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Abstract

Lambda production in central Au+Au collisions at 11.5 A·GeVle has been studied at

forward rapidities (y > 2.2) using the upgraded ES7i experimental setup at the :\GS.

Lambdas are measured via the charged decay channel: A --1> Pii- and identified from

the Pii- invariant mass spectra with the aids of a set of pair cuts. A comprehensive

~Ionte Carlo simulation is made ta extensivel)' study the lambda reconstruction. The

details of the data analysis for lambda identification are presented. The consistence

of data analysis is examined by detailed comparison of the constructed proton and

pion spectra with the previous results from the E8ii 1993 data set. The double

differential multiplicities for lambda as a function of collision centrality are presented.

Lambda rapidity distribution d~V1dy is also studied. A pure thermal mode! is used

to characterize the lambda spectra. The experimental results are conlpared to the

predictions of the RQ~[D model (v2.3) in its cascade version and in the mode that

takes into account the effect of mean-field. \Ve also present the first measurernent of

the lambda directed flow at the AGS. In spite of limitcd statistics. a strong positive

directed flow for lambda. which is comparable to the amplitude of the proton Bow,

is observed at fonvard rapidities (2.8< y <3.4) in the semi-central Au+Au collisions.

The measured fla\\' amplitude as a function of Pt. vdpd. is in agreement with the

predictions of the RQJ\ID mode!.
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Résumé

La production des particules lambdas dans les collisions centrales d'Au+:\u à 11.5

A·GeV Ic a été étudiée aux rapidités avants (y > 2.2) utilisant l'installation expérimentale

ESiï à l'AGS. Les lambdas sont mesurées par l'intermédiaire de la voie de désintégration

chargée: .\ --10 prr- et identifiés grâce au spectre de masse invariante des paires (p, rr-)

après rimposition d'un ensemble de conditions sur les paires afin de réduire le fond

statistique. L'efficacité et l'acceptance pour la reconstruction des lambdas est étudiées

par simulation ~[onte Carlo. La consistence de l'analyse des données est évaluée par

une comparaison détaillée des spectres inclusifs de protons et de mésons pi avec les

résultats obtenues précédemment par l'expérience ESii à partir des données receuil­

lies en 199:3. Les doubles multiplicités différentielles des lambdas en fonction de la

centralité des collisions sont présentées. La taux de production des lambdas en fonc­

tion de la rapidité, d~V1dy, est également présentée. lin modèle thermique est employé

pour caractériser les données. Les résultats obtenus sont comparés aux prévisions du

modèle RQ~[D (v2.3) dans sa version cascade pure et en tenant compte de l'effet du

champ moyen. Nous présentons la première mesure du flot transverse des lambdas à

l'AGS. ~Ialgré une statistique limitée, on observe un flot positif important compara­

ble à l'amplitude du flot transverse observée pour les protons dans la même réaction.

La dépendauce du flot en fonction du moment transverse, Vi (Pt), est en accord avec

les prévisions du modèle RQ~[D.
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Statement of Originality

In this thesis. [ have studied in detail the lambda production and the lambda directed

flow at forward rapidities (y > 2.2) in Au+Au collisions at energy of 11.5 GeV per

nucleon. The data anaiyzed in this thesis are from the 199.5 run of the ES77 exper­

iment at the Alternating Gradient Synchrotron (AGS) of the Brookhaven ~ational

Laboratory. Lambda hyperons are measured via their charged decay products ­

proton and negati ve pion pairs .

Due to the low abundance of lambda production and the limited acceptance of

the ES,; spectrometer. the measurement and identification of lambda hyperons are

challenging and require carefully analysis. In this thesis, l have developed an effective

algorithm to identify the lambda hyperons from the large background environment.

This algorithm includes a comprehensive ~(onte Carlo kinematic simulation to study

the detailed features for the lambda identification and the main corrections that allow

to obtain the lambda spectra. [n order to establish the validity of our data analysis, 1

also construct the proton and pion spectra with high statistics and perforrn a detailed

comparison to the previous results from the ESï; 1993 data set.

[ have studied the lambda production in terms of the double differential multi­

plicity distribution as a function of the collision centrality. It shows that the general

features of the lambda spectra are weIl characterized by a pure thermal model. The

rapidity distribution d~V/ dy is obtained from an integration of the transverse mass

y
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VI

1 have compared the results on lambda production to the predictions of the RQ~ID

model (v2.3) in its cascade version and also in the mode that includes the effects of

mean-field. A good agreement is obtained in the measured rapidity range.

The study of lambda directed flow has been performed for the first time at the

ACS. As a principal result, a strong positive directed flow of the lambdas has been

clearly observed at forward rapidities (2.8 < y < 3.4) in the semi-central Au+Au

collisions. [t is shown that the flow amplitude for lambdas is comparable ta that

of the protons in the same acceptance range. The observed transverse momentum

(pd dependence of the flow amplitude (vd for lambda is also in agreement with

the predictions of the RQ~ID model with a better description for the cascade mode

calculations. This data provide a valuable information in the study of the medium

effects of the strange particles in dense nuclear matter at the ACS energies.
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Chapter 1

Introduction

Relativistic heavy ion physics is an interdisciplinary field that has emerged from

particle physics and nuclear physîcs. [ts subject is the study of bulk matter consisting

of ::itrongly interacting particles (hadrons/partons). cornrnonly referred to as nuclear

matter [1]. Although nuclear matter is unlike the ordinary matter of our every day

experience. its physical properties can be described in similar fashion in tecm of

equation of state (EOS). The equation of state describes how matter responds to

changes in temperature. pressure and density. The theoretically predicted phase

diagram for nuclear matter is schematically shown in Fig. 1.1. ~uclear matter in

the ground state behaves like a liquid droplet: the constituent nucleons can move

freely within the droplet, seldom escaping il. \Vith a low energy excitation a liquid­

vapor phase transition is expected to occur. At somewhat higher excitation, nucleons

are excited into baryonic resonance states such as (~. ~V·). along with accompanying

particle production (7i~ h
P

••\. etc). [n heavy-ion collisions. such excitation is expected

to create hadronic matter. This region has been accessible in heavy ion studies at

the AGS accelerator at Brookhaven :'J"ational Laboratory (BNL) and at the SPS

accelerator at CERN. If further heated and/or compressed. another phase transition

1
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Figure 1.1: Schematic phase diagram of nuclear matter (from [1]).

from the hadronic matter ta the quark-gluon plasma (QGP) may occur, where the

individual hadrons are likely to lose their identity and quarks and gluons become

deconfined [2]. Searching for the QGP state becomes the major driving force of the

study of relativistic heavy-ion collisions.

Studying these phenomena is of cross-disciplinary interests [3], because

•

• exploring quantum chromodynamics (QCD) under extreme conditions could

provide insight into the nature of quark confinement and QCD vacuum [4, .5] ~

therefore advance our understanding of the strong interaction.

• hot and dense nuclear matter existed in early stages of the evolution of the
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unlverse. It is believed that the early universe underwent the quark-hadron

phase transition a few microseconds after the Big Bang explosion. The general

nucleosynthesis is also of interest in cosmology.

• in astrophysics. the nuclear matter equation of state governs neutron star col­

lapse and supernova expansion dynamics. The region of high baryon densities

and very low temperatures is important for various aspects of the stellar evo­

lution.

The primary motivation to use relativistic heavy-ion collisions is ta create and

study QGP in controlled laboratory conditions. The endeavor of experiments 50 far

has been mainly focused on two aspects:

• Assess the initial conditions for QGP formation: according to the lattice

QCD calculations [6]. the critical conditions for the QG P phase transition are

reached at a critical temperature Tc '" 1.50 ~leV. It corresponds to a critical

energy density f:c '" 1-:3 Ge~:; fm 3
• Experimental verification of these initial

conditions is an important topic in heavy-ion research.

• Search for signaIs of QGP phase transition: there are many proposed

"signatures" for QGP [i. 8. 9]. such as direct photon and lepton probe, Jiu'
suppression. strangeness enhancement. etc. None of them is an unambiguous

observable for the QG P state and many of them can be produced by secondary

particle interactions. too. The signaIs of QGP always have to compete with the

backgrounds from the hot hadronic gas phase. even they are modified by the

final-state interactions in the hadronic phase. Of great concern is our ability ta

recognize when a QCP has been formed. ~lany experimental projects at AGS

and SPS have been devoted to this research.

The systematic study of relativistic heavy-ion collisions began in early 1980s.
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Table 1.1: The accelerators for relativistic heavy-ion physics

4

•

•

Accelerator Laboratory Heaviest Highest Energy Available

Facility Bearn (A . GeV)

BEVALAC LBL .-\ =57 2.1 1982

SIS GSI 19;Au 1 1988

AGS BNL 28Si 14.6 1986

19;Au 11.5 1992

SPS CERN 325 200 1986

20spb 158 1994

RHIC BNL 19;Au 100x100 1999

LHe CERN 208Pb 3150x:1150 2005

The existing and future experimental facilities involved in the relativistic heavy-ion

research are listed in Table 1. L. The progress in this field has been achieved and

reported in a series of Quark ~latter proceedings [10]. 50 far no unambiguous QGP

signal has been obtained yet. The majority of the observed effects can be explained

by conventional hadron scenarios. Ho\\·ever a threshold effect in the anomalous J / ljJ

suppression for central Pb+Pb collisions has been observed at the SPS [11) recently.

This implies that the QCD phase transition may be reached in these collisions. The

search and study of QGP will be continuing in the more powerful colliders - the

RHIC at B~L later this year and the LHe at CERN in 2005.

.-\fter decades of experiments. what has become c1ear from the hadronic observ­

ables are:

1. large degree of stopping power occurs in the colliding system [12, 13]. A state of

matter with high baryon density up to severa! times the normal nuclear density

has been formed in the initial stage of heavy colliding systems at the AGS and
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SPS [14, 15]. This implies that a baryon-rich QGP may have been formed in

those systems.

2. collective expansion is superimposed on the random thermal motion among the

particles involved in the collisions [16]. As a consequence of large stopping,

tremendous pressure is built up in the core of the collision, which leads to

certain kinds of collective motions in releasing the pressure. The study of the

flow patterns provides a sensitive probe ta search for new phases or exotic states

of nuclear matter. which are supposed to be reflected in the equation of state.

:J. Sorne thermal and chernical equilibration has been reached as visible in the final

states obtained at the AGS and SPS energies [16, 17].

This thesis will examine hadronic data from Au+Au collisions at AGS at 1l.5

GeV /nucleon and mostly focuses on the production of lambda hyperon. An exper­

imental overview of the hadronic physics in relativistic heavy-ion collisions will be

presented in chapter 2. The ES;; experimental setup is briefly described in chapter 3.

The details of data analysis procedure will he given in chapter 4. It covers the event

selection and characterization as well as an extensive discussion of track reconstruc­

tion. selection. correction and particle identification. In chapter 5 we will explore the

analysis of lambda hyperon. A ~[onte Carlo simulation studying lambda decay and

reconstruction was performed. Then the details of the lambda identification will be

discussed in chapter 6. The results and discussions will be displayed in chapter 7.

Summary and conclusions are given in chapter S.



•

•

•

Chapter 2

Physics Issues

In relativistic heavy-ion (RHI) collisions the system created is a rapidly evolving

multi-particle entity and the experimental observables correspond to an integral over

the conlplete space-time history of the reaction until freeze-out. In principle, hadrons.

in bound quark states. cannot directly probe the deconfined QGP state. Even in the

absence of a QG P state. strongly interacting hadrons only probe the early stages

of the nucleus-nucleus collisions indirectly. \Vhy do we still wish ta measure and

understand the hadronic observables from the RHI collisions? The main reasons are

as follows:

• Hadrons (protons. pions and kaons) are the most abundantly produced particles

in RHI collisions and they are the easiest for experiments to measure.

• Hadrons carry away most of the energy from the collision region. They are very

inlportant for inferring the energy density and dynamics of the system.

• Hadronic spectra pravides an important information on the thermalization and

collective expansion of the evolving system. One can use it to extract sorne

thermodynamic variables such as temperature and pressure as well as flow pa­

rameters.

6
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• The study of the flow patterns of hadrons is expected to reveal changes that

hot and dense matter might undergo in the course of RHI collisions [19].

• Hadronic correlations can provide the space-time configuration ("geometry~) of

the system evolution.

• Any theoretical models describing RHI collisions must be able to reproduce the

hadronic data. Thus hadronic observables are a very important test for the

theories.

[n this chapter. we will overview these hadronic physics issues of RHI collisions

from the experimental point of view. \\le first introduce sorne basic concepts and

kinematic variables used in the context of relativistic heavy-ion physics. then we

describe nuclear stopping and discuss the phenomenology on hadron production in

different aspects of thermal and collective behaviours. At last we will briefiy discuss

the strangeness production and introduce to the subject of this thesis - lambda

production in Au+Au collisions at AGS energy.

2.1 Relativistic Heavy-Ion Collisions

2.1.1 General Features

Heavy ions. with large enough energies. can he considered as classic particles be­

cause their De Broglie wavelength is much smaller than the typicaI nuclear sizes. In

facto at relativistic energies even the nucleons can generally be considered as clas­

sic particles. Together with the short range of the nuclear interaction, this implies

that a simple geometrical model can characterize the collisions between two nuclei

(see Fig. 2.1). The impact parameter b separates the nucleons into participants with

primary nucleon-nucleon collisions. and spectators which proceed with Little pertur-
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bation along the original direction. The total reaction cross section (O'geo), number of

participants (centrality) and related kinematic quantities are usual1y calculated from

the simple geometrical considerations.

Figure 2.1: Schematic view of the geometry for a collision between two nuclei in the

center-of-mass frame. (a) depicts the pre-coIlision condition. projectile and target coIlide

\\-'ith impact parameter b. (b) after the collision. projectile and target spectators continue

while the participant build up the reaction zone.

Projectile
Spectators

•Participant
region

(b)

Target SpectatorsTarget

Projectile

~....~~ ..... _.._._._-_._--

..... _... _.- - - - ... -. ~----4

(a)

•

•

The impact pararneter b. which is defined as the transverse distance between the

centra of the colliding system. is a two-dimensional vector. If there is no deforma­

tian and polarization of target and projectile nuclei. the impact parameter b(b, l/-'r)

determines the collision geometry. In experiment, the collisions between heavy ions

are characterized in terms of centrality and the reaction plane angle (rPr).

The centrality is related to the violence of the collision. According to the geomet­

rical model. the centrality quantifies the overlap between the projectile and the target

nuclei. i.e. the size of participant zone. For a symmetric reaction system (assuming

sharp edges). the relationship between the centrality and the impact parameter is
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given by
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•

(7top Job db'b' (b) 2
(7g(!O = fa 2Rdb'b' = 2R (2.1)

where R is the radius of the nucleus. Unfortunately, the impact parameter is not

directly measurable. \Ve have to use other measurable quantities such as the total

transverse energy Et to infer the centrality. Detail descriptions about the centrality

determination in ES77 experiment will be discussed in section 4.2.

-.
z (beam axis)

Target Projectile

•

Figure 2.2: Schematic view of a collision in the transverse plane.

In the collision of two nuclei. the azimuthal asymmetry of the collision is defined

relative to the reaction plane angle t',.. :\ schematic view of a collision in the trans­

verse plane is shown in Fig. 2.2. The reaction plane is defined by the beam axis': and

the impact parameter vector b. In the transverse direction, 4J is the azimuthal angle

of an outgoing particle. measured with respect to the direction of the impact param­

eter. Flow is present if particle emission is not isotropie. The azimuthal anisotropy

can be quantified by general Fourier expansion [201 of the azimuthal distributions of

the produced particles. The detailed descriptions of the reaction plane determination

as performed in the ES77 experiment can he found in [21, 22] .
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2.1.2 Kinematic Variables

10

fo, .))
~_.-

The heavy-ion collisions discussed in this thesis involve very energetic ions. A de­

scription in terms of relativistic quantities is therefore needed. Since the direction

transverse to the beam is essentially Lorentz invariant~ a convenient choice is in terms

of coordinates longitudinal and transverse with respect to beam axis. The z-a.xis is

along the beam direction. Thus the rapidity variable y is introduced as the longitu­

dinal variable:

l 1 (E +P:)y=-n
2 E - P:

where E is the total energy and P:: is the longitudinal component of the momen-

tum. The rapidity coordinate is additive in Lorentz transformations which allows for

an easy comparison of rapidity distribution d.V/dy in different frames. :\ Lorentz

transformed rapidity yI is related to the rapidity y in a moving frame as

•
where

1
Y = Y + yo (2.3)

•

l (1 + 3)Ya = 2ln l _ 3 (2.4)

is the rapidity of the moving system with the speed of the inertial frame. J~ 50 that

the rapidity distribution such as d."idy is simply shifted by Yo and thus has its shape

unchanged when changing reference frame.

\Vith this definition. we can easily separate target-like from projectile-like particles

in fixed target experiments. For example~ :\u+:\u collision at 11.5 A . GeV/ c in the

laboratory reference frame. the target rapidity is located at y = 0 and projectile

(beam) rapidity at y = 3.2. The rapidity region which corresponds to the center of

mass is often called mid-rapidity and is located at Ycm = 1.6. In the ultra-relativistic

limit p » m. where the rest mass of the particle is negligible. the rapidity y is
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approximately equal to the pseudo-rapidi ty 7] defined as:

11

(2.5 )

where 0 is the polar angle between the momentum vector p and the z-axis.

[n the direction perpendicular to the heam or z-axis~ the transverse momentum

Pt and transverse masS mt are very important transverse variables defined as:

Pt VP; + P~

mt = Vp~ + m 2

(2.6)

(2.7)

•
where m denotes the rest mass of the particle. The Pt of a produced particle is orten

small compared to the longitudinal momentum P:.

The total transverse energy Et is another useful quantity to descrihe the centrality

of collisions as weIl as the energy flow closely related to the energy density produced

in the collisions. [t is defined as

(2.8)

where the summation is performed over aIl particles. Oi is the polar angle of the i th

particle relative to the bealn axis.

To describe the particle production in high energy physics. we often use the invari­

ant differential cross section. E ~;. [n terms of rapidity (y) and transverse momentum

(pd or transverse masS (mr). together with these identities:

E h . h dp: d=mt cos (y)! P: =mt sin (y), E = y

the invariant differential cross section can he expressed as:

(2.9)

•
1 tfJ(j l ,pu

=
Pt dptdydcP mt dmtdydciJ

(2.10)
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If the distribution is azimuthally symmetric, integrating over rP gives a prefactor

2~' The 3-dimensional distribution reduces to 2-dimensional one

(2.11)

•

•

2.1.3 Space-Time Evolution of RHI Collisions

The theoretically predicted space-time evolution of a relativistic nuclear collision is

shown in Fig. 2.3. Due to the effect of Lorentz contraction, the colliding nuclei are

shown like "pancake" in the center-of-mass frame. Soon after the collision, the energy

density reaches a maximum and may eve!l be enough to make the formation of the

QGP possible [i. 23}. After a certain proper time has passed, local equilibrium is

achieved and the laws of hydrodynamics become applicable [il. The plasma then

expands. and therefore its temperature eventually drops below the critical transition

temperature Tc. At this point. hadrons start to "crystallize" out of the QGP phase.

a process in which the system goes from the large number of degrees of freedom

(partons) of QG P to the smaller number available in the hadronic phase.

At this stage. the system exists in the mixed phase, where hadron gas coexists

with QG P. The source continues to evolve ioto the expansion stage of the hadron

gas with rescattering of many-body hadrons. The expansion still continues until the

!ree:e-oul. where interactions cease due to the low density. So the particles can he

considered in their final state.

The hadronic observables are sensitive probes for the dynamics of these collisions.

Disregarding the spectators. let focus on the participant region only. The nuclear

stopping and sorne important thermodynamic variables such as temperature and

pressure can be inferred from the hadronic observables.
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Figure 2.:3: The theoretically predicted space-time evolution of a relativistic nuclear colli­

sion (from [23]).

2.2 Nuclear Stopping Power

The nuclear stopping power is defined as the degree ta which the energy of relative

motion of the colliding nuclei is transforrned into other degrees of freedorn. It deter­

mines the amount of energy and volume~ therefore the energy density, deposited in

the reaction zone. The mechanism of energy deposition is dependent on the energy,

via nucleon-nucleon collisions as well as hard scattering on the parton level. At AGS

energies. soft nucleon-nucleon collisions are dominant processes for energy deposited

in the reaction zone.
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There exist two extreme regime regarding the nuclear stopping [3]: the full stop­

ping re.gime where baryons stemming from the colliding nuclei are fully stopped and

forming baryon rich matter in the reaction zone, and the transparency regime where

the initial baryon contents from the projectile and target will continue without being

slowed down considerably. Two models has been developed to describe the stopping

scenarios: Landau model for the full stopping [24], and the Bjorken model for nu­

clear transparency [25]. The two types of nuclear stopping scenarios are sketched in

Fig. 2.4.

a) Berore CoUision

b) Full StoPpiOI

c) Transparency

Figure 2.4: ~uclear stopping scenarios: a) before the collision: b) full stopping; c) trans-

parency

The two regimes lead to essentially different physics. In the full stopping scenario.

which has been examined in AGS and SPS energies. the energy is deposited in a

baryon-rich environment in mid-rapidity region. These reactions provide a tool ta
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study very highly excited baryon-rich matter, or eventually baryon-rich QGP. Such

baryon-rich plasma is expected in the dense inner core of neutron stars. In the

transparent scenario. that RHIC and LHC are expected to reach, the energy density

is deposited in a relatively baryon-free mid-rapidity region. where baryon-free QGP

may form. The high temperature and low baryon density matter is believed ta have

existed in the early universe before hadrons were forrned.

The nuclear stopping power can he inferred from the measurements of the trans­

verse energy Et production and its spatial distribution in the central collisions. The

amount of transverse energy after the collision provides an indication of the en­

ergy transforrned into particle production. The measured transverse energy densities

dEt/dry in central Au+Au collisions at the AGS [12] and Pb+Pb collisions at the

SPS [1:3] are up ta 200 and 4.50 GeV per unit pseudorapidity. respectively. Using

Bjorken's formula [2.5] we can estimate the energy density f in the fireball forrned in

the collisions to he about 1.:3 and :3 Ge \)f m3 [26]. These values indicate the energy

deposited in the reaction zone has reached the critical energy density predicted by

the lattice QCD ca1culations. In interpreting these values. one must however keep in

mind that these values are highly model dependent. which simply take the total mea­

sured transverse energy and divides by the estimated volume of the system derived

from Bjorken longitudinal expansion. The actual energy density changes rapidly as

the system evolves during the collision process.

Another type of information on the nuclear stopping power is the determination

of the final-state proton rapidity distributions. This has been performed at both the

AGS and SPS. Fig. 2..5 shows the distribution of protons in central Au+Au collisions

at the AGS. resulting from the combination of data of two experiments [14, 27, 28].

The measured d.VIdy distribution of protons peaks at mid-rapidity and a width

significantly narrower than that observed from Si+Au system [30, 31]. This implies

the stopping power is indeed extremely large and the baryon stopping is very close
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Figure 2..5: Proton rapidity density for central Au+Au collisions at the AGS at ...... 11 GeVle.

The figure is taken from [29]. The open symbols are reflections of the measured points about

midrapidity.

to full stopping in :\.u+:\.u system. A similar difference is also observed for the net

proton rapidity distributions in Pb+Pb and S+S collisions at SPS energy [32. 1.5].

2.3 Phenomenology of Hadron Production

2.3.1 Fireball Model

The fireball model [33] was the first attempt to explain the measured particle spectra

in RH! collisions. In such approach. the hadronic matter is assumed to be globally
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thermalized by the end of the reaction, the particle emits from a purely thermal

source. called as a fireball. The number of particles of a given species produced into

an element of phase space. with Boltzmann approximation, is given by

3
d iV -(E-~)/T
-- -X e
cJ.3p

(2.12)

where T is the temperature of the source. E is the center-of-momentum energy asso­

ciated with cJ.3p. and J1. is the chemical potential. Expressed in terms of the invariant

multiplicity. rapidity and transverse mass. it becornes

Jl ~V _ V mt (mt - m)
d d -. B (y) - exp - T ( )

mt mt Y m B y
(2.1:3)

•
where m is the mass of the particle..Va is the normalization and TB is the inverse

slope parameter. Ta(y) = TI cosh(y - Ycm) if the "fireball~ is stationary. Through

this thesis. expression (2.13) will be used to fit aH the transverse mass spectra as

a first arder approximation. The fitting involves two parameters: ~Va and TB. Our

interest is focus on the shape of the spectra. i.e. extracting the inverse slope pararneter

Ta.

The integration of Eq. (2.1:3) over mt gives out the expected rapidity distribution

d.Vldy.

d.V =1'X cP~V d = ,v T ( ) (1 .}TB(y) .)T~(Y))
d d d mt . om B y + - + - 2
Y m mt mt y m m

(2.14)

(2.15)

•

If the fireball is stationary. i.e. it emits isotropically, one can expects from Eq. (2.14)

d~Vüo 2 24 c< m T(l +2\ + 2\ ) exp( -l/\)~

where \ = TI(m cosh(y - Ycm))'

This simple moclel provides a good description for the general behavior of the

particle spectra produced in RHI collisions. It actually has been used as a base to

the analysis of many experimental data. However. the experimental particle spectra
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in both longitudinal and tranverse, can not completely be fitted by Eq. (2.13) and

(2.15), even considering the contributions of the resonance decays. There exist a few

features of the experimental spectra uncompatible with the assumption of the sta­

tionary fireball: (1) an appearance of a "shoulder arm"' in the transverse momentum

spectra of identified particles [34]; (2) a quasi-linear dependence of the average kinetic

energy on the particle mass (or charge) [35]; and (3) rnuch wider dl.V/dy distributions

than the isotropie prediction from Eq. (2.1.5) [36]: (4) the observation of azimuthal

anisotropy of particle emission [:3i. 20] AIl these features provide an experimental

evidence for the existence of collective ftow (radial. longitudinal and transverse) in

the RHI collisions.

2.3.2 Radial Flow

The radial flow arises from the radial expansion of the hot and dense fireball. It is

present in the freeze-out stage. Therefore its effect is directly visible from the shape

of the measured hadronic spectra in the central collisions. Sorne phenornenological

models have been developed to explain the shape of those spectra.

The blast-wave model was first introduced ta describe the radial expansions of

the fireball [:38]. which is driven by the shock waves produced after nuclear matter

has been cornpressed and heated in RHI collisions. It assumed that the kinetic

energy of collective expansion cornes from the the initial thermal energy. The energy

distribution in the center-of-mass for particle emitted frorn a thermally equilibrated

and radially expanding fireball. characterized by a temperature T and a radial flow

velocity 3r • can be described by [a8]

where E and p are the total energy and momentum of the particle in the center of

mass. l' = (1 - 3;)-1/2, and Q = 73rP/T.•
d.V 8iie~/T (-"tE) [( T) sinho T ]

dEdn = (27i/i)3 exp T 1 + E -0- - E cosho (2.16 )
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In the original blast-wave mode!. the radial expansion of the fireball was assumed

to be spherically symmetric. This model can explain the experimental data weIl at the

Bevalacl SIS energies (around 1 A·GeV Ic) [38. 34]. However. it becomes improper

at higher energy regime simply because of the significant Lorentz contraction. At

the AGS energies (...... 11 A GeV), the Lorentz contraction factor is about .j: 1 and

becomes 10: 1 at SPS energies. This effect leads to non-spherical collective expansion.

:\ cylindrically symmetric fireball \Vas introduced to describe the radial expansion

at the AGS and SPS energies [36. 16]. Decoupling the collective expansion into

longitudinal and transverse flow becomes necessary and also provides a convenient

way to compare experimental results with theoretical predictions [16].

The longitudinal flow can be deduced from the rapidity distribution analysis on the

experimental data from the AGS and SPS. The boost-invariant longitudinal expan­

sion modd was originally postulated by Bjorken [25J. A phenomenological model (36)

modified the boost-invariant scenario by restricting the boost angle Tl to the inter­

val (Tlmm' 'lma.r). The rapidity distribution is then the integral over the uniformly

distributed thermal sources (2.15) boosted individually by Tl:

d.V l T1m
a.r diVisa

- = dTl--(Y - Tl)
dy flm," dy

(2.17)

A eomparison of the measured rapidity distributions for central 14.6 A·GeV/c Si+Au

collisions with isotropie thermal distributions at T=O.12 GeV and distributions for

a source at the same temperature expanding longitudinally with a mean velocity

(JI) = O.52c are shown in Fig. 2.6 (from [16]). The agreement between the measured

distributions and the model with a longitudinal flow is rernarkably good for aIl particle

speCies.

In the same phenomenologieal approaeh, the transverse mass distributions are

given by

•
d~V faR d l (PtSinhP) l.P (mtcosh P)
d x r rm t 0 T fi 1 T

mt mt 0
(2.18)
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source at the same temperature expanding longitudinally with a mean velocity (,:31) = O..52c

(dashed lines) (from [16]).

where R is the radius of the fireball. lo~ h"1 are modified Bessel functions and p =

tanh- 1 Jt • 3 t(r) = J~ (~)a with Q = 1. Two free parameters. the temperature

T and the surface transverse velocity 3", determine the shape of the mt spectra. In

general. the fits ta the experimental spectra show a strong anti-correlation of these two

parameters. Temperatures in the range from 100 to 200 ~'1eV together appropriate

flow parameters can weIl describe the experimental data. Fig. 2.T shows such fits of

the transverse mass spectra in Si+Au collisions at 14.6 A·GeV je. A good agreement

between the data and calculations is consistent \Vith two sets of fitting parameters:

(3t ) = 0.39 (0.:33)c at fixed temperatures T = 0.12 (0.14) GeV. Similar analysis of

the SPS data yields that the maximum transverse velocities are O.41c and 0.6c with a
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Figure 2. ï: Particle spectra for central 1·1.6 A·GeVIc Si+Au collisions at y = 1.3 compared

ta calculated spectra for a source at T = 0.12 GeV expanding transversely with a mean

velocity (~t) = O.39c (Ieft) and a source at T = 0.14 GeV and (Pt) = 0.33c (right). The

arrows indicate the beginning of the fit region (from [16]).

•

fixed ternperature T Aw 140 ~leV for S+S and Pb+Pb collisions, respectively. These

values correspond to average transverse flow velocities of 0.27c and DAc [39]. One can

see that there is sorne flexibility in the fitting procedures which results in a trade-off

in the values of the two pararneters. How to resolve this ambiguity in the value of

(T. ,3$) is still under studies.
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In summary. all above phenomenological models on the collective expansion of

the fireball can be extended to a consistent hydrodynamical descriptions. \Vhen two

heavy nuclei collide with each other. the collision zone Ès highly compressed and

heated. The compression and heating build up the high pressure gradients which

induces additional collective motion (flow) superimposed on the thermal motion at

the stage of expansion. The observed particle velocity has then two components:

the thermal random velocity and the collective flow velocity. The random thermal

motion is determined by the thermal temperature. which is cornmon for aH particles.

The collective flow velocity is assumed to be the same for all particles 50 that the

collective kinetic energy is then dependent on the particle rnass: particle with heavy

mass carry more collecti 'le energy. As a results. the shapes of aH measured hadronic

spectra can be well described in this approach.

To date. the shape of the observed hadronic spectra from the Bevalac/SIS en­

ergies to the :\GS and SPS energies can be well described in the hydrodynamical

approach. Fig. 2.8 presents the excitation function of the extracted temperature and

flow velocity parameters with respect to the bombarding energies [:39]. The effect of

resonance formation and decay is neglected in this picture. 80th quantities seem to

saturate around Eoeam ::::: 10 A·GeV.

2.3.3 Azimuthally Anisotropie Flow

r nlike radial flow. the azimuthally anisotropie flow is developed early in the course

of a nucleus-nucleus collision [40]. It carries out the memory of the collision geometry

and principally reflects the non-equilibrium aspects of the collisions.

The measurement of the azimuthally anisotropie flow requires the definition of a

reaction plane. which is defined by the impact parameter vector and the incident beam

direction (Fig. 2.2). The reaction plane can be determined by directivity method [41],
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Figure 2.8: Compilation of the freeze-out temperature Tfo and average collective fiow

velocity (Jt ) as a function of beam energy. The figure is taken from [39].

•

or by transverse energy method [20]. The directivity method requires -Iii coverage of

detectors to provide the momentum three vectors of identified particles in the final

state. The E8ï7 experiment uses the transverse energy distribution measured by

its nearly 47i covered calorimeters to reconstruct the reaction plane event-by-event.

:\ brief description of the reaction plane determination will be given in fol1owing

chapter. fully detailed descriptions can be found in [21. 22}.

Once the reaction plane is defined. the azimuthal anisotropies of particle emis­

sions can be quantified by mean of Fourier expansions [20]. Thus the azimuthally

asymmetric distribution with respect to the reaction plane can he expressed in a form
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of Fourier series:

24

(2.19 )~N ~N 1 ~N ( 00 )

EIt = d d d' = ~ d d 1 + L 2vn cos(n(4> - tPr))
u-p Pt Pt Y <p _iT' Pt Pt Y n=l

where lj,.'r represents the reaction t>lane angle and the sine terms vanish due to the

reflection symmetry with respect to the reaction plane. The values of Fourier coeffi­

cients t'n characterize the azimuthal anisotropies. They are given hy

Un = (cos(n(Q - li!r))). (2.20)

•

•

where the brackets denotes an average value in a given kinematic window. The first

Fourier coefficient L'l. which quantifies the dire.cted flow. is determined by (Pr/Pt) in

a certain Pt and rapidity window. The sign of VI indicates if this flow component

is oriented along (+) or opposite to (-) the impact parameter vector. The second

Fourier coefficient t'2 represents the ellipticity of the particle distribution, referred as

eiliptie floU'. A positive V2 indicates the major axis of the ellipse-like distribution

lies in the reaction plane and is called in-plane flow. A negative V2 is for the case

of the major axis perpendicular to the reaction plane and is commonly known as

squee.=e-o ut.

~ucleons are the major carriers of the flow signal. The proton directed flow has

been extensively studied in a broad energy regimes. At AGS energy. the directed flow

signais of proton and pion as a function of particle rapidity and transverse momentum

have been also weIl studied by E8;7 experiment [42]. The rapidity dependence of the

mean transverse momentum in the reaction plane (Pr) is presented in Fig. 2.9. The

proton exhibits a strong positive directed Bow with a characteristic "'S-shaped~ de­

pendence on rapidity in the semi-central Au+Au collisions. The charged pions exhihit

an opposite but weak directed flow signal. These data are in good agreement \Vith

the predictions of the Relativistic Quantum ~[olecularDynamics (RQ~ID) model [43]

if the mean-field effects are taken into account .
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Figure :2.9: :\lean (Px) of proton and pion transverse momentum onto the reaction plane

as a function of rapidity in semi-central ((1toP/(jg eo = 9 - 13%) Au+Au collisions at AGS

energies . Figure is taken from [42].

r nlike the flow of nucleans. the collective flaw of st range particles carries distinctly

different information. Due ta their large mean-free path in nuclear matter~ strange

particles are predicted ta be a sensitive probe of the dense nuclear medium [44~ 45].

At 8evalacjSIS energies. both the EOS collaboration [46) and the FOPI collabora­

tion [4 ïJ found that the ~\ flow follows the flow of protons in light colliding systems.

In contrast. the 1\+ . which are predominantly produced in association with the A·s .
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show very little flow [47]. The in-medium effect has been introduced to describe the

observed flow phenomena of kaon and lambda [44, 45]. The calculations of relativistic

transport model indicate that the final-state interactions, especially the propagations

in their mean-field potentials, lead to the significant difference between the h
r

+ and

the .\ flow [48]. At the AGS energies, the latest results on kaon flow [49, ,jO] shows

that both h'+ and /\'- have a week and negative flow signal. The directed flow of

lambda hyperon will be presented in this thesis,

2.3.4 Hadron Yields and Strangeness

Particle ratios of hadron production can be employed to evaluate the degree of chem­

ical equilibrium of the system, Assuming that the particles are emitted from locally

thernlalized source with a temperature T, the particle yield is expected to be given

by [16]
o 9i l'X- p

2
dp

P --
i - 2ii2 0 exp[( Ei - J.lbBi - J1.!JSdIT] ± 1

where gi is the spin-isospin degeneracy of particle i. Ei , Bi and Si are its total energy

in the local rest frame. baryon number and strangeness. and P-b and J.l!J are the baryon

and strangeness chemical potentials.

Fig. 2.10 shows the systematics of the relative abundances of the produced hadrons

observed at the AGS [17. 29]. The experimental data are compared to the mode1

calculations from Eq. ( 2.21). and yield J.lB = 540 ~leV and T = 120 - 140 ~leV with

the system in nearly complete equilibrium. Similar analysis of the Pb+ Ph data at

the SPS. shown in Fig. 2.11. yield T = 170 ~'1eV and J.lB = 280 ~leV with the system

in chemical equilibration at the freeze-out stages [.j1].

The production of strange particles in nucleus-nucleus collisions is of particular

interest as the heavy strange quarks do not exist prior to the collisions. 1t is predicted

ta he enhanced if a chiral phase transition occurs in dense and baryon-rich system.
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Figure 2.10: Hadron yield for central L·1.6 A·CeVIc Si+Au and Il A·CeVIc Au+:\u

collisions al the ACS compared ta a thermal model calculation for two temperatures. Figure

from [17].

Experirnental1y the strangeness enhancement has been observed at al1 available bearn

energies [52. 5:3}. A 10\V (SIS) and interrnediate (AGS) beam energies, the kaon to

pion ratio in central Au+Au collisions increases \Vith the number of the participating

nucleons (centrality) while the 1\"-;h"+ ratio is independent of the centrality of the

collisions [54..:).j}.

Recently the prelirninary excitation function of the A:+ production in central

Au+:\u collisions has been reported [56, 57]. The h"+ yields. which is expressed in
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Figure 2.11: Hadron yield for central Pb+Pb collisions at 158 A·GeVIc at the AGS com­

pared ta a fit with a thermal model. Figure from [26].

terms of the ratio !\-+ f'jj+. are plotted versus VS and shawn in Fig. 2_12. The ratio

increases steadily from near :3% at 2 A·GeV to 19% at 10. j" A·GeV. This observed en­

ergy dependence is good agreement \Vith predictions from the RQ~ID cascade model

(v2.:3) [-1:3]. It seems that multiple secondary collisions, such as ~ + .V -f l\A~V

etc. are responsible for the enhanced production of strangeness in the dense and

baryon-rich fireballs. The basic argument is that at a highly dense baryon matter

the mean-free path (À = 1jp(7) of hadrons becomes smaller than the typical size of

a hadron so that the hadron can collide several times per 1 fmlc (56]. There is no

consistent evidence for kaon in-medium properties at AGS energies (56].

However. the measured h-+ jir+ from central Pb+Pb collisions at 158 A·GeV

(VS == 17.2 A-GeV) from the ~A49 experiment [58, 59] is about 0.145. which is

significantly below what is found in the measurement at the highest AGS energy and
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Figure 2.12: The energy dependence of the [{+ /rr+ ratio in central Au+Au collisions.

Errors are statistical only. The hatched area correspond ta predictions from the RQN1D

cascade model. The figure is taken from [,)7].

prompts the question: at which energy is the maximum reached and whether this

might originate from a change of the kaon production mechanisffi.

2.4 Lambda Production

The abject of this thesis is ta study lambda production in central Au+Au collisions

at the :\GS. :\.S discussed above. the results on kaon production from the E866 ex­

periment have shawn that the multiple secondary collisions play a major raIe in the
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enhanced kaon production at the AGS energies [55, .56]. Since strangeness is coo­

served in strong interactions, lambda production is maioly associated with kaons.

Therefore the data on lambda production are expected to complement the data on

kaons .

.-\t the AGS energies. nucleon-nucleon collisions play a main raIe in heavy-ion

collisions. The open channels for ~\ production are ~V1V ~ AK1V, iV1V ~ AK1Vrr.

and .V ~V --+ ~o h".V followed by ~o ~ •\ i. In a baryon-rich system. the lambda

production can be enhanced by Inultiple secondary collisions. such as iT + 1V ~ KA

and ~ + :.V ~ K.\~V. etc.

Strange particle production is expected to be a sensitive probe on the degree of

equilibriunl achieved in heavy-ion collisions [7]. Studying lambda spectra has several

advantages over studying the spectra of protons and pions. Due to the suppression

of the strangeness production in hadronic processes. lambda spectra should not have

a calder component from the spectator as observed in the proton spectra [28]. Aiso

unlike the i'i mesons the influence of baryon resonances on the shapes of lambda is

expected to be negligible.

The measurement of the azimuthal anisotropies in lambda hyperon production is

especially interesting as it is predicted to be sensitive to the in-medium properties of

lambda hyperon in the dense nuclear matter [48]. At Bevalac/SIS energies, taking an

attractive lambda potential into account. the experimental data of lambda flow can

be weil described. At higher energies (AGS and SPS), there is no data on lambda flow

reported so far. \Ve expect our data on lambda flow to provide valuable information

for further studies of this physics issue.
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Chapter 3

Experimental Setup

Experiment ESiï is a fixed target experiment at the Alternating Gradient Syn­

chrotron (ACS) of the Brookhaven ~ational Laboratory (BNL). The goal of the

ES" experirnent is the study of the reaction mechanism of ultra-relativistic heavy

ion collisions \Vith heavy Au beams at energies around Il CeV per nucleon. The data

taking started in 199:3 and continued until 199.5. The data analyzed in this thesis are

from the central Au+Au collisions at 11.5 CeV/nucleon taken in the winter of 1995.

A schematic view of the ESii experimental setup is illustrated in Fig. :3.1. [t is

an upgrade of the E814 apparatus to handle the large multiplicities of tracks pro­

duced in .-\u+Au collisions. The detector system can be divided into three sections

according to their functions: 1) beam definition detectors: 2) a near 41i' coverage of

calorimeters for global event characterization: 3) forward spectrometer for charged

particle tracking and identification. Throughout the rest of the text~ we employa

right handed coordinate system. with the longitudinal z direction along the beam

direction. and the transverse x direction being vertical in Fig. :3.l.

[n this chapter we will outline these detectors fol1owing above classification and

justify their utilities as they were used in 1995 run. At last we will briefly discuss the

31
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data collection of E877 experiment.
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Figure :3.1: The ESïi experîmental setup for the 1995 run. Au beam is incident from the

left.

3.1 Bearn Definition Detectors

•

Since the momentum of a track in spectrometer is measured relative to the beam

particle position and orientation at the target while the tirne-of-flight of a track is

also relative to the time of collision. it is very important to measure accurately the

beam profile on the target and provide a highly precise time reference. The beam

definition detectors fulfill these tasks.

The group of beam definition detectors consists of four beam counters (SI-S4)

and two beam vertex detectors(BVERs). shown on the inset of Fig. 3.1. They are
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located upstream of the target. The beam counters are used to define a valid beam

trigger and also provide the start time for the time-of-flight measurement while the

BVER detectors are used to measure the incident beam trajectory.

• Bearn Scintil1ator Counters(BSCIs): The four scintillator counters SI. S2.

5:3 and 54 together define a good beam profile at the target. This is achieved

by using two donut-shaped counters (51 and 53) as veto detectors. The 52 and

54 counters are slightly larger than the hales in SI and 53. Thus a valid beam

trigger is defined as the coincidence ST·S2·S3·54. ~Iore details about the BSCIs

can be found elsewhere [60. 61].

In the 199.j run, the 52 and 54 two scintillators were replaced by a set of

Cherenkov counters equipped with fast phototubes to overcome the radiation

damage from the heavy-ion beam. It has provided stable pulse height as a start

signal to the time-of-flight measurement and better time resolution (45 psec).

~'1ore details about the Cherenkov counters can be found in [61].

The pulse heights produced by an incident beam in 52 and 54 have been used

to reject the double-beam events in the global event selection. This will be

discussed in section 4.2.

• Bearn Vertex Detectors(BVERs): Although the B5CI detectors provide a

good-beam profile at the target. a higher precision of measurement on the beam

particle position and orientation on the target is required in the determination

of tack mornenta. Two silicon micro-strip wafers located between 52 and 54

are used for this purpose.

In the 199.j run. the BVERs were upgraded double-side silicon warers with

200 J1.rn pitch in both the x and y axes. This allowed to measure the coordi­

oates of beam particles in two dimensions and inrer their position at the target
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Figure :3.2: Side (left) and end (right) views of the TCAL.

with :JOOJlm position and 60"lfad angular resolution. The tracking efficiency

throughout the run was better than 90%. ~[ore details on the BVERs upgrade

and performance can be found in [21] .

Detectors for event characterization

•

One of the main features of E8ïï setup is its nearly .:ln coverage of calorimeters. which

consist in three parts: the target calorimeter (TCAL), the participant calorimeter

(PCAL) and the uranium calorimeter (DCAL). The first two calorimeters are located

in the target region and used to provide the global event characteristics, such as the

centrality of the event and the reaction-plane orientation of the collision. Detailed

discussions of the determinations of the centrality and reaction plane of the collision

will he given in next chapter. Here we briefiy describe these calorimeters.

• Target Calorimeter (TCAL): The TCAL is a set of four walls of electromag­

netic calorimetry surrounding the target completely in the azimuthal direction.

It consists of 832 ~aI(Th) crystals which surround the target with a polar an-
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gle coverage of 480 < () < 1350 (or -0.5 < TJ < 0.8 in pseudo-rapidity). Each

crystal has a depth of 13.8 cm, or about 5.3 radiation length (0.34 hadronic

interaction length in equivalence). The signals from the crystals are readout by

vacuum photodiodes that have a very stable response. The energy calibration

was done using cosmic rays in 1993. ~Iore details on the TCAL can he found

in L.S. \Vaters' PhD thesis [62].

The transverse energy measured by TCAL was used as the secondary triggers

for coarse online event selection because of its high segmentation and stable

performance. However. its relatively short radiation length limits its usefulness

in large centrality event selection and the reaction plane determination.

• Participant Calorimeter (PCAL): The PCAL is a finely segmented Leadj

IronjScintillator sampling calorimeter with a polar angle coverage of lO < () <

470 (or 0.83 < '1 < ..l.7 in pseudorapidity). [t consists of 16 azimuthal sections.

S radial towers. and -t depth sections and make a total of 512 cells in the whole

device schematically shawn in Fig. :3.3. Each cell is readout by wavelength shift­

ing fibers guiding the light to photomultiplier tubes outside. A full description

of the detector can he found in [63. 64. 65].

The PCAL was carefully recalibrated cell hy cen with 60C0 "'( source [66J in the

199.5 run. Because its high segmentation and much lower energy leakage, the

PCAL is used as the hasis of the centrality measurement and the study of the

reaction plane.

• Uranium Calorimeter (UCAL): The UCAL is a Ujeuj scintillator sam­

pling calorimeter. placed furthest downstream of the target at approximately

:3.) meters. It is designed to measure the energy of the forward particles, espe­

cially neutrons. with a resolution of about ~EjE ~ 50%j-/E. It is composed

of 20 modules lined up horizontally (perpendicular to the beam), and each



•

•

CHAPTER3. EXPERINIENTALSETUP

-18Ocm

-lOOcm
EM2 HAD2

36

""86cm

•

EM1 HAD1

Figure :3.:3: Side (upper-left) and end (upper-right) views of the PCAL along with schematic

representations of the segmentation directly beneath .
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module is segmented into 24 towers of 10xlO cm2 cross sectional area. This

results in an angular coverage relative to the target of -.5.2° < Or < 1.3° and

-0.98° < Dy < 0.98°. A detail description of the detector can be found in [68].

It has not been used in the present analysis.

3.3 Forward Spectrometer

The other main component of the 877 experimental setup is its zero degree spectrom­

eter. [t is designed to identify charged hadronic particles (p, rr±, h-± and d) and study

their emission spectra down to very low transverse momentum (pd, even including

Pt "" 0 GeV/c. The spectrometer is composed of a collimator, analyzing magnet. the

upstream vertex chambers. the drift chambers. the multiwire proportional chambers,

and the time-of-flight hadoscope. Below is a brief description of each component of

the spectrameter.

• Col1imator: The callimator. installed inside the PCAL opening, defines the

geometric acceptance of the spectrameter. It has an opening of -11.5 mrad

< Or < 15 mrad. and -21 mrad < 8" <21 mrad. The opening is asymmetric

relative to the incident beam axis ta maximize the acceptance in Pt .

• Vertex Chambers (VTXA/B): For the 199.5 run, two identical highly seg­

mented cathode pad detectors were instrumented and installed between the

PCAL/collimator and the spectrometer magnet, shown in Fig. 3.4. They pro­

vide a precise measurement of the x-coordinate of the track before it is bent by

the magnetic field. The addition of this upstream tracking information in 199.5

run allows ta reconstruct the decay vertices of the short lived particles such as

.\ 's and imprave the signal-to-background ratios for partide identification in

the study of the rare particles such as kaons and antiprotons. The active area
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Figure :3.4: Schematic layout of upstream detectors of the spectrometer.

of each pad charnber consists of 10 rows of chevron shape pads with each row

having .53 chevron shape pads and one anode wire placed above. The geome­

try of the chevron pad is shown in Fig. 3.5. The position resolution along the

x-direction is about 300 p.m. the y resolution is determined by the wire spac­

ing (.5 mm). In the chevron-pad cathode plane, a 1.9 cm x 2.8 cm rectangle

hole in the active region \Vas made for the beam passage. This ~beam hole"

could affect the measurements of particles at low transverse momentum when

the VTX chambers are included in the data analysis. A detailed description of

the design. implementation and performance of the vertex chambers is given in

[69].
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Figure :3..5: Zoom view of the chevron pattern geometry used in the vertex chambers. The

dimensions are given in inches.

• Magnet: The analyzing di pole magnet is located :3 meters downstream of

the target. Its field is perpendicular to the spectrometer plane and can be

operated in either positive or negative polarity to selectively favor negatively or

positively charged particles. The magnet is capable of generating a ma.ximum

field of ,..., 2.2 T and has an effective length of 1.045 m . In the 1995 run, a field

value of -0.:3:3.53 T was used which provided a better acceptance for negatively

charged particles.

• Drift Chambers (OC2/0C3): Two drift chambers provide high resolution

position measurements of the charged tracks. They are located at .5.4 fi and

11..5 fi downstream of the target. Both detectors are huilt in same fashion

except that DC3 is twice as large as DC2. Each chamber is made up of a

high resolution drift section and a low resolution pad plane. The drift section is

composed of six parallel planes of alternating anode and cathode wires separated
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by an aluminized mylar cathode sheet. A schematic layout of a section of the

drift chambers is shawn in Fig. 3.6. The anode wire spacing is 6.3.5 mm in DC2

and 12.7 mm in OC;]. The mylar and the cathode wires are held at negative

voltage while the anode are grounded. The signal from the anode wires provides

the drift time measurements. from which we can deduce the distance traveled

by an avalanche. hence determine the track position. Typical1y, the position

resolution in the bending plane of the magnet is about 300 Ilm (500 Ilm) for

OC2 (DC:J). The cathode plane of each chamber is segmented into chevron­

shaped pads running along the wire direction (perpendicular to the bending

plane of the magnet). The pad plane is divided according to the expected

particle multiplicity into several density regions. The y-coordinate of the track

is reconstructed with a resolution depending on the pad density region: 2-15

mm in OC2 and 4-36 mm in OC:3. For more detailed information regarding the

drift chambers see [70] .

• Multiwire Proportional Chambers (MWPCs): The four multiwire pro­

portional chambers are installed between DC2 and DC3 to aid the tracking

ability of the drift chambers and improve the the pattern recognition of the

tracking system in the high multiplicity environment of Au+Au collisions. Each

~I\VPC consists of a number of vertically strung anode wires spaced .5.08 mm

apart. Each wire is instrumented with only a discriminator and. therefore~ this

detector has a position-resolution equal to the wire spacing. The detection

efficiency of ~I\VPCs is about 97% with three out of four planes required for

track confirmation. In the faIl of 1995. the ~1\VPCs were also implemented

with tracking trigger system to provide simple on-line tracking [71]. A detailed

description of the ~1\VPCs construction and operation cao be found in [60] .
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Figure 3.6: Layout of the drift chamber and pad plane.

41

•

• Time-of-Flight Hodoscope (TOFU): The high granularity time-of-flight

hodoscope provides a high precision measurement of the time-of-flight of the

particle in the spectrometer. It is installed immediately behind the last tracking

chamber (OC:3). The hodoscope wall is comprised of about 1.jO scintillator slats

having a full coverage of the projection area of the collimator aperture. Each

slat is iD cm long and l.j cm thick. The \vhole wall is divided into two density

regions accommodating a higher occupancy of tracks near the beam. The high

density section around beam is made of 39 slats with a width of 10 mm. and

the rest of the hodoscope wall is assembled with wider (17 mm) slats. The

photons produced in each scintillator are readout by two fast photomultipliers

mounted on both ends. The overall time-of-fiight resolution is about 85 ps. The

pulse height information from both photomultipliers represents the energy 105s

of the particle in the scintillator and hence is used to determine the charge of
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the particle. Besides charge and TOF measurements, a complementary vertical

position of the track with a resolution of 1.8 cm is obtained by measuring the

time difference between the photomultiplier signaIs at both ends of the counter.

A complete description of the design, assembly and performance of the time­

of-flight hodoscope is given in [28. 61} .

• Forward Scintillator (FSCI): The FSCI is another time-of-flight hodoscope

wall placed at about 31 meters downstream from the target. It is consists

of :39 vertical plastic scintiUator slats. each LO cm wide. The time-of-flight

resolution of the forward scintillators is about 3.50 ps. The measurements from

this detector have not been used in this analysis. ~Iore detail information about

this detector can be round in [;2].

• 3.4 Data Collection

•

The data from aU detectors are collected in event-by-event mode. An event corre­

sponds to a nuclear reaction. The data flow is controUed by the online trigger system.

ESii experiment used a muitiievei trigger system: beam trigger. pre-trigger, leveI-1

trigger and level-2 trigger. During the 1995 run. there were about .50 K beam particles

per spill ("'oJ 1 sec length every "'oJ 3..5 sec) passing the beam trigger, which is defined by

the Iogic of S1-52·53·54 from B5CI detectors. The thickness of the gold target is 980

mglcm2 corresponding to about 2% of the Au interaction length. Thus there were

about 1000 beam-target inelastic interactions in each spiI!. A pre-trigger requires a

minimal energy (about L GeV) deposition in PCAL together with the presence of

the heam trigger. The pre-trigger also issues the START signal for data sampling on

each detector. The level-l trigger serves as an ~ after-protection~ ta reject an event

where another beam particle presents within IJJs after this event.
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The level-2 trigger analyzes each event that has passed above online selections, and

decide if the event is interesting enough to write to tape or should be quickly discarded

in order to liberate the precious DAQ time for those more interesting events. The

level-2 trigger is based on the transverse energy (equivalent to the collision centrality)

measured by TCAL and PCAL. Three preset thresholds are applied ta the transverse

energy Et measurements, referred as TCALL2,3 and PCAL1,2.3. Since the higher

of the centrality the more rare are the events. a down-scaling was employed to favor

the more central events. The reconstruction of the unbiased ET distributions will be

discussed in the next chapter. In L995 run, the TCALl, PCAL1 and PCAL2 triggers

\Vere not used. The thresholds and downscale factors for the triggers used are listed

in Table 3.1.

Table :3.1: Trigger thresholds and down-scaling factors in 1995.

Bean1 Trigger Pre-trigger TCAL2 TCAL3 PCAL3

Et threshold (GeV) 0 2.8 .5..5 1') .. 240._ •.J

Downscale 4096 100 14-.50 1 L

Centrality (%) 100 '"" .50 '"" 30 '"" 10 '"" 10

In L995. the DAQ system of ES77 experiment was substantially enhanced in both

hardware and software 50 that it was able to handle up to '"" 200 events per beam

spill compared to '"" 60 events per spiIl in 1994. The overall data statistics of 1995

run is nearly .5 times that of 1994 run. Detailed descriptions of the ES77 trigger and

data acquisition system can be found in [7:3. 71] .
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Chapter 4

Data Analysis

In this chapter we will discuss details of the ofRine data reduction and reconstruc­

tion. First we introduce the general procedure of the ESi, data analysis. then we

fully describe the t'vent selection and characterization as weIl as the track reconstruc­

tion and properties. \Ve have to understand weIl the properties of the spectrometer

before moving on the .\·s reconstruction. Thus the track finding algorithm. momen­

tum determination and resolution. particle identification. background, occupancy

and acceptance corrections as weIl as the estimation of the tracking efficiency will he

discussed in detail.

4.1 Overview

The data presented here are from the last run of the ESi, experiment in 1995. This

was a long run lasting over two months. \Vith an enhanced data acquisition system,

we collected about SO millions Au+Au events stored in event-by-event mode on nearly

400 S-mm magnetic tapes. The total amount of data exceeds 1000 GB. To cope with

such huge amounts of data. a set of data reduction scheme has been developed.

The data reduction procedure was done in two steps named STEPI and STEP1.5.

44
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•

•

STEPI is the main data reduction/reconstruction package. It is used to unpack

data from tape. calibrate the raw data on from eacil detector. implement the track

finding algorithm and momentum determination. and output the reduced data in

C\VN ntuple format [;.5]. After this. the 1000 AoJ 1600 GB of raw data is reduced to

54 GB of ntuple files.

The first ntuples. by design. contain as much information as possible 50 as to

allow case studies for certain phenornena. It results in a large ntuple~ which has 131

variables. \Ve caH it "fat" ntuple. The fat ntuples are still not convenient for daily

physics analysis. To solve this the secondary data reduction package~ STEP 1.5 was

therefore developed. [n STEP!.5. the PCAL/TCAL transverse energies \Vere cali­

brated ioto physics observables for each event. such as centrality and reaction plane

orientation. Fine tuning of the time-of-flight measurement and the mass determi­

nation for particle identification were also done in STEPl..5. Occupancy correction

from close track inefficiency were also included. Sorne event and track cuts have been

simplified as flag bits. Thus the fat ntuple was reduced to lean ntuple~ which only

contains .50 variables. The total amount of lean ntuples is about 22 GB which can

aIl be store in hard disks and is used for physics analysis.

4.2 Event Characterization

.-\ collision between projectile and target nuclei is defined as an event in the ex­

periment. As described in section 2.2~ the initial conditions in heavy-ion collisions

determine the properties of a collision. which can be characterized in terms of geo­

met rie overlap (centrality) and the azimuthal orientation (reaction plane angle). The

study of particle production and azimuthal distribution dependence on centrality is

an important probe of the dynamics of heavy-ion reactions. In the E877 experiment~

the two global observables are deduced from the measurements of the transverse en-
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ergy. In this section we will first present the general event selection, then discuss

centrality and reaction-plane orientation determinations.

4.2.1 Event Selection

Although the ooline beam trigger selects events corresponding to good beam particles.

it is not ensured that aB the sampIed events are good for physics analysis. A good

event is one in which there is only one bearn particle colliding with the target and

producing a set of traceable tracks. \Ve have to set more stringent selection criteria

for event characterization in the offline data analysis. In particular, two types of

unwanted events are eliminated from the data analysis. one is the double-beam events

and the other is "blast" events.

•
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•

Figure ·t.I: Typical pulse height distributions in BSCI S2 and 54. The hatched areas

indicate the ranges for selecting gond beam particles.

A double-beam event occurs when two incident beam particles arrive tao close

together in time. It can be removed by imposing certain cuts on the signaIs from

the beam definition detectors. Fig. 4.1 presents the pulse height spectra produced

by incident bearn particles in BSCI 52 and 54. The spectra show a double hump.
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The hatched hump corresponds to single beam particle whereas the second hump at

higher pulse height corresponds to double-beam particle. In the analysis, we require

the pulse height falling within the hatched range.

The double-beam particle also results in multiple clusters in the BVER detectors.

:\ c1uster is defined as a group of adjacent strips being fired [21]. Thus the number

of clusters in each BVER detector was required to be equal to one in order to avoid

ambiguities in the determination of the beam direction and suppress double beam

events (see Fig. 4.2). There is evidently a strong correlation between the double beam

events as identified in the various beam detectors.
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o 1 2 J
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•
Figure 4.2: The number of clusters in the two BVERs in x and y directions. The hatched

areas show the accepted events as single bearn particle collision.
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:\ "blast~ event produces excessive track multiplicity in the forward spectrometer.

The exact cause of this problem is not known but it can be due to those beam particles

that do not interact \Vith target. and could produce a large number of 8 rays entering

the spectrometer. To remove the "blase' events, the number of hits in each ~1\VPC

was required to be less than -l0 (see Fig. 4.3). There is a strong correlation between

the hit multiplicity in each ~1\VPC.

Combining aIl these event selection cuts. only about 85% of aIl events are kept as

good events for physics analysis.

'"'l i il i l' . i i i 1 '3 ""l ... i i i 1 . 1 "1~ J05r i ~ /0 5i:=: àcS r
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MWPCI i 10 41
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.,
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lO /0

1 1 :
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10 4
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~IO J

10: i .,
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- .i\~~,\A.., ~
10 M1~,r '-r_ IO
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Number ofHilS in MWPCs Number ofHilS in MWPCs

Figure 4.3: The number of hits in -1 )"l\VPCs. The hatched areas indicate --non-blast'"

•
events. see text for explanatîon.
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4.2.2 ET Distribution

49

(4.1 )

•

•

Since the ES7; experiment used a multilevel trigger scheme with down-scaling tech­

nique in the data sampling. it leads to a biased Et distribution from the raw data.

Thus. the process of deducing the centrality from the Et is divided into two steps.

first reconstructing the unbiased Et distribution and the differential cross-section for

Et production. then inferring the centrality of the collision by using geometry model

ta estimate the total interaction cross-section.

The raw d~V/dEt distributions for TCAL and PCAL are shawn in Fig. 4.4(a).

They show step structure due to down-scaling factors in the triggers. The overall

distributions are from logical ORs of aH available triggers. The TCAL Et trigger

thresholds. down-scale and approximate fraction of cross-section are listed in Table

:3.1. During the experimental run in 1995. the TCAL2 trigger down-scaling factor

was changed from time ta time. the others were kept constant. The data for TCAL3

and PCAL3 were not down-scaled since it is for the most central collisions in which

we are interested.

The unbiased distribution of d.V/dEt can be reconstructed by combining the up­

scaled distributions from bearn trigger. pre-trigger and two TCAL Et triggers in

different Et regions as shown in Fig. 4.4( b). TCAL3 covers the most central events,

TCAL2 covers the mid-central events. the pre-trigger is for peripheral events and

beam trigger is for the far peripheral events, which are difficult to reconstruct because

of very low Et production and the limits of the calorimeters. 50 the low Et portion

of d~V1dEt distribution has large uncertainties.

\Vith the unbiased distribution of d~V/ dEt , the absolute differential cross-section

for Et production can be obtain by

du 1 diV
dEt - Ptgt . dtgt . iVbt!am • dEt '

where c5tgt = 980 mgjcm2 and Ptgt = 3.06 X 1018 Au/mg are the thickness and density
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Figure 4.4: (a) Scaled down dt'tJdEt distributions for TCAL and PCAL. (b) Unbiased

d.V/ dEt distributions for TCAL and PCAL after up.scaling correction. (c) Et differential

cross-section for Au target (solid Une) and empty target (NIT, dashed line). The solid line

is the corrected d(7 / dEt after subtracting the NIT target cross-section.

•
of the Au target. respectively. ~Vbeam is the number of beam particles measured by

the beam counters. In arder ta obtain the correct cross-sections, we have ta subtract
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the contribution from non-target interactions, which was measured with no target in

place (Fig. 4.4(c)).
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Figure 4..j: Calculated relation between impact parameter and total transverse energy

from the RQ~ID model (v2.3) in cascade mode.•
4.2.3 Centrality Determination

•

Centrality is one of the event characterizing observables. which quantifies the overlap

of projectile and target nuclei. or violence of the collision. The geometric relationship

between centrality and the impact paralneter is described in Eq. 2.1. Unfortunately.

the impact parameter is not directly measurable. However~ it can be inferred from

other measurable variables. Csing a model as a guide, we can conclude that there

is a strong anti-correlation between the impact parameter and the total transverse

energy Et ( Fig. 4.5). \Ve thus can deduce the centrality of the collision from the

total transverse energy measured by the calorimeters. the target calorimeter (TCAL)

or the participant calorimeter (PCAL).

In theory. we can directly determine the centrality of the collisions from the

dq/dEt distributions. However, due to the incomplete measurernents of the du/dEt
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Figure 4.6: Centrality as a function of Et for TCAL and PCAL.

distribution at low values of Eh this distribution does not correspond to the total

reaction cross-section. Instead. we use the calculated geometric cross-section (7geo'

Thus. the centrality of a collision is defined by the ratio of the most central interac-

tion cross section (7top to the geometric cross section (7geo, given by

(4.2)



• CHA.PTER 4. D.4T.-\ .-\lV.4L~·SIS 53

•

where Ugeo = 7r(2R)2 with R = 1.2.-\1/3 and ..-\=197 for Au+Au collision. The de­

termined centrality as a function of Et measured in TCAL and PCAL is shown in

Fig. 4.6.

80th calorimeters show consistent dependence. with PCAL being more sensitive

in selecting the most central events. The relation between Et and the centrality

was done for each run to take into account run-to-run variations in the calibrated

ealorimeter energy scale.

In the present data analysis. the eentrality eut is directly imposed on the dtop/ugeo

instead of Et in order ta overcome the run-to-run variations of Et.

4.2.4 Reaction Plane Determination

The analysis of anisotropie transverse collective flow requires the determination of the

reaetion plane. whieh is defined by the impact parameter veetor and the beam axis.

The reaction plane orientation tS measured using the energy deposition in the PCAL

and TCAL ealorimeters. Each ealorimeter ceU is used to eonstruct the direction

of the reaction plane by defining the fol1owing eomponents of the transverse energy

direetivity veetor DEr = (Dr, Dy):

.v
Dr = L Et cos c!>~ab.

j=1

N

D '" E j • lab1J =~ t sin <!Jj •

}=l

(4.3)

(4.4)

•

where j is the index of the qJ section of the ealorimeter and (j)~ab corresponds to its

azimuthal angle measured in the laboratory frame.

The polar eoverage of the two ealorimeters is divided into four windows. The

definition of windows in polar angle and pseudorapidity is given in Table 4.2.4. The

reaetion plane angle is independently determined in each window for every event and
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Table 4.1: Definition of windows in polar angle and pseudorapidity for the determination

of the reaction plane.

\Vindow Name TC\V1 PC\V2 PC\V3 PC\V4

Olab [11;° •.j3°} [48°,28°] [28°, 15°} [15°,1°]

Tf [-0.5, O.7} [0.8. lA} [1.4, 2.0} [2.0, 4.5]

given by:

~. =arctan (~:). (4.5)

•

•

The reaction plane resolution is evaluated by studying the correlation of ft,,. obtained

in different windows. Details of this procedure can be found in [21, 22}.

Ideally. the distribution of the directivity DEc is supposed to be isotropie because

of the randomness of the collisions geometry orientation. Consequently, a fiat distri­

bution in d.V/dt,,. is expected. However. due to non-uniform coverage and dead towers

in the calorin1eters. the measured d.V/ du',. distributions are distorted. Thus a correc­

tion procedure to Hatten the measured reaction plan distribution on an event-by-event

basis has been developed. The detailed descriptions of the flattening techniques can

be found in [21. 22}.

4.3 Track Reconstruction and Properties

Since our data analysis for lambda production is performed 00 the reduced data

(lean ntuples). we have to understand weil the data reductioo processes, especially

the track reconstruction and properties in order to perform the lambda reconstruction

from the secondary proton and pion tracks. In this section we will discuss in detail

the track reconstruction in the data reduction packages and analyze track properties.

First we introduce the track finding algorithrn and momenturn determination. The



• CHAPTER 4. DATA .4NA.LY5IS 55

•

•

momentum resolution of the ESii spectrometer will be modeled. Then we describe

particle identification and background reduction in great detail, in which the role of

VTX detectors will be discussed. The response of the VTX chambers will be modeled.

too. The efficiency and corrections are given in the last section.

4.3.1 'Irack Finding Aigorithm

The trajectories of the charged particles entering the spectrometer are reconstructed

by the tracking software called -Q UANAH~·. which is based on a tree-climbing al­

gorithm. The principle of QUAN AH will he briefiy outlined here and more detail

descriptions can be found in [:lOlo

The track reconstruction starts with combining the wire hits in the wire planes

of the drift chambers (DC2 and OC3) into elements. which give the x-information of

particle hit. An element requires hits in at least :J out of 6 wire-planes in a chamber.

The neighboring e1ements are not allowed to share more than one hit wire. Each

elenlent is projected to the segmented pad-cathode plane of the chamber to look for

pad hits called cluste.rs. which give the y-information of particle hit. The dusters

must associated wi th the closest wire plane e/eme.nts.

~ext. aU possible combinations of linear paths connecting the Elements in OC2

and OC3 are tested. Now the information from ~IP\VC detectors is added into the

testing to reject those combinations which along the path do not have associated

hits in at least 3 out of .:1 ~I\VPCs. The remaining good combinat ions are stored

as line segments. The segments that point back through the magnet aperture are

promoted candidates. The candidates are further inspected if they have shared hits

in the drift chambers or TOFU. Those that have such sharing are elinlinated. Finally,

the surviving candidates become tracks.

This method of track finding fails when the occupancy in the tracking detectors
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•

(DC2/3, ~[\VPCs) becomes too large. The occupancy increases with centrality. It

was found that the tracking reconstruction efficiency of Quanah dropped rapidly with

increasing centrality when the PCAL Et < 150 GeV [76, 66). 50 we choose PCAL

Et > 150 GeV (equivalent the centrality less than < 26% of the geometric cross

section) as the threshold for Quanah ta start tracking in STEP1 data reconstruc­

tion. The estimation of the Quanah tracking efficiency will be discussed later in this

chapter.

4.3.2 Momentum Determination and Resolution

The track reconstructed by Q[ANAH actually is just a portion of the particle tra­

jectory downstream of the spectrometer magnet. In the basic implementation of

QUA~AH. determining the complete track is based on two assumptions: that the

track originates from the target and that the track follows a circular trajectory in the

analyzing magnetic field. The first assumption is fine for those particles like p. d, rr±

and l\"± directly produced in the collisions. but not good for the short-lived particles

such as .\. The effects of these assurnptions on .\ 's reconstruction will be study in

the next chapter. The second assumption requires to correct for the fringe effect of

the magnetic field. It can be accurately accounted for by using an effective length

slightly greater than the physicallength of the magnet [76), J~: 8 ' .dl = 8· L. where

L is the effective length of the magnetic field B.

\Vith these assumptions. we can make the following statements (see Fig. 4.7):

R(sin (J' - sin 0) = - L

l Zl tan (}

x' - l = R(cos (}' - cos (J),

(4.6)

(4.7)

(4.8)

•
where R is the radius of the circular curvature projected onto the bend plane; (J

and 1)' are the angles of the trajectory with the beam axis (z) before and after the
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Figure 4. ï: Bend-plane geometry of a track passing through the E8ï; spectrometer. The

plot shows the projection on the ,I-Z plane.•
magnet respectively. R > 0 designates the case that a positively charged particle is

deflected in the -.:c direction. [n principle. Rand [) can be analytically determined

from Eq. (4.i) and Eq. (4.8) with the measured values of x' and (J'. They were actually

numerically ca1culated using an iterative method. The rigidity of each track is then

given by

R· 'd' Pr;: RB (4 9)19'1 l ty = Z = e . .

where PI;: = j P; + p;. Z is the charge of the particle and e stands for the unit charge.

\Vith Px;: known. the momentum components of a track are obtained by

•
Pr = Pr;:sin((J -(Jo)

p;: =Pr;: cos((J - [)o)

Py = Pr;: tan( <p - dJo )

(4.10)

(4.11 )

(4.12)



• CHA.PTER 4. DA.Ti\ .-\lVA.LYSIS 58

(4.13)

where (0 0 .00 ) are the incident beam angles on the target determined by the BVER

detectors. ci> is the out-of-plane angle (between the trajectory and the bend-plane) .

• Momentum Resolution

The momentum resolution U p of the spectrometer is limited by the finite position res­

olution of the tracking detectors and multiple scattering of the particles. In principle.

it can be written as

( (jP ) 2 = ( (jPo ) 2 +((jP.\1 5 ) 2

ppp

where (jpo is due to the finite position resolution of the tracking system, and (jPm.

cornes from multiple scattering.

Csing the single bend model and the small angle approximation (see Fig. 4. il.

the momentum of a track in the spectrometer is given by

• 0.:3BL
p = 0' - 0

thus
up p
p = 0.3BL (jfJ

\Vhere (jfJ is the angular resolution of track.

Applying simple geometric relations. we can obtain (jpo as

(4.14 )

(4.15 )

(4.16)

The multiple scattering effects of the spectrometer can be divided in four contri­

butions (.lISo• .lIS1• .lIS'}.. }[SJ). shown in Fig. 4.7. Using Gaussian approximation~

the small angle multiple scattering is given by [77]

•
= 0.0136Z . .\-[S

(j(}",u .J •
i.Jp

(4.17)



• CHAPTER 4. DA.T:\ AlV.4LYSIS 59

where p is the particle~s momentum in unit of GeV jc. ,13 is particle's velocity in unit

of c and Z is the charge of the particle in unit of e. MS describes the thickness of

the scattering medium which the particle traverses, given by

(4.18)

Thus. we can parameterize the Eq. 4.13 as

the C\ and C2 constants describe the intrinsic angular resolution and multiple scat­

tering of the spectrometer. The values of the parameters containing in the evaluation

of the resolution are summarized in Table 4.:3.2.
•

where

0.:3BL
0.0136Z rI ( .r )

C2 = 0.38 L Vx;, 1 + 0.038In( '\0 )

(4.19)

(4.20)

(4.21 )

•

Table 4.2: Parameters for momentum resolution of the spectrometer in 199.5

8 L (7rdc'l (jrdc3 llSo J/SI J-/S2 JJS3 Cl C2

(T) (m) (cm) (cm) (Ge\/jc)-l

1.04.5 0.33.j:3 0.0:30 0.060 o'J- 0.91 0.08:3 0.044 0.0025 0.023._l

The momentum resolution achieved with the tracking system has been extensively

studied [ï8. ;3]. The results of three different calculations are compared in Fig. 4.8.

a simple ~Ionte-Carlo model (solid lines), an analytical calculation (dashed lines)

and Gaussian fits performed on particLes tracked after propagation in a detailed

model of the spectrometer using GEA~T (dots). The three results are found to be
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quite consistent and show that the resolution is rnainly determined by the multiple

scattering in the spectrometer materials. The transverse momentum resolution is

round to be approximately constant at ~px '"'w 6 NIeVle when the particle momentum

is less than 4 GeVle. The longitudinal mornentum resolution varies from ~p=1p ­

0.02 to 0.04 depending on particle type.

•
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Figure -t.S: Spectrometer momentum resolution. The momentum resolution in Px and p=

are plotted as a function of total momentum for pions. Figure taken from [78].

4.3.3 Charge Separation

The time-of flight hodoscope performs rneasurements of not only the time-of-flight

but also the pulse height of the eharged track. The pulse height (PH) produced by a

particle traversing a scintillator is expressed as

(4.22)



• CHAPTER 4. DAT.-4 .-41VAL'l'SIS 61

43.532.52

/" double Izits (Z= 1)

~

1.5l0.5o

:.--

~
::
.~

....,; 105

•
TOFU Pulse Heiglu (l\tllP)

Figure 4.9: Pulse height distribution in TOFU. The pulse height is normalized ta the unit

of minimized ionization particle (~[[P). The shaded region is the selection range of single

charged tracks.

•

where ph land ph 2 are the individual photomultiplier pulse heights at both ends of

the scintillator. The total pulse height (PH) is directly praportional to the deposited

energy. ~E. The energy deposit per unit of length (dEfdx) is described by the

Bethe-Bloch formula [ï9]. It is proportional to

dE =2

dx :x ]2 (4.23)

For relativistic particle. 3 is close to c. Thus the pulse height distribution is simply

proportional to =2. The feature of pulse height distribution was used ta make a coarse
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•

separation of the charge state of a track.

:\ typical pulse height distribution is shown in Fig. 4.9. The distribution has been

normalized by the peak pulse height of a minimized ionization particle (J\'IIP). The

first peak at 1.0 ~lIP corresponds ta the detection of single Z = 1 particles, the

second peak at 1.6 ~IIP corresponds ta the pile-up of two Z = 1 particles. and the

third peak at 2.4 ~lIP corresponds to the detection of Z = 2 particles. In the present

analysis. a cut on the pulse height distribution in a range from 0.75 ta 1.5 was used

ta select single charged track.

4.3.4 Particle Identification

:\ simultaneous measurement of the momenturn and the time-of-flight of each track

allows the identification of particle species. In this section we first introduce the

TOF measurenlent. then describe the particle identification by square mass. and last

discuss the mass resolution and PID eut.

• Time-of-flight Measurement

The time-of-flight hodoscope wall was designed to achieved a high precision of time­

of-flight (TOF) measurement. The TOF of a particle from target to a hodoscope

counter is expressed as:

TOF - (ttop + tbottom) _ t - T.
- 2 ~tart 0 (4.24)

•

where ttop and tbottom are the stop times measured by the top and bottom phototubes

of the hodoscope counter. tstart is the start time measurement given by the heam

counters. and Tg is the tirne offset to he determined for each counter of the hodoscope.

The start time resolution provided by the bearn counters \"'as carefully analyzed and

estimated to he better than 25 ps [21]. The tirne offsets Tg were obtained by ana1yzing
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•

the mean of the time distribution for each slat. The shifts from the mean value were

determined and corrected for during the ntuple production stage.

To achieve the best possible resolution, aU the time measurements need to be

carefully calibrated. A number of different corrections were also taken into account.

A complete description of the calibration procedure and performance can be found in

[28]. An average time resolution of 85 ps has been obtained over the entire hodoscope

wall .

• Mass resolution

Combining the measurements of momentum and time-of-flight for each track, the

species of a particle can be identified by its squared mass m2

(4.25)

where p is the measured momenturn. TOF is the time-of-flight. L is the flight path

length determined from the tracking information. In Fig. 4.10 we show a scattering

plot of the inverse momentum l/p versus the inverse of the rneasured velocity 1/13 for

Z=1 particles produced in central Au+Au collisions. The bands represent different

particles separated according to their masses. The resolution is good at low momenta

and gradually deteriorates with increasing momentum.

According to the Eq. (4.2,j). the experimental resolution of mass measurement is

limited by the rnornentum resolution and the time resolution of time-of-flight. Using

the parameterizing momentum resolution (Eq. 4.13). the total mass resolution can

be approximated by [80]

•
2 =f .. (up ) 2 + 4..

p4 (UTOF) 2
U m 2 -tmo 32 Lp ,

(4.26)
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Figure 4.10: Seatter plot of the inverse momentum 11p versus the inverse of the measured

velocity 1/3 for Z= l particles produeed in central Au+Au collisions at 11.5 GeVle. The

figure is taken from [61].

•
Ta study the various eontributions~ the distribution of m 2 versus p was sliced

into many momentum windows. For each slice~ the squared mass distribution was

fitted with Gaussian. The extracted widths of m 2 as a function of momentum for
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[21) and represents the standard amine definition of the particle identification for ESi7.

•
different particle species is shawn in Fig. 4.11. The dependence of the widths of m 2 on

momentum was fitted with Eq. (4.26). The Cl parameter was fixed at the estimated

value of 0.0025 (Ge\'jc)-l (see Table 4.3.2). The values of the fit pararneters are



• CHA.PTER 4. D.4'I:-\ A.NA.LYSIS

summarized in Table 4.3 for each particles.

66

•

Table 4.:3: The fit parameters of the squared-mass peak for different particles. Eq.( -1.26)

\Vas used in the fitting with Cl fixed.

Particle CdGeV/C)-l C2(GeV/c2) C3(C- l ) O'TOF(ps)

Proton 0.002.5 0.02i 0.0021 84

Pion 0.002.5 0.025 0.0021 84

Kaon 0.002.5 0.01 ï 0.0021 85

Oeuteron 0.002.5 0.026 0.0020 80

• PID Cuts

The assignment of the partide identification (PlO) for a track was performed by

making two dimensional cuts in the momentum versus squared mass distribution.

The basic selection criteria is

(4.2ï)

•

where m2 is the measured squared mass. mf is the peak value of the m 2 distribution

for that particle and 0'm2 is calculated from Eq. 4.26 for each partide species. The

cuts are displayed in Fig. 4.12. In addition. \ve aiso require m2 is 2.5 0'm2 from

the neighboring partide species. :\5 shown in Fig. 4.12. the particle identification

becomes ambiguous even fail in the high momentum region. 50 we aiso impose the

maximum momentum cuts. which are summarized in Table 4.4. In the present data

analysis. the maximum momentum cuts for proton and iT+ are set relatively high 50

that sorne contaminations are present. In order to rernove these contaminations, sorne

extra cuts have been added (see Fig. 4.12). The PID cut efficiency will be discussed

in the last section of this chapter.
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Table 4.4: ~[aximum momentum cuts for different particles.

particle 1r+ 1r- h'+ h'- P d

Pmar. GeVIc 8.7 10.0 4.5 4.5 18.0 25.0

4.4 Background Reduction

68

•

The quality of the particle identification can be improved using the tracking informa­

tion from the upstream VTX detectors. Especial1y for studying the low-yield particle

production such as koan and antiproton. the background reduction become indispens­

able. In this section. we will discuss how to use these additional tracking information

to inlprove the signal-to-background ratio for particle identification.

4.4.1 Track Matching on VTX Chambers

The two vertex pad chambers provide the upstream tracking information between the

target and the magnet. 'vVe can use this information either to remove the background

tracks not originating from the target or to reconstruct the secondary decay vertices

of short lived particles such as A '5. Here we will discuss its background reduction

function. Its second function will be discussed in the next chapter.

In principle. a position information from the vertex chambers should be associated

with each track. The difference between a track calculated position and its measured

position in VTX:\. and VTXB is given by

dX{i} = x(i} - (Z(I) . tan 0 + xtgd

dy{i) = y(i) - (Z(i) . tan 0 +Ytgt)

i = .·t B

i = A,B

(4.28)

(4.29)

•
where (x(i).y(i))(i = .4. B) represents the position measured by VTX-i. z(i) (i = A., B)

is the =position of the VTX-i with respect to the target~ () is the emission angle of a
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reconstructed track in the x-= plane~ cp is the out-of-plane angle, Xtgt and Ytgt is the

(:r. y) position of the incident beam particle at the target.

The VTXA dx versus the VTXB dx shows a strong correlation seen in Fig. 4.13(a).

Ta parameterize this correlation. we rotate the data from (dX'.'TX.-t, dX\-'TXB) to an­

other set of ort hogonal axes (dxnarrow. dx wade):

dXnarroUJ = caSQ' dX\-'TXB - sinn· dXVTXA.

dXw1de = sinQ· dXl/TXB + casa· dXVTXA.

(4.30)

(4.31 )

•

where Q is the rotation angle ta make the observed band vertical. The rotation angle

Q i5 about 47..5°. Thus the observed correlation between VTX:\_dx and VTXB_dx

is decoupled into two components. The narrow component shows a nearly constant

width with respect to momentum (Fig. 4.13(b)), which mainly due to the intrinsic x

resolution of the chambers while the wide component exhibits a broad distribution

with very strong momentum dependence (Fig. 4.13( c)) which indicates the dominant

influence from the multiple scattering in the E877 spectrometer. The dXnarroUJ and

the dXlL.1de are divided into momentum slices. The distribution in each slice is then

fitted to the SUffi of three Gaussians. The main and highest Gaussian peak is the

true random distribution of error in cluster properly associated to the given track.

The other Gaussians are very broad and correspond to a random distribution of

uncorrelated hits. The widths of the main Gaussian are then parameterized as a

function of l/p, typical momentum dependence of multiple scattering. The fit results

are shown in Fig. 4.13(d). The fit parameters are:

.),)- - + -. 0/(Ynarrow = --,./ /.J. P

t71L'ld~ = 344.5 + 2379.4/p

(4.32)

(4.33)

•
The x resolution of the vertex chambers is around 230/lm. Then we can rotate back

to the (dx~'Tx.-t.dX"'TXB) a.'Ces and parameterize the responses of the VTX detectors
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Figure 4.13: Track matching at vertex chambers. (a) shows the correlation between the

measured VTX:\. dx and VTXB dx~ (b) and (c) show the contour plots of the decoupled

dXnarrou: and dXu-ide versus momentum of track the Xnarrow and XtL-ide; (d) presents the

momentum dependences of the dXnarrow width (open circles) and Xwide width (salid circles) .
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by

aVTX.4 = j(Uwidesino)2 + (unarrowcosa)2

UYTXB j(UwideCOSO)2 + {unarrowsino)2

71

(4.34 )

(4.35)

•

•

Thus for any given track with momentum p, we can calculate the UYT X.4 and UYTx B.

4.4.2 VTX eut

The track matching cuts on the vertex detectors, called VTX cuts, are performed by

requiring the track associations (VTXA dx and/or VTXB dx) falling within a number

of U\'7X.-\ and/or U~·TXB. The application of these cuts reduces a lot backgrounds

due to tracks not originating from the target. This is ilIustrated in Fig. 4.14. On the

left panel. the ra\\' data is presented. The right plot shows the same data requiring

the VTX eut from either of the two VTX chambers. It is c1ear that the VTX cut has

significantly redueed the background tracks which do not falI in any of the mass bands

so that the separation between pion and kaon becomes significantly better. Therefore

the VTX cut is definitely needed to study the rare particle production such as kaon

and antiproton. ~evertheless.the VTX eut also discards of a lot good tracks because

there exists dead areas for beam passages in bath chambers and particles passing

these regions do not have any VTX information. These dead zones are most harmful

for the low Pt partic1es. It cao completely cut off the low Pt particles around the

beam rapidity. In order to keep the low Pt coverage of the forward speetrometer, we

don't impose any VTX cuts on the analysis of protons and pions since they are most

abundant production and the background relatively small.

Since the VTX cut not only diseards background tracks. but also throws away

good tracks. the justification of VTX eut has to be evaluated. This depends on

the statistics needed and the level of background that cao be tolerated. It is also
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Figure 4.14: Particle identification plot without vertex chamber confirmation (left panel)

and with l..5O'V~'X' cut applied ta confirm the track (right panel).

dependent of the specifie physics analysis being performed. ~lore details can be

round in [ï6. 66. 21].

4.5 Efficiency and Corrections

Since a variety of cuts have been applied during the data analysis. we have to estimate

the efficiency of each eut. Sorne correction procedures have to be added into the data

analysis in order to obtain absolute cross section. In this section, we discuss the

tracking efficiency and the corresponding corrections.
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4.5.1 Tracking Efficiency

The traeking effieieney was estimated as:

ftrack = fcham • f..TOFU • f rec • f..pid

where

73

(4.36)

fcham

frOFU

deteetion effieiency of the tracking chambers;

TOFU pulse height cut efficiency;

Quanah reeonstructing efficiency:

particle identification efficiency.

•

•

The detection efficiency of the tracking chambers. fcham. was extensively discussed

in [7:3. 74J. The estimated f..cham is better than 99% for single track in the effective

fiducial volume of the detectors. The effeet of dead regions in the detectors are

included in the aeeeptance correction. However, in the environment of multiple traeks.

the large oceupancy introduces a momentum dependent particle detection inefficiency

due ta the inability of detectors to reconstruct all the particle traeks that overlap

within their finite spatial resolution. A correction for this tracking inefficiency, called

occupancy correction. will be discussed in the following subsection.

The TOFU detector was constructed so as ta maximize the efficiency for detecting

particles. Slats were arranged ta have a small overlap to eliminate any possible gap in

the seintillator coverage while keeping to a minimum the fraction of particles hitting

more than one sIal. Sa the detecting efficiency of TOFU is near 100%. The ineffi­

cieney of TOFU cornes from the imposed pulse-height cut, which bas been discussed

in section 4.3.3. The efficiency of pulse-height cut \Vas carefully studied in [28, 82]

and round to be about 0.9.5 ± 0.01 for the cut range from 0.75 ta 1.5 ~nps used in

the analysis .
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•

•

The trdck reconstructing efficiency in QUANAH strongly depends on the occu­

pancy of track in the ES77 spectrometer. For a larger occupancy, the track finding

algorithm has more fail possibility. To keep up high efficiency of track reconstruc­

tion, the collimator of the ES77 spectrometer had an opening to give an average of

6 particles into the acceptance per event. The QUANAH's reconstructing efficiency

for single track was estimated better than 95% [66. 81].

The efficiency of the PlO cut f:~J is evaluated using a Gaussian approximation as

eut _lm~a~ l ex {_ (m
2

- m~)2} dm 2 (4.37)
!pid - 2 "2rr0'2

m
p 2um2

mmm V ~rr

where m o is the mean mass of the particle. O'~ is the momentum-dependent resolution

of squared mass m 2
• m~in and m~ax are the momentum-dependent cut values on the

measured m 2 •

4.5.2 Occupancy Correction

\Vhen the hits of t\\"o passing particles on the tracking detectors are closer than the

granularity of the detector. the position of each individual hit will not be resolved.

Thus tracking inefficiency are introduced. This inefficiency is directly related to

the distribution of particles in the detectors. The corresponding correction is thus

called the occupancy correction. Several approaches to the occupancy correction

have been developed in the data analysis history of E877 [28. 74, 83, 21]. They are

designated for the specifie physics airn of each particular analysis. In the present data

analysis, the procedure for occupancy correction is an update from that developed by

Roger Lacusse [28]. Sorne improvements are made such as introducing a centrality

dependence and using the raw slat hit distribution in TOFU instead of the calculated

position distribution which needs aids of OC2 and OC3.

The occupancy distributions in OC2. OC3 and TOFU are shawn in Fig. 4.15.

As expected the distributions across the face of OC2, OC3 and TOFU slats are not
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•

uniform but are highly position and thereby mornenturn dependent. Particles with

higher rnornenturn are less deflected by the magnetic field and trend to concentrate

close to the beam region. So large occupancy is around the bearn hole region. It is also

centrality dependent. Thus the probability of rnissing tracks is not only momentum
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dependent but also depends on centrality.
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•
Since a detector has a finite granularity. it results in a lirnited ability at resolving

close hits. This is illustrated in Fig. 4.16. where the response of OC2, OC3 and

TOFU detectors to close hits is plotted as a function of hit separation. The efficiency



• CHA.PTER 4. D.--\T.4 .;\lV.4LYSIS 77

of resolving close tracks diminishes when the separation is less than a certain distance.

l.2 cm in DC2. 2.5 cm in DC3 and 2 slats in TOFo. From the distribution of surviving

probability. we can estimate the number of missing tracks ivtack.t around a given track

(4.38)

(4.39)

•

where Ti denotes the track distribution. ~i is the survival probability of a track, l

is the minimum eut distance on track separation. Thus a weight factor ~Vi for each

track is givcn by

~Vi = L + fi Ti· (1 - eddxi.
-1

~~'i accounts for the correction of the missing tracks.

:\ track is missed in a detector is also possibly missing in the other detectors.

[n order to avoid the overcorrection. the correlation of tracking inefficiency in these

detectors has been studied. Considering a two-detector system and a track at position

.r 1 in detector 1 and X2 in deteetor 2. the number of tracks missed in detector 2 that

were already missed in detector l is given by

(4.40)

•

where C12 is the distribution of positions X2 in detector 2 for tracks at Xl in detector

1. or .rI l'S .r·l. The major correlations are illustrated in Fig. 4.17. As expected there

is a very close correlation between DC3 and TOFlJ since they are close to each other.

The overall occupancy correction for the spectrometer is given by

~r = [1 + ~Vb~]

·[1 + .V~ks - SOC2XOC3}

·[1 + .VfëFt - SOC2xTOFt! - SOC3xTOFU + SOC2xOC3xTOfU] (4.41)

The calculated occupancy correction factors for rr- are shawn in Fig. 4.18 as a

functian of transverse momentum and rapidity in two centrality bins. As expected
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Figure 4./ ï: Correlation of the track hits on DC2, DC3 and TOFU. (a) correlation between
DC2 and DC3: (b) correlation between DC3 and TOFU.

the effect of the correction is more important at low Pt and high rapidity, where tracks

tend to concentrate around the beam trajectory in the higher OCCUpancy region of the

spectrometer. The effect of centrality on the correction for ;r- is Very small except

•

•

•
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for the high rapidity.
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Figure 4.18: ~Iagnitude of the occupancy correction for 7r- as a function of transverse

momentum and rapidity. The solid line denotes the 0-4% centrality. The dashed line

represents the 4-10% centrality.

The occupanc)' correction factors for protons are shown in Fig. 4.19. As expected
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•
the positive particles have a larger correction factor because they are more likely

bent through the bearn hole due to the negative field (-0.3353 T) of the spectrometer
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•

•

magnet. Compared with pions, the Pt dependence of the correction for protons is

more pronounced. The ceotrality dependences of the occupancy weight become much

larger at low Pt because proton are heavier than pion and thus less defected.

4.5.3 Acceptance Correction

The spectrometer samples ooly those particles emitted in a finite range of phase

space. To deduce the invariant cross section from the measured data, a correction

procedure for the finite sampling has to be applied. \'ie call this procedure as ac­

ceptance correction. In this section we discuss the acceptance calculations for the

particles originating from the target. The acceptance for lambda will be studied in

the next chapter.

The geometric acceptance is camputed by randomly generating particles aver a

Pt and y phase space larger than that covered by the spectrometer. The simulated

particles are propagated through a software model of the spectrometer. This model

includes following elements:

• GeometnJ of spectrometer: it includes the opening of the collimator and the

effective fiducial volume of the tracking detectors. The fiducial cuts for the

spectrometer are summarized in Table 4..j. The dead sections in each detector

are also taken into account. The dead regions for beam traversing through are

listed in Table 4.6.

• .\Ia.rimum momentum eut: This cut is used in the particle identification eut

(see Table 4.4).

• Particle decay in flight: the effect of particle decay in Bight in the spectrometer

is approximated by calculating the survival rate of the decay particle [77].
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Table 4..5: Geometry of the E8" spectrometer and fiducial cuts used in the 1995 data

analysis.

De.tector =(j.Lm) Xmin(J.lm) xmax(p.m) Ymin(J.Lm) Ymax(p.m)

Coll. Front 813600 -100000 0 -9600 9600

Coll. Back 1626400 -196900 233300 -19000 19000

VTXA 2005000 -245800 -20190 - -

VTXB 225.5000 -281000 -20190 - -

DC2 .5:382660 -634400 186250 - -

~I\VPCI 66:32600 -782000 278500 - -

~1\VPC2 7840600 -940000 :l.57400 - -

~1\VPC:3 9086900 -1082000 457000 - -

~I\VPC-l 10:317200 -125.5000 547.500 - -

DC:3 1154.5875 -1:398000 6:36710 - -

TOFe ,...., 12:300000 -1469800 68.5000 - -

Table 4.6: The dead zones of tracking detectors due ta beam hale

Detecior .rmin(J.Lm) xmax(J.Lm)

*VTXA -20190 126i7

*VTXB -20190 14869

DC2 -16660 39430

~1\VPC1 -38266 46584

~l\VPC2 -41251 45406

~I\VPC3 -35835 70642

~I\VPC4 -:32819 7.5871

OC3 -9.582 96405

* Only used in the acceptance calculations for lambda



• CH:\PTER 4. D.4'I:-\ ANAL'lSIS 83

•

•

• Bearn spread: beam extention at the target is also taken into aeeount by using

the measured distributions.

For eaeh particle that is accepted! a phase space histogram is incremented at the cor­

responding (Pt. y) bin. Finally. the distributions are normalized by the number of the

generated particles. The resulting phase spaee aeceptance diagrams for pions! kaons.

protons and deuterons are shawn in Fig. 4.20. Severa! features are worth noting. For

each specie the left-most boundary corresponds to the edge of the eollimator. and the

right-most boundary is due to the maximum momentum eut. The negatively charged

particles are favoured by the negative magnetic field in the 199.5 run. The detector

dead sections introduce dead bands in the acceptances of the positive particles at low

transverse momentum. They affect the low Pt spectra in the detection of p. ;r+. 1\"+

and deuteron .

The acceptance corrections for proton in different rapidity slices are shown in

Fig. ·L21. One can see that the dead sections for the beam passage on the tracking

detectors have a large effect on the detection of protons at low Pt. At Y < 2.8

the dead sections create a hole in the acceptance at low Pt around 0.1 GeV/ c. For

y > 2.8 the acceptance does not extend down to Pt = 0 due ta these dead sections.

The structures that are round throughout the acceptance distributions originate from

other individual detector dead regions. These acceptance calculations will be used in

constructing the inclusive proton and pion spectra presented in chapter ï .
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Figure 4.20: :\cceptance of E877 spectrometer at -0.33.53 T rnagnetic field setting. The

acceptance is plotted as a function of transverse momentum versus rapidity.
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Chapter 5

Monte Carlo Simulation

Lambda is a short-lived particle (r '"'w 2.6 x lO-lOs). Although our detectors couldn~t

directly detect it. we can measure it via its charged decay channel: :\ ~ p+rr- which

has a branch ratio of 64%. Since lambdas are reconstructed from the measured p and

~- pairs. the reconstruction is thus an inverse process of its decay. The careful inves­

tigations of the kinematics of lambda decay can greatly help us to better understand

the lambda reconstruction. 50 a comprehensive ~Ionte Carlo kinematic simulation

has been developed for these studies.

The properties of the ES;; spectrometer. such as the momentum resolution and

the response of the VTX detectors. are included in the simulation. In arder to avoid

invalving in too much the detailed properties of the detectors. we have used the

parameterized formulas described in section 4.:3.2 and section 4.4.1 in the previous

chapter. The acceptance for .\ ~ p + rr- into the EST; spectrometer will be first

studied in the simulation taking into account the decay properties of A~s.

As discussed in section 4.3.2. the track finding code~ QUANAH~ assigns a track

momenta by assuming the track originates from the target. This assumption is wrong

for the secandary tracks from decay particles such as A~s. \Ve will look ioto the

86
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resulting effect on the lambda reconstruction in the simulation. A corresponding

correction. called backtracking correction, will he developed.

The high abundance of primary protons and pions in the Au+Au collisions results

in large uncorrelated p and rr- pairs (background) in the lambda reconstruction. It is

a great challenge to identify the .\·s signal from such large background of uncorrelated

pairs. Sorne pair cuts have to be made in the data analysis in order to identify

lambda. 50 we will investigate the pair eut parameters 50 as to set up the optimized

eut criteria.

The contents of this chapter are arranged as follows. \Ve first introduce an event

generator used for the simulation. then we look into the acceptance for As into the

ES;; spectrometer and discuss the backtracking issue. and last we study the pair

cut parameters by contrasting the eut parameter distributions of the true pairs from

lambda decay ta the mixed pairs from the uncorrelated p and ~- pairs.

5.1 Event Generator

Since the RQ~[Dmodel predicts the proton and pion spectra of Au+Au very weIl [28].

we can use the predictions of this model as the event generator of the simulation.

ln principal. we could use RQ~[D generated events directly as the event generator

of the simulation. r nfortunately. calculating Au+Au events with RQ~ID takes large

amount of CPC time. Since a great amount of events are needed to study the cuts

in the lambda reconstruction. the distribution of particles in the simulation were

obtained in the fol1owing way:

1. we take all the statistics of .\·s from the about lOOK RQMD events to obtain

.\"s d.Vldy and me spectra in rapidity (~y = 0.1) slices:

2. we fit the mt spectra by Boltzmann distribution (solid lines in Fig..5.1);
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Figure 5.1: .\ spectra from the RQ~ID v2.3 model run in cascade mode. Beginning with

rapidity slice y =:3.2 - 3.3. spectra have been multiplied by successively increasing powers

of ten. Solid lines represent the fits of Boltzmann distribution.

:3. t hen we build a event generator based on the obtained d~"1dy distribution and

the parameters of the fitted mt spectra.
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Figure 5.2: a). The d~V/dydistribution of A·s. the histogram is the prediction of the RQ~[D

v2.3 model run in cascade mode and the solid points are integrated by extrapolating the

mt spectra. They are perfectly matching. b). The inverse slope parameter of A's obtained

from the Boltzmann fitting in .5.1. The solid line corresponds to Eq..5.1

The transverse mass (mt) spectra of ~\'s obtained from the RQ~[D v2.3 model

run in cascade mode are shawn in Fig..j.1. The centrality \Vas chosen at 10% . The

dots represents the data. and solid lines correspond to a Boltzmann fit. The diV/dy

distribution and the inverse slope parameters are shown in Fig. 5.2. The inverse slope
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parameters, TB. as a function rapidity can be well described by

TB(y) = 1ï5/cosh(y - Ycm)

where Ycm =1.6 as shown by the solid line in Fig..5.2.

5.2 Acceptance for .\ ---t p + rr-

90

(5.1 )

•

•

Ta determine the correction of the lambda production. we have to know the phase

space coverage of the spectrorneter for .\'5. As stated before, the decay properties

of lambda have to be taken into account in the simulations. Lambda clecays with

its proper lifetime in its rest frame. In the calculations we assumed that the clecay

is isotropical in the center-of-nla.ss of the lambda. The decay momenta then were

transferred to the laboratory system by Lorentz invariant transformation. \Ve count

a lambda accepted in the ESï; spectrometer only when its decay pair (p. rr-) both

are within the fiducial volume of the spectrometer as defined in section 4..5.:3. Fig. ,5.3

shows the scattering plots for proton emission in the rest frame of lambda. As ex­

pected. the ESï; forward spectrometer kinematically favors the pairs in which p in

the backward hemisphere and ;ï- is emitted forward. Fig..5,4 shows the range of

acceptance for lambda decay into the E8ïï spectrometer. The decay momentum of

lambda is only about 101 ~leV/c. Because of its mass the secondary protons obtain

a relatively weak kick. Thafs why the acceptance of protons from ~\ decay is much

like t hat of directly produced protons originating from the target (see Fig..5.4( a)).

But for the ;ï-. the situation is quite different since the decay momentum is com­

parable to the mass of pion. OnLy low Pt pion from .\ clecay can be accepted in the

spectrometer (see Fig. 5.4(b)). 50 the secondary pions from lambda clecay have a

considerable contribution to the Law Pt part of the inclusive ir- spectra [36].

As shown in Fig. 5.5, the spectrometer is sensitive only to the .\S produced at
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Figure ,5.:3: Scattering plots for proton emission in the rest frame of A's. The top panels

show the generated protons emitting isotropically in the center-of-mass system of A·s. The

bottom panels show the secondary protons from lambda decay when the decay pair both

are accepted by the E8;7 spectrometer.

forward rapidities. The solid Hne represents for the generated As and the dash line

denotes the accepted .\s in the spectrometer. The overall geometrically detecting

efficency for .\ ~ p + 1t'- into the spectrometer is of the arder of 10-3 • Note that in

order to reduce the combinatorial backgrounds. sorne additional cuts will have to be

made. which will further reduce the number of the As identified by roughly another

factor of ten. In genera1, the overall reconstructing efficiency for lambda is of the

order of 10--1. The detailed descriptions of the acceptance correction with pair cuts

for lambda spectra will be given in the next chapter.
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5.3 Backtracking

As mentioned before. the backtracking arose from the track's target-origin assumption

in QCANAH. This assumption is not valid for the secondary tracks from A's decay
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Figure .j ..j: Estimation of the geometrically detecting efficiency for A --t P1r- into the

spectrometer. The solid Hne is the predictions of the RQN1D v2.3 model in cascade mode

and the clash line clenotes the accepted A's by the spectrometer.

•

and results in wrong momenta assigned to those tracks. Since the invariant mass of

(p. ;j-) pair and its momentum are directly calculated from track mornenta. it is very

sensitive to the effect as shawn in Fig..j.6.

Fig. 5.6(a) shows the calculated invariant mass distribution of A'5. This spectrum
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Figure .j.6: a). Invariant mass spectrum of A's taking into account the momentum res­

olution of the spectrometer: b). Distorted invariant mass spectrum of A's due to the

assumption that track originates from the target. cl. Corrected invariant mass distribution

of A's by backtracking.

•
was obtained using generated events and induded smearing due ta the momentum

resolution of the EStï spectrometer. The expected mass resolution is about 3.2

~[eV/ c2• Fig..j.6( b) shows the calculated invariant mass spectrum of the p and ~­

pair from lambda decay when it is assumed that the particles are produced at the
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target. as done in QUANAH. One can see that the lambda peak is not only wider but

also severely distorted with a tail at low rnass values. Note that the distortion will

be more important for lambda that decay further away from the target. Obviously,

this distortion has to be corrected. A correction procedure has been developed.

called as backtracking. This correction uses the upstrearn tracking information from

the VTX detectors to determine the position of the decay vertices. This position

is inserted as the new origin of the tracks in the momentum assigning procedure.

Thus it produces corrected vector rnomentum for the secondary tracks. By applying

the backtracking correction, the distortion of the invariant rnass distribution is weIl

corrected as shawn in Fig..5.6(c). This backtracking correction is added into the data

analysis to deternline the properties (mass. rapidity and transverse mornenturn) of

clecay particles.

• 5.4 Investigation of Pair Cuts

•

Pair cuts play an essential role in lambda identification. The secondary (p, rr-) tracks

from the lambda clecay and the directly produced (p. rr-) tracks are indistinguishable

in the experirnental data (lean ntuples). Thus, identifying the A,s signal becornes very

difficult due to the large combinatorial background. Therefore sorne pair cuts have ta

be introduced in data analysis ta help the identification. But deterrnining these eut

parameters is very difficult. Fortunately. using the ~Ionte Carlo simulation we can

study lambda signal originating from true pairs and the combinatorial background

produced by rnixed (uncorrelated) pairs. Further by looking into the features of the

eut parameters. we can find the optimized eut criteria.

The .\ decay and reconstruction in the spectrometer are illustrated in Fig. 5.7.

To reduce the large combinatorial backgrounds, five types of (p, rr-) pair cuts are

included in our investigations. They are:
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Figure .j.7: Schematic diagram iIlustrating A decay and reconstruction .

• Minimum pair-track separations: The finite resolution of the tracking de­

tectors results in limited ability at resolving dose pair tracks. An occupancy

correction was developed to resolve this inefficiency of the tracking detectors for

single track analysis in section -t ..j.2. [n the analysis of pair tracks. we just re­

move those pair tracks whose separations in the two drift chambers and TOFF

are doser than the minimum separations (see Fig. 4.16). This type of eut can

improve the pair invariant mass resolution. but it also rejects sorne A samples.

• Distance ~'~ of decay vertex from the target: ~/~ is one of the most essential

pair eut parameters. [ts distribution is supposed to he different between the

.\·s and the backgrounds as shown in Fig. 5.8. The upper panel shows the

calculated ~.~ distribution from lambda decay (true pairs). The solid curve

represents the true ~/~ distribution of the .\ entering the spectrometer. It has

close to an exponential shape related to the A lifetime. The dash curve denotes

the reconstructed \!~ distribution from the upstream tracking information From

the VTX detectors and takes into account the detector resolution. Due to the

limitation of the position resolution of the two VTX detectors the measurement

of ~'~ is less precise for particles that decay near the target. On the other hand,
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•
the ~'~ distribution from the mixed pairs (see Fig..5.8(b)), as expected, is peaked

at the target (v~ = 0) \Vith a long tai!. The minimum v~ eut is set at 25 cm

downstream of the targeto \Ve fixed a maximum \I~ eut at 180 cm from the
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target. which is basically limited by the VTX detector position. This type of

cuts has an effect not only to reduce the large backgrounds but aLso to cut a

fraction of true A samples. This fraction is estimated at the order of 28%. \Ve

have to note that the above two types of pair cuts are included in the studies

of the fol1owing pair cuts.

• (p, rr-) pair tracks pointing away from the target: the upstream tracks

of p and rr- as determined by the VTX detectors are projected back to the

target to obtain .\;Tp and .\;T-:r. Fig..5.9 shows the calcuLated )(Tp and .\;Trr

distributions for true pairs and mixed pairs. The first two cuts have been

already induded in this study~ which cause a dip at .x = 0 on the true pair's

distributions. Let's focus on the shapes of the distributions. As expected. the

distributions for true pairs from Lambda decay are much broader than those for

the mixed pairs, especially for the secondary rr- which received a larger kick in

the decay. The .\;Trr distribution is roughly .5 times broader than that from the

directly produced rr-. 50 we set a tight cut on XTrr (> 10 mm) and a Loase

eut on .\Tp (> 4 mnl). This means that only those pair tracks in which p track

points more than 4 mm away from the reaction point and rr- track points more

than 10 mm away from the reaction point are considered. This cut reduces

a considerable the combinatoriaL backgrounds. However~ it also rejects the As

that decay close ta the target and the As where the decay partides are emitted

along the lambda momentum vector.

• Track matching between upstream and downstream: the upstream track

segment is determined by VTX detectors and the downstream track segment

is determined QCANAH by the downstream tracking detectors. For any good

tracks. the two segments of a track should match at the center of the spec­

trometer magnet. \Ve can also use the matching point to improve the upstream
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•
tracking and the determination of the decay vertex position. This will he dis­

cussed in the next chapter.

Fig. 5.10 show the calculated distributions of the matching parameters .Q~~p and
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~.\'1r for true pairs and mixed pairs. They all exhibit nice Gaussian shapes. As
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Figure .5.10: Investigation of the track matching parameters at the center of the magnet.

The true pair's distributions are shown in upper parts while the mixed pair's distributions

are shown in lower parts. The solid lines represent Gaussian fits.

•
expected. for both particles the shapes of both true pairs and mixed pairs are

no rnuch different. But for the rr-. the distribution of true is somewhat wider
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than that of mixed pairs. 5ince in both cases the simulation contains only

valid tracks, thus this cut has little effect on the contribution of combinatorial

background but its main effect is in reducing the contribution from misidentified

background tracks .

• Reconstructed momentum vector pointing back to the target: the

reconstructed pair momentum vector is supposed ta point back to the reaction

point at the target. because the As produced in the reactions should come from

the target while the backgrounds may not. 50 the reconstructed momentum

vector is projected back to the target to obtain ~.\'tI and ~ }.~. The calculated

..l.\ lJ distributions for true pairs and mixed pairs are shown in Fig..5.11. As

expected. the ~.\'v distribution for true pairs from lambda decay shows a nice

Gaussian distribution with (]' ,..., l mm. On the other hand. the mixed pair

distribution is distorted on the right edge with a long tai1. So we set a cut

on ~.\v \vithin ±2(]' ta conserve the majority of .\ samples and reject the

backgrounds on the long tait of ~.\'u distribution from mixed pairs. This cut

will also have an effect to reduce the background produced by misidentified

tracks.

In addition to the investigations of the pair cuts. the above calculations are also

used to evaluate the reconstruction efficiency for lambda spectra in the data analysis.

This will be discussed in the following chapter.
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Figure 5.11: Investigation of the reconstructed momentum vector pointing, which is pr~

jected back ta the target ta obtain ~.llJ. a). The calculated ~.'v distribution for true

pairs: b). The calculated ~4llJ distribution for rnixed pairs.
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Chapter 6

Lambda Identification

In the previous chapter \\Oe have performed a comprehensive ~lonte Carlo simulation

on o\·s decay and reconstruction. This provides us a solid guidance to study the

lambda identification from the experinlental data. In this chapter we will discuss the

analysis of the data in detail. First we overview our analysis procedures. then look

into each step of the analysis and last discuss the determination of the A yield.

6.1 Overview

Lambda identification is based on the invariant mass analysis of (p. rr-) pairs. vVe

can calculate the invariant mass of a p and rr- pair from the measured momenta Pp

and Pro

(6.1 )

•

where the total energies of proton (e p ) and pion (fll') are

f = Jp2+ rn2 and e =Jp2+ rn2Ppp 11' 1T' 1T'

Since our data analysis on lambda identification is performed on the reduced data

(lean ntuples) where the secondary p and rr- tracks are indistinguishable from the

103
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directly produced p and rr- tracks. the (p. 1i-) combination will then result in a large

combinatorial backgrounds. It is a great challenge to identify the As from such large

backgrounds. Traditionally. there are two approaches for lambda identification:

• Direct approach: ln this approach. a set of pair eut parameters. similar to

those described in section .1.4. are directly imposed on the pairs ta reduce the

combinatorial background. However. these pair cuts aIso reject a fraction of the

true .\ samples. The optimization of the pair euts are needed in this approach.

• Mixed event method: In this method the mixed (p. 1i-) pairs from differ­

ent events are used to precisely determine the combinatorial backgrounds. The

mixed pair analysis parallels the true pair analysis. ln such an approach the

number of the pair cut parameters can be reduced and the cut criteria can

be set more loosely. Of course. these pair cuts must be identical in both true

pair and mixed pair analyses. .-\s the combinatorial backgrounds is expected

to be very precisely determined. the lambda spectrum can be obtained simply

by subtracting the normalized mixed pair spectrum from the true pair spec­

trum. \Vith this we can keep a larger fraction of the .\ samples. However. the

determination of the backgrounds is very critical and may even failed if other

sources of (p. rr-) correlations exist.

In our data analysis. we mainly employed the direct approaeh for .\·s identification.

The mixed event method are also used to look into the backgrounds, especially for

the contribution of the correlated (p. rr-) pairs.

The overall procedure for lambda reconstruction is as follows: tirst making global

event selection such as centrality eut. then selecting single p and rr- traeks by loose

PID cuts Once the single track are selected. then p and ii- pair are formed and the

invariant mass of each pair is caIculated. Then a set of pair cuts, as discussed in

the previous chapter are used as filter ta reduce the dominating combinatoriaI back-
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grounds. After the filtering, the lambda signal (peak) is identifiable in the invariant

mass distribution of the pairs and the lambda yield is obtained after the background

subtraction.

6.2 Single Track Selection

As mentioned above. the reconstructing process starts from selecting single p and rr­

tracks in each event. \Ve use the PlO eut. which has been described in 4.3.4. to help

the traek selection. Oue to the decay effect of A's. we have to make loose PlO cuts

to select aH protons and pions. The eut eriterion is chosen as

where m Z is the measured squared mass and m? is the peak value of the m 2 dis­

tribution for each particle species. This cut is twice as wide as the standard PlO

eut shown in section 4.:3.4. Aeeording to the aeeeptance calculations in section 5.2.

the speetrometer favours the low Pt pions from the ~\"s decay. Since the light pion 's

trajeetory is more strongly affected by the lambda decay. we further loose the eut

criterion of Eq.( 6.2) for iT- at low momentuffi.

•
1

2 '1

1
30 . -m - mi <:. ffm 2. l = p. iT

•

1m2
- m;_1 < 0.12 u'hen P7r- < 3.5 Gel/je

(6.2)

(6.3)

•

Like the normal PID eut procedure. the maximum momentum eut is also imposed

on the single track selection. The momentunl cuts are 15 GeV je for protons and 10

GeV/ c for iT-S. This implies that the reconstructed .Vs are limited to about 25

CeV/c.

Sinee the TOFr pulse height cut helps distinguish the charge state of a particle.

we also impose this cut on the single track selection. This type of cut improves the

quality of the traek selection.
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\Vhen the single p and rr- tracks in an event have been selected, we store them in

a stack and then combine them ta form true (p, ii-) pairs. In the meantime. we also

keep up the single track data of the latest 10 events for mixed event analysis. The

mixed pairs are used for the combinatorial background studies.

6.3 Pair Reconstruction

Having done the single track selection. we can proceed ta the pair reconstruction.

The pair reconstruction is divided into two paralld processes. true pair and mixed

pair. Each process has same contents. including upstream track reconstruction, decay

vertex determination. backtracking correction and invariant mass calculation. In this

section, we will mainly focus on the true pairs analysis .

6.3.1 Upstream Track Reconstruction

As described in section 4.3.1. Qr:\~AH didn't use any tracking information upstream

of the spectrometer magnet for track determination. and assumed that the track

originates from the target. Ta reconstruct .\. we have to redo the determination

of the upstream track segment between the target and the spectrometer magnet by

using the tracking information from the measurements of two VTX detectors. This

procedure is referred as upstream track reconstruction.

r nfort unately, these two vertex chambers can only provide two measuring points

for a track. :\lthough two points are sufficient ta determine a straight line, the

resulting resolution in the track location is limited. Since the two vertex chambers

were placed \'ery close ta each other, only about 25 cm apart, any uncertainties of the

hit-position measurements in one of the detectors can lead to a large uncertainty on

the track deterrnination from the two measured points and thus on the clecay vertex
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location,

[n order to improve the effective track resolution, we have used an extra point

in the determination of the upstream track segment. As discussed in section 5.4.

the track upstream and downstream of the the spectrometer magnet should match

up at the center of magnet. \Ve can choose this matching point (a virtual point)

as the third point to aid the determination of the upstrearn track segment. The

coordinate of this point is determined by a linear extrapolation of the downstream

track segment which was weIl determined by OC2 and OC3 in QUANAH. Thus the

position resolution of the matching point is determined by the position resolution of

OC2 and OC:3 (ur 'V 300 J.lm. (jy 'V l mm) [:30]. 5ince this matching point is about

:3.1 m downstream of the target (about l m away from the VTXA chamber). it does

improve the determination of the upstreanl track segment.

Since in the direction perpendicular to the bend plane the track is not deflected

by the magnetic field. it should be a straight line in the y-z plane from upstream to

do\\'nstream. 50 a three-point linear fit is used to obtain y information of the upstream

track. in which two points are from the measurements of two VTX chambers and the

other point is selected from the measurement of either one of OC2. OC3 and TOFU.

depending on which is available.

6.3.2 Decay Vertex Determination

Once the upstream track segments for p and iT- have been determined, we reconstruct

the decay vertex (~'~. \./~, v~) for lambda. 5ince the tracking detectors have much

better position resolution in the bend plane (x-z plane), the reconstruction is mainly

performed in the bend plane of the spectrometer by finding the crossing point of

the p and iT- pair tracks. This crossing point position determined the values \t~

and \.'~ of the assumed decay vertex. Fig. 6.1 shows the obtained V= distribution.
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One cao see that the reconstructed V;: distribution is as expected peaked at the

target (~'~ = 0) with a long tail. The distribution has a very similar shape as the

calculated distribution from uncorrelated pairs in the Monte Carlo simulation in

Fig. 5.8. This indicates that the combinatorial background is dominant in the lambda

reconstruction.

·200 ·150 ·100 ·50 o 50 100 150 200
Vz (cm)

•

Figure 6.1: The reconstructed \/;: distribution from the p and 7r- pair tracks.

Because of the relatively poor resolution in the y direction, the \~ coordinate in

the direction perpendicular to the bend plane. is determined in association with V;:.

The \.~ coordinate of the assurned vertex is taken as an average of the y coordinate
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of the upstream p and rr- tracks at ~.;.

\-Vhen the clecay vertex coordinates have been determined, the backtracking cor­

rection described at section 5.3 is used to recalculate the momenta of the secondary

tracks. Then the invariant mass of each (p. rr-) pair is calculated according ta the

Eq. 6.1. Sorne pair cuts have ta be made to identify the lambda peak in the invari­

ant mass spectruIIl of (p. iT-) pairs. \Ve will discuss these pair cuts in the fol1owing

section.

6.4 Pair Cuts

As stated before. the large combinatorial background dominates in the pair recon­

struction. In order to identify the lambda signal from the huge background. a set

of pair cuts (five types) described in section .5.4 are used in the data analysis. As

shown in Fig. 6.2(a). without any pair cuts there is no lambda signal visible on the

invariant mass spectrum due to the large combinatorial background. After we im­

posed the ~'~ eut (25 cm < ~.~ < 180 cm) on the true pair analysis. the combinatorial

background is reduced significantly sa that the lambda signal cornes up as a little

bump in the invariant mass spectrum (see Fig. 6.2( b)). \Vhen we include the require­

ment that tracks pointing away from the target. it further reduces the combinatorial

background dramatically 50 that the lambda signal (peak) shows up nicely in the

invariant mass spectrum (see Fig. 6.2(c)). Therefore the eut on ~~ and requiring pair

traeks pointing away from the target are the most essential cuts to reduce the large

combinatorial background. This is consistent with what we obtained from the ~[onte

Carlo simulation in section 5.4.

On the other hand. these cuts also have an effeet ta remove a fraction of As from

the samples. Sa optimizing these cuts is necessary in order to keep maximum statis­

tics. r nfortunately. these pair eut parameters are highly correlated, which makes
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Figure 6.2: The invariant mass distributions. a) before pair cuts; b) without the cut of

pair tracks away-from-target: c) including the cut of pair tracks away-from-target.

the optimization difficult. In [86} it is discussed how to deal with such optimization

of multi-correlated parameters by a neural network approach. Due to the large data

samples it was judged that this approach would be too much time-consuming in our

case. 50 we develop a simpler approach instead.

Our approach is based on the investigations of ~Ionte Carlo simulation described
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Figure 6.:3: Scattering plots of invariant mass versus the cut parameters of pair tracks

painting away from target. upper panels: before cut; lower panels: after eut (..\"Tp <-3 mm

or XTp >.5 mm and XT~ <-1.5 mm or XTrr >13 mm).

•

in section .1.4. Actually, the \.~ cut parameter has been determined there. 50 we first

fix the ~.~ and the minimum track separation cuts. then set others with coarse cuts

according to the deduced cut criteria from the Nlonte Carlo simulation, and last look

into the correlation of each cut parameter with invariant mass spectrum to fine tune
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the eut criteria. Fig. 6.3 illustrates the determination of the eut criteria of pair tracks

pointing away from the target. The eut parameters are .XTp < -3 mm or ."<Tp > 5

mm and ."<Trr < -15 mm or ."<Trr > 13 mm. One can see that the lambda band

shows up after imposing the eut of pair tracks pointing away from the target since

the parameters ."<Tp and ."<Trr for lambda are correlated.

•

G' 1.25
J:!
>
CI» 1.2

CJ
"-"

. il

•

Figure 6A: Scattering plot of invariant mass versus track matching eut parameters. The

cuts on F;: and pair tracks painting away from the target are included. The arrows mark

the cut positions.

\Vhen the eut criteria on v~ and pair tracks pointing away from the target have
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been determined. lefs look into the eut parameters for track matching between up­

stream and downstream. Fig. 6.4 shows the scattering plot of invariant mass versus

track matching parameters. The cuts on v~ and pair tracks painting away from the

target have been already included. One can see that the lambda bands are centered

at ~_\'p=O and ~.\'~=O. [n the final analysis we set a loose eut criteria at I~.\'pi <

:3 mm and I~.\'~I < -t mm.
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Figure 6..5: Scattering plot of invariant mass versus the eut parameter of reconstructed

momentum vector painting back ta the target. The arrows mark the eut positions.

Fig. 6.5 shows the scattering plot of invariant mass versus the parameters of
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reconstructed pair momentum vector pointing back to the target. The previous four

types of pair cuts have been already included. As expected, the lambda samples are

indeed concentrated on the target (~\;~=O and ~Vy=O). We set the cut criteria at

I~~~I < 2 mm and I~\!~I < 3.8 mm. This cut has a similar effect as the matching

cut to reduce the background produced by misidentified tracks.

The pair cut criteria are summarized as follows:

• ~Iinimum pair-track separations:

~.\'DC2 > 1.2 cm

~.\'DC3 > 2..5 en

~.\'TOFU > l slat

• Distance ~.~ of decay vertex from the target:

25 cm < ~'~ < 180 cm

• Pair tracks pointing away from the target:

.\'Tp < -:3 mm and .\'Tp > .) mm

.'(TIr < -l.) mm and :\;Trr > l:3 mm

• ~Iatching between upstream and downstream tracks:

I~.\'pl < 3 mm

I~.\rrl < 4 mm

• Reconstructed pair momentum vector pointing back to target:

1~.\'lJl < 2.0 mm

l~l~1 < 3.8 mm

After the pair cuts filtering, the large background has been dramatically reduced

so that the.\ signal (peak) becomes \vell identifiable in the invariant rnass distribution

(see Fig. 6.6). \Vithout backtracking correction, the lambda is peakecl at 1.113 GeV/c2
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with a resolution of 3.94 JIe\/jc2 • After the backtracking correction the lambda

peak shifts to the known lambda mass 1.116 GeVIc2 with a better resolution of 3.32

J[eJi/c2
• The backtracking correction also significantly improves the lambda peak

to background ratio. Note that the observed resolution of the lambda peak is very

consistent with the results of the ~Ionte Carlo simulation (see Fig. ,5.6).

-- --------.

M\ =1.1159 ± 0.0001 GeV/c2

cr, = 3.32 ± 0.09 MeV/c2

M,\ = 1.1132 ± 0.0001 GeV/c2

cr \ = 3.94 ± 0.14 MeV/c2
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Figure 6.6: Invariant mass distribution of true prr- pairs. a) invariant ffi3S5 distribution

before backtracking correction: b) invariant mass distribution after backtracking correction.
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Figure 6.7: Podolanski-Armenteros plot for lambda identification. a) The calculated As

in the ~lonte Carlo simulation described in chapter 5. b) The obtained As in the data

analysis. Identical eut parameters are used in bath the data and simulation.

\Ve can check the result of lambda identification from another angle. Fig. 6.7

sho\vs the Podolanski-Armenteros plot [87} after the above pair cuts. In this plot, the

Podolanski-Armenteros variable Q is defined as:

(6.4)
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where qt and qZ are the momentum of the positive and negative tracks from the

lambda decay paraUel to the direction of the lambda momentum, respectively. qt is

the momentum of the pair tracks perpendicular to the lambda emitting direction.

The Podolanski-:\rmenteros plot basically describes the relation between cos(Ocm)

and sin( Ocm), where Ocm is the decay angle in the center-of-mass frame. The data and

the results from the ~lonte Carlo simulation are in good agreement.

6.5 Background Subtraction

:\lthough a lambda signal has been weIl isolated fronl the large backgrounds (see

Fig. 6.6(b)). there are still sorne arnounts of backgrounds underneath the .\·s peak.

\Ve have to subtract these backgrounds before further physics analysis. In this section.

we discuss the background subtraction.

Before doing the background subtraction. it is necessary to look into the sources

of the backgrounds in the invariant mass distribution. Besides the dominant (p. rr-)

combinatorial backgrounds which pass through the pair cuts, there is another contri­

bution from p and rr- pair correlation. Fig. 6.S shows the normalized one-dimensional

correlation function obtained from the p and rr- pairs used in the lambda reconstruc­

tion. The relative momenturn q was evaluated in the center-of-mass of the pair.

which is directly related to the invariant mass JJinv of the pair. One can see that

the HBT-type correlation of p and rr- pairs has a very strong signal at q ,..., 0 related

ta the source size. which is mainly due to the Coulomb interaction between the pair

particles. The small bump at q = 0.2 Ge\;fc is due to the correlated p and rr- pairs

from lambda decay. Since the HBT-type correlation [88] is mainly concentrated at

q < 0.1 GeV/c. equivalent to .\Iinll < 1.11 Ge~'ïc2, it does affect the lambda peak in

the invariant mass spectrum. especially at the left edge of the lambda peak. 50 we

definitely cannot neglect it in the background subtraction.
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Figure 6.8: One-dimensional correlation function C2 versus p and ii- relative momen­

tum q in the center-of-mass of pairs. Experimentally the definition of the correlation

funct ion is C'2 (q) = ,Vtrue / ~Vfal~t!.

\Ve have attempted to estirnate the background by using rnixed pair analysis.

Fig. 6.9 shows the obtained invariant mass distributions for true pairs (solid his­

tograrn) and rnixed pairs (dash histogram). The rnixed pair's distribution was nor­

malized with respect to the tail of the true pair distribution. This approach seerns ta

underestimate the background at low J[inv in agreement with Fig. 6.8. 50 because

of the effect and the relatively lirnited statistics, we have used a simper method to
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subtract the remaining background.
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Figure 6.9: Background subtraction by rnixed pair method. The solid histogram represents

the true pair's distribution. the dash histogram is the normalized distribution from rnixed

pairs to estimate the background.

In principle. we can use fitting method to extract the yield of As from the invariant

mass spectrum. But the fitting method requîres enough statistics for working weIl. In

the invariant mass spectrum the statistics of .\·s are usually srnall at high Pt sa that

the fitting often rails in those regions. To overcorne the problem due to low statistics,

we instead use a linear interpolation method for the background subtraction (see
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Fig. 6.10).
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Figure 6.10: Background subtraction by linear interpolation.

In the range of 1.084 < Jlinu < 1.16 Ge.~'ÏC2, the background distribution 15

approximately linear. \Ve set three windows with equal width in the invariant mass

spectrurn. \Vindow 1 that cantains the lambda particles is set in the range of 1.106

< .\Iinu < 1.126 Ge FI c2
, called .\ window. \Vindow Il and III, sandwiching the

.\ window. are used as references of backgrounds. Further the net amount of the

.\s is obtained by subtracting the background from the lambda window. \Ve have

examined this method. It performs consistently and gives a result as good as the
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fitting method within statistical errors. 50 we mainly use the linear interpolation

method for the background subtraction in our data analysis for lambda spectra.

After subtracting the background underneath the lambda peak, we have obtained

2644 As from 31.918.757 eental events « 10%O'geo)' \Ve will use these identified As

to construet lambda spectra discussed in the next chapter.

6.6 Corrections of Acceptance and Pair Cuts

After the filtering of the pair cuts. the obtained phase space acceptance diagram for

lambda is shown in Fig. 6.11. Our measurements have a coverage in rapidity range

of 2.2 < y < :3 ..-1. The .\s in low Pt « 0.15 CeV le) are not reconstructed. because of

the dead zones in the VTX detectors near the beam axis.

To reconstruct the lambda spectra in the eovered phase space. the measured data

needs to be eorrected for the spectrometer acceptance and a variety of cuts. The

single track efficiency has been discussed in section 4.5.1. But the efficiency of VTX

detectors is rnissed there. \Ve have studied the efficiency of VTX detectors by looking

ioto the proton ratio with/without the VTX cut. The obtained efficiency of VTX

detectors is about 85% for single track in the sensitive area of the detectors. This is in

good agreement with the result of Bersch's studies [69]. The effect of the dead regions

due to beam hole (see Table 4.6) are included in the acceptance correction. 'vVe used

these estimations to correct the single track efficiencies in pair reconstruction.

The corrections of acceptance for lambda with the pair cuts included are obtained

from the ~Ionte Carlo kinematic simulation described in chapter .5. Fig. 6.12 shows

the calculated acceptance for lambda as a function of rapidity and Pt. The set of pair

eut parameters listed in section 6.4 has been included in calculations. We divided

the measured rapidity range (2.2 < y < 3.4) into four rapidity bins with equal width.

One can see that the E877 spectrometer has a very low acceptance (under 10-3 ) for
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Figure 6.11: The measured range for A's in phase space after the pair cuts.

lambda after the pair cuts. [n generally~ the spectrometer favors the As at forward

rapidities: especially in beam rapidity region (:3.1 < y < 3.4) there is relatively high

reconstructing efficiency. The structures that are found through the acceptance dis­

tribution of .\·s originate from the dead sections of the individual tracking detectors.

These corrections introduce sorne uncertainties. The acceptance calculation un­

certainty is of the arder of 10%. The estimation of the tracking efficiency of the

VTX detectors has an uncertainty about ,5%. The background subtraction to extract

lambda yield introduces an error about .5%. vVe use the single track efficiency to

estimate the efficiency of the pair tracks. It results in another uncertainty for the
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Figure 6.12: Acceptance corrections for A's with pair cuts in four rapidity bins.

corrections. The overaIl systematic uncertainty is of the order of 15%.



•

•

•

Chapter 7

Results and Discussions

In this chapter. we present our results on lambda production in Au+:\u collisions at

11 ..5 .-\ . Ge \ j c. \Ve begin by discussing the results on the proton and pion spectra.

which are intended to establish the quality of our analysis procedure. Then the double

differential multiplicities for lambda as a function of centrality will be presented.

Lambda yield and d.V/ dy distribution are obtained by integration of the experimental

mt spectra. Finally. the azimuthally anisotropie flaw of .\ ~s will he presented and

discussed. AlI the experimental resuIts on .\ ~s will be compared with the predictions

of the Relativistic Quantum ~[olecular Dynamics (RQ~[D) model [43].

7.1 Proton and Pion Spectra

The spectra of protons and pions produced in :\u+:\u collisions at AGS energies

have been extensively studied by the collaborations ESt; [27 ~ 28] and E866 [14]. The

E8t; experiment made a systematic study of the proton and pion spectra from the

data in the 199:3 run (28]. Those data \vere obtained at a bombarding energy of

10.8 :\·GeV/c. slightly lower than the beam energy in the 1995 rune To examine the

consistence of our data analysis. we have constructed the proton and pion spectra

124
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fram the present data set and compare the results to those obtained from 1993 data

set. Since the E866 experiment had a complementary caverage in rapidity ta that of

E877. we also include the E866 data in the discussion.

To produce particle spectra. the particle identification (PID) cuts. shawn in

Fig. 4.12. were used to select the particle species. The TOFU pulse height eut.

shown in Fig. 4.9. was used to select the charge state of the particle. The efficiency

and corrections described in section 4..5 are used ta obtain the invariant multiplicity

distribution of the particles presented here.

7.1.1 Inclusive Proton Spectra

The inclusive transverse mass spectra of protons for the most central 4%ugeo are

shawn in Fig. ï .1. The data \Vere divided into constant Pt bins of 20 MeV and

rapidity bins of 0.1 unit width. The spectra are plotted as l/m; . cP .\"jdmtdy vs

rnt - m p • a representation in which a thermal (Boltzmann type) distribution would

be represented as a pure exponential. For comparison we plotted the 199.5 data (solid

points) and the 199:3 data (open points) together. The agreement between the two

data sets is very good. In the 199.5 data. there is a gap in each spectrum at very

lo\V Pt resulting from the effect of the dead sections in the tracking detectors where

the :\u beam passed through. Since the spectrometer was operated with a negative

polarity magnetic field. the dead zones affect mainly the measurements of positive

charged particles such as proton.

The overall behavior of the transverse mass spectra is weIl described byexponen­

tial Boltzmann fits (solid lines). Around beam rapidity (Ybeam=3.2), a steeper rise

shows up at low Pt which is attributed from the projectile spectators. Detailed discus­

sions about the effect of the spectators can be found in [28]. Here our interest is on

the thermal component. To extract the inverse slope parameter, a single exponential
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Figure ï.1: ~Ieasured proton transverse mass spectra in Au+Au collisions for the most

central -l% of (j1~O. Starting with rapidity bin y =3.3 -3.4, the spectra have been multiplied

by successively increasing powers of 10. Errors are statistics. The solid circle represents

the 95 data while the open circle denotes the 93 data [28}. Full lines are the results of

Boltzmann fits to the data.

•
fit \Vas perforrned beginning at mt - m p = 0.1 GeVIc2 for rapidities y=2.9 to :304. For

other rapidities the fits began right after the -beam hole~. The rapidity dependence

of the inverse slope parameters TB are presented in Fig. 7.2. Since the reaction system
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Figure ;.2: Proton inverse slope parameters as a function of rapidity. The data are repre­

sented by solid symbols and reftected about mid-rapidity (open symbols).

•

is symmetric. the measured values (solid symbols) are reflected about mid-rapidity to

better visualize the behavior of the data. 80th the 95 data and the 93 data agree very

weIl. The values of the inverse slope parameters increase progressively from the beam

rapidity to the mid-rapidity. A possible explanation of the large inverse parameter

values at mid-rapidity is the effect of the hydrodynarnical collective flow ~ which add

a common velocity to the thermal motion during the fireball expansion [16}.

The rapidity density distribution of protons is expected to provide important
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Figure Î.:3: Rapidity distribution of protons for the most central Au+Au collisions. The

solid symbols are the measured points and the open symbols are obtained from reflecting

the measurement about Ycm.

information about the baryon stopping of the reaction system. The measured proton

rapidity distribution d~V/ dy is shown in Fig. Î.3. The distribution is obtained by

integrating the transverse mass spectra where data available and extrapolating ta

Pt = :x: using the exponential Boltzmann fits (see Fig. 7.1). The results from the 95

data and the 93 data agree weU within the systematic errors. Besides a comparison

with the results from the E8ii 1993 data~ we also included the results from the E866
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experiment [14]. This results in a complete proton diV/ dy distribution in central

:\u+:\u collisions at AGS energies. The proton seems to have a fiat diV/ dy at mid­

rapidity. which is not consistent with the predictions of the RQ~ID that gives a more

Gaussian-like distribution [28]. The width of the distribution is significantly narrower

than that observed from Si+:\u system [30~ :JI]. This indicates that a large degree

of stopping and hence a state of high baryon density has been formed at the central

Au+:\u collisions at AGS energies. The model calculations indicate that the density

is about 8 times normal nuclear density [14].

7.1.2 Inclusive Pion Spectra

Pions are produced copiously at :\GS energies. Because of their light masses and large

cross sections for interaction in nuclear matter they are expected to be thermalized

easily. Since the transverse flow of pions is very weak [42], their spectra are not as

affected as those of heavier particles by collective flow and thus they are good probes

for studying thermal properties at freeze-out.

The inclusive pion Tnt spectra measured in the most central (4%c::rg~o) collisions are

presented in Fig. ï.-t. Like the proton mt spectra. the effect of the "beam hole" aIso

appeared on the ii+ spectra. 80th the 9.5 data and 93 data are very consistent. Over­

aIl. the transverse mass spectra aiso exhibit thermal shapes with increasing inverse

slope values as approaching mid-rapidity. A clear enhancement above the pure ex­

ponential (thermal source) fits (solid Hnes) are observed for mt - mr. < 0.2 GeV/c2 •

A similar effect was already observed for Si+Pb system and was explained as the

contribution from the decay pions of ..l resonances [89]. To further test this hypoth­

esis we have made an attempt to reconstruct ~++ via its decay to p1r+ pairs. This

analysis is presented in Appendix B.

A single exponential fit was performed to the data above mt - m 1r = 0.2 Gevïc2
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figure ïA: Pion transverse mass spectra in Au+Au collisions for the mast central -l%

of (jgeo. Starting with rapidity bin y = -lA - 4.5. the spectra have been multiplied by

successively increasing powers of 10. Errors are statistics. The solid circle represents the 95

data while the open circle denotes the 93 data [28]. Full Hnes are the results of Boltzmann

fits to the data.

•
in the rapidity bins where available (2.8 < y < 3.5 for 71"+ and 2.8 < y < 4.0 for 7r-)

and starting from mt - m 1r = 0 Ge \-'{c2 at other rapidities. The obtained inverse

slope parameters as a function of rapidity are presented in Fig. 7.5. The 93 and 95
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Figure T..5: Pion inverse slope parameters as a function of rapidity. The data are presented

by solid symbols and refiected about mid-rapidity (open symbols).

•

data are in good agreement. The only difference is that in the case of rr+ the 9.5 data

shows somewhat higher temperature than the 93 data does.

The spectra. in a similar manner to the protons. are integrated over mt in each

rapidity bin to obtain the rapidity distribution. The resulting rapidity distributions

are presented in Fig. T.6. Besides a comparison with the results from 1993 E877 data.

we also added the results from the E866 experiment [14] into the plot. This results

in a nearly complete pion diV/ dy distributions in central Au+Au collisions at AGS
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Figure ;.6: Rapidity distribution of pions for the most central Au+Au collisions. The

solid symbols are the measured points and the open symbols are obtained from reflecting

the measurement about y - Ycm =o.

•

energles.

ln summary~ we have constructed proton and pion spectra for the most central

Au+Au collisions and compared ta the previous results from the 1993 data set. They

are \·ery consistent. This establishes the quality of our analysis procedure. In the

fol1owing section. we will use this procedure to construct the lambda spectra.
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Our approach is ta present the experimental data on lambda product ion and compare

the results with the thermal model and Relativistic Quantum ~Iolecular Dynamics

(RQ~ID) model [43]. adynamie hadronic model. The thermal model has been used to

describe the overaLl behavior of the particle spectra produced in heavy-ion collisions.

\Ve will fit the measured lambda spectra using this model in order to characterize the

data and to extract the Boltzmann temperature parameters. The comparison with

the dynamic hadronic model can be used to learn if conventional physics is sufficient

or if new physics is necessary ta explain the experimental data.

In arder ta generate lambda spectra. the pair cuts described in section 6.4 are

used ta identify the .\s. Due to the limited lambda statistics. the data are divided

into constant Pt bins of 100 ~leV and rapidity bins of 0.3 unit width from y = 2.2 to

y := :l.·t The lambda yield is obtained from the invariant mass distributions in each

(y. Pt) bin after background subtraction as described in section 6.5. After corrections

for acceptance and eut efficiency. the inclusive lambda spectra can be obtained by

the same method used to generate the proton and pion spectra. Our .\ samples could

contain a contribution from higher mass states having a .\ as their decay product

that passes our cuts. The main source of these is ~o decay.

The lambda transverse mass spectra measured for the most central and seml­

central Au+:\u collisions are presented in Fig. i. i and Fig. 7.8, respectively. The error

bars are not only statistical errers but also include the errors from the background

subtraction. Overall. the spectra exhibit exponential thermal shapes with increasing

inverse slope parameter when approaching mid-rapidity. The general behavior is weIl

described by single exponential fits (solid lines). This is consistent with the fireball

frem where these .\s originate to be in local thermal equilibrium.

The data are also compared to the RQNID v2.3 model run in cascade (dash his-
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Figure 7.7: ~'(easured A transverse mass spectra for the most central (4%O'geo) :\.u+:\.u

collisions. The solid lines are the exponential Boltzmann fits. The clash Unes and dot lines

are the predictions of RQNID v2.3 model run in cascade and mean-field modes, respectively.

tograms) and mean-field (dot histograms) modes. As one can see. the conventional

hadronic model reproduces the data very well both in magnitude and shape over the
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respectively.

•
rneasured rapidity and centrality intervals. In the forward rapidity region, there are

little differences between the cascade predictions and the mean-field predictions in
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•

The inverse slope parameters obtained from the exponential Boltzmann fits of the

mt spectra are presented in Fig. ;.9 for centrality -1% and Fig. ;.10 for centrality 4­

10%. The data are compared ta the values obtained from fitting the proton 5pectra.

For bath centrality bins~ the extracted inverse slope parameters from the lambda

spectra are similar. within the systematic errors~ with the proton results in bath

amplitude and shape. This implies that like the protons the lambdas obtain a similar

collective flow which i5 superimposed on the thermal motions in the freeze-out.

8y integrating the transverse mass spectra where data are available and using the
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•

results from the Boltzmann fits ta extrapolate to infinity, we obtain the A rapidity

density distributions in the two centrality intervals, shown in Fig. 7.1 Land Fig. 7.12.

The data are also compared with the predictions of the RQ~[D model (histograms),

where the clash histogram is the prediction of the model run in cascade mode while

the dot histogram is the prediction of mean field mode. Our data are in very good

agreement \Vith the predictions of the model within the systematic errors. In the

covered rapidity range (2.2 < y < 3.4), the results from the calculations of both the

pure cascade and the effects of mean-field included show a very little difference. The

mean-field effects seem ta have an effect only in the midrapidity range. Fig. 7.11
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also indudes the results from the E891 experiment [90] at the AGS. They reported

a yield which is roughly 20% higher than ours. This difference is at the limit of the

systematic errors of both experiment.
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The data are represented by solid symbols and reflected about mid-rapidity (open symbols).

•

From the measured rapidity distributions of lambda and proton (listed in Ap­

pendix A), we calculated the ratio of .\/p, shown in Table i.1. The data are compared

to the predictions of the RQ~ID model (v2.3) in the rapidity range (2.2 < y < 3.4).

The data are within errors consistent with the RQ~ID results. The agreement is!

however. better with the pure cascade calculations.
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Figure 7.12: Lambda rapidity distribution in the semi-central Au+Au collisions (4 ­

LO%ugeo )' The data are presented by solid symbols and reflected about mid-rapidity (open
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Table 7.1: AJp ratio in Au+:\u collisions at 11.5 A·GeVJe. The data are compared with

the predictions of the RQ~ID model (v2.3).

Rapidity Range Centrality Bin

(2.2 < y < 3.4) (4 - 10% )O'geo < 4%O'geo

Experimental data 0.068 ± 0.008 0.084 ± 0.008

.\jp ratio RQ~ID v2.3 Cascade 0.064 ± 0.006 0.077 ± 0.006

RQNID v2.3 ~Iean-field 0.057 ± 0.007 0.069 ± 0.007
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The directed flows of proton and pion in Au+Au collisions at the AGS have been

systematically studied by the E877 collaboration [21, 42, 84] using the Fourier ex­

pansion method. In this section we will attempt to extend the E8i7 flow studies to

the lambda hyperons.

At lower energies «2 A·GeV), the theoretical studies [4.5] indicate that the di­

rected flow of lambda hyperons is very sensitive to the A potential in dense nuclear

matter formed in heavy-ion collisions. The calculations also shows that the primor­

dial lambda hyperons have a weak flow as compared with the nucleon flow. The

final-state interaction. especially the propagation in mean-field potential. enhances

the lambda flow in the direction of nucleons and brings theoretical results in good

agreement with the experimental data from both FOPI [47] and EOS [46] collabo­

rations. \Ve expect our data on lambda flow to provide more information for these

questions.

7.3.1 Experimental Results

Due to the limited statistics of the .\ samples. we have to justify the analysis method

in the study of lambda directed flow. First we look into the azimuthal angular

distribution with respect to the reaction plane to extract the average directed flow

parameter VI over the full accepted Pt ranges with different rapidity and centrality

windows. Then we attempt to study the Pt dependence of L'l as a function of rapidity

and centrality using the Fourier expansion method as previously used in the analysis

of proton and pion directed flow [21. 84].

\Ve di vide the azimuthal angle into six equal bins in the range from -1800 ta

1800
• In order to obtain the azimuthal angular distribution of lambdas. the lambda

yields is extracted from the invariant mass distributions in each azimuthal angle bin
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after background subtraction. The obtained azimuthal angular distribution of A's

with re~pect to the reaction plane are presented in Fig. 7.13.
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Figure 7.13: Lambda azimuthal angular distributions measured in transverse momentum

range 0.1.5 < Pt < 1..5 GeVle for different rapidity and eentrality bins. The distributions

are normalized to unity. The solid lines are the fits using Eq. 7.1. The obtained values of

t'l are uneorrected for the reaction plane resolution.

•
Because of the limited statistics the errors are relatively large, however, one can

see that the azimuthal angular distributions of lambda emission with respect to the

reaction plane exhibit sorne azimuthal anisotropy. In the most central bin « 4%O'geo),
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as can be expected there is n%r very little flow signal in the azimuthal distributions.

But in the semi-central bin (4 - lO%ugeo ). flow signal shows up in the azimuthal

distributions. and become significant when approaching the forward rapidities.

For an emission dominated by directed flow, the azimuthal emission distribution

can be parameterized by

d1.V
dl' = l + 2L'l cos." ." = cP - ~tr (7.1)

where 0 is the azimuthal angle of lambda emission in the lab frame and ~',. is the

reaction plane angle. which is determined as discussed in section 4.2.4. The parameter

l"l quantifies the directed flow of particles parallel (Vl > 0) or antiparallel (t'l < 0)

to the impact parameter vector. The fit by the above expression to the measured

distribution yields the average Vl values (see figure). ~ote that the obtained Vl values

are not corrected for the reaction plane resolution.

The Pt dependence of L'l is presented in Fig. Î.14. Once more the data display

very little directed flow for the most central collisions( < 4%ugeo ). Stronger signal for

the semi-central collisions (4 - LO%ugeo ), especially in the forward rapidities (2.8 <

y < :3.4). is observed. This tendency is consistent with the results obtained from the

inclusive azimuthal angular distributions.

Due to the limited data statistics. we cannot draw any definite conclusions about

the Pt dependence of the flow signal. But we can still compare the present data on

lambda flo\\' with the more precise proton data and the predictions of the RQ~[D

v2.3 model. By such comparisons, sorne qualitative conclusions can be drawn.

7.3.2 Comparison with Protons

Since nucleon is the major carrier of the flow signal and the directed flow of proton

has been weil studied, it is a very good reference to which other particle flow can be

compared. In the E877 experiment the acceptance for A is very similar with that of
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Figure;.14: The Pt dependence of el of A's in different rapidity and centrality bins.

the proton. This allows ta make a direct comparison between them in discussing the

directed flow of lambdas.

•

The azimuthal angular distribution for protons in the same acceptance range as

the .\s is presented in Fig. ;.15. The fits (solid Hnes) using the expression 7.1 are used

ta extract the average values of t'l' The obtained values of Vl for both lambda and

proton are summarized in Table ;.2. Generally for the most central collisions (4%O'gea)

the obtained average values of the flow parameter t'lof A are somewhat smaller than

that of protons. As the centrality decrease. the amplitude of the lambda directed
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Figure ï.l.j: Proton azimuthal angular distributions measured in the same acceptance

region as that of the A·s. The distributions are normalized to unity. The solid lines are

the fits using Eq. 7.1. The obtained values of Vt are uncorrected for th~ reaction plane

resolution.

•

flow becomes comparable to that of the protons.

The comparison of Pt dependence of VI between lambda and proton is presented

in Fig. ;.16. The large statistics uncertainties in the VI (pd-dependence of A does not

allow to draw any definite conclusions.
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Table 7.2: Comparison of directed fiow parameters Vi between 1\'s and protons for different

rapidity centrality bins . The values of Vt shown in this table are taken from Fig. 7.13 and

Fig. 7.1.5. The values corrected for the reaction plane resolution are also presented.

Centrality Bin (4 - 10% )O'gt!o < 4%O'gt!o

Rapidity Bin 2.2 < y < 2.8 2.8 < y < 3.4 2.2 < y < 2.8 2.8 < y < 3.4

.\ t'i (uncorrected) 0.023 ± 0.044 0.103 ± 0.051 -0.024 ± 0.044 0.003 ± 0.056

l.'l (corrected) 0.0:31 ± 0.058 0.137 ± 0.068 -0.038 ± 0.069 0.004 ± 0.087

p l'i luncorrected) 0.0:30 ± 0.002 0.111 ± 0.002 0.015 ± 0.002 0.067 ± 0.002

Vi (corrected) 0.040 ± 0.003 0.148 ± 0.003 0.023 ± 0.003 0.105 ± 0.003

7.3.3 Comparison with RQMD prediction

The properties of hadrons may change when inside a dense nuclear medium. Baryons

can acquire effective masses in the dense medium. In the RQNlD mode!. the effect of

mean-field is simulated by introducing Lorentz-invariant quasi-potentials [40]. The

quasi-potentials generate additional pressure in the early stages of the collisions and

therefore lead to an extra boost for the freeze-out particles in the transverse direction.

50 it is expected that the model will generate a stronger transverse flow for lambda

when the mean-field effect is included.

At low energies (around 2 A·CeV). the theoretical calculations from the relativistic

transport models (including the RQ~ID model) have indicated that the mean-field

potentials play a major role in h"+ and ~\ flows [48, 91]. \Vithout any final-state

interaction. both h'+ and .\ flow in the same direction as nucleons, but with much

smaller flow amplitudes. The inclusion of their rescattering with the dense matter

just enhances the flow of h"+ and A a little in the direction of nucleons~ as a results

of thermalization effects. However. the propagations of K+ and A in their mean­

field potentials lead to significantly different flow patterns for K+ and A. Kaons
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Figure ï.16: Comparison of l'dpt) data between A's (solid circles) and protons (open

circles).

are pushed away from nucleons by their repulsive potential while lambda hyperons

are pulled towards nucleons by their attractive potentials. This leads to the small

anti-flow of kaons with respect to nucleons. and to a flow of lambda hyperons very

close to the flow of nucleons.

•

At the AGS. the predictions of RQ~[D model (v2.3) for proton and lambda di­

rected flows in Au+Au collisions are shown in Fig. 7.17. For comparison, the proton

flow is plotted on the upper panel as a reference. As shown in Fig. 2.9, the RQ~[D

model (v2.3) describes well the data of proton HoVi if the effects of mean-field are
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Figure 7.17: Proton and lambda directed flows in :\u+:\u collisions (b <10 fm) at 11.5

:\·GeV/c as a function of rapidity predicted by the RQ~ID model (v2.3) run in cascade

mode (solid symbols) and mean-field mode (open symbols).

•

included. In general. the RQ~ID nlodel predicts that the lambda fIow is very similar

as the proton flow. Both cascade and mean-field modes predict that lambda has a

very small flow at the mid-rapidities and that the flow become larger and comparable

with the proton flow at y > 2.5. This is the region weIl covered in our experimental
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measurements. :\ close inspection of the mid-rapidity region in Fig. 7.1 ï, reveals that

a very small anti-flow is actually predicted by the mean-field mode with a transition

from negative to positive sign that occurs around y = 2.4.
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Figure i .18: Comparison of A ftow data (solid circles) with the predictions of the RQ~[D

model (v2.3). run in cascade (dashed histogram) and mean-field (full histogram) modes.

•

The comparisons between the measured data and the predictions of the RQrvlD

model in cascade and mean-field modes are presented in Fig. 7.18. Although the

interpretation of the VI (Pt )-dependence is limited due to low statistics, one cao con­

cIude that the measured Pt dependence of lambda directed flow is consistent with the
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predictions of the RQ~[D model with the pure cascade calculations giving a better

description on the data trend than the mean-field mode does.

Figure i .19: Corn parison of K+ flow data with the predictions of the RQ~ID model (\"2.3) .

The histograms are the predictions of the RQ~ID model run in cascade (dashed histogram)

and mean-field (full histogram) modes. The figure is taken from [49].
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•
:\ similar conclusion is reached from the recent results on A·+ fiow at the AGS [49J.

Fig. j.19 shows the comparison of A"+ directed fiow data with the predictions of

the RQ~[D model (v2.:3). In this case also the cascade ca1culations give a better

description of the data than the mean-field. 5ince lambda production is mainly

associated with kaon in hadronic scenario. the theoretical calculations indicate clearly

a pivotaI role of h"+ and .\ medium effects in baryon-dense matter at lower energies

«:2 ..t·GeV) (-t8]. \Vhether existing such effects at the AGS or even at higher

energies. is still a question .

•
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•
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Chapter 8

Summary and Conclusions

The ESiï experiment at the .-\GS of Brookhaven ~ational Laboratory was dedi­

cated to the study of the hadron production and flow pattern in Au+Au collisions

at energies around Il A·GeV. For the ES;; last run in 1995. two identical nlulti­

wire proportional chambers with highly segmented chevron pad readout were added

upstream of the spectrometer magnet. They provided precise measurements of the

coordinates of the track before it enters the magnetic field. This additional tracking

information allowed to reconstruct the decay vertices of lambda hyperons. The im­

proved experimental apparatus and large statistics accumulated during that run ('"

4.5 millions central events) allowed us to extend our previous measurements of hadron

production and flow pattern to lambda hyperons.

Lambdas are measured via the charged decay channel: ;\ -t ptr-. Due to the

limited acceptance. the forward spectrometer is mainly sensitive to the A's emitted

at forward rapidities (y > 2.2) and the overall geometrical detecting efficiency is in

the order of 10-3
. On the other hand, the abundant proton and pion produced in the

Au+Au collisions result in a large combinatorial background. It is a great challenge

to identify the low yield ;\s from such large background.

150
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\Ve have performed a comprehensive ~[onte Carlo kinematic simulation to study

lambda reconstruction. The As are generated according to the the predictions of

RQ~[D model (v2.3). The properties of lambda decay and of the E877 spectrometer

are included in the simulation. By looking into the track properties of the correlated

P1r- pairs from lambda decay versus the uncorrelated (p.rr-) pairs, five types of pair

cut parameters are selected to reduce the dominant background and to help lambda

identification. The corrections for the spectrometer acceptance with optimized pair

cuts are also obtained in the kinematic simulation.

The assumption of tracks originating from the target in the low level track finding

aigorithm used in the analysis is not proper for the secondary tracks from lambda

clecay. This assumption led to wrong momenta being assigned ta the secondary

tracks. As a consequence. the mass spectrum of lambda is significantly distorted. \Ve

have developed a correction procedure. called "backtracking". to successfully solve

this problem. lt significantly improves the lambda identification.

Lambda identification is done from the invariant mass spectrum of the prr- pairs

by performing the five types of pair cuts on the pair analysis. The cut criteria have

been optimized by the guidance of the ~lonteCarlo simulation. A linear interpolation

around the lambda peak in the invariant mass distribution is used to subtract the

background underneath the lambda peak. By this procedure we have obtained 2644

.\s from 31.918.757 central events « 10%O'gl!ù)'

The proton and pion spectra for most central collisions « 4%O'gl!o) are also con-

structed and analyzed. The results obtained are very consistent with the previous

ones from the E8;; 1993 data set. These results are used to establishes the quaIity

of our analysis procedure in obtaining the lambda spectra.

The lambda spectra for the most centaI « 4%O'gl!o) and semi-central ((4 -

10% )O'geo) collisions are obtained. The overall behavior of the transverse mass spectra

is well described by a single exponential. The obtained inverse slope parameters from
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the lambda transverse mass spectra are also weIl consistent with those obtained from

the proton mt spectra. This is consistent with a picture where the fireball from which

the As originate is in local thermal equilibrium.

\Ve have clearly observed, for the first time at the AGS, a strong positive directed

flow signal for lambda hyperons at the forward rapidities (2.8< y <3.4) in the semi­

central Au+Au collisions (4 - lO%lTgeo )' The average flow amplitude for lambda

hyperons is comparable with that of the protons in the same acceptance range. This

result is consistent with the observations made at lower energies « 2 A·GeV), which

show that the lambda flow follows the flow of nucleons. But the interpretation of our

flow data for lambda hyperons is limited due to the low statistics.

AlI the measured results for lambda production in Au+Au collisions have been

compared to the predictions of RQ~ID model (v2.3) in its pure cascade version and

in the mode that takes into account the effects of mean-field. In the rapidity range

covered. the ITlodel describes the data \\·ell. The measured transverse momentum

dependence of the directed flow. VI (pd. is also consistent with the predictions of

the model with a somewhat better description being observed for the pure cascade

calculations. This is consistent with the conclusions obtained from the K+ directed

flow and confirms that lambda production is mainly associated with kaon in hadronic

interactions. These data complete the study of the directed flow of the most abundant

particles (proton. light nuclei. pions and kaons) produced in Au+Au collisions by the

E8i7 experiment. This comprehensive set of data provides an important test bed for

the theoretical models.

The narrow rapidity distributions for protons and lambdas indicate that a large

stopping is reached in the central Au+Au collisions at the AGS. \Vhether the systems

produced at the AGS have undergone a QGP phase transition is still an unsettled

issue. The observed effects from the hadronic observables (proton. pion, kaon and

lambda etc) are weIl explained by the conventional hadronic models. The quest for
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the QG P has been passed to the experiments at RHIC. Hopefully the answer will

conle in the near future .



•

•
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Appendix A

Data Tables

The following tables list the numerical values of the Boltzmann fit pararneters and

rapidity distributions for proton. pion and lambda at different centrality windows.

1.54
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Table :\.1: Boltzmann fit parameters for protons in the centrality interval Utop/Ug~o = -1%.

l/m; ·d2 .Vjdmt dy = .VB/mp ·exp(-(mt - mp)/TB(Y)) .

y .Va (Col /GeV2) TB (ivleV) dlV/dy

2.0 - 2.1 13.5..51 ± lAD 240.25 ± Il.84 50.69 ± 3.50

2.1 - 2.2 1:3.5.8.5 ± 1.33 269.90 ± 12.08 60.38 ± 3.90

2.2 - 2.:3 1:38.97 ± 1.10 243.38 ± 6.19 .52.92 ± 2.32

2.:3 - 2,-t 142.17 ± 0.94 231.11 ± :3.80 50.28 ± 2.18

2...t - 2..) 148..).) ± 0.81 202.71 ± 1.71 43.58 ± 2.34

• 2.5 - 2.6 152.49 ± 0.69 179.56 ± 0.8.5 37.94 ± 2.60

2.6 - 2.7 15.5.81 ± 0.4:3 159.87 ± 0.:39 :33.33 ± 2.57

2.; - 2.8 147.97 ± 0.43 151.80 ± 0.38 29.14 ± 2.18

2.8 - 2.9 140.68 ± 0.61 137.:3.5 ± 0.42 24.37 ± 1.57

2.9 - :3.0 1:l:3 ..50 ± 1.12 121.91 ± 0..5:3 19.83 ± 1.57

:3.0 - 3.1 119.4.5 ± 1.16 109.38 ± 0..56 1.5.60 ± 1.27

:3.1 - :3.2 10:3.95 ± 1.30 9.5 ..59 ± 0.64 11.89 ± 0.73

:3.2 - :3.:3 77.02 ± 1.35 84.90 ± 0.81 7.68 ± 0.57

:3.:3 - :3.4 49.38 ± 1,43 77.38 ± 1.24 4..53 ± 0.52

:lA - :3 ..5 24.95 ± 1.82 73.42 ± 3.25 2.17 ± 0.27

•
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Table :\.2: Boltzmann fit parameters for protons in the centrality interval (Jtop/(Jgeo =
-1- 10%. l/m; ·d2~V/dmtdy= ~VBjmp ·exp{-(mt - mp)jTB(Y)) .

y .Vs (c-l/GeV'2) TB (~leV) dlV/dy

2.0 - 2.1 115.41 ± 1.04 235.99 ± 9.93 42.06 ± 2.54

2.1 - 2.2 117.53 ± 1.01 266.91 ± 10.23 51.38 ± 2.91

2.2 - 2.:3 120.47 ± D.82 243.20 ± 5.25 4.5.83 ± 1.96

2.3 - 2.4 124.61 ± D.71 232.83 ± 3.31 44.55 ± 2.02

2.4 - 2.5 134.21 ± D.36 199.03 ± lAI 38.41 ± 2.22

2..5 - 2.6 141.28 ± 0..54 178.35 ± 0.70 34.85 ± 2.54

2.6 - 2.7 1.50.4:3 ± 0.:34 160.37 ± 0.32 :32.:31 ± 2.61

2.7 - 2.8 1.5:J.30 ± 0..51 150.90 ± 0.:34 29.93 ± 2.29

2.8 - 2.9 158.21 ± D..5a 136.30 ± 0.32 27.11 ± 1.74

• 2.9 - :3.0 159.68 ± 0.99 122.66 ± 0.40 24.03 ± 1.87

:3.0 - :3.1 1.57.17 ± 1.08 110.0.5 ± 0.40 20.69 ± 1.3.5

:1.1 - :3.2 149.60 ± 1.24 96.43 ± 0.4:3 17.43 ± 1.01

:3.2 - :3.:3 122.10 ± 1.36 86.:38 ± 0..53 12.45 ± 0.82

:1.3 - :3..1 88.72 ± 1..58 76.64 ± 0.74 7.93 ± O.SO

:3.4 - :3.5 -IS.92 ± 2.20 7.5.19 ± 2.09 4.41 ± 0.47

•
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Table :\.:J: Boltzmann fit parameters for positive pions in the centrality interval Utop/ugeo =

-1%. l/rn;· d2 N/drntdy = ~VB/mrr . exp( -(mt - mrr)/TB(Y))'

y ~VB (c"/GeV2) TB (~IeV) d.N/dy

2.7 - 2.8 862.:30 ± 3.5.79 7.5.90 ± 1.05 24.35 ± 1.09

2.8 - 2.9 289.39 ± 12.01 109.87 ± 1.35 21.53 ± 1.24

2.9 - :3.0 288.00 ± 12.62 103.65 ± 1.42 18.55 ± 1.10

:3.0 - :3.1 2.5.5.67 ± 13.86 100.80 ± 1.76 15.76 ± 0.97

3.1 - :J.:! 223.0.5 ± 4.07 98.41 ± 0.61 13.34 ± 0.85

:1.2 - :3.:3 197.37 ± 6A7 94.80 ± 1.01 10.87 ± 0.71

:1.:3 - :1.4 2L7.89 ± :32.88 85..54 ± 4.07 9.17 ± 0.60

• :3.4 - :3.5 184.17 ± 10.08 82.91 ± 1.43 7.27 ± 0.49

:3..5 - :3.6 :310.76 ± 2.97 61..56 ± 0.34 6.20 ± 0.39

:3.6 - :3. ï 262.45 ± 2.64 58.22 ± 0.33 4.7.5 ± 0.35

:3.7 - 3.8 209.24 ± 2.4.5 .56.2.5 ± DAO :3.60 ± 0.28

:3.8 - 3.9 182.17 ± 2.31 50.70 ± 0.40 2.63 ± 0.23

:3.9 - 4.0 142.88 ± 2.26 48.35 ± 0.52 1.92 ± 0.20

-LO - 4.1 119.:32 ± 2.38 43.77 ± 0.66 1.38 ± 0.13

-1. L- 4.2 97.41 ± 2.49 :38.13 ± 0.81 0.92 ± 0.10

4.2 - 4.:3 73.72 ± 2.45 3.5.60 ± 0.97 0.64 ± 0.08

4.3 - 4.4 63.09 ± 2.19 29.03 ± 0.75 0.40 ± 0.05

4.4 - 4..5 47.50 ± 2.27 24.73 ± 1.34 0.26 ± 0.04

4.5 - 4.6 34.96 ± 2.76 28.22 ± 5.43 0.22 ± 0.04

•
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Table A,4: Boltzmann fit parameters for negative pions in the centrality interval

Cltop/Clgeo = -l%. l/m; ·tP~V/dmtdy = ~VB/rnrr ·exp(-(rnt - rnrr)/TB(Y))'

•

•

y

2.9 - :3.0

:3.0 - :3.1

:3.1 - 3.2

:3.2 - :3.3

:3,:3 - :3.4

:3.4 - :3.5

:3.5 - :3.6

:3.6 - :3.7

:3.7 - :3.8

3.8 - 3.9

:3.9 - 4.0

4.0 - 4.1

4.1 - ..1.2

4.2 - 4.:3

4.3 - 4,4

4,4 - 4..5

4.5 - 4.6

291.63 ± 12..58

:338.20 ± 15.18

271.2.5 ± 16.19

245.14 ± 1.5.90

250.84 ± 18.05

178A9 ± 18.41

179.88 ± :36.42

17:3.47 ± 43.11

111.64 ± :37,42

94.63 ± 7.61

98.21 ± 47.91

91.03 ± 64.82

112.48 ± 1.21

78.04 ± 1.02

.52.06 ± 0.84

:3:3.43 ± 0.69

20.35 ± 0.55

TB (NleV)

100.33 ± 1.15

92.25 ± 1.16

88.83 ± 1,47

83.86 ± 1,47

78.07 ± 1.48

76.17 ± 2.04

69.08 ± 3.52

6:3.90 ± 3.8,5

.59.86 ± 4.83

.58.03 ± 1.19

.51.47 ± 5.73

43.82 ± 6.38

35.81 ± 0.28

:34.00 ± 0.:32

31.50 ± 0.38

29.29 ± 0.47

28.89 ± 0.67

24.53 ± 2.09

21.80 ± 2.03

17.51 ± 1. 72

14.25 ± 1.58

11.61 ± 1.37

8.91 ± 1.1.5

6.89 ± 0.97

5.18 ± 0.79

3.67 ± 0.63

2.90 ± 0..54

2.04 ± 0.42

1.31 ± 0.31

0.92 ± 0.25

0..59 ± 0.18

0.36 ± 0.12

0.21 ± 0.08

0.13 ± 0.06
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Table :\.5: Boltzmann fit parameters for 1\'s in the centrality interval t7top/t7geo = 4%.

l/m; ·d2.V/dmtdy = .va/mA ·exp(-(mt - m.d/Ta(Y))'

y ~VB (c"/GeV2) TB (~[eV) diV/dy

2.2 - 2..5 :32.11 ± .5.79 11.5.14 ± 18.51 5.30 ± 0.72

2..j - 2.8 14.42 ± 1.:32 141.09 ± 8.81 3.05 ± 0.36

2.8 - :3.1 4.80 ± 0.87 109.79 ± 13.86 0.77 ± 0.11

:3.1 - :3.4 1.10 ± 0.39 76.32 ± 16.62 0.12 ± 0.02

Table .-\.6: Boltzmann fit parameters for A 's in the centrality interval t7top/t7geo = 4 - 10%.

l/m; .d2.Vjdmtdy =.Ya/m.\ . exp( -(mt - m.\)/Ta(Y)) .

y .VB (c"/GeV'l) TB (~[eV) diV/dy

2.2 - 2.5 2.5.81 ± 4.98 117.14 ± 1i .20 4.24 ± 0.56

2.5 - 2.8 12.98 ± 1.28 139.44 ± 8.23 2.64 ± 0.30

2.8 - :3.1 4.00 ± 0.54 132.47 ± 13.00 0.77 ± 0.10

:3.1 - :lA 0.72 ± 0.34 112.44 ± 32.22 0.11 ± 0.02
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Appendix B

Reconstruction of ~++

The low mt enhancement of the measured pion transverse mass spectra in Au+Au

collisions at the AGS could be mainly attributed to the decay of the .:l( 1232) res­

onance. To further test this hypothesis we attempt to reconstruct the ~++ via its

deeay products - p7r+ pairs. A similar analysis on ..l++ production in cental Si+Pb

collisions at 1-4 ..j A·GeV je was done in the E814 experiment (89]. where a very low

statistics on ..l++ yield was obtained. The E8i7 199.5 data have about 4.5 million

central events. it Îs expected ta obtain much higher statistics on ~++ yield.

..l++ is the most easily measured one of aIl ..l decays. There is no interference from

the nearby lambda deeay, which could disturb ..l0 measurements. The interference

from the HBT correlated pairs Îs very small since the correlated p7r+ pairs have a

negative sign due to Coulomb repulsive interaction. On the other hand. the charge

asymmetry of the E8ii spectrometer acceptance make it best suited for like-sign pair

measurements.

The invariant rnass (AJinv ) for p1r+ pairs was reconstructed for central collisions

(lO%t7geo )' Single proton and tr+ tracks "vere selected by the standard PID eut

(1.5t7m2). The maximum momentum cuts are 15 GeVjc for proton and 8.0 GeVjc

160
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for iT+. Fig. B.1 shows a summary of our measurement of the ~++ using prr+ pairs.

The analysis employs the "mixed events" technique. One determines the shape of the

a)

-True pairs
_.- Mixed pairs
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Figure 8.1: Reconstruction of the ~++ resonance. a) The invariant mass spectra of p1r+

pairs from the same event (solid histogram) and of F+ pairs from rnixed events (dashed

histogram): b) The ~++ signal after subtracting the mixed pair spectrum from the true

pair spectrum.
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combinatorial background by constructing the invariant mass spectrum using protons

and pions from different events. The resulting distribution is normalized to the true

pair spectrum and subtraction yield the signal (see Fig. 8.1(b)). The dip appearing

around J1inl! = 1.20 Ge 'vjc2 results from the effect of the --beam hole" in the proton

and iT+ acceptances because of the negative polarity of the magnetic field setting

in the 95 data taking run. Integrating the spectrum, we obtain about 48, 180 ~++s

from the 18.040,331 central :\u+:\u events. \Vith full 9.5 data statistics (45 millions

central events). we can obtain roughly 100.000 ~++s. \Vith such statistics it would

be possible to do an analysis of ~++ production in the central Au+Au collisions.
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