(0L = VL/C) by

y = tanh"1 /?L, (1.6)

is additive under boosts along the beam axis. Thus, rapidity distributions have the same



shape in the two reference frames. The rapidity of a particle with mass m, energy E,
longitudinal momentum component p\,, and transverse momentum component p? is

where the transverse mass is defined as

= \/m2 + p\. (1.8)mT = \/m

The transverse mass is invariant under Lorentz transformations along the beam axis.
The pseudorapidity,

a
T? = - I n tan- , (1.9)

where 8 is the polar angle given by

6 = tan"1 —, (1.10)
PL

is used in experiments that have no particle identification. In the ultra-relativistic limit
(E » m, or actually pi "> m), the rapidity may be approximated by the pseudorapidity,
since m? — PT and E ~ p ior p? ^%> m, and

2 p-pL PT
 V

The transverse energy, Ex, of an event is used to characterise the centrality of the
collision. It is measured in a segmented calorimeter, and is given by the sum

(1.12)

where 9i is the polar angle of the ith calorimeter cell and E, is the energy detected in the
cell.

The invariant triple differential cross section can be expressed as a function of energy
and momentum or as a function of rapidity and transverse mass. The two are related by

1.4 Signatures
Following Miiller [Mul95], the quark-gluon plasma signatures are grouped into five cate-
gories, according to the physical properties of superdense hadronic matter to which they
are sensitive. These are:

1. thermodynamic variables measuring the equation of state,

2. probes for chiral symmetry restoration,

3. probes of the colour response function,

4. probes of the electromagnetic response function,

5. "exotic" signatures of the quark-gluon plasma.
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Figure 1.6: Average transverse momentum as a function of energy density a) observed by
the JACEE collaboration, and b) expected in the case of a first order phase transition to
a QGP. The figure is taken from ref. [Sch93].

1.4.1 Thermo dynamic variables

The idea behind this class of signatures is to measure the equation of state (i.e. the
dependency of energy density e, pressure p, and entropy density s on temperature T and
baryochemical potential HB) of the superdense matter. One searches for a rapid rise in
the effective number of degrees of freedom, as expressed by the ratios e/T4 or s/T3, over
a small temperature region. These quantities would exhibit a discontinuity, if there is a
first order phase transition, and the system is infinite. However, it is more realistic to
expect a steep, step-like rise as shown in figure 1.2.

It is customary to identify the temperature T with the average transverse momentum
(pr), the entropy density s with the rapidity distribution of hadron multiplicity dN/dy,
and the energy density e with the transverse energy dEifdy, respectively [vHo82j. The
e-T diagram can be studied by plotting (pr) as a function of dN/dy or dE-r/dy. If there is
a rapid change in the effective number of degrees of freedom, the curve should be S-shaped
as shown in figure 1.6. The essential feature is the saturation of (px) while the matter is
in the mixed phase, and the hadrons are still melting into a plasma. Detailed numerical
studies in the context of a hydrodynamical model have shown that this characteristic
feature is rather weak in realistic models [vGe87]. In order to trace this curve in nuclear
collisions one probably has to vary the beam energy in rather small steps. This has not
been done, so far, but it will be possible at the Relativistic Heavy Ion Collider (RHIC).

The temperature can also be extracted from the transverse mass distribution. If the
particles freeze out from a fireball at temperature T, the transverse mass distribution is
given by

1 dN gVX mr>r gVA r— /T

^d^= ^T^MmT/r) — J^y/rnrTe , (1.14)
where g is a degeneracy factor (spin), V is the volume of the fireball, A is the fugacity, and
Ki is a modified Bessel function. Thus for mx ̂ > T, a logarithmic plot of \/m^2dN/dmi
vs. mi should be a straight line and the inverse slope gives the temperature of the
fireball. At CERN energies, this form (which is integrated over rapidity) should also be
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used also for data collected in a small rapidity window, since the picture of a single fireball
is unrealistic, while a superposition of many fireballs which move relative to each other
with a boost-invariant longitudinal velocity profile appears to describe the experimental
situation near central rapidities rather well [Sch93b].

There are a lot of distortions to this simple picture. Collective flow flattens the dis-
tribution, and the extracted temperature is a blue-shifted temperature which is higher
than the actual temperature at freeze-out. Resonance decay produces particles at low
transverse mass. This makes the extracted temperature lower than the actual temper-
ature. This is important for pions, while the kaons, protons and lambdas are rather
unaffected. At high transverse mass, rescattering causes a flattening of the distribution.
This flattening is also observed in proton-nucleus collisions, where it is known as the
Cronin effect [Cro75].

Identical particle interferometry, like Tnr, KK, or NN correlations [G0I6O, Zaj93], gives
information on the reaction geometry, in a way similar to the measurement of stellar radii
by intensity interferometry [Han54, Han56]. By studying the two-particle correlation
function in different directions of phase space, it is possible to obtain measurements of the
transverse and longitudinal sizes, of the lifetime, and of the flow patterns of the hadronic
fireball at the moment when it breaks up into separate hadrons [Pra84, Pra86, Ber89]. The
transverse size found in heavy-ion collisions [Bam88, Lah91, Fer92, Abb92, Bog93, Aki93],
is larger than the radius of the incident particle, clearly exposing the fact that produced
hadrons rescatter before they are finally emitted.

1.4.2 Chiral symmetry restoration

Enhancement of strangeness production and antibaryon production are two proposed
signatures for a (partial) restoration of chiral symmetry in dense strongly interacting
matter. The basic argument is the reduction in the threshold for the production of strange
hadrons (from about 700 MeV to 300 MeV) and baryon-antibaryon pairs (from about
2 GeV to almost zero). Rafelski has pointed out [Raf82, Raf91] that the optimum signal
is obtained by considering strange antibaryons. The enhanced strange quark production
in a chirally restored, deconfined quark-gluon plasma [Raf82b, Raf86] can lead to chemical
equilibrium abundances for all strange hadrons. This is difficult to understand on the
basis of hadronic reactions alone [Koc86]. The production mechanisms in a hadron gas
and in a quark-gluon plasma are discussed further in section 1.5.

An enhancement of strange particle production in nuclear collisions has been observed
by many experiments [Aba92a, Aba93, Aba94a, And92a, And92b, And94, Gad94, Alb94].
It should be noted that such an enhancement alone does not make a reliable signature for
the quark-gluon plasma. Strange particles, like K and A, can be copiously produced in
hadronic reactions before the nuclear fireball reaches equilibrium. This mechanism seems
to work very efficiently at AGS — as well as SPS — energies [Mat89, Nik89].

Strangeness enhancement has also been seen in the <£-meson channel. The NA38
experiment [Bag91b] found that the ratio (}>/{u)+pQ) is 2 —3 times larger in S+U collisions
than in p+W collisions at 200 AGeV/c. The HELIOS/3 collaboration [Maz94] found
that this ratio increases with the centrality of the ion-ion collisions and when going
from p+W to S+W. This effect can be understood as additional (^-production due to
rescattering of secondaries, in combination with the small absorption cross section of the
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Figure 1.7: Medium corrections to a) the heavy quark-antiquark potential and b) the
energy loss of a penetrating parton (QCD jet) are sensitive to the colour structure of
dense hadronic matter. The figure is taken from ref. [Mul93].

^>-meson [Koc91]. The required density of scatterers agrees well with that invoked to
explain the observed J/^-suppression (see below).

1.4.3 Colour response function

A colour deconfinement phase transition may be detected by measuring changes in the
colour response function

The structure of this correlator can be probed in two ways (see figure 1.7):

1. The screening length Aptf"6 = ngo(O)"1^2 leads to dissociation of bound states of a
heavy quark-antiquark pair (such as cc).

2. The energy loss of a quark jet in a dense medium is sensitive to an average of 11
over a wide range of q.

The suppression of 3/4> production caused by colour screening in the dense medium
was originally proposed by Matsui and Satz [Mat86]. The ground state of a cc pair does
not exist when the colour screening length A^ is less than the bound state radius (rj^)1^2.
Lattice simulations of SU(3) gauge theory [DeG86, Kan86] show that this condition should
be satisfied slightly above the deconfinement temperature (T/Tc > 1.2). The screening
length appears to be even shorter, when dynamical fermions are included [Kar88].

The NA38 experiment at CERN has measured an appreciable suppression in the pro-
duction of J/ip in S+U collisions when comparing central and peripheral collisions [Bag91a]
(see figure 1.8).

The 3/ip may also be destroyed in a hadronic scenario by sufficiently energetic collisions
with co-moving hadrons [Gav88], leading to dissociation into a pair of D-mesons. The
pattern of J/ip suppression observed in the NA38 experiment at CERN can be understood
on the basis of "standard" hadronic interactions, if one assumes co-moving hadron matter
at a pretty high density of about 1/fm3 and an absorption cross section of the order of
3 mb [Gav94].

The energies used in the present fixed-target experiments at CERN and Brookhaven
are too low for any production of quark-jets. The investigation of energy losses of quark
jets has to await the future collider experiments.
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Figure 1.8: Dimuon mass spectra observed in S+U collisions for a) peripheral (3 <
34 GeV) and b) central (78 < E% < 114 GeV) interactions. The figure is taken from
ref. [Bag91a].

1.4.4 Electromagnetic signals

The electromagnetic signals for the quark-gluon plasma probe the earliest and hottest
phase of the evolution of the fireball, and are not affected by final state interactions.
However, the count rates are small and there is a large background from hadronic decay
processes, especially 7r° and 77 decays.

Even if decay photons can be subtracted, there remains the competition between
radiation from the quark-gluon plasma (mainly from Compton scattering gq —• 7q) and
from the thermal hadron gas (mainly wp —» jp). Unfortunately, it appears that in
the vicinity of the critical temperature Tc a quark-gluon plasma and a hadron gas will
emit photon spectra of roughly equal intensity and similar spectral shape [Kap92]. The
NA34 [Ake90] and the WA80 [Alb91] collaborations at CERN have made careful analyses
to try to eliminate the hadronic background from the observed photon spectra. No
significant difference between the observed spectrum and the background spectrum was
found. The photon yield increases strongly with the temperature of the plasma, thus
direct photons might be a more significant probe in the future collider experiments.

Dileptons are produced in processes like qq —• /+/~. Leptons, like the photons, have
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no strong interaction, and give information about the conditions at the time of their
creation. Lepton pairs from the equilibrating quark-gluon plasma may dominate over the
Drell-Yan background up to masses in the range 5-10 GeV, as predicted by the parton
cascade [Gei93] and other models of the early equilibration phase of the nuclear collision.
If lepton pairs can be measured above the Drell-Yan background up to several GeV of
invariant mass, the early thermal evolution of the quark-gluon phase can be traced in a
rather model-independent way [Str94]. However, this scenario can only be explored in
experiments at the future heavy-ion colliders.

1.4.5 Exotica

If the formation of quark-gluon plasma would be associated with the appearance of com-
pletely novel phenomena, there would be no ambiguity in its detection. A probable ex-
otic object that might be formed from quark-gluon plasma are strangelets [Liu84, Gre87],
meta-stable objects with baryon number A > 2 that contain several strange quarks. The
H-particle (udsuds) is the simplest such object which is predicted to be meta-stable in
the original MIT bag model [Jaf77] and might be produced in relativistic nuclear colli-
sions [Dov89]. Experiments (e.g. E814 at Brookhaven and NA52 at CERN) searching for
strangelets produced in relativistic heavy-ion reactions are in progress.

There has been speculation about the possible formation of locally "disorientated"
chiral vacua in relativistic nuclear collisions [Ans91]. Such states could be identified by
their decay into final states with a large surplus of charged pions over neutral pions, as
they were observed in the "Centauro" events [Lat80].

1.5 Strangeness

1.5.1 Strangeness production

The first pre-equilibrium stage in a relativistic heavy-ion collision is dominated by the
physics of hard processes. The amount of strange particles created in these hard collisions
is rather uncertain. At CERN energies (v/s = 20 A GeV) this phase is difficult to handle
quantitatively because it is still dominated by non-perturbative QCD. As an educated
guess one generally assumes an initial fraction of strange particles as observed in the final
state of pp collisions at the same energy, roughly 20% of the equilibrium value [Sol94].

In a quark-gluon plasma, the production rates for strange quarks can be calculated
by perturbative QCD. The Feynman diagrams for the production of ss pairs in lowest
order QCD are shown in figure 1.9. There are three different groups: a) quark-antiquark
annihilation, b) gluon fusion, and c) thermal gluon decay. The last process is possible
because the quarks and gluons acquire a thermal mass due to the surrounding medium.
The gluon channels are the dominant processes due to the large density of gluons in the
plasma. The relative importance of the two gluon processes varies with the gluon mass,
but the total rate stays nearly constant [Bir90]. The total strangeness equilibrium time
is of the order of 10 fm/c for temperatures around 200 MeV; it depends strongly on the
temperature, the mass of the strange quark and the coupling constant for the strong
interaction. Thus, full strangeness equilibration is questionable in a plasma produced in
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Figure 1.9: Feynman diagrams for ss production in lowest order QCD: a) qq
gg -» ss, c) g —• ss.

ss, b)

a heavy-ion collision [Sol95].
In a baryon-rich plasma, the up and down quarks already present will hamper the

production of uu and dd pairs. The suppression is given by the factor e~'iB^3T where
HB is the baryochemical potential of the fireball (it is around 340 MeV in central S+W
interactions at CERN energies). The strange quarks are suppressed due to their finite
mass (m, ~ 150 — 180 MeV) by a factor e~m '/r. Thus, the two suppression factors have
quite similar magnitude, and i/the strangeness production has saturated the phase space,
the abundances of u, d, and s will be very similar. This would favour the production of
multistrange antibaryons, since is rather likely that several s quarks are combined when
an antibaryon is formed.

However, the hadronisation scenario can have a considerable impact on the parti-
cle yields. If the quark-gluon plasma disintegrates rapidly, the yields of multistrange
antibaryons will be representative of the plasma conditions, while a relatively slow hadro-
nisation scenario leads to particle yields characteristic of a (nearly) chemically saturate
hadron gas [Zim92j.

In a hadron gas, there are three kinds of processes that determine the yield of strange
particles: a) strangeness producing reactions, b) strangeness exchange reactions, and c)
annihilation reactions. The most important strangeness producing reactions are 7T7T —>
KK, TTN —* KY, TTY —»• KH, and TTE —• Kfi, with Y = £ or A, and the charge conjugate
reactions involving the antiparticles. The standard reaction for strangeness production
NN —* NYK play almost no role [Koc86]. The common feature of these processes is
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Figure 1.10: Typical quark flow diagram for a) strangeness production (annihilation of a
qq pair into a ss pair) and b) strangeness exchange (exchange of an s quark from a K to
a baryon) reactions in a hadron gas. Several quark spectator lines are also shown.

the annihilation of a quark-antiquark pair as shown in figure 1.10a. These reactions are
rather slow in producing strangeness since the reactions are OZI-rule forbidden and have
a mass threshold of several hundred MeV.

Once the strangeness has been produced it is quickly redistributed in strangeness
exchanging reactions like KN -* TTY, KY —• TTE, KE —• 7rfi and the charge conjugate
reactions. The typical feature of these reactions, the exchange of a strange quark from the
K to the baryon, is shown in figure 1.10b. These reactions are "exothermic" and the cross
sections are roughly an order of magnitude larger than those of the strangeness producing
reactions. Thus the strange quarks are quickly redistributed among the hadrons and this
facilitates relative chemical equilibration of strange quarks in the hadron gas.

The strangeness relaxation time is 10 to 30 times slower in a hadron gas than in a
plasma [Raf93]. Thus, the yield of multistrange antibaryons is lower in a hadron gas than
in a quark-gluon plasma. A series of unlikely reactions is needed to produce them and
they are easily destroyed in collisions with the other particles in the gas.

1.5.2 Particle ratios in a thermal model

In the thermal model one assumes that the fireball is in local equilibrium. The fireball
could consist of a QGP, a hadron gas or a mixture of both phases. It is described by a
volume V, a temperature T, and chemical potentials /i for the conserved quantum num-
bers. The intensive parameters (T and /x) depend on space and time. This corresponds
to the grand canonical ansatz, i.e. the quantum number densities parameterised by the
chemical potentials are not conserved exactly, but only in the average. The corrections are
of the order 1/y/N where N is the number of particles with the corresponding quantum
numbers. Thus the corrections are expected to be negligible for heavy nuclei.

On the time scale of a nuclear reaction the important forces are the strong and the
electromagnetic interactions, which both conserve the quark flavours. The flavour chang-
ing weak interaction can be ignored since the lifetime of the fireball is much shorter than
the typical times of weak processes. Thus three chemical potentials are needed, one for
each quark flavour, //u, /xd, and /xs. The chemical potential of a hadron h that has u% up,
v* down, and v*h strange valence quarks (antiquarks are counted with a minus sign), is

Mfc = vllhx + ffcMd + «£/*•• (1.15)

Since there are approximately the same amount of up and down quarks in the two colliding
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nuclei, it is useful to introduce a common light-flavour chemical potential (iq = |(/iu + /xd)
and parameterise the small isospin symmetry breaking by 8n = //d — /iu. The asymmetry
is related to the ratio of the net density of up and down quarks. In a quark-gluon plasma,
the analytical expressions for the quark density gives [Raf91]

R =nd-n1 = fid/T(l + (nd/KT)2) _ fid
1 nu - ntr fiJT(l + (MU^T) 2 ) ~ /xu'

Thus the asymmetry can be expressed as a function of /iq by
D 1

6fi » fy/iq, 6f = 2 J
Kf + 1

Counting the quarks in the Af participant nucleons (Z/ protons and Nf neutrons) in the
fireball gives

f
2Nf2-Zf/A,

2Zf + Nf 1 + Z / / V

where the number of participants is given by eq. 1.4.
The fireball will most likely not be in absolute chemical equilibrium due to the short

lifetime. The lack of saturation of the strangeness phase space can be taken into account
by introducing a strangeness saturation factor 7S [Raf91], 0 < 78 < 1, where 7S = 1 means
complete saturation of the strangeness phase space. The strangeness saturation factor is
the same for strange quarks and antiquarks.

In the analysis of strange particle yields the Boltzmann approximation is sufficient.
Quantum statistical corrections are important only for the very light pions and for
fermions at very large densities [Sol95]. The relative probability density to find a com-
posite particle (i.e. a hadron) is [Raf93]

oc

where & are degeneracy factors, 7* are flavour saturation factors (1 for up and down
quarks), Aj are quark fugacities (Aj = e^^) , and E{ are quark energies. The product of
the Boltzmann factors is e~E^T where E = £< Et is the energy of the particle.

If one compares particle ratios at the same energy (i.e. overlapping regions of rapidity
and transverse momentum), a lot of the factors cancel out, and this allows one to find
the parameters describing the conditions of the fireball. The ratios

_ 1\ *7s^n "A ^a \ —4 \ —2

-l\-2

A 27.A+U+1As+i 7 s /

V - l \ - 2
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determine the quark fugacities and the strangeness saturation factor

7s =

Using these parameters one can predict other ratios

P q

f
— \ - 6

where the factor 2 in the fi/H ratios comes from the ratio of the four spin states of the
Q~ (spin | ) to the two states of the E~ (spin | ) .

This simple model neglects contributions from the decay of resonances and any collec-
tive flow in the fireball. A more sophisticated model that takes these effects into account
is described in ref. [Sol95].

1.6 Overview of Accelerators and Experiments
The two main facilities for ultra-relativistic heavy-ion collisions are the Brookhaven Na-
tional Laboratory, BNL, on Long Island in New York and the European Laboratory for
Particle Physics, CERN, on the border between Switzerland and Prance, near Geneva.

The Existing Facilities

The Alternating Gradient Synchrotron, AGS, at Brookhaven, provides beams of silicon
(28Si), oxygen (16O), and protons with momentum 14.5 AGeV/c and gold (197Au) with
momentum 11.7 AGeV/c. Most of the large heavy-ion experiments at BNL are listed in
table 1.1.

The Super Proton Synchrotron, SPS, at CERN, provides beams of sulphur (32S),
oxygen (16O), deuterons, and protons with momentum 200 A GeV/c and from the autumn
of 1994 lead (208Pb) and protons at 160 A GeV/c. During the first ion run in 1986, the
SPS suppb'ed an oxygen beam of 60 A GeV/c. The large heavy-ion experiments at CERN
are listed in table 1.2.
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Collaboration
E802/E859

E810
E814

E858
E866

E877

E878
E896

Beam+Target
p,O,Si+Al,Cu,Ag,Au

O,Si+Si,Cu,Pb
p,O,Si+Al,Cu,Sn,Pb

Si+Al,Cu,Au
Au+Au

Au+Al,Cu,Au,U

Au+Au
Au+Au

Main detector(s)
Magnetic spectrometer

Time Projection Chamber
47r calorimeter,
forward spectrometer

Zero degree spectrometer
Magnetic spectrometers

47T calorimeter,
forward spectrometer

Zero degree spectrometer
Sweeping magnet,
drift chamber,
silicon drift detectors

Physics measurements
Particle spectra
(7T*, K±, P , p),
interferometry
7r~, K5, A, strangelets
Transverse energy,
charged particle multi-
plicity, baryon and mes-
on spectra at low pr,
interferometry
7r~, K~, p, antideuteron
Particle spectra,
interferometry
Transverse energy,
charged particle multi-
plicity, baryon and mes-
on spectra at low p?,
interferometry
7r~, K~, p, antideuteron
Strange matter,
hyperons

Table 1.1: Large heavy-ion experiments at BNL.

New Facilities

The Relativistic Heavy Ion Collider, RHIC, at Brookhaven, when completed around 1999,
will use gold ions from the AGS and accelerate them to 100 A GeV/c. Four experiments
are planned: STAR (Solenoidal Tracker At RHIC) [STA92], PHENIX (Pioneering High
Energy Nuclear Interaction experiment) [PHE93], VHOBOS [PHO93], and BRAHMS
(Broad RAnge Hadron Magnetic Spectrometer) [Bea94].

When the Large Hadron Collider, LHC, at CERN is ready around 2004, it can use
lead ions from the SPS and accelerate them to 2800 A GeV/c. One dedicated heavy-ion
experiment, ALICE (A Large Ion Collider Experiment) [Ant93, Ant94], is planned.
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Collaboration
NA34

NA35

NA36

NA38
NA44

NA45

NA49
NA50

NA52
WA80

WA85
WA93

WA94
WA97

WA98

Beam+Target
p,O,S+W

O,S+Au

O,S+Al,S,Cu,Ag,Pb

p,d,O,S+C,Al,Cu,W,U
p,S+Be,S,Ag,Pb

p,S,Pb+Be,Au,Pb

p,Pb+Pb
p,Pb+Pb

Pb+Pb
O,S+C,Cu,Ag,Au

p,S+W
S+Au

P.S+S
p,Pb+Pb

p,Pb+Pb

Main detector(s)
4TT calorimeter,
magnetic spectrometer
Streamer chamber,
TPC
Spectrometer, TPC

Muon spectrometer
Focusing spectrometer

Electron spectrometer,
RICH
Spectrometer, TPCs
Muon spectrometer

Beamline spectrometer
Plastic ball, electromag-
netic calorimeter
Spectrometer
Spectrometer

Spectrometer, RICH
Spectrometer,
silicon telescope
Spectrometer,
lead glass calorimeter

Physics measurements
Transverse energy,
*±, K±, M+/i"
Charged hadrons,
K^, A, interferometry
Charged hadrons,
K°, A, S-
H+fi~, p, u, <j>, J/ip, rp'
Interferometry,
charged hadrons, J/V>
e+ e~, direct photons,
high-px ir±

n±, K±, p, p, K°s, A, A
Thermal dimuons,
p, w, (f>, J/ip, ip'

Strangelets
7, TT°, charged hadrons,
energy flow
K%, A, E", n~
Correlations between
photons and charged
particles
K% A, S- , p, p
K°, A, E", n~

7, TT°, ri, v~, K~, p

Table 1.2: Large heavy-ion experiments at CERN.
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Chapter 2

The WA85 Experiment

The WA85 experiment, a "Study of High Energy Nucleus-Nucleus Interactions Using the
Q' Spectrometer Equipped with a Multiparticle High pr Detector" [Apo84], was aimed at
a study of strangeness production as a signal for the formation of a quark-gluon plasma.

Originally, the collaboration intended to search for an increase in the production of
particles containing strange and antistrange quarks, A, A, and K°, in events that also
showed other features which might indicate the formation of a QGP. However, the main
effort has been directed at identifying strange and multistrange baryons and antibaryons,
i.e. A, A, E~, E+, Q~, and ft+, and study transverse mass distributions and particle
ratios, since enhanced production of multistrange antibaryons is a more specific signal
than enhanced strangeness production.

The most spectacular result is the value of the ratio E+/A in sulphur-tungsten inter-
actions, 0.21 ± 0.02, which is significantly higher than the values measured in e+e~, pp,
and pp interactions.

The collaboration has performed five runs: two ion runs with sulphur beam (1987:
20M triggers and 1990: 120M triggers) and three proton runs for reference data (1988:
50M triggers, 1989: 20M triggers, and 1990: 110M triggers). Detailed accounts of the
1987 sulphur run and the two proton runs can be found in ref. [Eva92] and ref. [Bar93].
The results have been published in [Aba90, Aba91b, Aba91c, Aba91d, Aba91e, Aba92aj.

This chapter deals with the 1990 sulphur run only. The results from this run have
been published in [Aba93, Aba94a, Aba94b, Aba95b, Aba95d, Aba95f, Aba95h].

2.1 Experimental Setup

The aim of the WA85 experiment was to reconstruct charged tracks from strange and mul-
tistrange particle decays in the high multiplicity environment of heavy-ion collisions. The
experiment was designed to study the production of strange and multistrange baryons,
in the central rapidity and medium transverse momentum region, in heavy-ion collisions
using the CERN Omega' Spectrometer [Beu77]. The layout of the apparatus is shown in
figure 2.1.
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Figure 2.1: The WA85 experimental layout used in the 1990 ion run.

22



2.1.1 The Omega magnet

The Omega magnet consists of a pair of superconducting coils arranged as Helmholtz
coils to produce a field as uniform as possible. The maximum current of 4800 A produces
a central field of 1.8 T. The distance between the poles is 150 cm and the diameter of the
platform where detectors can be mounted is 425 cm.

The centre of the magnet defines the origin of the coordinate system of the experiment.
The X axis points along the beam direction. The Z axis points upwards, parallel to the
main axis of the magnetic field. The direction of the Y axis is given by the requirement
to have a right-handed coordinate system. The height of the beam was intended to be at
z = 0, but the floor under the 3000 tonne magnet sank by half a centimeter rather than
one as calculated, so the beamline lies at z = —0.5 cm.

During the 1990 run the field polarity was reversed so that data with both field up
and field down were taken. This, and the symmetrical layout of the WA85 apparatus has
proved a valuable tool for the analysis of systematics and for checking the alignment of
the detectors.

2.1.2 The beam

The WA85 experiment used the CERN SPS Hl/Il beam in the West Area. The sulphur
beam was a primary beam of 32S ions with a momentum of 200 A GeV/c. There was
some contamination of lighter ions with the same charge to mass ratio.

2.1.3 The beam counters

The beam counters were used to tell the experiment when an ion arrives, the nature of the
ion and whether it had suffered an interaction before reaching the target or it interacted
with the target.

The incoming sulphur ions were tagged in the upstream quartz Cerenkov, S2, and the
scintillator Cerenkov, S3. The output signal from a quartz Cerenkov is proportional to
the square of the charge of the passing particle and this was used to discard lighter ions.
Two scintillator counters (V2 and V4) with a small hole for the beam to pass through
were used to veto beam particles that interacted upstream of the target. A downstream
quartz Cerenkov, V0, was used to veto sulphur ions that did not interact in the target.

2.1.4 The target

In a heavy-ion collision it is preferable to have a large target nucleus as it will have
greater stopping power and the resulting hot fireball will occupy a larger volume. The
target needs to be thick enough to yield a good interaction rate but not too thick so as to
avoid multiple interactions and gamma conversions in the target. The tungsten target in
the 1987 sulphur run was 0.2 mm thick (corresponding to 0.5% interaction lengths) while
in the 1990 sulphur run a thicker tungsten target, 0.5 mm (1.2% interaction lengths), was
used in order to increase the interaction rate. The target was positioned at x = —140 cm,
y = 0 cm, and z = —0.5 cm.
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Figure 2.2: The position of the multiplicity microstrips relative to the target.

2.1.5 The multiplicity microstrips

The two multiplicity microstrips measured the centrality of the collisions by sampling
the overall multiplicity at central rapidities. They covered the pseudorapidity range
2 1 < v < 3.4 and about 1/3 of the azimuthal angle. Each array had 512 strips with a
pitch of 50 /im and a sensitive area of 2.5 x 2.5 cm2. The two detectors were placed one
centimeter above and below the beam about 15 cm downstream from the target as shown
in figure 2.2.

2.1.6 The A chambers

The A chambers were the main tracking detectors of WA85. They are a set of seven Multi-
Wire Proportional Chambers (MWPCs). The chambers were "butterflied", i.e. modified
to be sensitive only to particles at central rapidity and medium transverse momentum
(see appendix B). Each chamber has three wire planes (U,Y,V). The Y-wires are vertical
in the Omega system and the U- and V-wires are inclined at ±10.14° to the vertical
(see figure 2.3). Each plane consists of 752 anode wires with a diameter of 20 /xm and a
2 mm pitch. The cathode planes between the wire planes are 12 fim. mylar foils coated
with graphite paint. The gap between the anode wires and the cathode plane is 8 mm.
The whole module is mounted in a fibreglass frame. The chambers were filled with a gas
mixture of argon, isobutane, freon, and ethanol. The centre of the first chamber, Al, was
230 cm downstream of the target at x = 90 cm. The other chambers, A2 to A7, were
positioned at x = 109, 128, 147, 190, 215 and 240 cm.

During data analysis, a one centimeter wide band along the perimeter of the physically
sensitive region was "removed" because the efficiency of the chambers fall off close to the
edge.
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Figure 2.3: Exploded view of one A chamber.

2.1.7 The hodoscopes

The two hodoscopes, HZO and HZl, were used in the trigger to quickly select events where
a particle passed through the A chambers. Each quadrant of the hodoscopes consists of 15
horizontal slabs of scintillator. Only the lower six slabs of the upper quadrants were used.
The corresponding slabs in the two hodoscopes covered the same solid angle from the
target. The sensitive area of the hodoscopes covered the shadow of the butterfly region
in the A chambers. The hodoscopes were positioned at x = 277 cm and x = 480 cm.

2.1.8 The Cerenkov detector

The threshold Cerenkov detector Cl were to be used to identify protons and antiprotons.
Two scintillator hodoscopes, each having 32 vertical slabs, were mounted in front (HYl)
and behind (HY2) it. They measured the position of charged particles passing through
Cl and helped to determine the Cerenkov cells which were associated with the tracks.
The Cerenkov detector was filled with freon 12 and had thresholds of 3.1 GeV/c for pions,
10.8 GeV/c for kaons and 20.5 GeV/c for protons. A particle with momentum between 11
and 20 GeV/c that was seen in the hodoscopes but not in the Cerenkov, would therefore
be a proton (or an antiproton).

The Cerenkov detector was placed 13 meters downstream of the target and to the side
of the beam axis so that only particles of one charge polarity could reach it. It was raised
so that only high-px (> 0.6 GeV/c) particles could pass through it.

Unfortunately, during the analysis of the data it turned out to be too much noise in
the Cerenkov detector to extract a reliable signal.
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2.1.9 The calorimeter

The hadron calorimeter was used to measure the energy in the forward direction (i.e. the
energy of the projectile spectators). It consisted of eight cells, four above and four below
the beam, of alternating slabs of iron and scintillator with a photo-multiplier at the far
end. The calorimeter was positioned at x = 2500 cm and centred in the beam.

2.1.10 The trigger

The trigger logic was designed to select central collisions by requiring events with high
multiplicity and low forward energy.

The beam counters selected interactions by requiring that they "saw" a sulphur ion
upstream of the target and no sulphur ion after the target. The multiplicity microstrips
and the hadron calorimeter selected central collisions by requiring at least 6 hits in each
microstrip array and low energy deposited in the calorimeter. The hodoscopes were used
to discard the events where no tracks passed through the A chambers by requiring at
least one correlated hit in the quadrants of HZO and HZ1.

The trigger selected central events corresponding to about 30% of the inelastic cross
section. About 60 million events were written to tape during the 1990 sulphur run.

2.2 Data Analysis
The strange particles were identified through the topology of their weak decays. The de-
cays that WA85 looked for and the corresponding branching ratios are given in figure 2.4.
The signature for a V° candidate (A or K°s) is two tracks of opposite charge that meet in
space at a position well separated from the target, and the signature for a cascade (E~
or fi~) is a negative track that intercepts the line of flight of a A.

2.2.1 Track finding

The Experimental Data Evaluation Group at CERN provides a track and vertex identi-
fication program for the Omega Particle Detector System called TRIDENT [Las79, Las80].
WA85 used a version of this program that had been modified for our experimental layout.

Since the main component of the magnetic field is in the z direction, the trajectories
of charged particles will have a helical shape represented by an arc of a circle in the x-y
projection and approximately a straight line in the x-z projection.

The track recognition is based on a three dimensional track following technique work-
ing not on three dimensional space points but on several projections simultaneously [Las95].
First, the hits in the Y-planes of three or four A chambers are combined to create arcs
of a circle in the x-y projection. Then, these candidates are completed in space by inter-
polation or extrapolation to the planes with inclined wires (U and V) and one looks for
(u,v) hits that are compatible with ^-coordinates on a straight line. Finally, the tracks are
extrapolated in space to the other chambers and the hits closest to the predicted impacts
are associated to the tracks. The associated hits (or the predicted impact if no hits are
found) in each of the three planes of a chamber give three values which represent a three
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Figure 2.4: Decay topologies and branching ratios for the strange particles studied in
WA85.

dimensional point (x,y,z) called a space point. The track momentum is evaluated by
fitting a track to the space points using a iquintic spline as a model for the track [Win 74].

The output from TRIDENT contains both the raw data (the electronics block) and the
details of the reconstructed tracks (the geometry block) for each event processed.

2.2.2 Finding V°s

The STRIPVO program read the output from TRIDENT and looked for V° candidates using
rather loose cuts. A V° candidate is any pair of oppositely charged tracks that intercept
in space far away from the target. The distance of closest approach had to be less than
2 cm. The vertex of the V° was taken to be the midpoint of the shortest line between
the trajectories of the two particles. It had to lie between x = —40 cm and x = 90 cm.
The lower limit was determined by acceptance considerations. The upper limit was the
position of the centre of the first A chamber. In order to get rid of candidates which
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Figure 2.5: The geometrical parameters of a reconstructed A decay: byp and by*, the
impact parameters (in the bend plane) at the target plane for the decay tracks; the
distance of closest approach between the two trajectories; X\, the vertex position; the
angle between the A line of flight and the line from the target through the vertex. The A
decay region is also shown.' •

cannot possibly be As or K°s, a cut was made on the transverse momentum of the charged
particles with respect to the momentum of V°, q?, which had to be less that 0.4 GeV/c.
A K5 decaying into two charged pions has qi < 0.206 GeV/c and a A decaying into a
proton and a pion has qi < 0.101 GeV/c.

The output from STRIPV0 contained the electronics block, the geometry block and an
additional block about the V° candidates for each event where a V° candidate was found.
This output was written to Data Summary Tapes (DSTs).

2.2.3 Finding As

The ANALYZ90 program read the DSTs and looked for As and As coming from the target.
The geometrical parameters of a reconstructed A decay are shown in figure 2.5. The cuts
used to ensure a proper selection were:

• The distance of closest approach had to be less than 1 cm. A Monte Carlo study
showed that this tighter cut reduced the background while not discarding many
As [Eva92].

• The A vertex had to lie in the region 0 < x < 90 cm. The closer one goes to the
target, the larger is the risk that two unrelated tracks can fake a A.
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• The decay products had to trace through the sensitive region of the first and the
last A chamber in order to facilitate accurate acceptance calculations.

• Each decay track had to have at least four space points in order to be sure that the
track was genuine.

• The angle between the A line of flight and the line from the target to the vertex
had to be less than 0.75° for the A to come from the target.

• The (anti)proton trajectory had to miss the target by 2 cm or more in the ̂ -direction
and the pion trajectory by 4 cm or more. This eliminated fake As made up by tracks
from the target.

• The Podolanski-Armenteros parameter a (see appendix C.3) had to satisfy \a\ >
0.45. The transverse momentum of the decay products relative to the A line of
flight, 9T, had to be larger than 0.01 GeV/c in order to remove gamma conversions,
7 —• e + e ~ .

• The effective mass had to be within 25 MeV of the nominal mass, m\ = 1.1156 GeV.

It is impossible to distinguish As from K°s in the region where the two ellipses in the
Podolanski-Armenteros plot cross and nearly overlap. Thus, an additional cut, |a| < 0.6,
was applied to select unambiguous A and A decays.

In the 1990 sulphur data 61071 A decays and 15765 A decays were reconstructed,
including 27131 unambiguous A decays and 6581 unambiguous A decays.

2.2.4 Finding charged Hs

The WA85XI program read the DSTs and searched for cascade candidates; charged tracks
that intersected the line of flight of V°s. The geometrical parameters of a reconstructed
E~ decay are shown in figure 2.6. A few loose cuts were applied to the V° to discard
non-As:

• The V° vertex had to lie between x = —30 cm and x = 90 cm.

• The Podolanski-Armenteros parameter had to satisfy |a| > 0.4.

• The effective mass of the A had to be within 40 MeV of the nominal mass.

The distance of closest approach between the trajectory of the charged particle and the
line of flight of the V° had to be less than 3 cm, and the vertex of the cascade had to lie
between x = -50 cm and x = 90 cm. The events containing these cascade candidates
were written to a cascade DST.

Further cuts were made to extract the final E~s and E+s. The V° had to satisfy:

• The distance of closest approach between the trajectories of the two decay products
had to be less than 1.6 cm.

• The vertex had to lie between x — —15 cm and x = 90 cm.
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Figure 2.6: The geometrical parameters of a reconstructed E~ decay: 6V= and 6yir, the
impact parameters (in the bend plane) at the target plane for the cascade and the decay
pion; the distance of closest approach between the two trajectories; x-=- and x\, the vertex
positions. The H and A decay regions are also shown.

• The trajectories of the decay products had to go through the sensitive region of the
first and the fourth A chamber.

• The transverse momentum of the decay products with respect to the A line of flight,
<7T, had to be less than 0.14 GeV/c.

The cascade had to satisfy:

• The distance of closest approach between the trajectory of the charged track and
the V° line of flight was less than 2.0 cm.

• The E~ vertex had to lie between x = — 40 cm and x = 90 cm.

• The vertex of the A had to lie downstream of the cascade vertex.

• The trajectory of the charged particle had to trace through the sensitive region of
the first and the fourth A chamber.

• The impact parameter of the charged particle on the target plane had to be larger
than 6.0 cm in the ^/-direction.

• The impact parameter of the cascade on the target plane had to be less than 2.0 cm
in the ^/-direction.

• The effective mass had to be within 50 MeV of the nominal mass, m= = 1.3213 GeV.

In the 1990 sulphur data 610 E" decays and 253 E+ decays were reconstructed.
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2.2.5 Finding Q~

The STRIPCAS program read the STRIPVO output and looked for ft~s and H+s. There were
very few Qs, so it was vital to carefully eliminate or subtract all sources of background.
The main sources were:

• Spurious combinations of As and negative tracks, mainly coming from the target
region.

• Secondary interactions in air.

• Reflection of the E~ peak.

The fl~ has the same decay topology as E~, so the initial part of the selection proce-
dure was similar; the V° had to satisfy:

• Effective mass within 60 MeV of the nominal A mass.

The cascade candidate had to satisfy:

• The distance of closest approach between the trajectory of the charged track and
the V° line of flight was less than 2.0 cm.

• The trajectory of the cascade, when traced back to the target plane, had to be less
than 1.5 cm away from the target in the y-direction.

All tracks had to pass through the first and the fourth A-chamber.
However, the momentum of the decay products in the rest frame of the cascade, p*,

is larger in £l~ —*• K~A than in E~ —• TT~A, and this makes it harder to determine the
position of the decay vertex. When the trajectories of the A and the negative track are
extrapolated towards the target, they generally cross twice if one looks at them in the
bend plane view (the x-y projection). This is shown in figure C.2. It is convenient to
name the two crossings using a terminology for V° topologies. The upstream crossing is
called the cowboy crossing and the downstream crossing is called the sailor crossing. In a
constant magnetic field, the bend plane projection of the trajectory of the Q goes through
these two crossings (see appendix C.2.2). Thus the bend plane view cannot tell at which
crossing the decay happened, and the choice of the decay vertex relies on extrapolation
in the non-bending projection.

For a relativistic cascade particle the distance between the two crossings is a function
of the CM decay angles only. As shown in appendix C.2.2, the maximum distances in
the 1.8 T field of the Omega magnet, are 117 cm for Q~ —• K~A decays and 61 cm for
E~ —• 7r~A decays. Since the extrapolation error increases with the distance, it might
happen that the sailor crossing, which is closer to the A chambers, is wrongly chosen as
the decay vertex.

The fiducial volume for Q decays started at 100 cm away from the target, and thus is
was possible that a A and a negative particle coming from the target could have a sailor
crossing inside the fiducial region and fake an fi~. This source of background was removed
by not making any attempt to determine which crossing was the decay vertex but require
that both the cowboy and the sailor crossings lay between x = — 40 cm and x = 90 cm.
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Figure 2.7: a) Distribution of the distance between the best V° vertex and the best
cascade vertex, b) Distribution of <?T(A) for the short distance sample, c) Distribution of
</T(A) for the long distance sample, d) Distribution of gx(A) for a typical A sample. The
definitions and the cuts are given in the text.
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This is a rather severe cut, but it has the advantage that the acceptance is independent
of the vertex choice, which give better control over acceptance correction systematics.
In addition, the sailor crossing of the decay tracks from the A had to be downstream of
the cowboy crossing of the ft. This is a necessary, but not sufficient condition for the A
to come from the Q~ decay. However, the sufficient condition of having the A cowboy
crossing downstream of the Q,~ sailor crossing is a very stringent condition that eliminates
too many Q~ decays. The values of the momentum, mass, and CM system decay angle
6* are the same at both crossings, so they were evaluated at the best crossing, i.e. the
crossing having the smaller distance of closest approach.

A secondary interaction in air can produce several particles. Two of them might be
combined to fake a A, while a third can be combined with the fake A to produce a fake
cascade. The production vertices of the fake A and cascade are in the same position,
and the reconstructed vertices will normally be near each other. The distribution of the
distance between the best A and cascade vertices when all cuts except the one used to
discard secondary interactions in air have been applied, is shown in figure 2.7a. There is
a clear bump around zero, as expected from secondary interactions in air.

The cascade candidates were split into two groups for further study. The candidates
which had a distance between the two vertices below 20 cm were called a short distance
sample. The rest constitute a long distance sample. Let gr(A) be the transverse momen-
tum of the daughters of the fake A with respect to the A line of flight. Figures 2.7b and 2.7c
show the distributions of <7T(A) for the short distance sample and the long distance sample
respectively, while 2.7d shows the ?T(A) distribution for a typical A sample as a reference.
The long distance sample has the expected Jacobian peak at <?T(A) ~ 100 MeV/c, while
the distribution for short distance sample is skewed towards lower values of <7T(A).

In addition, the kaons of the short distance candidates have lower momentum than
kaons from the long distance candidates. These three features, short distance between
vertices, low value of the transverse momentum of the V° daughters, and low kaon mo-
mentum, were simultaneously present in the short distance candidates, while the three
are uncorrelated for real cascades. Thus, the cascades in the short distance sample
were due to secondary interactions in air, and they were discarded by requiring that
<7T(A) > 80 MeV/c.

WA85 did not identify the charged particles. Thus, it was only possible to distinguish
the decays E~ —• ATT~ and Q,~ —• AK~ in the part of phase space where the two are
kinematically unambiguous, just like for the decays K^ —> w+ir~ and A —* pn~. The
kinematically unambiguous region was found using a modified Podolanski-Armenteros
plot as shown in appendix C.3.2. Let 0* be the angle between the momentum of the A
and the line of flight of the cascade in the rest frame of the cascade when the charged
track is assumed to be a kaon. Taking into account the experimental resolution the
kinematically unambiguous region of phase space was given by cos#* < 0.33.

Figure 2.8 shows the invariant masses when the charged track is assumed to be a
kaon, m(AK~), and a pion, ra(A7r~), for the cascade samples obtained by applying all
cuts except the cos0* cut (figures 2.8a, 2.8b) and with this cut too (figures 2.8c, 2.8d).
In figure 2.8a there is a peak at the Q~ mass over a rather broad background, but there
is also a clear peak at the E~ mass in figure 2.8b. This reflection of the E~ peak is a
known problem [Bau78] in the identification of Q~. After the cos#* cut, the peak at the
Q~ mass is still there (figure 2.8c), while the peak at the E~ mass is gone (figure 2.8d).
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Only one of the four candidates near the E mass (the hatched area in figure 2.8d) went
into the bin centred at the Q~ mass.

The residual combinatorial background has been evaluated by event mixing. Every A
was merged with the charged tracks of the previous A event in order to create fake £2~s.
Since every A was taken once, the combinatorial background sample was automatically
normalised to the full statistics. The reliability of this method has been checked by
verifying that it reproduces well both the shape and the normalisation of the background
to the E~ peak in the m(A7r~) distribution for different sets of cuts. The invariant mass
distribution of the Q~ and fi+ candidates is shown in figure 2.9 (solid line). The dashed
line shows the contribution from the residual combinatorial background.

There are 7 fi~ decays and 4 £2+ decays in the 50 MeV wide bin centred at the
Q~ mass.

2.2.6 Summary of raw particle yields

The number of candidates for strange particle decays found in the 60 million central
sulphur-tungsten collisions analysed after the 1990 run are given in table 2.1.
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Particle
A
A

•Hi

61071
15765

610
253

7
4

Unambiguous
27131
6581

Table 2.1: Particle yields from the 1990 run.

2.3 Corrections
The raw particle yields are strongly influenced by the experimental setup and the track
reconstruction. However, this influence can be evaluated and the yields can be corrected
in order to get numbers that can be compared to the theory or the results from other
experiments. The correction procedure is described in detail in ref. [Bar93]. The things
to correct for were:

Invisible decay modes: The WA85 experiment was designed to detect only the most
important decay channel for each strange particle, but this is easily corrected for
by dividing the raw yields by the appropriate branching ratios found in the Particle
Physics Booklet [Agu94].

Geometrical acceptance: The sensitive area of the detectors did not surround the
target. Thus some of the daughters from a decay might not go through the detectors
and the decay is impossible to reconstruct. This was taken into account by Monte
Carlo simulations. Strange particles were generated in a suitable window of rapidity
and transverse momentum. The particles were allowed to decay and the decay
products were traced through the magnetic field. The decays where all daughters hit
the required detectors were flagged as good. The region of rapidity and transverse
momentum of the parent particle was divided into a reasonable number of bins, and
correction factors were calculated as the number of generated particles divided by
the number of reconstructable decays. Each reconstructed decay was weighted by
the correction factor appropriate for the rapidity and transverse momentum of the
strange particle.

Detector inefficiencies: The wire chambers were not 100% efficient. Sometimes a
charged particle went through but no signal was registered in the wire(s). If too
many hits are missing, the track reconstruction program will not find the track and
the strange particle decay is lost. The correction for this was evaluated together
with the correction factor for track reconstruction efficiency, once the efficiencies
of the A chambers were known. The chamber efficiencies were estimated for each
quadrant of each wire plane (ie. 4 x 3 x 7 numbers). Each chamber was disabled,
one at a time, and TRIDENT was used to find tracks in the other chambers. These
tracks were then interpolated (or extrapolated) to the wire planes of the chamber
under study and the efficiency was given by the number of tracks that have a hit
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close enough to the predicted impact divided by the total number of tracks through
the quadrant. Most of the quadrants have efficiencies between 85% and 95%.

Track reconstruction efficiency: The track reconstruction algorithm is not perfect,
in the sense that it always combines the hits made by one particle into the track
associated with this particle. When the density of hits is large, as it is in very central
collisions, hits from different particles might be combined into a so-called ghost
track, while the genuine tracks are not reconstructed. Even if the correct hits are
combined, the estimated momentum and trajectory of the particle' might be slightly
wrong since the position of the hits are slightly different from the position of the
track impacts on each wire plane. The decay vertex calculated using two slightly
wrong momenta, will differ from the position of the physical decay vertex, and
sometimes a decay that happened outside the fiducial volume has its reconstructed
vertex inside or vice versa. This smearing has to be taken into account.

The combined contribution from detector inefficiencies and reconstruction problems
was evaluated by Monte Carlo simulations. First particles were generated in a region
of phase space and other parameter spaces slightly larger than the allowed values
for good particles. The rapidity and transverse momentum distributions were close
to the distributions expected in real events. The particles were then implanted
into real events using the estimated efficiencies of the wire chambers to calculate
whether wires fired or not. The events were analysed by the normal chain of analysis
programs, and the correction factor, the number of particles generated divided by
the number of particles found, was calculated as a function of multiplicity or other
variables. The multiplicity was taken to be the average number of hits or clusters
in the 21 wire planes.

Feed-down: Some of the As found to come from the target, were in fact not produced in
the collision between the two ions, but are daughters from decays of E~s or E°s. This
feed-down contamination had to be removed before meaningful particle ratios could
be calculated. The contamination was estimated by Monte Carlo simulation. Es
were generated and implanted in real events which were analysed using the normal
programs to look for As from the target. The contamination was given by

contamination = "„r_eal 0 6 ^ 1 A " c
 x 1Oo% (2.1)

* >—• gen **real

where Ereoj is the number of E~s in the real data, Egen is the number of E~s
generated (the factor 2 takes into account that they were generated in the upper
hemisphere only), Areaj is the number of As in the data, Arec is the number of As
reconstructed in the Monte Carlo data (the factor 0.641 is the 1992 value [Agu92] for
the branching ratio into p7r~). The contamination from E° was estimated in a similar
way assuming that there were as many E°s as E~s. The amount of contamination
from E decays for As and As was 19% and 34% respectively. The As were not
corrected for feed-down from the decay of E°s, S° —• A7.
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Figure 2.10: Transverse mass distributions, l/mT'2 dN/dmi vs mx, for a) A and H , and
b) A and E+ in the rapidity interval 2.3 < ?/LAB < 2.8.

2.4 Results

2.4.1 Transverse mass distributions

The transverse mass distributions have been fitted using the expression

1 dN
(2.2)

Figure 2.10 shows the transverse mass distributions for (a) A and 5 , and (b) A and E+

in the rapidity interval 2.3 < J/LAB < 2.8. The A (A) distribution has been corrected for
feed-down from E (S) decays.

The inverse slopes are given in table 2.2. The errors shown are statistical only. The
systematic error has been estimated by Monte Carlo simulation and was found to be
about 10 MeV. The inverse slopes of the hyperons are all compatible and are around
230 MeV.
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Particle
A
A

E+

Inverse slope [MeV]
233 ± 3
232 ± 7
244 ± 12
238 ± 16

Table 2.2: Inverse slopes observed in sulphur-tungsten interactions.

Ratio

A/A
EVH"
E-/A
E+/A

Till >

2.3 < y
0.20
0.45
0.17
0.38

1.

LA

±
±
±
±

9

B

0

GeV
<2.8
01

0.05
0
0

01
04

1
2
< px < 2 GeV/c
•3 < 2/LAB < 2.8

0.09 ± 0.01
0.21 ± 0.03

1.2
2
< pT < 3.0 GeV/c
•3 < t/LAB < 3.0

0.196 ±0.011
0.47 ±0.05
0.097 ± 0.006
0.23 ±0.02

Table 2.3: Relative hyperon production ratios sulphur-tungsten interactions.

2.4.2 Particle ratios

The relative production ratios of hyperons, obtained from the transverse mass distri-
butions, are given in table 2.3. The ratios for raT > 19 GeV have been found by
integrating the fitted distribution. In order to compare with proton-proton interactions,
the ratios are also given for the transverse momentum range 1 < pr < 2 GeV/c. The
relative production ratios of hyperons have also been measured for 2.3 < J/LAB < 3.0,
1.2 < pr < 3.0 GeV/c where the acceptance windows of A and E~ overlap. These ratios
are also given in table 2.3.

The WA85 value of E+/A in the transverse momentum range 1 < px < 2 GeV/c
is over three times larger than that measured in proton-proton interactions [Ake84] and
there is a four standard deviation difference between the two ratios. Figure 2.11 shows
the ratios E~/A and S+/A from electron-position, proton-antiproton, proton-proton, and
sulphur-tungsten interactions [Aba91e].

The Q~ and fi+ production has been measured for 2.5 < J/LAB < 3.0 and pr >
1.6 GeV/c. After background subtraction there were 7.0 ± 3.6 ft~s and 4.0 ± 2.0 H+s,
giving a ratio Q+/Q~ of 0.6±0.4 [Aba93]. This has not been corrected for acceptance and
reconstruction efficiencies, but the geometrical effects are negligible since the apparatus
is left-right symmetric in the bend plane and there are approximately the same number
of events of both field polarities.

Due to the small number of candidates, it was not possible to get statistically signif-
icant results for the individual ratios Q~/E~ and Q+/E+ . However, the combined ratio
(Q~ + ft+)/(E~ + E+) gives a conservative estimate of the £2+/E+ ratio, as the num-
ber of Cl~s and the number of fi+s are expected to be about the same, while there are
more E~s than E+s. After corrections for geometrical acceptances and reconstruction
efficiencies the production ratio (n~ + Q,+)/(E~ + E+) was found to be 0.8 ± 0.4 in the
region 2.5 < I/LAB < 3.0 and px > 1.6 GeV/c where the acceptances for both Q~ and
E~ are good. The ratio is 1.7 ± 0.9 for raT > 2.3 GeV [Aba95b]. Assuming a Poisson
distribution for the number of fi~s and Q,+s, the 95% confidence level lower limit is 0.39
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Figure 2.11: The ratios E /A and E+/A in e+e , pp, pp, and SW interactions.

for pr > 1.6 GeV/c and 0.79 for mT > 2.3 GeV. _ _
The AFS collaboration has given a 90% upper limit on the ratio fi+/E+ of 0.15 at

central rapidity and pr > 1.4 GeV/c in proton-proton collisions at ^/i = 63 GeV [Ake84].
Thus, their upper limit is below the lower limit of WA85.

2.5 Summary
The WA85 collaboration has studied the production of strange and multistrange baryons
and antibaryons in relativistic sulphur-tungsten interactions. The inverse slopes of the
transverse mass distributions of A, A, H~, and E+ in the rapidity interval 2.3 < J/LAB < 2.8
are all compatible and around 230 MeV. The E+/A ratio in sulphur-tungsten interactions
is over three times greater than the value found in proton-proton interactions and there is
a four standard deviation difference between the two ratios. Vl~ and fi+ candidates have
been reconstructed for the first time in relativistic heavy-ion collisions. The uncorrected
U+/Q,- ratio is 0^ ± 0.4 for 2.5 < J/LAB < 3.0 and pr > 1-6 GeV/c. The corrected
(Q~ + Q+)/(E~ + E"+) ratio has been found to be 0.8 ±0.4 in the same window of rapidity
and transverse momentum.
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Chapter 3

The WA94 Experiment

The WA94 experiment, a "Study of Baryon and Antibaryon Spectra in Sulphur Sulphur
Interactions at 200 GeV/c per Nucleon" [Aba91], was the successor of WA85. WA85
used a heavy target nucleus in order to maximise the energy deposition. However, the
results from NA35 indicated that strangeness enhancement was also present in sulphur-
sulphur collisions [Sto91]. The main advantage of the symmetric projectile-target system
is that the acceptance region can be extended by reflection symmetry around the known
rapidity of the centre-of-momentum (J/LAB = 3), but it will also make it easier to compare
with the lead beam experiments which will have lead target. Furthermore, since the
sulphur-sulphur system is an isoscalar, the TT+ and 7r~ distributions are the same.

The WA94 experiment had two goals: The first was to determine the relative yields
of E~ (H+), A (A), and p (p) at central rapidity in sulphur-sulphur interactions at
200 A GeV/c, and the second was to perform tests on new detector components needed
for the lead beam experiment.

The WA94 collaboration has made three runs: ion runs in the autumn of 1991 (121M
triggers) to look for strange baryons and in the spring of 1992 (27M triggers) to look for
(anti)protons, and a proton run in 1993 (99M triggers) for reference data.

3.1 Experimental Setup
The WA94 experiment used two different layouts in the Omega magnet. In the 1991 run,
the Omega MultiWire Proportional Chambers were used to track the charged daughters
from the decay of strange particles. The layout which is very similar to the WA85 layout
is shown in figure 3.1. The layout for the 1992 run is shown in figure 3.2. A silicon
microstrip telescope was used to determine the momenta of the charged particles, and
the velocities were measured using the Omega Ring Imaging Cerenkov (RICH) detector.

3.1.1 The beam counters

The incoming sulphur ions were identified by the upstream quartz Cerenkov counter, S2,
and a scintillator counter, S3. The two veto counters, V2 and V3, were used to discard
ions interacting upstream of the target. The downstream quartz Cerenkov, V0, vetoed
ions that did not interact in the target.
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Figure 3.1: The WA94 experimental layout used in the 1991 ion run.
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3.1.2 The target

The target was a 3 mm (2% interaction length) thick slice of sulphur placed at x =
—215 cm. Since the target nucleus was lighter in WA94 than in WA85, the target was
moved upstream by 75 cm in order to maintain acceptance at central rapidity.

3.1.3 The multiplicity counters

Two 4 mm thick 2 x 2 cm2 slabs of plastic scintillator, which gave the trigger a fast signal
with a pulse height proportional to the charged multiplicity in the collision, were mounted
10 cm behind the target. The centre of the two squares were 2 cm above/below the beam
axis. The counters covered the pseudorapidity interval 1.9 < r\ < 3.0 and about 23% of
the azimuthal angle.

3.1.4 The multiplicity microstrips

The charged particle multiplicity in the central region (i.e. the pseudorapidity range
2.2 < t) < 3.7) was sampled using silicon microstrips positioned above the beam 20 cm
from the target and below the beam 15 cm from the target. Each microstrip plane had
1024 channels and a sensitive area of 2.5 x 2.5 cm2. The design was improved with
the respect to the WA85 arrangement by creating a gap in the ceramic support for the
microstrips so as to avoid interactions in the support structure, which contaminated the
multiplicity measurement for low multiplicity events in WA85.

The positions of the target, the multiplicity counters and the multiplicity microstrips
are shown in figure 3.3.

3.1.5 The A chambers in the 1991 run

The A chambers were butterfiied as in the WA85 setup. The chambers were more spread
out due to the difference in the rapidity of the centre-of-momentum. The centres of the
chambers were located at x = 71, 90, 109, 147, 190, 215, and 250 cm. A charged particle
from the target had to have p? > 0.6 GeV/c and 2.4 < J/LAB < 3.2 in order to reach the
sensitive region of the chambers.

3.1.6 The hadron calorimeter

The calorimeter measured the energy of the projectile spectators. The front face of the
calorimeter was at x = 600 cm. It consisted of 9 cells arranged in three layers of three
cells. Each cell had a front face area of 20 x 20 cm2 and was a sandwich of 20 mm thick
iron plates and 5 mm thick scintillators that were read out by a wave length shifter and
a photo-multiplier. The cells were 5.5 interaction lengths long.

A concrete wall was placed in front of the calorimeter, to shield the surroundings from
the radioactivity produced when the calorimeter acted as a beam dump. This wall had a
10 cm high and 15 cm wide hole for the beam to pass through.
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Figure 3.2: The WA94 experimental layout used in the 1992 ion run.
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Figure 3.3: The position of the multiplicity counters and the multiplicity microstrips
relative to the target.

3.1.7 The trigger in the 1991 run

The trigger logic selected events with large multiplicity. The beam counters had to "see"
a sulphur ion upstream of the target and no sulphur ion downstream. The threshold
on the signal from the multiplicity counters were put at a level corresponding to a total
multiplicity of about 12 in the microstrips. The calorimeter was not used in the trigger.
The trigger selected central events corresponding to about 25% of the inelastic cross
section.

3.1.8 The silicon telescope in the 1992 run

The silicon telescope measured the momentum and the position of the charged particles
that were to be identified. The particles could then be traced through the RICH.

The silicon telescope consisted of 14 planes of 5 x 5 cm2 silicon microstrip detectors.
The first 10 planes had 1024 strips (50 fxm pitch) and the last 4 had 2048 strips (25 /xm
pitch). The microstrips were developed for the WA82/92 collaboration [Ada90]. The
telescope configuration is shown in figure 3.4. The Y-planes have vertical strips, the
Z-planes have horizontal strips and the U(W)-planes have the strips rotated by 10.14°
with respect to the strips of the Y(Z)-planes. The telescope was positioned above and
to the side of the beam, and it was tilted by 75 mrad. The centre of the first plane was
at x = —156 cm, y — 2A7 cm, and z = 3.75 cm. The acceptance for particles from the
target was reasonable for p^ > 1 GeV/c and 3.2 < I/LAB < 3.6.
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Figure 3.4: The position of the silicon telescope planes in the Omega coordinate system
and the orientation of the strips in the telescope system (the x'-axis points into the paper).

3.1.9 The iron wall in the 1992 run

A two meter thick iron wall (12 interaction lengths) was placed between the calorimeter
and the Omega RICH, to prevent the particles outside the acceptance of the telescope
from entering the RICH. The "good" particles passed through a hole, 60 cm high and
100 cm wide, centred at x = 920 cm, y = 90 cm, and z = 70 cm.

3.1.10 The RICH in the 1992 run

The Omega Ring Imaging Cerenkov detector was used to identify the charged particles
that passed through the telescope and the RICH, mainly pions, kaons and protons. The
detector and the procedure used to identify of the particles are described in detail in
chapter 4.

3.1.11 The B chambers in the 1992 run

The B chambers are a package of eight MultiWire Proportional Chambers normally lo-
cated between the target and the A chambers, but in WA94 they were put behind the
RICH. They provided an extra point on the tracks from the telescope to enable a better
determination of the momentum, and they gave a positive detection of the tracks passing
through the RICH.

Each chamber has two wire planes: One Y-plane with vertical wires and one U- or V-
plane where the wires are inclined 10°8'30" with respect to the vertical wires. The plane
configuration is UY VY UY VY UY VY UY VY. The distance between the Y planes is
6 cm. Each plane has 760 wires. The pitch is 2 mm for Y-planes and 1.97 mm for U- and
V-planes. The chamber gas was a mixture of argon, freon and alcohol.

The centre of the first Y plane was at x = 1793 cm, y = 124 cm, and z = 102 cm.
The B chambers were rotated 0.82° counterclockwise in the x-z plane.

3.1.12 The trigger in the 1992 run

The first level trigger was similar to the trigger in the 1991 run. Using this trigger,
about 40% of the events had no tracks in the B chambers, and these events were useless
for particle identification. A second trigger level was added to increase the number of
events having tracks in the B chambers by requiring at least one hit in at least two of the
chambers, B3, B4, and B5. This reduced the fraction of no-track events to 3%.
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Figure 3.5: Mass distributions for V° candidates as a) p7r and b) p7r+.

3.2 Data Analysis
The analysis of the 1991 data was very similar to the analysis of the WA85 data. The
charged tracks were found using a version of TRIDENT [Las79, Las80] modified for the
WA94 layout. _

Any pair of oppositely charged tracks were considered a A (A) candidate from the
target if:

• the distance of closest approach between the two tracks was less than 1 cm,

• each decay track traced through the seven A chambers,

• the angle between the line of flight of the V° from the target to the decay vertex
and the sum of the momenta of the two decay daughters was less than 0.75°,

• the distance from the target to the vertex was greater than 135 cm,

• the two decay tracks from a A or A missed the target in the bend direction of the
magnetic field when they were traced back to the target plane; the pion impact had
to be at least 4 cm away and the (anti)proton at least 2 cm away,

• the Podolanski-Armenteros variable a, satisfied \a\ > 0.45, and

• the mass of the A and A candidates lay in a 50 MeV interval centred on the A mass.

This gave 56140 A and 18014 A candidates out of which 28787 As and 8783 As were
in the unambiguous region (0.45 < |a| < 0.6) [Aba94c]. The mass distributions for V°
candidates are shown in figure 3.5. . _

The E~ (H+) candidates were selected among the combinations of a A (A) and a
negative (positive) track that satisfied:
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• the distance of closest approach between the line of flight of the V° and the charged
track was less than 1.6 cm,

• each decay track traced through the first four A chambers,

• the distance from the target to the cascade vertex was greater than 90 cm,

• the cascade candidate missed the target by less than 2 cm in the bend direction
when traced back to the target plane,

• the pion from the cascade candidate had to miss the target by more than 6 cm in
the bend direction when traced back to the target plane, and

• the mass of the cascade lay in a 100 MeV interval centred on the E~ mass.

The V° was not required to come from the target. This yielded 547 E~ and 278 E+

candidates [Aba95g].
The data has been corrected for geometrical acceptance, reconstruction efficiency,

feed-down, etc. in the same way as the WA85 data.

3.3 Results

The results of the 1991 run have been presented in [Aba94c, Aba95c, Aba95g].

3.3.1 Transverse mass distributions

The transverse mass distributions for A, A, S~, and E+ in the rapidity interval 2.5 <
1/LAB < 3.0 are shown in figure 3.6. The distributions have been fitted using eq. 2.2
and the inverse slopes are given in table 3.1. The errors shown are statistical only; the
systematic error has been estimated to be about 10 MeV. The inverse slopes obtained
by WA85 for sulphur-tungsten collisions in an equivalent centre-of-momentum rapidity
interval are given for comparison. The sulphur-sulphur values are 15-25 MeV lower than
the sulphur-tungsten values. One possible reason for this difference is that there is more
stopping in the heavier tungsten nuclei.

3.3.2 Particle ratios

The relative production ratios for As and E"s in sulphur-sulphur interactions for 2.5 <
2/LAB < 3.0 in three different intervals of transverse momenta are given in table 3.2.
The production ratios are very similar to the ones found by WA85 in sulphur-tungsten
collisions (see table 2.3).

The ratios E~/A and E+/A for sulphur-sulphur interactions (WA94), sulphur-tungsten
interactions (WA85), and e+e~, pp, and pp interactions are shown in figure 3.7. The E+/A
ratios for 1 < pr < 2 GeV/c in sulphur-sulphur interactions (0.21 ± 0.03) and sulphur-
tungsten interactions (0.20 ± 0.02) are significantly larger than the value observed in the
other interactions (i.e. 0.06 ± 0.02 measured by the AFS collaboration [Ake84]).
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Figure 3.6: Transverse mass distributions, l/mT'2 dN/dmr vs mT, for A and E (left),
and A and E+ (right) in the rapidity interval 2.5 < J/LAB < 3-0.

Particle
A
A

i ~

(H
I

WA94
2.5 < J/LAB < 3.0

Inverse slope [MeV]
213 ± 2
204 ± 5
222 ± 10
208 ± 25

WA85
2.3 < yLAB < 2.8

Inverse slope [MeV]
233 ± 3
232 ± 7
244 ± 12
238 ± 16

Table 3.1: Inverse slopes observed in sulphur-sulphur and sulphur-tungsten interactions.

Ratio
A/A

E+/S~
E-/A

77lT >

0.22
0.54
0.18
0.44

1.

±
±
±
±

9 GeV
0.01
0.06
0.01
0.04

1< Pr < 2 GeV/c
0.24 ± 0.01
0.58 ± 0.07
0.08 ± 0.01
0.20 ± 0.02

1.2 < px < 3.0 GeV/c
0.23 ± 0.01
0.55 ± 0.07
0.09 ± 0.01
0.21 ± 0.02

Table 3.2: Relative hyperon production ratios for 2.5 < ?/LAB < 3.0 in sulphur-sulphur
interactions.
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Figure 3.7: The ratios E~/A and E+/A in e+e , pp, pp, SW, and SS interactions.

3.4 Interpretation of the WA85 and WA94 Results

The particle ratios of WA85 and WA94, shown in tables 2.3 and 3.2, respectively, contain
feed-down from the decays of S° (E ) into A (A) and a photon. This feed-down has to
be removed before the parameters of the thermal model described in section 1.5.2 can be
extracted. The A and E° are produced in nearly equal numbers since the mass difference
is small. Thus, about half of the observed As come from these decays. The observed
ratios E~/A and E+/A are really E~/(A + E°) and E+/(A + E ) and the true ratios are
approximately double the observed ones. The parameters found from the corrected ratios
are given in table 3.3.

Note that /Xg/T is almost zero in both experiments. This is a general trend for the
experiments at CERN, while the experiments at lower energies at Brookhaven get non-
zero values [Sol95]. The nucleons in the projectile and target contains no strange quarks.
Thus, the net strangeness of the system should be zero since strangeness is conserved in
strong and electromagnetic interactions. In a quark-gluon plasma, strangeness neutrality
forces the strange quark chemical potential to zero. This is independent of the temper-
ature T and baryochemical potential nB of the fireball. In a hadron gas, strangeness
neutrality gives a complicated relation (IS(T,HB) which generally is different from zero.
However, it is possible to obtain a vanishing strange quark chemical potential if collective
flow is included [Let95].
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Parameter

*/
Zf
6f
Aq

As
7s

6fi/T
Hs/T

WA85
110.9
47.7
0.093

1.50 ±0.04
1.03 ±0.04
0.51 ±0.03
0.40 ±0.03
0.037±0.002
0.03 ±0.04

WA94
64
32
0

1.50±0.04
0.95±0.04
0.56±0.03
0.40±0.02
0

-0.05±0.04

Table 3.3: Thermal model parameters extracted from the WA85 and WA94 ratios.

Ratio

P/P
A/p
A/p

ft+/£T
Q-/E-

(fi- + n+)/(E-+E+)

WA85
predicted

0.093±0.014
0.71 ±0.05
1.45 ±0.11
0.9 ±0.2
0.69 ±0.05
1.51 ±0.12
0.92 ±0.07

WA94
predicted

0.090±0.013
0.72 ±0.05
1.76 ±0.12
1.3 ±0.3
0.72 ±0.05
1.76 ±0.12
1.09 ±0.08

WA85
measured

0.6±0.4

1.7±0.9

Table 3.4: Predicted ratios in the thermal model and some measured ratios. The As and
As include feed-down from the decay of S°s.

The strangeness saturation factor 7S ~ 0.5 is high in this simple model, and values
around 0.7 are obtained in a more sophisticated model that includes the effects of res-
onance decays and collective flow [Let95]. The corresponding value in nucleon-nucleon
collisions is 78 = 0.2 [Sol94]. According to [Let95] this indicates the presence of new,
unexpectedly fast strangeness equilibration mechanisms in nuclear collisions.

Another argument in favour of a quark-gluon plasma at CERN energies is the large
entropy per baryon [Raf93]. However, there are a number of critiques of the QGP thermal
model for CERN energies [Dov95].

Hadron cascade models, like RQMD [Mat89] and VENUS [Wer90], can explain the
enhancement of As, but they have great difficulties in describing the yields of strange an-
tibaryons [Mul95b] unless they invoke completely new mechanisms like colour ropes [Sor92]
or multiquark clusters [Aic93].

The predicted values for some other ratios are shown in table 3.4. The feed down
from E° and E° decays have been added in order to j e t the "observable" A/p and A/p
ratios. The predicted U+/Q~ and (fi~ +U+)/(E~ + E+) ratios in WA85 are compatible
with the measured ratios thanks to the large error bars in the experimental results.

51



3.5 Summary
The WA94 collaboration has studied the production of strange baryons and antibaryons
in sulphur-sulphur interactions at 200 A GeV/c. The inverse slopes of the transverse mass
distributions for As, As, E~s, and H+s have lower values than in central sulphur-tungsten
collisions. The production ratios for strange and multistrange baryons and antibaryons are
very similar in central sulphur-sulphur and sulphur-tungsten interactions. In particular
the ratio H+/A is about four standard deviations larger in these heavy-ion collisions than
in proton-proton collisions.

The high yield of strange antibaryons can be explained if one assumes that the matter
in the fireball is in thermal and nearly chemical equilibrium. The abundance of strange
quarks has to be between 50% and 70% of the equilibrium abundance. The value of the
strangeness saturation factor depends on the features that are included in the thermal
model. The particle ratios cannot be used to distinguish between a hadron gas and a
quark-gluon plasma. However, the short time required for equilibration and the large
entropy indicate that the matter is not likely to be a gas of hadrons.

In hadron cascade models it is necessary to introduce completely new mechanisms in
order to explain the high yield of strange antibaryons.
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Chapter 4

Particle Identification in the Omega
RICH

In order to identify a particle, one has to find its mass and electric charge. In the WA94
setup, the only long-lived, charged particles that passed through all the detectors were
TT±, K±, p, and p (plus ^ ± and e*). Thus it was not necessary to actually determine the
mass of the particle, but only check if the particle was compatible with having the mass
of a pion, kaon, or proton.

The mass can be found by measuring the momentum and the velocity of the particle.
The momentum of the particle and the sign of its charge are given by the deflection of
the track in the magnetic field and were measured using the silicon telescope. The track
segment in the silicon telescope had to have a matching segment in the B chambers in
order to be sure that the particle passed through the RICH. One could then predict the
centre of the ring and the radii of the pion-, kaon-, and proton rings and look if there was
a ring. Most of the protons were below threshold and did not produce a ring, thus they
had to be identified by the absence of rings.

4.1 The Ring Imaging Cerenkov Detector

4.1.1 Cerenkov radiation

When a charged particle passes through a dielectric medium at a velocity faster than the
phase velocity of light in the medium, it will emit electromagnetic radiation [Che37]. The
Cerenkov mechanism is related to the polarisation of the molecules along the track of the
particle. The molecules very rapidly (< 10~n s) return to the ground state with emission
of Cerenkov light. The emitted light forms a coherent wavefront only when the Huygens
condition is satisfied (see fig. 4.1) so that the light is emitted along the surface of a cone
of angle given by

where /? = v/c {i.e. the velocity of the particles measured in units of the speed of light in
vacuum) and n(v) is the index of refraction in the medium for light of frequency v. The
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Figure 4.1: Cerenkov radiation.

momentum threshold, pt/,r, for producing a ring is

m
Pthr = (4.2)

where m is the mass of the particle.
The Cerenkov light is emitted as a continuous spectrum. The emitted light is plane-

polarised such that the electric vector E is in the plane of the incident particle and
the emitted photon. The number of photons, N, emitted per unit path length per unit
frequency by a single particle of charge ze is given by

d2N
dxdv

sin2 6 (4.3)

where a is the fine-structure constant, a = e2/47reoftc.
The Cerenkov photons are confined inside a cone, shown by the dashed lines in fig-

ure 4.2. At the exit of the radiator medium, the photons fall inside a disk of radius, r,
given by

r = Ltan0 (4.4)

where L is the path length in the radiator medium. The disk may not be "filled" since
the photons are emitted randomly along the path of the particle. Thus it is not possible
to identify the particle from the measured radius at the exit of the radiator medium.

However, by using a short radiator medium with a high index of refraction and placing
the photon detector far behind the radiator, the Cerenkov photons fall on rings whose
radii are given by eq. 4.4 when L is now taken to be the distance from the entry of the
radiator medium to the photon detector. This technique is called "proximity focusing"
and is very useful for liquid or solid radiators.
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Figure 4.2: The Cerenkov light cone.

4.1.2 Ring imaging

For a gaseous radiator which has a small index of refraction and thus a small Cerenkov
angle, one can use a clever optical arrangement to focus all photons inside the cone onto a
ring. The radiator medium is placed between a spherical detector surface, of radius R/2,
and a spherical mirror, of radius i?, as shown in figure 4.3. All parallel lines are focused
onto almost the same point (see appendix D). Thus the Cerenkov photons emitted by a
particle are focused onto a ring.

The radius of a ring, r, is given by

T = L tan 6 = L
1 +

- 1 , (4.5)

where L is the path length in the radiator (L w R/2, R is the radius of the mirror), n is
the index of refraction of the radiator medium, and m is the mass and p the momentum
of the particle.

The number of photons on a ring depends on the efficiency of the mirrors and the
photon detector and is given by

C J8n<fin(u)>l
^) sin2 6{v)dv, (4.6)

where e^i is the efficiency for collecting the Cerenkov light and t^t is the quantum
efficiency of the transducer. Usually the Cerenkov angle 6 is nearly constant over the
range where the transducer is sensitive, and the formula can be simplified to

N = N0L(sm28),

where No is a detector dependent constant (typically 50 < No < 100 cm"1).

(4.7)
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Figure 4.3: Reflection of Cerenkov photons onto rings.

4.1.3 The Omega RICH

The Omega RICH was built by the WA69 Collaboration [Aps86]. It was later taken over
and improved by the WA89 Collaboration [For87, Sie94]. A detailed description of the
RICH detector is given in ref. [Eng92]. Figure 4.4 shows a general view of the WA69
RICH. The three main components of the RICH can be seen: the mirror in the back, the
photon detector in the front, and the five meter long radiator volume in between.

The radiator gas

The radiator medium has to have an index of refraction that is optimised for the momen-
tum range of the particles. A large index of refraction will give a large Cerenkov angle,
and thus large rings which have many photons and are easy to find. However, if the
index of refraction is too large, almost all rings will have the same radius and it becomes
impossible to separate the different particle species. It is also important that the radiator
medium has low dispersion.

Originally, the RICH radiator volume was to be filled with freon1, which has an index
of refraction n — 1.000894 at STP [Buy90]. Unfortunately, it was impossible to obtain
enough freon for the 1992 run, so the RICH radiator volume was filled with a mixture
of freon and nitrogen. This gas mixture had an index of refraction of n = 1.000538, and
the corresponding momentum thresholds were 4.3 GeV/c for pions, 15.0 GeV/c for kaons
and 28.6 GeV/c for protons. Thus, fewer of the protons produced rings and the number
of photons on the rings was reduced slightly.

Figure 4.5 shows the expected radii as a function of momentum for pions, kaons and
protons, and the differences in radius as a function of momentum. The separation between

1hexafluoroethane (R116), CjFe, has no chlorine and does not harm the ozone layer.
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Figure 4.4: General view of the old Omega RICH detector. The figure is taken from
ref. [Aps86].

the ring radii at the same momentum is good.

The mirror

The mirror surface of the WA69 RICH consisted of 81 hexagonal elements. Each element
had a radius of curvature of 10 m. Due to the higher accuracy required by WA89, the
7 central mirrors were replaced by 19 smaller ones of better quality. The new mirrors
were mounted 6 cm in front of the old ones. They have a radius of curvature of 988 cm
in order to have the same focal sphere for all mirrors. The nominal focal point of the
mirrors was at x = 684.5 cm, y = 1.9 cm, and z = 101.1 cm.

The photon detector

The photons were detected in an array of 4 Time Projection Chambers (TPCs)2. A TPC
and the principle of operation is shown in figure 4.6. The chambers are 32.5 cm wide,
80 cm high and 6 cm deep. A 3 mm thick quartz window separates the chamber and the
radiator volume. The nominal focal sphere is inside the chambers, 9.5 mm behind the
quartz window. Each chamber is rotated 4.05° with respect to its neighbour in order to
have the chambers approximate a cylinder. The chambers were filled with ethane that
has passed through a bubbler containing the photo-ionising agent TMAE3. The bubbler
was heated to about 30° C in order to increase the amount of TMAE vapour in the gas
and thus have a short absorption length for photons (about 1 cm). Each chamber is split
into two modules by the —40 kV electrode at the centre of the chamber. The reflected

2The WA89 RICH has 5 TPCs. One of the TPCs has an insensitive region for the beam to pass
through. This chamber was not used since the particles that passed through the telescope and the hole
in the iron wall never hit the last TPC.

3Tetrakis(dimethylamino)ethylene
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Figure 4.6: The RICH Time Projection Chamber.

Cerenkov photons enter the TPCs through the thin quartz window and are converted
to single electrons by ionising the TMAE molecules. The electrons drift towards the
top/bottom of the chambers, where they are detected by sense wires. There are 128 sense
wires in each module. The drift time gives the position of the hit in the vertical direction
and wire number gives the position in the horizontal direction.

The comparators that digitise the signal from the sense wires have two thresholds:
a low threshold for the single electrons produced by the Cerenkov photons, and a high
threshold that detects the large number of electrons produced when a charged particle
passes through the chamber.

The drift times are measured by Time to Digital Converters (TDCs). Each TDC has
18 channels. 16 channels are used to read the low threshold hits from 16 wires. The
two remaining channels read the high threshold hits for the same wires. The electron
cloud produced by a particle passing through a chamber is large and fires several wires at
once. Thus the high threshold signals from 8 wires have been grouped together in order
to reduce the number of channels and the cost of the system.

The drift field is made homogeneous by a set of field shaping strips on the walls and the
quartz window. The strips are kept at fixed potentials by a voltage-divider network. The
field is inclined by 50 mrad with respect to the quartz window to prevent from electrons
from diffusing close to the window where they are lost because of inhomogeneities in the
field.

The photo-ionising agent TMAE reacts violently with oxygen. The oxidation products
absorb photons, but do not release electrons, so they lower the detector efficiency. Thus
it was vital to keep oxygen out of the system. The ethane gas used the chambers and
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the freon/nitrogen mixture in the radiator passed through oxygen absorbers before they
were put into the RICH, and the volume in front of the TPCs was flushed with nitrogen.

Since the ethane gas was saturated with TMAE vapour at 30° C, the whole RICH had
to be warmer to prevent the TMAE from condensing. Liquid TMAE would creep into the
pores of the G104 plates used in the walls of the TPCs and would be impossible to remove.
When the chambers are taken out after the run, oxygen would enter the chambers. The
oxidation products can increase the surface conductivity of the walls to the point where
the field shaping strips are short-circuited and the homogeneous drift field is destroyed.
The transmission through the quartz windows is also affected by the oxidation products.
The RICH was heated to above 40° C by hot water through a heat-exchanger inside the
radiator volume.

Screening

The several hundred particles produced in a heavy-ion collision would swamp the RICH
if they were allowed to hit the detector. Special precautions were taken to reduce the
amount of background hits [Hel93]: the iron wall prevented most of the particles that
did not pass through the telescope from entering the RICH while the hole allowed the
"good" particles through, the RICH was lifted one meter to have the track impacts in
the lower modules and the rings in the upper modules, and the lower half of the mirror
was screened by a black cloth to stop unwanted photons.

Online monitoring

The RICH detector is a delicate piece of equipment, and has to be continuously monitored
to ensure that the data are good and that the detector is not going to be damaged.
Several programs were used to monitor the RICH during data taking. These programs
were written by the WA89 collaboration and slightly modified [Hel93] for the WA94
collaboration.

The program RMON ran continuously and read out the temperatures, pressures, gas
flows, and oxygen contents in the RICH and TPC chambers at the end of each burst
(every 19.2 second). If the values fell outside predefined limits, alarms were given to alert
the people on shift. Furthermore, the TMAE supply to the chambers was switched off
by hardware if the temperatures or oxygen contents were outside "critical" limits. The
values read out by RMON were also written to tape at regular intervals.

The program RICHON was used to monitor the quality of the RICH data by histogram-
ming wire maps and time distributions. This program was run at least once per shift,
and the results were compared to reference plots.

An event display program called CINEMA was used to look at images of the hits in the
TPCs online and verify that everything looked "normal".

4 a fibreglass-epoxy material
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4.2 Track finding

The track finding was done by TRIDENT version 5.04 [Las79, Las80]. The main differences
between this version and the previous versions used by WA85 are the addition of code for
track finding in a silicon telescope and the use of ZEBRA [Zol93] for memory management
and machine independent output.

4.2.1 Track finding in the silicon telescope

The track finding in the telescope was done in two steps. First one looked for track
projections in the Y- and Z- strips separately. The Y-tracks are arcs of a circle, and
the Z-tracks are approximately straight lines. The track projections had to have at least
4 hits (out of 5). The Y- and Z-tracks were matched into three dimensional tracks using
the hits in the rotated planes (U and W). At least 2 hits (out of 4) were required.

The old microstrips in the telescope were rather noisy and not very efficient. The
average efficiency per plane was found to be ~ 65 %. Strips had to be masked and tight
cuts were applied to avoid reconstruction of ghost tracks. Thus the resulting efficiency
for track finding was rather low. The number of reconstructed tracks is given in table 4.1.

4.2.2 Track finding in the B chambers

Since the B chambers were outside the magnetic field of the Omega magnet, the tracks
were straight lines and the track finding was rather simple compared to the task of finding
curved tracks inside the magnet. A new track finding module was written to exploit this
advantage. Track finding and fitting was performed in three main steps:

1. Find track projections in each of the three wire orientations.

2. Find Y-, U-, and V-track projections that can belong to the same track, fit (three-
dimensional) tracks to good Y,U,V-combinations, and keep the best tracks allowing
each track projection to be part of only one track.

3. Calculate space points and fit the tracks in the Omega coordinate system.

The track projection finding started with a set containing all planes in one wire pro-
jection, then took the sets with all but one plane, all but two planes, and so on until the
minimum number of required hits was reached (6 in Y and 3 in U and V). For a given
set of planes, the hits in the first and last plane were used to estimate straight lines, then
the positions of track impacts in the intermediate planes were predicted, and the analysis
program looked for the hits closest to the predicted track impacts in these planes.

The u, v, and y coordinates (at the same x) are related by y = (u + v)/(2 cos a) where
a is the angle of the U- and V-wires relative to the Y-wires. Each combination of U- and
V-track projections was compared to the Y-track projections by looking at the average
squared distance,

^ ) 4 (4.8)
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Number of triggers
Tracks reconstructed in telescope
Tracks matched

Field up
14.5 M
3.5 M (24%)
8747 (0.06%)

Field down
2.8 M
0.6 M (23%)
4252 (0.15%)

Table 4.1: Number of reconstructed and matched tracks.

where L was distance from the first to the last plane, ay, au, and av were the slopes
and by, bu, and bv were the intercepts of the track projections (when fitted with a local
origin at the centre of the B chambers), Aa = ay — (au + av)/2cosa and similarly for
A6. Three dimensional tracks were fitted to Y,U,V-combinations having dave < 3 cm by
minimising the squared distance from the hits to the track. Bogus combinations that
gave rise to tracks outside the chambers in Z were discarded. The remaining tracks were
sorted according to their x2s and the Dest; tracks compatible with each projection being
part of only one track, were kept.

Then space points were calculated in the B chamber system and rotated to the Omega
coordinate system. Finally, the tracks were fitted to the space points in order to get the
track parameters and error coefficients in the Omega system.

4.2.3 Track matching

The telescope tracks and the B chamber tracks were extrapolated to reference planes
where the estimated extrapolation errors in Y and Z were minimal. The reference plane
for Y was at x = 600 cm (i.e. just outside the magnetic field), while the reference plane
for Z was at x = 1790 cm {i.e. at the entry of the B chambers, because the chambers
were not very accurate in Z). The tracks were matched by looking at the difference in the
impact positions of the telescope and B chamber tracks and at the differences in slope.
The B chambers had to be moved (shifted and rotated) slightly in order to centre the
differences at zero. The number of tracks matched are given in table 4.1.

4.3 Analysis of the RICH Data

4.3.1 The RICH coordinate system

The Time Projection Chambers in the RICH are mounted along a cylindrical surface.
Thus it is convenient to use the cylinder coordinate system shown in figure 4.7. The
transformation between the RICH and Omega coordinate systems are given by the fol-
lowing relations:

Y =

Z = — Zf

R .

R
(4.9)
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(xQlyn)

Figure 4.7: The RICH coordinate system.

where (x/, y/,Zf) is the position of the focal point of the RICH in the Omega coordinate
system.

The coordinate of a hit registered in wire w of module M after a drift time t is given
by

Y =
Z =

Y0
M ±

± vd(T0 - t)
(4.10)
(4.11)

where yo
M is the position of (the non-existing) wire 0 in module M, dw is the distance

between the wires (2.54 mm), Zft1 is the position of the high voltage electrode, v& is the
drift velocity and To is a constant corresponding to the drift time of electrons produced at
the high voltage electrode. The plus sign is for the upper modules (7-10) and the minus
sign for the lower modules (1-4).

4.3.2 Alignment and calibration
The RICH is usually aligned using the track impacts in the TPCs. Unfortunately, the
impacts of all the matched tracks fell outside the TPC area. However, there were high
threshold hits in the TPCs, and they were used to determine the drift times for the hits
at the high voltage electrode, To. There was one To value for each TDC. Figure 4.8
shows the distribution of TDC values for low and high threshold hits seen by one of the
TDCs. The drop around 700 in the high threshold distribution corresponds to particles
that hit the TPC close to the high voltage electrode. The inflection point was taken to be
the value of To. The distribution was first smoothed using binomial weights. Then, the
difference between the number of hits at one value and the value above was calculated.
A Gaussian was fitted to this difference distribution, and the centre of the Gaussian was
taken to be To. The value of To calculated from the low threshold distribution is about 3
counts higher than the value found from the high threshold distribution. This is the time
a photon spends on the round-trip from the detector to the mirror and back.
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Figure 4.8: Distribution of TDC values for TDC 3 in module 10: Above: low threshold
(photons). Below: high threshold (track impacts).
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TDC 7
699
699

TDC 8
698
700

Module
9

10

Yo [cm]
16.5
51.6

Zo cm]
0.3
0.7

vd [cm/TS]
0.060

n — 1 [ppm]
538

No [cm"1]
42

Table 4.2: Alignment and calibration constants for the RICH.

The rest of the alignment constants were estimated using the ring centre of "golden"
rings5. The idea was to minimise the sum of the square of the relative difference between
the predicted ring radius and the distance from each hit to the predicted ring centre,

(4.12)

where (J/JJ, Zji) is the position of photon i on ring j , (yj, Zj) is the predicted position of the
centre of ring j and r, is the predicted radius of ring j . The multivariable minimisation
was done by MINUIT [Jam92]. The free variables were the y-position of wire 0 in each
module, Yo, the z-position of high voltage electrode in each module, Zo, the drift velocity,
Vd, and the index of refraction, n, which was used to calculate the ring radius.

The "quality factor" NQ, which was needed to predict the number of photons on a
ring, was found by inverting eq. 4.7 and taking into account that parts of the rings fell
outside the TPCs. Thus,

Jfe (413)
where Nt is the number of photons on the ring of track t, L = R/2 is the path length of
the track through the radiator, 6t is the Cerenkov angle, and ft is the fraction of the ring
that fall inside the TPCs.

The final alignment and calibration constants are given in table 4.2. Only TPC
modules 9 and 10 were calibrated, since these were the only modules that had rings.

There were some problems with this approach. The index of refraction varied from
run to run, as the temperature and atmospheric pressure changed. The "quality factor"
varied too, although more slowly. However, due to the low number of tracks available, it
was only possible to find average values for the entire run period. Also missing was the
alignment of the mirrors. These deficiencies reduced the accuracy of the RICH, but since
difference in radius for pion, kaon, and proton rings at the same momentum was rather
large, and the number of background photons was small, it was still possible to identify
the particles.

5Nice rings with many photons and low background selected by looking at event displays.
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4.3.3 Background pattern recognition

The low threshold hits in the TPCs can be classified into three classes: hits on a ring, uni-
form background and recognisable background (i.e. singing wires, charged track impacts,
cross-talk from Cerenkov photons, tracks traversing the TPCs almost perpendicular to
the beam axis and delta rays).

The non-uniform background was reduced by clustering the hits, merging small clus-
ters into one hit and dropping large clusters. A hit was said to belong to a cluster if its
nearest neighbour was within 0.63 cm in Y or Z. This distance, which corresponds to 2.5
wire distances, was found by trial and error. All clusters that contained high threshold
hits were dropped. Clusters containing 6 hits or more were also dropped, and clusters
with two hits were merged into one hit. A visual scan of event displays showed that this
removed most of the non-uniform background.

4.3.4 Ring finding and fitting

Given the predicted position of the ring centre (y, z) and the predicted radius, r, the N
photons in the band from r - 2 c m t o r + 2 c m were used to fit a new ring centre {yju, Zjit)
by minimising

j^2 ?
where (yi,Zi) are the position of the hits. Just in case that the predicted ring centre
was off by more than 2 cm from the true ring centre, this search and fit procedure was
repeated using a band from r — 3s to r + 3s around the new ring centre until s reached
a minimum.

Finally, the Nfit photons within r ± 2s were used to fit the radius r/a and the position
of the ring centre using the same minimisation procedure (except that N — 2 was replaced
by Nfn — 3). The fraction of the ring that fell inside the TPC area, ffa, and the overlap
area between the final search band and the TPCs, a fa, were also calculated. The ring
finding and fitting was aborted if the number of photons in a search band got below 4.

4.3.5 Particle identification

A particle passing through the telescope and the RICH had a momentum in the range
from 15 to 50 GeV/c. Thus, if it was a pion or a kaon, it was above the threshold
and would always produce a ring, while if it was proton, it would usually be below the
threshold and had to be identified by the absence of a ring. The acceptance for pions,
kaons and protons are shown in figure 4.9.

The particle identification procedure had five steps:

Predict the position of the ring centre: The track segment from the silicon tele-
scope was traced to the end of the magnetic field region. The straight line from
this point to a point on the matching B chamber track segment at the centre of
the B chambers was taken to be the the path of the particle through the RICH.
This line of flight was reflected in the RICH mirror. The intersection between the
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Figure 4.9: Geometric acceptance (in %) for pions (top), kaons (centre), and protons
(bottom) that pass through the telescope, the hole in the iron wall, and the B chambers.
Particles in the kinematic window above the solid lines produce a ring in the RICH.
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reflected line and the cylinder of the TPCs gave the predicted position of the ring
centre (yc,zc).

Predict the ring radii and estimate the background: The predicted radii of the
pion, kaon, and proton rings (rT) rK, and rp), were calculated using eq. 4.5. The
background density, dbg, was estimated by counting the hits on a disk of radius
30 cm around the predicted ring centre excluding the bands TV ± 2 cm, rK ± 2 cm
and (if possible) rp ± 2 cm, and dividing by the area of the part of this disk that
overlapped the TPCs.

Find and fit rings(s): The ring finding and fitting procedure was tried three times
using 7V, TK, and rp, as initial values for the radius. This gave {yfit,j,Zfit,j), ffitj,

tj, ffitj and afitj, j = TT, K, p.

Estimate the expected number of hits on the fitted ring(s): The expected num-
bers of hits on the fitted rings was estimated by

R r2

Nj = 0.95JV0- sin2 6jfj + afitJdbg « 0.957V0-^£ + <V« A , (4-15)

where the factor 0.95 takes into account that the half width of the search band was
approximately 2a and the radial distribution of hits was assumed to be a Gaussian
centred on the fitted radius. The first term is the signal from the Cerenkov photons
and the last term is the background.

Check the quality of the ring(s): The x2-like quantities

(y. -y A2 (Z. _ Z A 2 / r . _ r . A 2 f J\f. _ JV • V
h)=\ \ / ltJ + \ 3 . /ttJ + [' o fltJ + ' rzrflt'3\ (416)

were used to evaluate the quality of the fitted ring(s). The weights syj, szj, and srj
have been determined by looking at the distribution of the corresponding differences.
The weight for the number of hits followed from the Poisson distribution. Any rings
having h? > 10 were dropped. If more than one ring survived this far, the particle
was identified as the one corresponding to the ring with the the smallest value for

Figure 4.10 shows a scatter plot of fitted radius versus momentum. The three particle
types are well separated. An event display with a pion ring is shown in figure 4.11.

If no ring was found, the particle could be a proton having momentum below threshold,
but it could also be a kaon or a pion that produced few Cerenkov photons causing the
ring to be missed by the ring finder. The particle was classified as a proton if the number
of hits in the bands from TK — 2 cm to rj< + 2 cm and from rx — 2 cm to rT + 2 cm did
not exceed the number expected from the background.

Table 4.3 gives the yield of particles. About 85% of the negative and 78% of the
positive particles are identified. The identification probability for positive particles is
lower than for negatives. One possible reason for this is that it is harder to identify
particles by the absence of a ring than it is to identify particles by the presence of a ring,
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Figure 4.10: Fitted ring radii vs momentum. The solid lines indicate the predicted values.
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Figure 4.11: A RICH event display with a reconstructed pion ring. The solid cross shows
the fitted ring centre. The dotted cross shows the predicted ring centre.
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Number of matched tracks
Number of pions
Number of kaons
Number of protons
Number of proton rings

Negative
5937
3915

776
344

13

Positive
3212
1360
472
662
22

Table 4.3: Number of particles identified in the RICH.
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Figure 4.12: n — 1 plot assuming that all particles are pions.

and the fraction of protons in the sample of positive particles is larger than the fraction
of antiprotons in the sample of negative particles.

Figure 4.12 shows the distribution of the index of refraction calculated for each low
threshold hit by

n =
\

1 + 1 +
\R/2

(4.17)

where r is the distance from the hit to the fitted ring centre. Fitting a Gaussian plus a
quadratic background gives n - 1 = 538 ppm, crn — 20 ppm.

The distribution of reconstructed masses

m = p
\ \R/2j

- I (4.18)

using n = 538 is shown in figure 4.13. The peaks in the distribution fall at the nominal
particle masses, and there is almost no background outside the peaks.

70



, \

600

500

400

300

200

100

n

- i i
m-

1

IC p

1
1

'T { h r

-rr i i L_I i i—i i 1 i H i i i 1 i i i i 1 i L̂ -T i n - . . i . . . . i . . . . i • - • •

0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
m[GeV]

Figure 4.13: Distributions of reconstructed mass for particles identified in the RICH.
Above: positive particles. Below: negative particles.
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Experiment
Fermilab p+p

p+W
NA35 S+Ag
WA85 S+W

WA94 S+S

Kinematic window
2/LAB = 3.2, pT=1.54GeV/c
J/LAB=3.2, pT=1.54GeV/c
»ir»n ^ 9 9 n<r-n™<i GeV/c

>0.9 GeV/c
_ ., _ = 1.54GeV/c

2-7 < yLAB < 3.2, 1< pr < 2 GeV/c

J/LAB=3.2,

0.4 < 2/LAB < 2.2, 0 <
2.3 < J/LAB < 3.0,
2.3 < 2/LAB < 3.0,

7

K+/K-
2.11 ±0.21
2.24 ±0.19
2.16 ± 0.44
1.67 ±0.15
1.90 ±0.33
1.91 ± 0.37

Table 4.4: The ratio K+/K measured in different experiments.

4.4 Preliminary Results
In order to get a first glimpse at the physics, it is convenient to look at the double ratios of
uncorrected numbers (K+/7r+)/(K~/7r~) and (p/7r~)/(p/7r+) since the corrections factors
cancel out because of the symmetry of the setup.

The production of pions, kaons, and protons at central rapidity has been measured
in p+Be, p+Ti and p+W interactions at 200 GeV/c [Ant79]. Figure 4.14 shows the
double ratio (K+/7r+)/(K~/7r~) and figure 4.15 shows the double ratio (p/7r~)/(p/7r+)
as a function of transverse momentum in p+Be, p+Ti, p+W and S+S interactions. The
ratios are quite similar in proton-nucleon and nucleon-nucleon collisions.

Table 4.4 shows the K+/K" ratios measured in pp and pW interactions at Fermi-
lab [Ant79] and in heavy-ion collisions at CERN by NA35 [Alb94], WA85 [Aba95d], and
WA94 [Aba95g]. These WA85 and WA94 ratios were found by reconstructing the "r-
decay" of the kaon, K* —>• 7r±7r+7r~. The numbers are not directly comparable due to
differences in target nuclei and acceptance regions.

Since S+S is an isoscalar system, the ratio 7r+/7r~ should be one and the ratio
(K+/7r+)/(K-/7i-) = K+/K-. The uncorrected double ratio obtained from the RICH
analysis is 1.75 ± 0.12 for 3.25 < yLAB < 3.55 and pr > 1 GeV/c.

4.5 Summary
The Omega RICH has been successfully used to identify charged pions and kaons, and
protons and anti-protons produced in sulphur-sulphur interactions. The special precau-
tions taken to reduce the number of unwanted hits in the RICH worked well and the
background in the RICH was low.

The double ratios (K+/7r+)/(K~/7r") and (P/K~)/(P/K+) at central rapidity look
the same in proton-nucleus and nucleus-nucleus interactions. This is in contrast to the
ratios between the (multi)strange baryons E/A and Q./E which is significantly different
in proton-ion and ion-ion collisions.
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Figure 4.14: The ratio (K+/ir+)/(K~/n~) at central rapidity as a function of transverse
momentum in p+Be, p+Ti, p+W, and S+S collisions. The proton beam results are taken
from [Ant79]. The sulphur beam results of WA94 have not been corrected for acceptance
and reconstruction efficiency.
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Figure 4.15: The ratio (p/7r+)/(p/7r ) at central rapidity as a function of transverse
momentum in p+Be, p+Ti, p+W, and S+S collisions. The proton beam results are
taken from [Ant79]. The sulphur beam results of WA94 have not been corrected for
acceptance and reconstruction efficiency.
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Chapter 5

The WA97 Experiment

The principal aim of the WA97 experiment, a "Study of Baryon and Antibaryon Spectra in
Lead Lead Interactions at 160 GeV/c per nucleon" [Ann91], is to compare the production
of baryons carrying one unit of strangeness (A) with those carrying two (H~) and three
units of strangeness (ft~). In addition, the spectra of protons and antiprotons were
to be measured in a smaller but overlapping phase space window. This would have
enabled a comparison of the spectra of baryons carrying zero, one, two, and three units
of strangeness under the same trigger conditions.

The collaboration has performed five runs: a short test run with a proton beam in
the autumn of 1993, a proton run of 57M triggers and a lead run of 74M triggers in the
autumn of 1994, and a proton run of 288M triggers and a lead run in the autumn of 1995.
More data with lead and proton beams will be taken in 1996, and possibly in 1997 if the
West Area at CERN is not shut down.

5.1 Experimental Setup

As its predecessors WA85 and WA94, the WA97 experiment uses the Omega magnet, but
all detectors inside the magnet are brand new and specially designed to cope with the
large multiplicity produced in lead-lead interactions. This was mostly done by going from
one-dimensional read-out (strips and wires) to two-dimensional (pixels and pads). The
basic strategy of WA85 and WA94 is still followed: to use a restricted kinematic window
and have a low number of hits in the detector elements, and to have a setup capable of
high event rates to get good statistics in the kinematic window.

The layout used in the 1994 lead run is shown in figure 5.1. Two configurations were
used. During the first part of the run, the target was put at x = —120 cm. Analysis
showed that the number of tracks in the telescope was manageable and in order to increase
the acceptance, the target was positioned at x = —91.5 during the last part of the run.
The beam counters S2 (thin quartz Cerenkov) and S3 were used to tag the incoming
33 TeV/c lead ions. The target was a 0.4 mm thick (1% interaction length) 8 by 8 mm2

slice of lead. The target was fixed in a target holder by thin tape in order to minimise the
amount of material around the target. The multiplicity counter 10 cm downstream of the
target consists of six 3 mm thick scintillator petals. The inner edge is 28 mm long and the
outer edge is 98 mm long. The counter sampled the multiplicity of charged particles in
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Figure 5.1: The WA97 experimental layout used in the 1994 ion run.
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Figure 5.2: Schematic view of the target region.
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Figure 5.3: Side view of the silicon telescope: Px-planes are pixel planes, Y- and Z- planes
are microstrip planes, and Pd7 is a silicon pad plane.

the pseudorapidity range 1 < r\ < 2 and was used by the trigger to select central events.
The two multiplicity detectors have three arms each, one down and two to the sides.

There is no upper arm in order to avoid material between the target and the telescope.
Each arm consists of silicon microstrips of different length (20 mm and 35 mm) and pitch
(100 fim. to 400 /mi), 200 channels in total, arranged in such a way as to give approximately
constant particle occupancy for a flat pseudorapidity distribution. The two planes were
located 20 cm and 54.5 cm after the target, and they sampled the charged multiplicity in
the range 2 < r? < 4. Figure 5.2 shows a schematic view of the target region.

The silicon telescope is the main tracking detector. It consisted of 9 silicon microstrip
planes, 4 silicon pixel planes [Hei94] and one silicon pad plane arranged in seven doublets
as shown in figure 5.3. The first five doublets formed the main part of the telescope. The
sixth doublet worked as a lever arm detector to improve the momentum resolution on high
momentum tracks. The last doublet was used for tests. The 50 (im pitch silicon microstrip
planes have 1024 channels. The pixel planes have 73728 pixels of size 500 x 75 urn2. The
silicon pad plane has 32 x 32 pads. All planes have a sensitive area of 50 x 50 mm2. The
support for the telescope and the read-out electronics were designed to have no material
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on the lower edge nearest to the beam. The lower edge of the sensitive area in the
telescope was inclined 48 mrad with respect to the beam, and telescope pointed back to
the target. The angle of inclination and the position can be changed in order to cover
different kinematical windows.

The three gas pad chambers located at the exit of the Omega magnet were used to
improve the momentum resolution of high-momentum tracks found in the telescope. Each
chamber has a sensitive area of 810 x 192 mm2. The cathode is divided into pads of size
4 x 12 mm2. The position of a track impact is determined by the centroid of the charge
distribution on the adjacent pads.

A hadron calorimeter located far downstream measured the energy of the projectile
spectators. The calorimeter has 10 x 5 cells. Each cell has a front face area of 10 x 10 cm2

and is a sandwich of 16 mm thick lead plates and 4 mm thick scintillators that are read
out by a wave length shifter. The four central cells are 8 interaction lengths long, and
the remaining cells are 6.5 interaction lengths.

The Omega RICH is not going to be used due to lack of manpower. The required
"experts" from the WA89 collaboration are no longer at CERN.

5.2 Data Analysis and Preliminary Results

A new analysis program 0RHI0N has been developed. The track finding philosophy is
similar to the one used for the silicon telescope of WA94. The program is currently
undergoing some final adjustments before the full production will start.

However, some preliminary results are available [Aba95e]. Figure 5.4 shows the
40 tracks reconstructed in the telescope for one event of a no-field run. Only the hits
in the pixel planes are indicated. This clearly shows that it is possible to reliably recon-
struct tracks in the high multiplicity environment created in a central lead-lead collision
at relativistic energies.

For a preliminary study of V°s, two data samples (about 1.3M events in total) have
been analysed [Jac95]. Data for both magnetic field polarities were used in order to cancel
out possible asymmetries in the setup. The V°s had to come from the primary vertex and
decay at least 50 cm away from the target. Only the cowboy topology was considered,
since it is a lot cleaner than the sailor topology. Figure 5.5a shows the Podolanski-
Armenteros plot of all accepted V°s. A clear accumulation of As, As, and Kg is visible.
To study the A and A signals, only the V°s that were unambiguous with K|s (i.e. had
a 7r+7T~ mass outside the band m,K ± 25 MeV) were selected. The kinematic window for
this analysis was 2.5 < y < 3.4, 0.5 < PT < 2.0 GeV/c. Figures 5.5b,c show the invariant
mass distributions after a cut |a| > 0.45. From these distributions it was estimated that
there were 607 As and 109 As. This gives an uncorrected A/A ratio of 0.18 ± 0.03, which
is slightly smaller but still within one standard deviation of the values previously found
by WA85 in central sulphur-tungsten collisions and by WA94 in central sulphur-sulphur
collisions in a similar kinematic region.

The silicon telescope has a better mass resolution than the multiwire proportional
chambers used by WA85 and WA94. This can be seen by comparing the width of the A
peak in figures 5.5b and 3.5.
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Figure 5.4: Tracks reconstructed in the telescope for one no-field event.
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Figure 5.5: a) Podolanski-Armenteros plot, b) p7r+ and c) pvr mass plots.
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5.3 Summary
The WA97 experiment is the first relativistic heavy-ion experiment to use silicon pixel
detectors. These detectors have been a big success. The two-dimensional read-out has
made it possible to reconstruct tracks in the high-multiplicity environment of lead-lead
collisions. The smaller pitch of the silicon pixels and microstrips as compared to the
multiwire proportional chambers of WA85 and WA94 has resulted in a more accurate
tracking and an improved mass resolution for As. The preliminary A/A ratio 0.18 ± 0.03
is similar to the results of WA85 and WA94.

The analysis of the data taken in 1994 has just begun. Based on the success of WA85
and WA94 and the improved tracking in WA97, lots of interesting results on kaons, As,
Es, and fis should be forthcoming.
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Chapter 6

Summary and Outlook

In the WA85, WA94, and WA97 collaborations, we have studied production of strange
and multistrange baryons and antibaryons in central sulphur-tungsten, sulphur-sulphur,
and lead-lead interactions at relativistic energies. The spectra of strange baryons and an-
tibaryons provide information about the dynamics of hadronic matter under the extreme
conditions realised in these collisions. The particle ratios allow the degree and the nature
of the flavour equilibrium to be studied, while the transverse mass distributions provide
independent information on the temperatures achieved.

In the sulphur-tungsten collisions, the inverse slopes of the transverse mass distribu-
tions of A, A, H", and H+ in the rapidity interval 2.3 < yLAB < 2.8 are all experimentally
found to be around 230 MeV. The inverse slopes are about 20 MeV lower in sulphur-
sulphur collisions, probably due to the smaller size of the fireball. These inverse slopes
are most likely above the critical temperature for the phase transition into a quark-gluon
plasma. However, any collective flow in the fireball will increase the apparent tempera-
tures extracted from transverse mass distributions. Thus, these high "temperatures" are
not a proof for the production of a quark-gluon plasma.

The most spectacular result of the experiments is the large value of the E+/A ratio in
sulphur-tungsten and sulphur-sulphur interactions. It is over three times (four standard
deviations) higher than the value found in proton-proton interactions. It is difficult to
explain this high ratio in conventional hadron cascade calculations, while it is easily done
in thermodynamical ("fireball") models with or without the assumption of a quark-gluon
plasma, as long as hadrochemical equilibrium is assumed. Thus, the strangeness signature
alone is not sufficient to establish the existence of the quark-gluon plasma. However, it is
hard to see how such an equilibrium can be established in a hadron gas during the short
lifetime of the fireball.

The WA85 collaboration is the first collaboration to reconstruct f2~ and Cl+ candidates
in relativistic heavy-ion collisions. Unfortunately, only 11 candidates were found in 60
million events. The acceptance is low due to the short lifetime of the ft. Thus, the
statistics is insufficient to extract useful results for the individual ratios ft~/E~ and
n+ /E+. However, the combined ratio_(ft" + n + ) / (S" + E"+) for 2.5 < yLAB < 3.0
and pr > 1.6 GeV/c is above the ft+/E+ ratio measured at central rapidity and pr >
1.4 GeV/c in proton-proton collisions at the CERN Intersecting Storage Rings (ISR).

The Omega RICH was successfully used in the WA94 experiment to identify protons,
antiprotons, and charged kaons and pions produced in sulphur-sulphur interactions. The
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special precautions taken to reduce the number of unwanted hits in the RICH worked
well and the background in the RICH was low. However, the old silicon microstrips used
in the telescope were inefficient. The number of tracks found was too low to estimate the
track reconstruction efficiency of the telescope and to properly calibrate the RICH. Thus,
it was not possible to get corrected physical results from the data taken with the RICH.
However, the uncorrected results seem reasonable judged by the measured values of the
particle/antiparticle ratios.

The WA97 experiment has found a preliminary A/A ratio of 0.18 ± 0.03 in lead-lead
collisions. This is slightly below, but still within one standard deviation of the values
found by WA85 and WA94. The WA97 experiment is the first experiment to use silicon
pixel detectors. These detectors have been a big success. The two-dimensional read-out
has made it possible to reconstruct tracks in the high-multiplicity environment of lead-
lead collisions, and the smaller pitch of the silicon pixels and microstrips as compared to
the multiwire proportional chambers of WA85 and WA94 has resulted in a more accurate
tracking and an improved mass resolution for As. The analysis of the data taken in 1994
has just begun. Based on the success of WA85 and WA94 and the improved tracking in
WA97, lots of interesting results on kaons, As, Es, and fis should be forthcoming.

The study of relativistic heavy-ion collisions has entered into its second generation of
experiments. The first generation was experiments like WA85 and WA94 that used "light"
heavy-ions to explore what turned out to be the stopping regime where the projectile is
(almost) stopped in the target. The second generation experiments like WA97 use truly
heavy ions like lead to create larger and more long-lived fireballs, thus enhancing the
possibility for the creation of a baryon-rich quark-gluon plasma. The next generation
of experiments is already planned for the two heavy-ion colliders, RHIC and LHC. At
collider energies, the two ions fly straight through each other and for the first time it might
be possible to recreate the baryon-poor plasma of the early universe in the laboratory.
Thus, there is plenty of interesting physics ahead.
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Appendix A

Published Papers

The results from the analysis of the 1990 data of WA85 (discussed in chapter 2) and the
1991 data of WA94 (discussed in chapter 3) have been published in Physics Letters B
[Aba93, Aba95b, Aba95c, Aba95h]. The papers are reproduced on the next pages.
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Muhistrange baryon and antibaryon production is suggested to be a useful probe in the search for Quark-Gluon Plasma for-
mation. We report the detection of an O"+Q~ signal in central S+W interactions at 200 A GeV/c and measure the ratio
fl-/fl-«0.57±0.41 at central rapidity andpr> 1.6 GeV/c.

A new state of matter made of deconfined quarks
and gluons, the Quark-Gluon Plasma (QGP), is pre-
dicted to be created in central collisions of heavy ions
at ultrarelativistic energies, to last for a few fm/c and
to decay into hadrons. Strange particles are expected
to be an important diagnostic tool in the search for
the QGP since the onset of this new state would fa-
vour their production [ 1 ] . Enhancements of various
strange particle species have indeed been observed in
nucleus-nucleus interactions when compared to pro-
ton-proton and proton-nucleus interactions [2].

1 Present address: Dipartimento di Fisica delTUniversita, 1-
35131 Padua, Italy

J Present address: Dipartimento di Fisica deU'Universita and
Sezione INFN, 1-16145 Genoa, Italy
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However, their interpretation as signatures for the
QGP phase is not straightforward, since secondary
interactions occurring in the large hadronic fireball
created by the collision could produce a strange par-
ticle enhancement even in the absence of an initial
QGP phase: given enough time for the fireball to
achieve chemical equilibrium, the resulting enhance-
ment could be similar to that expected from the de-
cay of a QGP [3,4]. It has been suggested [S] that
antihyperons can provide a way of distinguishing be-
tween the QGP and the hadronic rescattering scena-
rios since, unlike in the hyperon case, antihyperon
production by rescattering is too slow a process to play
an important role over the short lifetime of the had-
ronic fireball. In contrast both hyperons and antihy-
perons produced during the QGP hadronization

615

86



Volume 316, number 4 PHYSICS LETTERS B 28 October 1993

could have abundances near chemical equilibrium
values since chemical equilibrium is more easily
achieved in a QGP because of the low sS pair produc-
tion threshold [6]. A comprehensive study of the rel-
ative abundances of various hyperon and antihype-
ron species, for different projectile masses and
energies, is therefore necessary in order to under-
stand whether a QGP phase is produced. In this con-
text the rare £F~ are of particular interest since their
production by rescattering is even smaller than for
AandST

Experiment WA8S has already obtained results on
the relative abundances of A, A, S~ and 3F in S+W
collisions at 200 A GeV/c [7-11 ] . In this letter we
report the first observation of fl~ and CP in nu-
cleus-nucleus collisions and a measurement of the
f p / f l " production ratio at central rapidity (2.5 <
yLAB<3.0) and medium transverse momentum
(PT> 1.6 GeV/c). The data come from the last
(1990) run of the WA8S experiment; the sample
consists of 60 million triggers, representing a sixfold
increase in statistics over the sample used in [ 8 ] . The
WA85 apparatus and the trigger to select central col-
lisions (~ 30% of the inelastic cross section) were the
same as those used in the previous (1987) run and
have been described elsewhere [10]. In this letter,
whenever we indicate particles or decay channels we
are also referring implicitly to the charge conjugate
systems, unless otherwise obvious from the context

The fl~ particles are identified through their two-
step decay:

Q - - K - A ( A - » p j r ) .

The first stage of the selection procedure is analogous
to that used previously [9] in the study of the topo-
logically similar decays

E~-»Ji~A(A-»pn~).

In the following we shall refer to S~'s and Q~'s as
cascades.

We first select the A candidates as described in
[10], retaining only those candidates whose invar-
iant mass falls in a 60 MeV wide bin centred at the A
mass. We then look for the points of closest approach
between the line of flight of a A( A) and all negatively
(positively) charged tracks detected in the same
event. Only cascade candidates where the distance of
closest approach is smaller than 2.0 cm are retained.
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We also require that the reconstructed cascade traces
back to the primary vertex, by demanding that the
cascade impact parameter, projected on the bending
plane, be less than 1.5 cm.

Since the Cl~ signal is rare (some three orders of
magnitude smaller than the A signal), it is vital that
all known sources of background be kept under con-
trol and carefully eliminated or subtracted. In our ex-
periment, there are three main sources of back-
ground to the ft ~ signal:
- uncorrelated A - negative track combinations,
mainly coming from the target region,
- secondary interactions in air,
- reflection of the E" peak.
We shall discuss them consecutively.

In our setup, the decay region for S"'s, fl"'s and
A's is located before the tracking chambers. The bend
plane projections of the backwards extrapolated A and
negative track trajectories generally cross twice. Bor-
rowing a terminology in use for V° topologies, we call
the upstream crossing cowboy, and the downstream
crossing sailor. It can be shown that in a constant
magnetic Held, the trajectory of the parent cascade
particle in the bending plane projection goes through
both these crossings. In other words, there is no way,
from kinematics, of telling which of the two was the
physical decay point of the cascade by looking at the
bending projection only, and any decision on this
matter relies only on information from the non-
bending projection. It can also be shown that in the
ultrarelativistic regime, for a given type of cascade,
the distance between the cowboy and sailor crossings
is independent of the momentum of the parent par-
ticle, and is only a function of the CM system decay
angles. These distances are distributed between zero
and a maximum value </MAX> for £ as 1.8 T, </MAX=60

cm for S~-*K~A decays and 115 cm forfl~-»K~A
decays. A similar cowboy-sailor ambiguity is also
present for A-»px~ decays. There the maximum dis-
tance for our field value is 40 cm.

When looking for S~'s [9] , we search for the min-
imum distance in space between the A and the nega-
tive track, and in general find two relative minima:
one in the cowboy crossing region, and one in the
sailor crossing region. We choose the absolute mini-
mum (if the distance is smaller than 2 cm) to define
the E~ vertex position; we then require that it lies
inside a fiducial region far away from the target (100
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cm at least), in order to get rid of background from
the primary vertex region. This approach cannot be
transferred as it is to the il~ study: going from E's to
ft's the distances between the cowboy and sailor
crossings are on average doubled, so that now a cow-
boy topology coming from the target region can have
the sailor crossing inside the fiducial region. Any kind
of vertex choice, be it via a distance minimization or
a more complex fit, relies on extrapolation in the non-
bending projection from the chambers back towards
the target and, as extrapolation errors increase with
the distance, it could happen that the sailor vertex is
wrongly chosen with the result that background events
would be selected. This is the first source of back-
ground quoted above, which we remove by requiring
that both crossings lie inside a fiducial region starting
at 100 cm downstream of the target and ending at the
position of the first wire chamber, 230 cm from the
target. Then, since the values of cascade parameters
such as momentum, mass, impact parameter, CM
system decay angle #*, are the same when calculated
at any of the two crossings, we do not attempt to se-
lect which vertex was the physical one, while still
evaluating cascade parameters at the best crossing.
Such an approach is then robust against extrapola-
tion errors, and its acceptance does not depend on
the details of the vertex choice, which gives a better
control over acceptance correction systematic*. In
addition, we require that the sailor crossing of the A
be after the cowboy crossing of the cascade, necessary
condition for the A having been produced by the cas-
cade decay.

The second potential source of background to be
dealt with is secondary interactions in air. From a
secondary interaction one may get several tracks, two
of which may be combined to simulate a A, while a
third one can be combined with the A to simulate a
cascade topology. In this case, the "A" and cascade
vertices are physically in the same place, so they tend
to be reconstructed close to one another. In fig. 1 a we
plot the distribution of the distances between the best
(absolute minimum distance) of the two V° vertices
and the best of the two cascade vertices for a sample
selected by all the final cuts except the qx( A) cut de-
scribed below. A clear accumulation around zero, as
expected for secondary interactions, is seen. We stud-
ied these candidates further, by selecting a short dis-
tance sample for which this (V°-cascade) distance is

below 20 cm, and found other anomalies. We indi-
cate by <?T(A) the transverse momentum of the "A"
daughters with respect to the "A" line of flight. The
9r(A) distribution for this short distance sample is
plotted in fig. lb, while in figs, lc and Id we plot the
corresponding distributions respectively for a long
distance sample, complementary to the short dis-
tance one, and for a typical A sample, as a reference.
While the long distance candidates display the ex-
pected Jacobian peak at 9r(A)~100 MeV/c, the
short distance ones are concentrated at lower ft-(A)
values. Also, the short distance candidates have lower
values of the kaon momentum than the long distance
ones (this type of background in fact accumulates at
threshold, below the ft ~ mass). These characteristics
(short (V°-cascade) distance, low <h-(A), low kaon
momentum) should be completely uncorrelated for
real cascades, while here they are simultaneously
found in the same events. We therefore conclude that
the short distance sample events are due to secondary
interactions, and remove this background by requir-
ing that <fr(A) > 80 MeV/c.

The last known source of background is H" reflec-
tion: a known problem [ 12] in the identification of
£l~'s through their decay into a A and a K.~ consists
in distinguishing them from the topologically similar

O

o to ao ix
i(v*) - X(COJC) cm

bj u
11...

o.oe o.i2
q^) C«V/c

Fig. 1. Distribution of the distances between the best V* vertex
and the best cascade vertex (a), fr(A) for the short distance
sample (b), the lone distance sample (c), a typical A sample (d).
See text for cuts and definitions.
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decays of S~'s into a A and a x~. In the absence of
x/K identification, this is only possible in the decay
phase space region where the two disintegrations are
kinematically unambiguous. Taking into account our
experimental resolution such a region corresponds to
cos(d*)<0.33, where d* is the angle between the
momentum of the A and the line of flight of its par*
ent, in the parent's CM system, under the hypothesis
that the negative track is a kaon. This is illustrated in
fig. 2, where we plot the (AK~) and (Ax~) masses
for samples obtained applying all the final cuts ex-
cept for the cos(0*) <0.33 cut (figs. 2a, 2b), and with
this cut also applied (figs. 2c, 2d). A peak at the ft-
mass is visible in the (AK") spectrum in fig. 2a, over
a broad background, but a clear E" peak is present in
the (Ax~) spectrum for the same sample in fig. 2b.
When the cut is applied, the 2 " peak disappears (fig.
2d), while we still get an ft - peak (fig. 2c). Of the
four entries still remaining near the E" mass region
(shaded in fig. 2d), only one goes in the bin centred
at the ft- mass in fig. 2c.

The (AK~) spectrum with all the final cuts is
shown in fig. 3 (solid line). The second bin is cen-
tered at the ft~ mass, and is SO MeV wide. It con-
tains 14 entries, including both particles and
antiparticles.

We have evaluated the residual combinatorial
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Fij. 3. AK-+AK* final spectrum. Solid line : data, dashed line :
combinatorial background.

background under our ft- signal by merging every A
from our sample with the non-A tracks of the pre-
vious A event. Every A was taken once, so we have a
sample which is automatically normalized to our full
statistics. We have checked the reliability of this sim-
ulation by verifying that it reproduces well both the
shape and the normalization of the background to the
E" peak in the (Ax") spectrum for various sets of
experimental cuts. The background to the (AK~)
spectrum with final cuts is shown in fig. 3 (dashed
line). We estimate a contamination of 3 entries in the
50 MeV ft~ bin, including both charges. After sub-
traction we are left with 7.0±3.6 ft~'s and 4.0±2.0
Jp's, which gives the ratio flr/ft-=0.57±0.41 in
the phase space region 2.S<yLAB<3.0 and pr> 1.6
GeV/c. This ratio is uncorrected for possible differ-
ences in acceptance and efficiency for ft-'s and
CF's. Geometrical effects are negligible, since our
apparatus is left-right symmetric in the bend view,
and most of the residual asymmetries in detector
alignment and efficiency cancel out, as we have ap-
proximately the same statistics for the two opposite
magnetic field polarities. Any further asymmetries in
the reconstruction efficiencies have still to be evalu-
ated; we do not expect them to be large.

In conclusion, we have detected an ft- + J5r signal

89



Volume 316, number 4 PHYSICS LETTERS B 28 October 1993

in sulphur-tungsten central interactions at 200 A
GeV/c, and we have measured the ratio f p / f l " =
0.57±0.41 in the phase space region 2.5<yLAB<3.0
andpr>l-6GeV/c.
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Abstract

Strange baryon and in particular multi-strange baryon production is suggested to be a useful probe in the search for quark
gluon plasma formation in heavy ion collisions. We have measured the (fl ~ + ii *)/(S~ + S*) production ratio to be 0.8 ± 0.4
at central rapidity and pr > 1.6 GeV/c.

The main goal of the heavy ion program is to look a
new state of matter made of free quarks and gluons: the
quark gluon plasma (QGP). Such a state is predicted
to be created in head-on collisions of heavy ions at

1 Present address: Dipartimentodi Fisicadell'Universitaand Sezione
INFN. 1-35131 Padua, Italy.
3 Present address: DipaitimentodiFisicadeirUniversitaandSezione
INFN, 1-16145 Genoa, Italy.

0370-2693/9S/S09.50 O 1995 Elsevier Science B.V. All rights reserved
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ultrarelativistic energies, to last for a few fm/c and to
decay into hadrons. Strange baryons and in particular
multi-strange baryons, are expected to be an important
diagnostic tool in such a search since the onset of the
new state would favour their production [1,2]. The
WA8S experiment was designed to study strange par-
ticle production at central rapidities and medium trans-
verse momenta in sulphur-nucleus collisions using the
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CERN sulphur ion beam at 200 A GeV/c. Enhance-
ments of Kj, A, A, 3~ and 3+ production in S-W
interactions with respect to proton-proton and proton-
nucleus interactions have already been reported by our
collaboration [3] and have since been used as input for
various theoretical models [4-6]. Recently we have
reported [7] the observation of ii~ and / 3 + particles.
It now becomes possible to compare, under the same
experimental conditions, the relative abundances of
particles carrying one, two and three units of strange-
ness. In this letter we present the first determination, in
S-W collisions, of the relative abundance of the O with
respect to the 5, the (O~ +/5 + ) / ( H ~ + f i + ) pro-
duction ratio, at central rapidity (2.5 < VLAB < 3.0) and
medium transverse momentum (p? > 1.6 GeV/c). The
Q~ I3~ and fi +13* ratios have not been determined
separately because of the small statistics available.

The WA85 apparatus and the trigger to identify cen-
tral collisions have been described elsewhere [3]. We
look for O ~, 3~ and their antiparticles through their
two-step cascade decays: O~ -+K~A(A-*pir~) and
3~ -*ir~A(A-*pir~). The IT, 3~ and A decay
products are detected by a system of multi-wire pro-
portional chambers. The target, hyperon decay region
and chambers are located inside the 1.8 T magnetic
field of the CERN-OMEGA spectrometer. The cham-
bers are modified to be sensitive only to central rapidity,
medium-high pj tracks (pr>600 MeV/c for tracks
from the target). The apparatus therefore records only
a small number of tracks ( ~ 10) out of the several
hundred produced in a central S-W interaction, thus
ensuring a good reconstruction efficiency.

The data sample consists of 60 million events of
central S-W collisions ( ~ 30% of the total cross-sec-
tion) at 200 A GeV/c beam momentum. The strategy
for the reconstruction of cascade topologies and the
criteria for selecting fl~ and B~ candidates have been
described in Ref. [ 7 J. The ylK ~ (AK + ) in variant mass
spectrum for the selected events is shown in Fig. 1
together with the estimate of the residual combinatorial
background, obtained by event mixing. A clear signal
above background is visible at the O~ mass. Our accep-
tance for fl~ decays covers the phase space region
2.5 <?LAB < 3 0 and />r > 1.6 GeV/c. The S~ peak in
the Air ~ (viir + ) mass spectrum, restricted to the same
phase space region as for tl~, is shown in Fig. 2. The
events were weighted to correct (a) for geometrical
acceptance and unseen decay modes and (b) forrecon-

-

i

1.6 1J IX 2.4

Rg. 1. The AK' (AK *) invariant mass spectrum. Solid line: data;
dashed line: combinatorial background.

sanction efficiencies as a function of the hit multiplicity
detected in the chambers. After subtraction of the resid-
ual combinatorial background, the ratio

was calculated in two phase-space regions, one defined
by a common lower Pr cut and one defined by a com-
mon lower mT( = VA?T+'"2) cut for Ci and 3. The
results are

1 225

f 175

150

125

100

75

SO

25

0

i

L
1.1 1.2 1.3

! _
1.4 1.5 1.8 1.7 U 1.9 2

A *' (+CC.) maaa (G«V)

Fig. 2. The Av~ {Air *) invariant mass spectrum. Solid line: data;
dashed line: combinatorial background.
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and

1.7±0.9 for mT >2.3 GeV .

Because of the low statistics in the Cl sample, the quoted
errors cannot be interpreted as Gaussian. Assuming the
number of O that one would detect in repeated exper-
iments to be described by a Poisson distribution, we
derive the following lower limits on the values of/?:

R^ >0.39@95% c.l.

and

forpr > 1.6 GeV/c

R^ > 0.79@95% c.l. for mT > 2.3 GeV .

The only published result on the S2/Hproduction ratio
at centra] rapidity in proton initiated interactions comes
from the AFS Collaboration at the ISR [8] , who also
measured the £+IA ratio. In proton-proton interac-
tions at Js = 63 GeV, they quote an upper limit of 0.15
at 90% c.l. for the /5 + IS + ratio at centra rapidity and
Pt> 1.4 GeV/c. Published yields for O and Eproduc-
tion at forward rapidities in proton interactions meas-
ured in the analysis of hyperon beam compositions lead
to WE ratios of the order of a few percent (see for
example Ref. [9]). The comparison between the
WA85 S-W results and the AFS proton-proton results
is shown in Fig. 3 both for the /2/Hand for the previ-
ously published El A ratios, the (O~+h + )l
(S~ +£+) and E*/A ratios in central S-W reac-
tions are significantly higher than similar ratios meas-
ured in proton-proton collisions. Such enhancements
are not easy to explain in the standard framework of
hadronic interactions. Values for these ratios compati-
ble with our results are, however, predicted by models
based on the equilibration, at least partial, of strange
and nonstrange degrees of freedom [4,5], as one could
expect if a QGP had been formed in the early stages of
the interaction.

In conclusion, we have measured the(/2~+f5 + ) /
(E~ + 5 + ) production ratio at central rapidity and
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Fig. 3. Comparison of SI A and ill A ratios in proton-proton and
central S-W collisions.

medium p-r in central S-W collisions at 200 A GeV/c
laboratory beam momentum. The ratio is of the order
of one and is significantly higher than the upper limit
for the 17 + IE* ratio obtained in a similar phase-space
region in pp collisions.
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Abstract

Strange and multistrange baryon and antibaryon production has been studied in sulphur sulphur interactions at 200 GeV/c
per nucleon at central rapidity usin^the CERN Omega Spectrometer. Particle production ratios and transverse mass spectra
are presented for A, E~, A and S~.

The production of strange baryons and antibaryons dances for different species of baryons and antibaryons
is considered to be a useful probe of the dynarn- yield information about the nature of flavour equi-
ics of hadronic matter under extreme conditions of librium in the system formed in a heavy ion colli-
temperature and density [ 1 - 3 ] . The relative abun- sion [2,4,5]. In addition, the transverse mass spectra
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hadron
calorimeter
(9 blocks)

Fig. 1. Layout of the WA94 experiment.

can be used to provide independent estimates of tem-
perature and to investigate collective flow. At equilib-
rium the strangeness yields are expected to be consid-
erably higher than in pp interactions, whether or not
a Quark-Gluon Plasma (QGP) is formed; however,
the times required to achieve equilibrium are very dif-
ferent depending on whether the system undergoes a
phase transition or not [2,6]. A rapid increase in the
number of strange quarks occurs if a QGP is formed,
while the strangeness build-up in a purely hadronic
system is much slower, owing to the small cross sec-
tions for strangeness-producing reactions. Strange and
multistrange antibaryon production have particularly
long equilibration times in a baryon-rich system which
does not undergo a phase transition, as antibaryon pro-
duction is in general disfavoured. In the absence of
a phase transition, the hadronic system formed in a
sulphur-sulphur interaction is not thought to live long
enough to allow strange and multistrange antibaryons
to reach their full equilibrium abundances. For this
reason, it has been argued [7] that abundance ratios
between strange antibaryons, such as E~/A, could be
sensitive to a phase transition in the system in which
the particles are produced.

Recently, string models have provided an alterna-

tive approach to strangeness production in heavy ion
collisions. The basis of such models is the descrip-
tion of low pr hadron-hadron collisions in terms of
interactions between strings [8]. Additional produc-
tion mechanisms (final state interactions, and, in the
case of dense systems, a coalescence mechanism, such
as colour rope formation [9] , string fusion [10] or
quark droplet formation [11]) have to be considered
in order to account for the observed strangeness en-
hancement.

The WA94 experiment [12] is a dedicated experi-
ment aimed at the study of strange particle spectra in
sulphur-sulphur interactions. The experiment was per-
formed at the CERN Omega Spectrometer. The data
discussed in this paper were obtained using the Omega
Multi-Wire Proportional Chambers (MWPC) in but-
terfly mode [ 13]. The layout of the apparatus is shown
in Fig. 1. An incident sulphur beam, identified using a
quartz Cerenkov counter, impinges on a 2% interaction
length sulphur target. A downstream quartz Cerenkov
counter ensures there is no outgoing sulphur ion. A
pulse-height measurement in two scintillator counters
placed above and below the beam, both covering the
pseudorapidity interval 2.2 < rj < 3.5, is used to
trigger on central interactions. Two 512 channel mi-
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Fig. 2. (a) pn effective mass distribution, (b) pir+ effective mass distribution, (c) A?r~ effective mass distribution, (d) Air"*" effective
mass distribution.

crostrip detectors, each with sensitive area 2.5 x 2.5
cm2, are placed behind the trigger scintillators in order
to sample the charged particle multiplicity in this pseu-
dorapidity interval. The Omega MWPCs and the target
are positioned so as to select tracks coming from the
target with a transverse momentum pr > 0.6 GeV/c
in the rapidity interval 2.4 < yu& < 3.2. A down-
stream hadron calorimeter is used to monitor forward
energy. The trigger selects about 25% of the total in-
elastic cross section. The rapidity interval is chosen so
as to give the same centre of mass rapidity coverage
in sulphur-sulphur interactions as was used previously
by the WA85 collaboration in sulphur tungsten inter-
actions [ 14]. The apparatus is symmetric with respect
to charge, giving equal acceptances for particles and
antiparticles. However, data were taken with both ori-
entations of the magnetic field in order to check for
residual systematic effects.

The selection procedure for V°s and cascades is
very similar to that previously used by the WA85 col-
laboration in SW interactions [ 14,15], taking into ac-
count the modifications to the layout appropriate for
sulphur sulphur interactions. Tracks reconstructed in
the MWPCs are combined to search for V° and cas-
cade candidates. A pair of oppositely charged particles
is considered as a V° candidate if

1. the distance of closest approach between the two
oppositely charged tracks is < 1.0 cm,

2. each track traces through the seven MWPCs,
3. the angle between the V° line of flight from the

target and the sum of the three-momenta for the
V° decay tracks is < 0.75°, i.e. the candidate
comes from the target,

4. the decay distance is > 135 cm,
5. \a\ > 0.45, where a is the Podolanski-

Armenteros [16] asymmetry parameter a =
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(PL+ - PL-)/(PL+ + PL-), and pL± denotes
the decay track momentum component parallel
to the V° momentum, and

6. the decay tracks, when traced back to the tar-
get plane, miss the target in the bend plane of
the magnet; the impact parameters (Ay) are re-
quired to be |Ay| > 2.0 cm for the (anti)proton
track, and |Ay| > 4.0 cm for the pion.

These cutsyield the mass spectra shown in Figs. 2a
and 2b. A (A) candidates are selected in a SO MeV
interval ̂ entered on the A mass, giving 56 140 A and
18 014 A candidates.
_Cascade candidates are selected by combining a A

(A) with a decay pion in order to identify the decay
sequence

E (B) -» A (A)ir. A (A) - p (p)ir

We consider any combination of a A or A with a
charged track of appropriate sign as a cascade candi-
date if

1. the distance of closest approach between the line
of flight of the A (A) and the charged track is
< 1.6 cm,

2. each decay track traces through the first four
MWPCs (less restrictive than before),

3. the cascade decay distance is > 90 cm,
4. the cascade candidate comes from the target

(\Ay\ of the cascade impact with respect to the
target centre < 2.0 cm),

5. the decay pion does not come from the target
(|Ay| > 6.0 cm for the decay track impact at
the target plane), and

6. the A vertex is downstream of the 5 " vertex.
The V° is not required to point back to the target

when selecting cascade candidates. The resulting ef-
fective mass distributions for cascade candidates are
shown in Fi£s_L2c and 2d. Clear peaks are seen at
the £ ~ and 5 ~ positions with little background. 547
s ~ and 278 s ~ candidates are obtained by selecting
events in a 100 MeV interval centered on the_S~ mass.

The transverse mass distributions for A, A, £~ and
£ ~ particles are shown in Fig. 3. In these distributions
and for the rest of the analysis we have required 0.4S <
|or| < 0.60 for A and A candidates, in order to avoid
contamination from K° decays. The distributions are
obtained in the rapidity interval 2.5 < )>LAB < 3.0, and
are corrected for acceptance, unseen decay modes and
reconstruction efficiencies. In addition, the A and A
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Fig. 3. Transverse mass distributions for (a) = ~ and A, and (b)
5 - and A.

Table 1
Inverse slopes of hyperons in SS interactions

Panicle Inverse slope (MeV)

A
A
H~
S"

213 ± 2
204 ± 5
222 ± 10
208 ± 2 5

distributions have been corrected for feed-down from
s and E decays. The distributions have been fitted
using the expression [17]

1 dN
•• Aexp(-mT/r).

The inverse slopes obtained are given in Table 1. They
are slightly lower than those obtained in a similar
centre-of-mass rapidity interval (2.3 < VLAB < 2.8)
by the WA85 collaboration [18].

The relative hyperon yields have also been deter-
mined. Ratios are presented in Table 2 for 2.5 <
ytAB < 3.0 in three different intervals: 1.2 < pr <
3.0 GeV/c, 1.0 < pr < 2.0 GeV/c and m > 1.9
GeV. Columns 1 and 3 correspond to our best accep-
tance region and extrapolated values are given in col-
umn 2 in order to allow direct comparison with the
pp data. It is interesting to note that using the trigger
selections of WA94 the strangeness yield ratios ob-
tained in sulphur-sulphur interactions are very simi-
lar to those obtained in sulphur- tungsten interactions
by the WA85 collaboration in an equivalent centre-of-
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Table 2
Relative hyperon yields in SS interactions 2.5 < v < 3.0

Ratio 1.2<p7-<3.OGeV/c 1.0<pr<2.0GeV/c > 1.9 GeV/c

A/A
= - / = -
= - /A
E-/A

0.23 ± 0.01
0.55 ± 0.07
0.09 ± 0.01
0.21 ± 0.02

0.24 ± 0.01
0.58 ± 0.07
0.08 ± 0.01
0.20 ± 0.02

0.22 ± 0.01
0.54 ± 0.06
0.18 ± 0.01
0.44 ± 0.04
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Fig. 4. = ~ / A and 5 ~ / A ratios for different reactions.

mass rapidity interval [18].
Fig. 4 shows the ratios E~/A and 5 " / A for SS

interactions (WA94) and SW interactions (WA85),
together with those from other processes. Note that
the ratio E~/A is three and a half times larger in
both sulphur-induced reactions than the value (0.06 ±
0.02) obtained by the AFS collaboration in pp inter-
actions [ 19], a 5 s.d. effect in each case.

In conclusion, results are presented for hyperon
production in sulphur-sulphur interactions. The in-
verse slopes for A, A, E~ and S~ have values around
210 MeV, slightly lower than those obtained by the
WA8S collaboration in SW interactions. Production
ratios have been obtained for As, Ss and their antipar-
ticles. Similar ratios in SW interactions have been
interpreted in terms of a sudden hadronization QGP
model [20], and, more recently, in terms of string
models with colour rope formation [21] or the Dual

Parton Model with diquark-antidiquark pairs in the nu-
cleon sea [22]. In addition a direct comparison with
pp interactions shows that the ratio E ~ /A is consider-
ably higher in sulphur-nucleus than in pp interactions.
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Abstract

Strange and multistrange baryon and antibaryon production is a useful probe into the dynamics of the hot hadronic matter
created in central heavy ion interactions. Relative production yields and transverse mass spectra are presented for A, A,
E~and H hyperons produced in central sulphur-tungsten interactions at 200 GeV/c per nucleon.

The production of strange baryons and antibaryons the extreme conditions created in relativistic heavy ion
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Fig. 1. Layout of the WA85 experiment.

If the hadronic matter undergoes a phase transition
into a Quark-Gluon Plasma (QGP) during the inter-
action an enhancement of strange particle yields with
respect to those from pp interactions is expected [ 1,2].
Secondary interactions in the hadronic system created
in a heavy ion collision could also give rise to an en-
hancement of strange particles and, if the system lives
long enough for chemical equilibrium to be achieved,
the resulting strangeness enhancement could be simi-
lar to that expected from QGP formation [4,5].

It has been suggested [2,7] that the study of
strange and, particularly, multistrange antihyperons
can provide a way to distinguish between the QGP
and hadronic scenarios. This is because multistrange
antihyperons are not expected to reach chemical equi-
librium in a hadron gas owing to the limited lifetime
of the fireball. In contrast, both hyperons and antihy-
perons produced during the QGP hadronization could
have large abundances since chemical equilibrium is
more rapidly achieved in a QGP because of the low
ss pair production threshold. For this reason ratios

such as a /A should be particularly sensitive to a
phase transition in the system.

The WA8S experiment [8] was designed to study
strange and multistrange particle production in
sulphur-tungsten interactions at 200 GeV/c per nu-
cleon. The experiment was performed at the CERN

OMEGA Spectrometer and the layout of the experi-
ment is shown in Fig. 1. A quartz Cerenkov counter
upstream from the target was used to identify incom-
ing sulphur ions which were incident on a thin (1%
interaction length) tungsten target placed inside the
OMEGA magnetic field. The tracks were detected by
seven modules of MultiWire Proportional Chambers
(MWPCs) which had been modified so that they are
only sensitive to tracks with pj > 0.6 GcV/c [9].
Two arrays of 50 /tm pitch silicon microstrips (each
with 512 channels) were placed, above and below the
beam line, 15 cm downstream of the target in order to
sample the overall charged multiplicity in the pseudo-
rapidity range 2.1 < 7] < 3.4. A hadron calorimeter
was placed 25 m downstream of the target to veto
non-central events.

The trigger required an incident sulphur ion to
be identified in the beam Cerenkov counter and no
sulphur ion to be identified in the downstream veto
Cerenkov counter, at least six hits in each of the sil-
icon microstrip arrays, and low energy deposited in
the forward calorimeter. The trigger selected about
30% of the total inelastic cross-section. The appara-
tus was by design symmetric with respect to charge,
giving equal acceptance for particles and antiparti-
cles. Data were taken with both orientations of the
magnetic field, however, in order to check for residual
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systematic effects.
The WA85 collaboration has already published re-

sults on A and E" production from lower statistics
data taken in 1987 [ 10] and on fi" production from
the high statistics 1990 data sample [ 11 ] . In this let-
ter we present results on transverse mass spectra and
relative yields of A, A, E~, and £ production4 in
sulphur-tungsten interactions at 200 GeV/c per nu-
cleon. Preliminary results have already been presented
elsewhere [12]. Since then the data have been re-
analysed and in particular the corrections and system-
atics calculated in more detail. The selection procedure
used to identify V°s and cascades is described below.

Any pair of oppositely charged particles is consid-
ered as a V° candidate if

1. the distance of closest approach between the two
tracks is < 1 cm,

2. each track has at least four space points,
3. each track traces through all seven modules of

MWPCs,
4. the decay point is at least 140 cm from the target,
5. the angle between the vector momentum of the

V° and the apparent line of flight from the centre
of the targets < 0.75°.

To select A and A candidates we require, in addition
6. \a\ > 0.4S, where a is the Podolanski-

Armenteros [13] parameter a - (pi,+ —
PL-)/(PL++PL-), and pL± denotes the decay
track momentum component parallel to the V*
momentum in the laboratory frame (thisjs the
kinematically allowed region for As and As),

1. qr > 0.01 GeV/c, where qr is the transverse
moment of the decay tracks with respect to the
V° momentum (this cut removes gamma con-
versions), and

8. the decay tracks, when traced back to the target
plane, miss the target in the bend projection of
the magnet; the impact parameters (Ay) are re-
quired to be |Ay| > 2.0 cm for the (anti)proton
track, and |Ay| > 4.0 cm for the pion track.

A and A candidates are then selected in a 50 MeV
mass interval centered on the A mass, giving 61,071
A and 15,765 A candidates. _

Any combination of a A (A) with a negatively
(positively) charged track is considered as a cascade
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Fig. 2. (a) A*~ effective mass distribution, (b) Air'1' effective
mass distribution.

candidate if
1. the distance of closest approach between the A

(A) line of flight and the charged track is < 1.6
cm,

2. the charged decay track has at least four space
points,

3. each decay track traces through the first four
modules of MWPCs (less restrictive than for
As),

4. the cascade decay point is at least 100 cm from
the target. _

5. the cascade vertex is upstream of the A (A)
vertex,

6. the cascade candidate comes from the target
(|Ay| of the cascade impact with respect to the
target centre < 2.0 cm), and

7. the decay pion does not come from the target
(|Ay|> 6.0 cm).

The A (A) is no longer required to point back to the
target when selecting S~ ( S ) candidates.

The resulting s ~ and S effective mass plots are
shown in Figs. 2a and 2b. As can be seen from Fig. 2
the background under the mass peaks is small and a
study, using mixed events, has shown the effect of the
background to be negligible. The E~ and E candi-
dates are then selected in a 100 MeV mass interval,
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Table 1
Inverse slopes of hyperons in S-W interactions

i o J
r

2.25 3.5
m,(G«V)

2.25 3.5
m, (C«V)

Fig. 3. Transverse mass distributions for (a) £ ~ and A, and (b)

E* and A.

centered on the E~ mass, giving 610 S~ and 253 E
candidates.

Fig. 3 shows the transverse mass (m-r) spectra for
A, A, S~and S hyperons in the rapidity interval 2.3
< yub < 2.8. The A and A sample in this figure and in
the rest of the analysis presented in this paper have the
additional requirement of \a\ < 0.60 (corresponding
to cos 0* < -0 .5) s in order to reduce contamination
from K° decays.

The transverse mass distributions shown in Fig. 3
have been corrected for geometrical acceptance, un-
seen decay modes^and reconstruction efficiencies. In
addition, the A (A) distribution has been corrected
for feed-down from S ( S ) decays. The calculation
procedure has been described in a previous publica-
tion [10]. The amount of contamination from S de-
cays for As and As is 19% and 34% respectively. The
spectra in Fig. 3 have been fitted with the expression

(i) dN
= At

and the inverse slopes, T, are shown in Table 1. These
inverse slopes are slightly higher than those obtained
by the WA94 [14] collaboration in sulphur-sulphur
interactions in the same my and similar rapidity inter-
val (about 210 MeV).

5 Where cos 6' is defined as the angle between the line of flight
of the (anti)A and the decay (anti)proton in the (anti)A rest
frame.

Panicle inverse slope (MeV)

A
A
E~
E*

233 ± 3
232 ± 7
244±12
238 ±16
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Rg. 4. S~/A and E /A ratios for different interactions.

From these distributions, the relative hyperon pro-
duction ratios can be obtained in the rapidity interval
2.3 < ybb < 2.8. These ratios are given in Table 2 for
hyperons with » r > 1.9 GeV and, in order to com-
pare our results with those from proton-proton inter-
actions [ 15], in the px range 1 < pr < 2 GeV/c.

Fig. 4 shows the ratios S~/A and S /A from
sulphur-tungsten interactions together with those
from other interactions (see Ref. [ 16] and references
therein). Our value of E /A , in the pr interval
1 < pr < 2 GeV/c, is 0.21 ± 0.03 whereas the AFS
Collaboration have reported a value of 0.06 ± 0.02
in the same pr interval in proton-proton interactions.
This result confirms the high S /A ratio observed
from our original lower statistics data sample taken
in 1987 [10]. Similar results have also been seen in
sulphur-sulphur interactions by the WA94 collabora-
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Table 2
Relative hyperon yields in S-W interactions

Ratio

A/A

E^/E"
S-/A
IT/A

1.2 <pr< 3.0 Ge\/c
23 < vui, < 3.0

0.196 ±0.011
0.47 ±0.06
0.097 ±0.006
0.23 ±0.02

1.0</>r<2.0GeV/c
2J < yufc < 2.8

_
0.09 ±0.01
0.21 ±0.03

mr>1.9GeV/c
2J < >W> < 2.8

0^0 ±0.01
0.43 ±0.05
0.17 ±0.01
0.38 ±0.04

tion [14].
The relative production rates of hyperons have also

been measured in the y - m window 2.3 < yu> < 3.0,
1.2 < pr < 3.0 GeV/c, where the A and a " accep-
tance windows overlap. The ratios in this window are
also given in Table 2.

In conclusion, results are presented for strange and
multistrange hyperon production in sulphur-tungsten
interactions at 200 GeV/c per nucleon. The inverse

ntr slopes for A, A, s ~ , and s hyperons are com-
patible and are around 230 MeV, slightly higher than
those obtained by the WA94 collaboration in sulphur-
sulphur interactions. Production ratios for A, A, B~,

and E hyperons are also presented. The S /A ra-
tio in sulphur-tungsten interactions is over three times
greater than that found in proton-proton interactions
and there is a four standard deviation difference be-
tween the two ratios. Similar results have also been
reported in sulphur-sulphur interactions by the WA94
collaboration [ 14]. The WA85 and WA94 results have
been interpreted in terms of a sudden hadronization
QGP model [ 17] and, more recently, by string mod-
els with colour rope formation [ 18]. In the case of the
string model, rope formation has to be incorporated in
order to get the required amount of strangeness.
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Appendix B

The Butterfly Geometry

In a central sulphur-tungsten collision at relativistic energies several hundred charged
tracks emerge from the target region. This large multiplicity would swamp the unmodified
Omega MultiWire Proportional Chambers and make it impossible to reconstruct tracks
due to the huge combinatorial background.

The "interesting" particles come from the hot fireball produced at central rapidity and
they have rather high transverse momenta. The chambers have therefore been modified
to be sensitive to these particles only.

When the magnetic field is off, the tracks from the target that have the same transverse
momenta, pr, and the same longitudinal momenta, pi, but different azimuthal angles,
will fall on a circle in a plane perpendicular to the beam axis. The radius of the circle is
proportional to PT/PL- Thus, for the same pr, the particles with small pi make circles
with large radii.

When the field is on, the charged tracks are bent. The centre of the circles shift to the
side and the circles are slightly distorted. Particles with low momentum have the largest
shift. Thus for a given pr, the particles with small PL are shifted the most. With a clever
choice of the distance to the plane and the magnetic field strength, there will be a V
shaped area above beam and a A shaped area below the beam where no particles with
PT less than a given value can hit, as shown in figure B.I. These two regions constitute
the wings of the "butterfly".

Figure B.I: The "butterfly" principle.

Only the upper region is used in the butterflied A chambers, and the part close to the
beam axis is made non-sensitive because the density of tracks is too large. The shape of
the sensitive region in chambers Al, A4, and A7 is shown in figure B.2.

Physically, the modifications are made by removing a strip of the graphite paint on
the cathode around the sensitive region. The sensitive region is kept at a potential of
about 5 kV, while the non-sensitive region is kept at 4.5 kV which is low enough to be
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Figure B.2: The shape of the sensitive region in chambers Al, A4, and A7.

non-sensitive to charged particles but high enough to prevent electrical breakdown.
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Appendix C

Decay Kinematics

C.I Transverse momentum distribution of daughter
particles from A decay

Let 0* be the angle between the momentum of the proton and the line of flight of the A
in the rest frame of the A. If the As are unpolarised, the protons are emitted isotropically
and the probability distribution of the angle 0* is given by

= \, 0<9'<* (C.I)

The transverse momentum of the proton is q? = p* sin 9*.
The problem is symmetric around 0* = n/2, thus we first look at the interval from 0

to TT/2, and multiply by 2 afterwards. Using

cos 9* =

dP
d(cos0*)

d(cos0*)

dP

dP
dqr

dP

dq-i

d(cos0*)
d(cos0*)

we get

(C.2)

(C.3)

(C.4)

(C.5)

The probability distribution of qi peaks at q? = p*. This peak is often called the Jacobian
peak.

C.2 The distance between cowboy and sailor cross-
ings in a constant magnetic field

C.2.1 V° decay
A schematic picture of the trajectories of the particles in a V° decay as viewed in the
bend-plane projection is shown in figure C.I. The trajectories of the two charged decay
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products cross the trajectory of the V° twice. The upstream crossing is called the cowboy
vertex and the downstream crossing is called the sailor vertex.

V°
d

cowboy sailor

Figure C.I: The trajectories of the particles in a V° decay as viewed in the bend-plane
projection.

We have from simple geometry that

PT _d/2
V ~ r '

(C.6)

where p is the momentum and px the transverse momentum of one of the decay products,
d is the distance between the two crossings, and r is the radius of curvature.

Using
V = qBr, (C.7)

where q is the charge of the particle and B is the magnetic flux density, gives

d =

and the maximum distance

(C.8)

(C.9)

where p* is the momentum of the decay products in the rest frame of the V°.
If we express momentum in units of MeV/c, distance in cm, charge in units of |e|, and

magnetic flux density in T, we get

2 P " - (CIO)

In the B = 1.8 T field of the Q,' spectrometer, we have:

Decay
A —> p7T~

p* [MeV/c]
101
206

dmax [Cm
37.4
76.3

108



C.2.2 Cascade decay

A schematic picture of the trajectories of the particles in an Cl~ decay as viewed in the
bend-plane projection is shown in figure C.2. The three trajectories "meet" at both the
cowboy and the sailor crossings because PTK = Pro-

PK

cowboy sailor

Figure C.2: The trajectories of the particles in an Q, decay as viewed in the bend-plane
projection.

We have

Pro _ PT

Pn PA

Pro = PT (£)•
where pr = p* sin 6*. Using

pn =

PLA = 7(P* cos 0*

we have

pA = y/l2(PEX + p* cos 6*)* + (p* sin 6*)\

Z + p* cos 0*)2 + (p* sin ̂ ')

In the relativistic limit, 0 —* 1, we get

Pro
sinfl*

-Mn.

(C.ll)

(C.12)

(C.13)

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)
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Maximising this expression with respect to 6* and using eq. C.10 we get

PTO.max =

3qB\MA

(C.19)

(C.20)

where momentum is given in units of MeV/c, distance in cm, charge in units of |e|, and
magnetic flux density in T. In the B = 1.8 T field of the Q' spectrometer, we have:

Decay
E ~ — • A T T "

ft-^AK-

p* [MeV/c]
139
211

dmax [cm
61.0

117.1

C.3 Podolanski-Armenteros plot

In the early fifties, Podolanski and Armenteros [Pod54] introduced a set of variables that
were useful in the study of two-body decay processes when only the momenta of the two
decay products were known.

C.3.1 V° decay

negative

V°

qT

positive

Figure C.3: V° decay kinematics.

Figure C.3 shows the kinematics of a V° decay. The V° has mass M and momentum P.
The positive (negative) daughter has mass m + (m~) and momentum q+ (q~). The angle
between the momentum of the positive daughter and the V° line of flight is 6. Let

a =
QL+QL

(C.21)

where q£ (qL) is the momentum of the positive (negative) daughter along to the V° line
of flight.
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Using

?t± = M2 ± (m+)2

' ~ 2M
it* = ±p*cos9*,

qT = p*sin8',

, - \ 2
(C.22)

(C.23)

(C.24)

where the superscript * is used to indicate a quantity measured in the rest frame of the
V°, and performing a Lorentz boost from the V° rest frame to the laboratory frame we
get

q£ = 7(±p* cos P + pEm±), (C.25)

where /? is the velocity of the V° in the laboratory frame and 7 = l / \ / l — 02- Thus

(C.26)
" - £*")), (C.27)

(C.28)

(C.29)

= M,
(m+)2 -

M

and
_ 2p*cosP (m+)2 - (m~)2

( a 3 0 >

A scatter plot of qi vs a for each V° decay will produce ellipses in the a-qr plane, as
shown in figure C.4.

qT [GeV/c

a
-0.5

Figure C.4: Podolanski-Armenteros ellipses for the decays K5 —> TT+TT , A -+ px", and
A —> p7r + .
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The ellipses have the form

(C.31)

where

a =

t =

P =

(m+)2 - (m-)2

VI

(C.32)

(C.33)

(C.34)

The numerical values for these parameters are:

Decay
A —• p7T~

A ^ p 7 T +

p* [MeV/c
101
101
206

a*
0.6916

-0.6916
0.

0.1803
0.1803
0.8279

C.3.2 Cascade decay

The Podolanski-Armenteros plot is also useful in the study of cascade decays. If the angle
6* is defined by the direction of the neutral particle (i.e. the A in the decays E~ —> ATT~
and fi~ —»• AK~), we get the ellipses shown in figure C.5. The dashed line shows the cut
at cos 9* = 0.33 used by WA85. The numerical values of the parameters are:

Decay
E~—•ATT"

fi-^AK"

p* [MeV/c]
139
211

0.7018
0.3579

e*
0.2104
0.2526
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a

Figure C.5: Podolanski-Armenteros ellipses for the decays
The dashed line shows the cos 6* = 0.33 cut.

ATT" and ft" -» AK"
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Appendix D

The Ring Imaging Geometry

The purpose of the ring imaging geometry is to focus parallel Cerenkov photons onto one
point.

Let F be the focal point for a spherical mirror surface of radius 1 and a spherical
image surface of radius \ as shown in figure D.I. When two parallel lines hit the mirror,
the reflected lines will hit almost the same point on the image surface. For simplicity one
of the lines is taken to pass through the focal point. The other line passes at a distance d.

*• x

image surface mirror surface

Figure D.I: The ring imaging geometry.

The line through the focal point is reflected onto itself, and the reflected line hits the
image surface at C. The other line hits the mirror at M, and the reflection hits the image
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surface at D. The length of the arc from A to C is \9, while the length of the line from
A to B is \ sin 9. Thus the reflected lines hit the image surface at the same point if the
approximation

sin0 = 9 (D.I)

is valid (i.e. when the angle 6 is small).

D.I The deviation from the ideal impact point
The coordinates of the point M are

x M = V l -d2 , yM = d. (D.2)

The angle 9 is given by

The line y = ax + b passing through D and M has coefficients

2tan0 2<Vl - d2

a -

Inserting this into the equation for the image surface gives

The distance between C and D measured along the image surface is

b = VM ~ axM = - 1 2rf2 • (D.5)

] b)2- (D-6)
The positive xu solution is

xD = i (l - 2rf2) Vl - 4d2 + 2d2vT^~rf2, (D.7)

and the corresponding yo is

- 2d2) (D.8)

(D.9)

Figure D.2 shows the distance SCD as a function of the distance between the two lines d.
The deviation satisfies \SCD\ < 0.0005 as long as \d\ < 0.1.
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Figure D.2: The distance from the ideal to the actual impact point on the image surface,
I QS a function of the distance between the two parallel lines, d.
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