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Abstract

The azinluthal distributions of charged particles produced in Au+Au collisions at

Ll.5 A· GeVle have been analyzed relative ta the reaction plane orientation using

the E877 experimental setup at the AGS. Details of the calibration procedures, data

reduction and analysis methods are presented. With the event-by-event reconstruc­

tion of the reaction plane, a Fourier expansion is used to describe the anisotropy

in particle distribution. Directed and elliptic flows are quantified by the dipole and

quadrupole Fourier coefficients. A method allowing the decoupling of these two ef­

fects is întroduced. Elliptic flow signaIs of protons. deuterons, rr+, rr-. 1\"+. K- have

been stlldied as a function of particle rapidity and transverse momentllm for different

centralities of the collision. Transition from in-plane ta out-of-plane flow as a func­

tian of particle rapidity is observed for protons and deuterons. The dependence of

elliptic flow on rapidity is suggested to be a good probe for the study of the transient

pressure in the collision. The first and second arder azimuthal anisotropies of charged

pions and kaons have been measured. A weak in-plane elliptic flow of charged pions is

detected for the first time at the AGS. The experimental results have been compared

with the predictions of the RQMD event generator run in cascade and mean field

modes.
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Résumé

Les distributions angulaires des particules chargées par rapport au plan de réaction

ont été analysées pour des collisions Au+Au à 11.5 A·GeV Ic par l'expérience E877

à l'AGS. Les détails de la calibration, de la réduct ion et de l'analyse des données

sont présentés. Vne série de Fourier a été utilisée pour décrire l'anisotropie de la

distribution angulaire par rapport au plan de réaction. Les flots elliptiques et dirigés

ont été quantifiés en utilisant les coefficients quadrupolaires et dipolaires de la série.

La méthode qui a permis le découplage de ces deux effets est aussi présentée. Le flot

elliptique des protons, deutons, 1T'+, rr-, [{+, l{- a été étudié en fonction du moment

transverse pour différentes centralités de la réaction et pour différentes rapidités des

particules. Vne transition du fiot des protons et des deutons en fonction de la rapidité

a été observée. La dépendance du flot elliptique sur la rapidité est suggérée comme

une bonne méthode d'analyse de la pression nucléaire transitoire. L'influence de

l'expansion radiale sur le fiot elliptique des protons a été étudiée. Les premier et

deuxième moments des distributions angulaires de pions et de kaons sont mesurés.

Vn faible flot elliptique des pions chargés dans le plan de la réaction a été détecté pour

la première fois à l'AGS. Les résultats expérimentaux sont comparés aux prédictions

du modèle RQMD dans le mode "cascade" et aussi dans le mode ou l'on tient compte

de l'effet du champ nucléaire moyen.
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Statement of Originality

In this thesis, the systematic study of the anisotropies in the azimuthal distributions

of identified particles with respect to the reaction plane has been performed as a

function of partic1e rapidity, particle transverse momentum and collision centrality

in Au+Au collisions at 11.5 A·GeVle.

1have developed a robust procedure required to determine the measured reaction

plane distribution. 1 have proposed a new development of the Fourier expansion

method used to quantify the anisotropy in particle production relative to the reaction

plane. Using a new technique for decoupling the elliptic cornponent of the asyrnmetry

from the directed component for the analysis of nuc1eon and fragment transverse

flow, 1have demonstrated that the proton elliptic fiow at the AGS exhibits a rapidity

dependence, with in-plane el1iptic fiow measured for rnid-rapidity region, and out-of­

plane elliptic flow measured at the projectile/target rapidities. The measured rapidity

dependence of elliptic deformation of the flow tensor provides a good probe for the

study of the transient pressure in the collision.

l have compared the proton elliptic flow data to the predictions of the RQMD

v2.3 model. l have shawn that the model explains general features exhibited by the

experimental data, but a better quantitative description of the data is needed. l

have also measured the elliptic flow signal of deuterons. 1t has been shawn that the

amplitude of deuteron elliptic flow is larger in the beam rapidity region compared to
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that of protons. This trend is consistent with predictions of the coalescence modelof

deuteron production including volume effects.

My analysis detected a weak in-plane elliptic of pions for the first time at the

AGS. The observed effect is attributed to the less effective screening of pions by the

cold spectator nucleons at incident energies higher than those of Bevalac. 1 have also

analyzed the azimuthal distributions of positive and negative kaons. l have shown

that at the AGS K+ exhibit a weak negative directed flow .
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Chapter 1

Introduction

1.1 The Quest for the Quark-Gluon Plasma

Theoretical and experimental studies of hot and/or dense nuclear matter constitute

one of the most active frontiers in modern physics. This field of research is of cross­

disciplinary interest to nuclear and particle physics, astrophysics and cosmology. It

offers the only means to study the fundamental theory of strong interactions in the

limit of extremely high temperatures and densities [1). It is predicted that under

such conditions ordinary nuclear matter can be transformed into a plasma of quarks

and gluons. The universe is believed ta have consisted of such a plasma just a few

rnicroseconds after the Big Bang explosion. It may still exist in the cores of dense

neutron stars.

A quark-gluon plasma state can be created in the laboratory by collisions be­

tween two nuclei at very high energy. When two relativistic heavy ions smash into

each other, large amount of energy is deposited in the collision volume of nuclear di­

mensions, which creates high baryon density and temperature. Beams of heavy nuclei

with energies of tens of GeV per nucleon are currently available at the Brookhaven

1



• 2 CHAPTER 1. INTRODUCTION

•

•

Alternating Gradient Synchrotron (AGS) and the CERN Super Proton Synchrotron

(SPS). The Brookhaven Relativistic Heavy Ion Collider (RHIC) and CERN Large

Hadron Collider (LHC) which are now under construction will provide beams with

energies reaching another order of magnitude. One of the main goals of present

and future experiments at these facilities is to study the formation of hot and dense

hadronic matter and its possible transition to the quark-gluon plasma.

1.2 Quantum Chromodynamics and Phase Tran­

sition

The ultimate theory of strong interaction, the quantum chromodynamics (QCD),

describes nuclear matter through the interaction of its fundamental constituents.

quarks, by the exchange of color force carriers, gluons. ft exhibits two fundamental

and related features, one is the color confinement, and the other is approximate chiral

symmetryand its spontaneous breaking. The former expresses the fact that quarks

have never been observed isolated, but only in hadronic bound states, such as baryons

and mesons. The chiral symmetry manifests itself in the smallness of current quark

masses and the vanishing quark condensate in vacuum. It is spontaneously broken in

nature, with the value of the quark condensate, which describes the density of quark­

antiquark pairs found in the QCD vacuum, of ('~'l/J) ~ (2351\;/eV)3 [2]. The quarks

confined in hadrons have large effective masses (mu ~ md ~ 300 MeV, rh" ~ 500~leV)

obtained by interactions among themselves and with surrounding vacuum. According

to the QCD calculations, the quark condensate decreases with increasing temperature

of a hadronic system. At higher temperatures, spontaneously broken chiral symmetry

is expected to be gradually restored. The high density of color charges leads to a

screening of long range confining forces, resulting in a color deconfinement. At very



• 1.2. QUANTU!v1 CHR01\tIODYNA1\tlICS AND PHASE TRANSITION

700 Il
Eartv
UnrvcrSl!

600 ~c
PbPb

~500
~

~ 1.3 400

b ~

i 300 j j (QUARK-GLUON PLASMA)

200

~
--- ,.,sPS

Tc - - - -.. ......AGS
lTeeze;Qij -"or

100 SPS "~t5u decoh.memenl
c:htral resta ion

~~I~n~U11I1.

o 0.2 0.4 0.6 0.8 1.0 1.2 J,Ae (OeY)

3

0.3 0.6 1.0 3.0 ptPll

•

•

Figure 1.1: Phase diagram of nuclear matter (from [3]) .

high temperaturesfdensities nuc1ear matter is predicted ta undergo a phase transition

ta astate where color degrees of freedom are no longer confined, the quark-gluon

plasma.

Numerical simulations of the QCD equation of state on a finite discretized vol­

ume of space-time, usually referred to as lattice gauge theory, have established the

transition temperature to lie in the range 150 ± 10 lVleV at vanishing net quark

density. Chiral symmetry is also expected to be restored at high baryon density

(4po < Pc < lOpo) even at zero temperature. The phase diagram of nuclear matter

is presented in Fig 1.1, where the predicted phase boundary is shown as the baryon

chemical potential PB, and the nuc1ear density plpo, where po :::= 0.17GeVI fm 3 is the

normal nuclear density, versus the system's temperature. At relatively low temper­

atures/densities the nuc1ear matter can be described as an interacting hadronic gas.

The QGP is formed when the hadronic system is excited beyond the boundary of the

phase transition.
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An analysis of recent experimental data from the AGS and SPS indicates that

large energy deposition and high degree of stopping of baryons lead ta the formation

of a hot and dense fireball of excited nuclear matter, whose temperature and density

may traverse the transition region into the quark-gluon plasma regime [3]. When

completed in 1999, the Relativistic Heavy Ion Collider will provide beams of heavy

ions capable of reaching temperature and density trajectories that lie close to that of

the early universe [4].

1.3 Formation and Signatures of the QGP

There are two main approaches to describing the collision process at the parton

level: QCD string breaking and the partonic cascade. Regardless of the model,

rescattering of the partons leads to the formation of a thermalized state. A local

thermal equilibrium is characterized by the condition that the mean free path of

constituents is much less than the system dimensions. The evolution of the quark­

gluon plasma after it has reached the thermodynamical equilibrium can be described

in the framework of relativistic hydrodynamics. The thermalization is followed by the

mainly longitudinal expansion of the fireball, together with the chemical equilibration.

The expanding system cools down until it reaches the critical transition temperature.

At that stage (a few fm/e after the collision), the matter stays at the mixed phase

where the quark-gluon plasma converts into a hadronic gas. Hadronization is followed

by the final state interactions.

Much work has expanded in developing techniques and probes which are sensitive

to the presence of a QGP phase. The problem is the expected small size (a few

fermi in diameter) and short lifetime (5 - lOfmle) of the plasma. Furthermore,

the hot hadronic gas phase following the hadronization of plasma and the strong

final state interactions will obscure possible signais emerging from the plasma state.



• 1.3. FOR1\tIATION AND SIGIVATURES OF THE QGP 5

•

•

Nevertheless, a number of different methods for observation of the QGP have been

proposed 50 far. The possible signatures sensitive to phenomena associated with the

creation of plasma include:

• Color Deconfinement

- Charmonium Suppression: Formation of a (cc) bound state is expected ta

he suppres5ed inside the quark-gluon plasma.

- Hard Quark and Gluon Jets: Energy 105s of a fast parton can probe the

stopping power of plasma.

• Chiral Symmetry Restoration

- Penetrating Electromagnetic Probes - Lepton Pairs and Di'reet Photons:

Provide information of the interior of the quark-gluon plasma during the

earliest and hottest phase of its evolution.

- Strangeness and Antibaryon Enhance'ment: The threshold for production

of strange hadrons and baryon-antibaryon pairs is lower in the presence of

the QGP.

- Disoriented Chiral Condensates (DCC's): Domains of DC("s may be

forrned, resulting in fluctuation of a charge to neutral pion multiplicity

ratio.

• Equation of State

- Possible modifications in the dependence of energy density f, pressure P,

and entropy density s of superdense hadronic matter on temperature T

and baryochemical potential J.LB.

Ta date, the rneasurements have oot been able ta observe an unambiguous signal

for the quark-gluon plasma. However, sorne experimental results are quite peculiar



• 6 CH.4PTER 1. INTRODUCTION

•

•

and may indicate a QGP creation. The future experiments at RHIC and LHC will

examine an entire spectrum of possible signatures of the QGP formation. An exper­

imental demonstration of a combination of signals would constitute the discovery of

the quark-gluon plasma.

1.4 Equation of State and Collective Flow

An investigation of the equation of state (EOS) of nuclear matter, relating the de­

pendence of the pressure on the density and temperature of the excited system, is of

fundamental interest. The influence of a phase transition in the EOS on the collective

dynamical evolution of the system is predicted by recent lattice QCD calculations.

1t was shown that close to the critical temperature the pressure is rising with tem­

perature more slowly than the energy density. The tendency of matter to expand is

thus reduced and in this temperature region the equation of state of nuclear matter

is unusually "soft".

One of the observables which is related to the stiffness of the equation of state is

collective flow. The hot and compressed nuclear matter behaves like a compressible

fluide The first application of a fluid-dynamics model for description of collisions of

nucleons and nuclei was made in the classical work by L.D. Landau [5}. Later studies

[6, 7, 8} assumed that hydrodynamics was governed by the formation of a shock wave

that could be formed when a high-energy particle exceeding the nuclear speed of

sound passes through a nucleus. The models examining the effects of shock waves

during nucleus-nucleus collisions showed that the transverse front of the stopped and

shocked matter was expanding faster than the longitudinal front, resulting in nuc1eons

being pushed outwards perpendicular to the relative motion of the two nuc1ei.

The first experimentai evidence of this collective motion was obtained at the

Bevalac in Berkeley [9, lolo The data from 47r detectors, the Plastic BalI and the



• 1.4. EQUATION OF STATE .4ND COLLECTIVE FLOW 7

•

•

Streamer Chamber, confirmed Auid-dynamics predictions for the occurrence of side­

ward flow. The flow effects have since been studied in great detail in a wide en­

ergy range, starting from low and intermediate energy (~ 0.1 A·GeV) experiments

at the NSCL of Michigan State University and GAN IL, to relativistic energies of

the Bevalac-LBL and SIS-GSI (~ l A·GeV), and recently extending to the experi­

ments at ultra-relativistic energies of the AGS-BNL (~ 10 A·GeV) and SPS-CERN

(~ 200 A·GeV). A detailed review of the collective flow phenomena observed at aH

available energies is given in [11]. The energy range of several orders of magnitude

allows the investigation of possible changes in the flow behaviour with respect ta the

incident energy.

During the course of a collision between two heavy nuclei, initial compression and

heating are followed by an expansion stage. The expansion dynamics of equilibrating

matter is governed by the EOS, and the collective motion driven by the pressure

gradients can be used as a tool ta study the transient pressure built up through all

the stages of compression, heating and subsequent expansion.

Two types of flow patterns may be developed as the system expands: (1) axially

symmetric radial flow, and (2) azimuthally anisotropie transverse flow.

The radial expansion is azimuthally isotropie, and, in low and intermediate energy

heavy-ion collisions, it is also spherically symmetric. At higher relativistic energies,

the radial expansion is considered separately in the transverse and longitudinal di­

rections.

The radial flow is the most pronounced in very central collisions. It manifests

itself in the appearance of a 04shoulder arm" and mass dependence in the slopes of

the transverse momentum speetra of identified particles, oot compatible with the

assumption of a purely thermal distribution. The radial Bow was suggested ta be a

sequence of a blast wave from compressed nuclear matter. In this pieture, the isotropie

expansion eonverts part of the initial thermal energy into radial flow before the final
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breakup of the hot equilibrated system. Understanding radial flow is essential to

determine the freeze-out temperature and the chemîcal properties of nuclear matter.

At relativistic energies. the symmetry becomes cyllndrical, and the expansion

may be broken into longitudinal and transverse components. The longitudinal flow

(along the beam direction) reveals itself in the widening of the rapidity distributions

of identified particles. But due to uncertainty in initial conditions the longitudinal

expansion can not be very useful in extracting the parameters of the EOS.

The transverse expansion is predîcted to be very sensitive to the equation of

state. Contrary to the longitudinal expansion, the absence of '4primordial" transverse

motion makes it possible ta neglect initial conditions.

In addition to the transverse component of the azimuthally symmetric radial flow ~

the geometry of the collision may lead to the appearance of azimuthal anisotropies

in the particle distributions in the transverse plane. The measurement of these az­

imuthal anisotropies requires the knowledge of a reaction plane, defined by the impact

parameter vector and the incident beam direction, which is best accessible ta exper­

imental observation in semi-centrai collisions.

Two major types of azimuthally anisotropie flow have been studied more exten­

sively both experimentally and theoretically: directed transverse Bow and elliptic

transverse Bow. The directed Bow describes the collective sideward motion of par­

ticles, and elliptic flow signaIs the elliptical deformation of the Bow tensor. The

existence of two transverse flow components provides additional valuable information

on the transient pressure. The study of higher-order azimuthal asymmetries is also

of interest [12].
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The thesis is devoted primarily to the study of elliptic flow. However, for correct

interpretation of the obtained results it is essential to have a complete picture of the

reaction dynamics, as different flow effects may have an influence on each other. ln

t.hp npxt chapter we present an overview of collective flow effects observed in nucleus­

nucleus collisions. The current status of experimental and theoretical efforts is also

discussed therein. The E877 experiment is described in chapter 3. The details of

calibration procedures and data reduction are given in chapter 4. The method used

to measure the reaction plane is discussed in chapter .5. The results and discussion of

Fourier analysis of el1iptic flow of protons and deuterons are presented in chapter 6.

Elliptic flow of charged pions and kaons is studied in chapter 7. Conclusions and

summary of the results are given last .
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Chapter 2

Collective Flow in N uclear

Collisions

• One of the major goals of physics of heavy-ion collisions is to learn the equation of

state of hot/dense hadronic matter. The details of the dense stage are obscured by

the re-scatterings, but sorne are preserved and accumulated during the expansion:

collective flow is a tool ta study them. A detailed overview of collective flow phe­

nomena is given in [11]. Below we discuss the phenomenology of different aspects of

the collective behaviour. The reader is also referred ta [13].

2.1 Radial Flow

•

The radial flow characterizes the expansion phase and is very important for a full

thermodynamic description of the collision and the freeze-out. Its very existence was

debated for years, but DOW it is widely accepted that the experimental measurements

of particle spectra can only he understood by introducing the radial flow velocities.

The basic feature of the measured transverse momentum spectra is the exponen­

tial decay over severa! orders of magnitude with an almost unifonn slope. For the

10
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thermalized system the particle spectra refiect the temperature of the system at the

time when the particles decouple, i.e. the freeze-out temperature. The observed

distributions are also influenced by the collective motion and resonance decays.

The radial flow has been studied experimentally over a wide energy range spanning

from Bevalac/SIS energies [14, 15} to the AGS [16} and SPS [17} experiments. The

detailed analysis of the shape of the measured particle spectra provides necessary

constraints on different theoretical models.

2.1.1 Fireball model

The fireball model (18) was the first attempt to describe the measured cross sections

in a heavy-ion collision by a collective thermal mode!. In such approach, the matter is

assumed to be globally thermalized by the end of the reaction, and the cross section is

determined from the thermal momentum distributions of the particles. The invariant

momentum spectrum of partic1es radiated by a thermal source with temperature T

is given by

BeP N = gV E -(E-p)/T (2.1)
cf.3p (21r)3 e ,

where E is the energy, 9 is the spin-isospin degeneracy factor for the partic1e species,

J.L is the grand canonica! potential, V is the volume of the source. The model assumes

that the matter is close to an ideal gas at break-up and collective Bow is Dot included.

In terms of measurable observables, the dynamics of the collision zone at freeze-

out can be revea.led by analyzing the Boltzmann-like shape of the transverse mass

mt = vpr +m 2 spectrum, which is usua.lly fit by

{lN ( mt - m)
2d d = No(y) exp - T 'm t mt y 8

where y = tanh-1(p%/ E) is the rapidity of the particle and TB is the slope parameter.

This simple model was very powerful and provided a good description of many

experimental results. However, it has been shown that in the high energy heavy-ion
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collisions the observed hadrons do not exhibit the simple, purely thermal distribu­

tions. In the thermal model, aH emitted particles should have the same average kinetic

energy. The experimental measurements revealed an existence of two phenomena not

compatible with this assumption: (l) an appearance of a "shoulder arm" in the

kinetic energy spectra of identified particles, and (2) a quasi-linear dependence of

the average kinetic energy on the particle mass. 80th of these features provide an

experimental evidence for the existence of radial flow.

2.1.2 Blast-wave scenario

One of the models which was developed to explain the shape of the particle spectra

demonstrated that the ohserved cross sections may be understood as typical of the

blast pressure wave produced by the exploding nuclear matter [19]. The adiabatic

• expansion of the hot and dense firebal1 leads to a blast wave, the energy for which

cornes from the primordial isotropie thermal energy of particle random motion. In

a hydrodynamical approach, the matter locally acquires an outward-directed macro­

scopie radial flow velocity 13r by converting internaI thermal energy inta work through

a pressure gradient V' P. The resulting final break-up state thus has a collective ex­

pansion or radial flow superimposed with the thermal motion. The ohserved particle

velocities have then two components

v = I3r + Vtherm· (2.3)

Collective flow velocity is assumed to he the same for aIl particles, and the thermal

random velocity is deduced from the thermal temperature, whieh is aiso common for

aIl particles. The average kinetie energy of a particle with mass m is then

•
(2.4)
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\Vhile the thermal energy is independent of m, the collective flow contribution is pro­

portional to m. As a consequence, the model explains the basic feature exhibited by

the experimental data, that tS the energy spectra of pions decrease more steeply with

energy than proton spectra. The energy distribution in the center of mass for par­

ticles emitted from a thermally equilibrated, radially expanding source characterized

by a temperature T and a radial flow velocity /3r is given by [19]

diV 81re~/T (-"'tE) [( T) sinha T ]
dEdn :: (21rn )3 exp ---r 7 + E -Q- - E cosh Cl , (2.5 )

•

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

of mass, "'1 = (l - /3;)-1/2, and cr :: jJ3rp/T. Fig 2.1 shows kinetic energy spectra

measured by the EOS collaboration for light fragments in Au+Au collisions at l A·

GeV [14). The experimental data are fitted with a purely thermal model and a

blast-wave mode!. The expression (2.5) describes well the ··shoulder arm" shape of

the spectra and provides the ~true" hadronic decoupling temperature. The same

temperature T and radial flow velocity j3 simultaneously describe aU the spectra.

whereas fitting with the ~Iaxwell-Boltzmann interpretation (2.2) would suggest a

much higher temperature that also changes with emitted particle type.

The original blast-wave model [19) assumed a constant radial flow velocity. The

later developments [20, 21) suggested using a radial velocity profile of type

I3r(r) =P. G) n , (2.6)

•

where R is the freeze-out radius of the system. /36 is the maximum surface velocity,

n is the parameter varying the form of the profile. As the experimental program

developed to relativistic and ultra-relativistic energies, the radial flow could no longer

be considered as spherically symmetric, so longitudinal and transverse expansions are

treated separately at these energies.
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Figure 2.1: Center-of-mass kinetic energy spectra for light fragments emitted into

Oc.m. = 90° ± 15° from the reaction Au+Au at E = 1 A·GeV. Also shawn are the

fits of the spectra assuming a radially expanding thermal source (solid Hnes), and a

purely thermal source (dashed Hnes) (from [14]) .
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2.1.3 Longitudinal expansion

15

(.) ~)_.1

(2.8)

(2.9)

•

•

In an isotropie thermal model, the rapidity distribution is obtained by integrating

equation (2.1) over mt:

dNtherm . 2T(1 +.) +.) 2) (-1/)
d

l''v m ..'( -x exp '( ,
y

where \ = T /em cosh y). The measured rapidity distributions are much wider than

given by the above expression. Such an anisotropy can be explained by introducing a

common collective flow velocity in longitudinal direction. The boost-invariant longi­

tudinal expansion model was originally postulated by Bjorken [22) for asymptotically

high energies. A phenomenological model [23] modified the boost-invariant scenario

by restricting the boost angle 1] to the interval ('7min, 17mar). The rapidity distribu­

tion is then the integral aver the unifarmly distributed thermal sources (2. i) boosted

individually by '7:
diV l~mar diVtherm
- = dry (y - '1).
dy ~man dy

A comparison 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 velacity

({31) = O.52c are shawn in Fig. 2.2 (from [24]). The agreement between the measured

distributions and the model with a longitudinal flow is remarkably good for all particle

specles.

2.1.4 Transverse expansion

In the same phenomenological approach, the transverse momentum spectra are ob­

tained by boosting the thermal sources with the boost angle p = tanh -1 (3t, with the

transverse velocity distribution f3t( r) parameterized with the profile (2.6):

dN l''v foR d r (Pt sinh p) r.~~ (mt cash p)
d r rmt1Q T fil T 'mt mt Q
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• Figure 2.2: Rapidity distributions for central 14.6 A·GeV je Si+Au collisions com­

pared with isotropie thermal distributions at T=0.12 GeV (solid lines) and distri­

butions for a source at the same temperature expanding longitudinally with a mean

velocity ({JI) = O.52c (dashed Hnes) (from [24]).

where la, Ki, are the modified Bessel funetions defined as

•

[0 = ~ f2tr ezcoaf/Jdt/>,
2rr Jo

KI = fa"" cosh ye-ZCoobVdy.

The fits of the ahove expression to the data (Fig. 2.3 from [24l) with linear (n = 1)

velocity profile result in the average transverse expansion velocity ({3t) = 0.39 (0.33)c

at T = 0.12 (0.14) GeV. The fit is consistent with two ehoices of (T, ({3t)) coordinates

alluding to a well-known fact that in such phenomenological analysis the transverse

speetra may he described by a wide range of (T, ({3t)) pairs, as both parameters are

highly correlated.
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• Figure 2,3: Particle spectra for central 14.6 A·GeV Ic Si+Au collisions at y = 1.3

compared to calculated spectra for a source at T =O. L2 GeV expanding transversely

with a mean velocity (13e) = O.39c (left) and a source at T = 0.14 GeV and ({3t) =
O.33c (right). The arrows indicate the beginning of the fit region (from [24J).

•
The radial flow velocities are found ta be maximal in the most central collisions

and increase as a function of beam energy. Up ta now, all the available experimental

data on the slopes of particle spectra can be consistently described within a hydro­

dynamical picture by a freeze-out temperature and a radial flow velocity.
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2.2 Azimuthally Anisotropie Flow

Another type of flow that may develop in the course of a nucleus-nucleus collision is

azimuthally anisotropie flow. This flow effect is of different origin than radial flow.

It is established early on in the reaction and carries out the memory of the collision

geomctry. It is cxpccted ta providc information about the hot and dense state of the

collision. Unlike radial flow, the evidence for which is somewhat circumstantial, the

azimuthal anisotropies can be measured directly by a variety of methods.

Early studies of emission patterns and event shapes in high multiplicity heavy­

ion reactions employed the sphericity method [25, 26], in which the event shape

is approximated by a 3-dimensional ellipsoid. From the momenta of aIl measured

particles p{lI), li = 1, ... , LV in a given collision with multiplicity IV, one constructs

the sphericity tensor defined in the center-of-mass frame as• N

Sij = L W(lI)Pi{lI)Pj(lI),
1.1=[

(2.10)

•

where Pi (i = 1,2,3) is the ith component of the momentum. and W(lI) is the weight

factor. Usually the weight is chosen in such a way that composite particles have the

same weight per nucleon as the individual nucleons of the composite particle at the

same velocity. If the weight w(lI) = 1/2m(1I), then Sij is the total kinetic energy in

the nonrelativistic limit. The sphericity tensor approximates the event shape by an

ellipsoid whose orientation in space and aspect ratios cao be calculated by diagonal­

ization. A schematic view of the 3-dimensional event shape and its orientation in

coordinate space is depicted in Fig 2.4. The polar angle 8 flow of the major principal

axis to the bearn axis is called the flow angle. The sphericity analysis was successfully

used for the first observation of collective flow in nuclear collisions [9}. The main lim­

itation of this method, however, is the reduction of all information about the event

to the single observable, the flow angle. AIso, the flow angle depends on the beam
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Figure 2.4: Schematic view of the event shape in the center-of-mass franle.

energy:

(2.11 )

At ultra-relativistic energies most of the available energy remains in the longitudinal

direction. The flow angle becomes very small, independently of whether or nat there

are collective effects. At the AGS energy, 8 fioUl is of the order of 2.50
• This means

that at high energies the flow pattern should be studied in the plane transverse to

the beam axis.

In the collision of two nuclei, the reaction plane is defined by the beam axis

z and the impact parameter vector b (Fig. 2.5). In the transverse direction, cP is

the azimuthal angle of an outgoing particle, measured with respect to the direction

of the impact parameter. The flow is present if particle emission is not isotropie.

As it is usually analyzed in the plane transverse ta the orientation of the impact

parameter, this type of flow is sometimes denoted as transverse fiow, which should

not he confused with the transverse component of the azimuthally symmetric radial

flow deseribed earlier. The azimuthal anisotropy may be deteeted and quantified by

the global transverse momentum analysis [27], or by a generalized method of Fourier

expansion [28] of the azimuthal distributions. The essence of these methods is to
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Target Projectile

Figure 2.5: View of a collision in the transverse plane.

first estimate the reaction plane. The details of this procedure for the experiment

that is a subject of this thesis will he discllssed in chapter .5. Below we introdllce

the observables used in each method and give a brief experimental and theoretical

• overview of two major effects observed so far, direcled (or riosideward") flow and elliptic

flow.

2.2.1 Directed flow

•

\Vhen two nuclei collide at non-zero impact parameter, the high pressure is developed

at the impact. The matter will have a tendency ta flow in the direction where the

pressure gradient is larger. If the system reached a thermal equilibrium, the pressure

gradient is steeper in the direction of the impact pararneter. As a consequence, the

transverse hydrodynamical expansion would generate collective motion pronounced

in the direction of the reaction plane (Fig. 2.6). This reflects itself in the transverse

momenta, which are also preferentially oriented along the same direction. In the

presence of this "sidewards" motion, the two-dimensional transverse momentum dis­

tribution Jl N / dprdpy, where x-direction is taken along the impact parameter vector,

is shifted in the direction of the reaction plane (Fig. 2.7a). This directed motion in
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(projectile rapidity region)

Target Projectile

Figure 2.6: Illustration of directed flow.

a) ~N/dPx dpy : b) dN/~:

•
Px

, •delJ'CCS

Figure 2.7: cf21V/dp;r:dpy and diVjdrj> distributions in the presence of positive directed

flow.

the transverse plane is called directed flow.

Methods and observables

The traditional measure of directed transverse flow is to examine the mean transverse

momentum of the particles projected onto the reaction plane [27]:

(2.12)

•
where Pt is the transverse momentum of the particle, and cP is the particle's azimuthal

angle taken with respect ta the reaction plane orientation. The mean transverse ma..

mentum per nucleon in the reaction plane (Pr/A) is studied as a function of rapidity y.

The normalized rapidity Yn = {y - Ycm)/Ycm, where Ycm is the center-of-mass rapidity,
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is usually used ta compare the data at different beam energies. For symmetric sys­

tems directed flow disappears at Ycm due to the symmetry of collision geometry. When

two nuclei collide at non-zero impact parameter, a part of the transverse momentum

generated by primary collisions at the one edge of the collision zone would be trans­

ported to ~spectator particles". This will eventually appear in the target/projectile

fragmentation region shared by many spectator particles as a directed flow. On the

other hand, the rernaining part of the transverse momentum will be absorbed from

the other side of the collision zone. Therefore there is less directed flow in the central

rapidity region. For synlmetric systems the sign of (Pr/A.) changes at Un = O.

The slope of the curve

(2.13)

(2.14)

taken in the vicinity of mid-rapidity is scale invariant and usually called flow param-

• eter. Fy characterizes the transverse velocity imparted to the participants during the

collision.

The flow parameter Fy is a pt-integrated observable. In the presence of directed

flow ~ the azimuthal distribution of emitted particles exhihits a cosine-like asymmetry

(Fig. 2. 7h). A more detailed information on flow can be obtained if the azimuthal

anisotropies are described by means of a Fourier expansion [28). The azirnuthal

distribution with respect ta the reaction plane can he written in a form of Fourier

sertes:

diV (N) (00 )
-d = -?- 1 +L 2vn cos ncjJ .

c/> _1r n=l

The measure of different kinds of anisotropies is provided by the different harmonies:

V n = (cos nc/J), (2.15)

•
where the brackets denote an average value in a given kinematic window. The dipole

(n = 1) coefficient quantifies the directed flow. For the particle number distribution,



• 2.2. AZIlv[UTHALLY ANISOTROPIe FLOW 23

•

•

the coefficient Vl = (Px/Pt). [n the projectile rapidity region, directed flow is positive

if (cosr/J) > 0, and negative if (coset» < o. Sinlilarly to (Px), for symmetric collisions

l'l(Y) is an odd function of the center-of-mass rapidity, and signs are therefore reversed

in the target rapidity region. Further insights in the study of flow mechanisms is

obtained by analyzing the Pt dependence of the anisotropy.

Experimental data and model calculations

Since the discovery of ~4sideward" flow [9, 10], a wealth of experimental results has

been obtained. The azimuthally anisotropie flow in nucleus-nucleus collisions at S1S­

Bevalac energies has been studied in detail by the Plastic Ball experiments [29), EOS

[30], and FOP1 [31] collaborations. The ESi7 experiment was the first to extend

flow measurements to energies above the Bevalac [32]. The observation of directed

flow at the AGS has stimulated much interest and flow has become a subject of an

extensive study in ultra-relativistic nucleus-nucleus collisions. At ACS flow effects

are now studied by the ES77 [33, 34, 35, 36, 37], E895 [38, 39], and E866/E917 [40]

collaborations. The recent measurements of transverse flow at SPS were reported by

the N.'\49 [41] and the \VA98 [42, 43] collaborations.

The different properties of azimuthal anisotropies allow for an efficient discrim­

ination between the various theoretical models. The theoretical frameworks that

have been developed for the description of nuclear collisions include the semiclassi­

cal nonrelativistic nuclear transport models (Boltzmann-Uehling-Uhlenbeck (BUU)

[44], Quantum Molecular Dynamics (QMD) [45], cascade codes [46]) and relativistic

transport theories (Relativistic BUU [47], A Relativistic Transport (ART) [48, 49],

Relativistic Quantum Molecular Dynamics (RQl\JID) [50, 51]) on the one hand and

viscous hydrodynamics models on the other [52, 53, 54]. The cascade codes simulate

the nuclear interaction by a succession of stochastic scatterings between particles with

measured cross sections. Generally, they cannot reproduce the measured flow values
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•

•

[55]. In transport codes such as BUU or QrvID, propagation between collisions is con­

troHed by the mean field. The mean-field is a functional derivative of the interaction

energy for the system, and is directly related ta the nuclear equation of state. The

nlodels using momentum-dependent mean fields show better consistency with the ex­

perimental data. The quantitative description of the EOS, however~ is aggravated by

a number of not fully understood in-medium effects of hot dense matter, and much

effort is needed for theoretical interpretation of aIl the data.

The magnitude of directed flow depends on the centrality of the collision: it

vanishes for central collisions by symmetry, and for very peripheral collisions where

compressional effects are low. Below we present sorne highlights of the experirnental

results on directed flow observed for semi-central collisions where the effect reaches a

maximum and their theoretical interpretations.

iVucleon and fragment flow. At the energies up to 12 A·GeV, the mean transverse

momentum per nucleon in the reaction plane (Pr/A) plotted as a function of rapidity

y exhibits a typical ··S-shaped" dependence. This behaviour is characteristic of the

collective transverse-rnomentum transfer which can be il1ustrated by the measure­

ments of the EOS collaboration [30}. Figure 2.8 shows the mean in-plane transverse

momentum versus normalized rapidity for light fragments in Au+Au collisions at

Bevalac energies ranging from 0.25 A·GeV to 1.15 A·GeV. The amplitude of the di­

rected flow signal iocreases with the beam energy. At the SPS energies, directed flow

seems to be concentrated in the fragmentation region, and is a1most absent in the

central rapidity region [41}.

The dependence of directed fiow signal on the transverse momentum has been

studied by the E877 collaboration [35}. Fig. 2.9 shows the typical measured values

of 'Vl(pd for protons in two rapidity bins. The vl(pt)-dependence of protons is found
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Figure 2.8: ~Iean in-plane transverse momentum of the fragments (p, d~ t, 3He~ and

4He) versus normalized rapidity in the reaction Au+Au at Bevalac energies (from

[30]).

ta increase almost linearly with transverse momentum, contrary ta the predictions of

the mean-field RQ~ID mode!. The directed flow of composite particles shows similar

behaviour, with an amplitude increasing with the mass of the fragment both at the

Bevalac [56] and AGS [36] energies.

Fig. 2.10 from [57] displays the variation of directed flow of protons with the

bombarding energy. The flow parameter Fy increases as a function of energy up to

about 300 A·~leV, where it reaches a maximum. Beyond 400 A·MeV, it starts to

decrease, with a steep faH-off to much lower values at the AGS and even lower values

at the SPS.

•
The quantitative evaluation of flow data requires the use of elaborate transport

codes. At low and intermediate energies, a BUU transport model taking a momentum

and density dependent optical potential weIl reproduces the data on directed flow in
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Figure 2.9: Comparison of measured values of 'Vt for protons in Au+Au collisions at

10.8 GeV je in two rapidity bins with those predieted by two versions of the RQMD

event generator (from [35]) .

symmetric as well as asymmetric nuclear collisions [58]. However, there remain still

several difficulties in addressing the question of determination of the nuclear EOS.

The comprehensive set of high quality experimental data provides stringent test for

microscopie transport models [59].

At the AGS energy it was shown [35] that in a hadronic cascade code, the Rela­

tivistic Quantum ~lolecular Dynamics [50, 51], one can reproduce the overall magni­

tude of the proton directed flow ooly if a repulsive mean field between the nucleons

is introduced. The model fails, however, to describe the observed near linear Pt de­

pendence of Vt signal (Fig. 2.9). This behaviour can he interpreted in the framework

of a transversely moving [35] and radially expanding [60] thermal source.

The measurements of directed flow of composite particles provide useful coo­

straints on the theoretical models of their formation. Particularly, it was shown that

the volume efi'ects could become significant in the coalescence picture of deuteron

production [36].
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Figure 2.10: Flow parameter of the proton directed flow as a function of the beam

kinetic energy per oucleon (from [57}).

In ideal-fluid hydrodynamics, properly scaled flow observables are not expected to

depend neither on the size of the system, nor 00 the incident energy. The variation

of directed flow with bombarding energy (Fig. 2.10) is very instructive in search

for any possible changes of the EOS or the reaction mechanisnls. At low energies

(less than 150 A·~IeV), the interaction is dominated by the attractive nuclear mean

field. At higher energies, individual nucleon-nucleon collisions produce a positive

pressure, which deflects the projectile and intermediate rapidity fragments away from

the target, resulting in positive directed flow. The overall decrease of the directed flow

at energies above 1 A·GeV (see Fig. 2.10) is due to the fact that faster spectators are

less easily deflected by the hot, expanding participant matter. However, any drastic

changes in the stiffness of the equation of state may be related ta the possible phase

transition. As one varies the incident energy of a heavy ion collision, the system may

reach the softest region in the equation of state and forro a long-lived fireball. The

hydrodynamical calculations [53, 54] have confirmed that a phase transition in the
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nudear matter equation of state could lead to the appearance of a minimum in the

excitation function of the directed tlow. It is demonstrated in Fig 2.11 from [61],

/
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• Figure 2.11: Excitation function of the transverse directed flow as calculated from

3+ 1 dimensional hydrodynamics for Au+Au collisions at impact parameter b =3 fm.

The full line (and the circles) is for an EOS with phase transition to the QGP, the

dotted curve (and the crosses) is for a purely hadronic EOS (from [61]).

•

where the calculations of the transverse directed flow excitation function are plotted

for the two possible EOS scenarios. For a purely hadronic equation of state, the

directed transverse momentum is monotonically decreasing from SIS to SPS energies.

In case of an EOS with phase transition, there is a local minimum in the excitation

function around 6 A·GeV. The position of the minimum strongly depends on the

model parameters. A quantitative comparison of this model with experimental data

is not yet practical as the freeze-out calculation and viscosity effects need ta be

included in the calculations. On the other hand, A Relativistic Transport (ART)

model [48, 49} aiso predicts the directed transverse How to he sensitive to the nuclear

equation of state. These calculations have demonstrated an importance of transverse
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flow measurements in the 2-10 A·GeV energy range.

Recently a detailed experimental program has been completed at the AGS to cover

the energy domain from SIS/Bevalac to the AGS. The experiments E866, E917, and

E895 are investigating the Au+Au collisions at beam kinetic energies of 2, 4, 6 and

8 GeV. These measurements will provide the necessary constraints on theory.

Flow of produced partie/es. The charged pions produced in heavy-ion reactions in

the entire energy range (SIS-SPS) are characterized by a weak negative (opposite to

that of protons) directed flow [62, 35, 41]. The AGS data show systematic difference

between the flow signaIs of positive and negative pions in the low Pt region. The pos­

sible interpretations of the observed behavior include pion rescattering on spectator

matter, Coulomb interaction with co-moving protons, decays of baryon resonances,

and sideward motion of the source.

Due to their large mean free path in nuclear matter, strange particles are predîcted

to be a sensitive probe of the dense nuclear medium [63]. The measurements from

the EOS [64, 65] and FOPI [66] collaborations find that the A flow follows the flow

of nucleons. The analysis of A production at the AGS energy is currently being

conducted [67]. In contrast, the K+, which are produced in association with the 1\'s,

show very little flow. Due to the low production cross section, the data on flow of

K- are very limited, especially at energies below 2 A·GeV. At the AGS energies, the

preliminary results indicate that flow of K- is weak and negative, similar to that of

K+ [68]. Further theoretical and experimental work on studies of strange particle

production is needed.

The yield of antiprotons is a result of competing processes of initial production

and strong absorption in baryon-rich environment. The flow of fi is predicted to be

of the opposite sign of the nucleon flow [69]. The first preliminary data on directed
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flow of antiprotons at the AGS indicate strong azimuthal anisotropy, opposite to the

direction of proton flow [68]. A detailed analysis of antiproton flow at the AGS is

currently underway [70].

2.2.2 Elliptic fiow

Directed flow vanishes at Ycm ~ 0 because of syrnmetry reasons. However, due to the

large compression achieved in N-N reactions. it is anticipated that strong collective

effects should take place at mid-rapidity. Particles emitted in that region originate

preferentially from the hot and compressed reaction zone formed by the overlap of

projectile and target nuclei during the early stages of nucleus-nucleus collision. The

detailed emission pattern is influenced by the geometry of the participant region on

one hand, and rescattering and attenuation within the surrounding spectator matter

• on the other.

Two possible scenarios of particle emission are illustrated in Fig. 2.12. The in-

3) in-pl3J1e (positive) elliptie tlow b) out-of·plane (neg3live) ellipùe tlow

\tl

m
Target Prujl.:Ctil~

•

Figure 2.12: Illustration of elliptic Bow.

plane elliptic flow is observed when particle emission is enhanced in the reaction

plane (Fig. 2.12a). The so-called squeeze-out, or out-of-plane flow corresponds to

the particles emitted preferentially in the orthogonal direction ta the reaction plane
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•

(Fig.2.12b). These two effects result in a deviation from a spherical shape of the

event and define a second direction of preferred emission.

In the presence of in-plane elliptic fiow, the two-dimensional momentum distri­

bution of particles in the transverse plane may be represented by an ellipsoid whose

nlajor axis lies in the reaction plane (Fig. 2.13a). The azimuthal distribution of par­

a) in-plane elliptic tlow

d2N/dPx dpy : dN/d~ :

Px
~. dclJ'CCS

b) out-of-plane elliptic tlow

<fN/dPx dPy : dN/d~ :

·180 o 180

~. dclf'CCS

•

Figure 2.13: cP NJdpxdpy and dNJd4> distributions in the presence of positive (in­

plane) and negative (out-of-plane) elliptic flow.

ticles relative to the reaction plane will then behave like a cos 24> function. If the

mechanism of reaction is such that more particles are emitted orthogonally to the

reaction plane, then the major axis of the eP NJdpxdplI distribution is oriented along

the same direction, resulting in a j phase added to the particle azimuthal distribution
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(Fig. 2.13b). These two effects may be quantified by the same observables which have

opposite signs for in-plane and out-or-plane flow.

Methods and observables

The traditional analysis employed for the study of elliptic flow at the 8evalac/SIS

energies consists of the fitting the particle azimuthal distributions with the expression

(2.16)

•

where ci> is the azimuthal angle taken with respect to the reaction plane orientation.

The Pl cos 4J term describes the directed flow component in the particle azirnuthal

distribution and is negligible around mid-rapidity. The parameter P2 quantifies the

strength of the elliptic flow component and is used ta construct the ratio of the

number of particles at mid-rapidity emitted perpendicular ta the reaction plane to

the number of particles emitted in the reaction plane:

R = iV(900) + N( -90°) = l - P2 •

N .N(OO) + LV( 1800
) 1 + P2

(2.17)

A value for the ratio RN larger than unity implies a preferred out-of-plane emission,

and following the observation of a squeeze-out effect at the Bevalac is usually called

the squeeze-out ratio. In case of in-plane elliptic flow, the ratio RN is less than unity.

A similar approach is taken in a generalized Fourier expansion method [28], where

the measure of elliptic azimuthal anisotropy is provided by the quadrupole (n=2)

coefficient in the Fourier decornposition (see equation 2.14) of the particle azirnuthal

distribution:

(2.18)

•
where ( ) indicates an average over ail particles in ail events. The coefficient V2 is

positive in case of in-plane elliptic fiow, and negative for squeeze-out. Unlike directed
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flow, for symmetric systems V2(Y) is an even function of the center-of-mass rapidity,

and elliptic flow has the same sign in the target and projectile rapidity regions.

The advantage of using RN and 'V2 observables i5 that they can be analyzed as

a function of the transverse momentum. However, one has to be careful in interpre­

tation of obtained results in the region away from mid-rapidity where elliptic flow

signal is strongly influenced by the directed flow. This influence i5 considered by

the transverse momentum method [71), in which the flow in-plane and out-of-plane

components are determined from the second moments of the transverse momentum

components: ((Px - (Pr))2) (in-plane), and «(py - (py))2) (out-of-plane). The rapidity

dependence of the elliptic flow effect is studied by analyzing the ratio of the out-of­

plane ta in-plane moments. After expanding and dropping the cross terms, the Pt

squeeze-out ratio Rpr (y) can be written as

(2.19 )

The numerator of the above expression i5 the width of the transverse momentum

distribution in the out-of-plane direction, and the denominator is the width of the

in-plane distribution corrected for the mean Pr values caused by the directed flow.

The Rpr (y) ratio 1s a pt-integrated observable. In chapter 5, we introduce an

approach which combines aspects of the above described methods and which is useful

in decoupling the influence of directed flow signal on the elliptic flow observables.

Experimental data and model calculations

The experimental evidence for elliptic flow has been obtained first by the Diogéne

Collaboration in Ne-1nduced reactions at 800 A·MeV [72). They observed an out­

of-plane peak in azimuthal distribution of particles around the beam axis at mid­

rapidity. The systematic studies of this squeeze-out effect in Au+Au reactions have

been performed by the Plastic BalI Collaboration [73, 71]. The effect has been round
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ta be strongest for reactions at intermediate impact parameters and most pronounced

at mid-rapidity.

The transition from out-of-plane to in-plane elliptic flow has been predicted to

occur at relativistic energies [74, ï5], and has been first observcd at the AGS (34, 35],

and then confirmed at the SPS (41, 76].

The mechanism of elliptic flow of nucleons is different than that of produced

particles (rnainly pions and kaons). Below we will discuss sorne of the existing data

and compare them with the theoretical calculations.

Flow of nucleons. At Bevalac/SIS energies, elliptic flow of nudeons and fragments

has been studied in detail by the Plastic Ball (71], FOPI [7ï] and KAOS (78] collab­

orations. In this energy domain the elliptic flow is always negative (out-of-plane).

The magnitude of elliptic flow is round to he larger for heavier systems, and also

larger for fragments than for protons. Typical azimuthal distributions of protons,

deuterons and tritons measured in Bi+Bi collisions at 0.4 A·GeV are presented in

Fig. 2.14 (from [78]). The distributions show maxima around ±90° with respect ta

the event plane. This pattern demonstrates the preferred emission of particles out of

the reaction plane.

At the ultra-relativistic energies, the first indication of el1iptic flow has been oh­

tained by the E877 experiment [32]. Contrary ta the observations at lower energies,

the elliptic flow has been found to he in the reaction plane [34, 35]. Even stronger

in-plane flow has heen recently measured at the SPS by the WA98 [76] and NA49

[41] experiments.

Fig. 2.15 from (57] shows the variation of the quadrupole coefficient in the Fourier

decomposition of nucleon azimuthal distribution with the bombarding energy. At

energies below 100 A·MeV the elliptic flow is positive. At intermediate energies the
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Figure 2.14: Typical diV/ dcjJ distributions for protons, deuterons and tritons measured

in Bi+Bi collisions at 0.4 A·GeV (from (i8]).

elliptic flow changes sign from in-plane to out-of-plane, and reaches the maximum

squeeze-out at around 400 A·~IeV. At higher energies out-of-plane emission gets

weaker, and at energies between 2-8 A·GeV elliptic flow crosses zero again. Positive

in-plane elliptic flow of the order of 2% is observed at 10 A·GeV, and it increases up

ta 6% at 150 A·GeV.

Like directed flow, the elliptic flaw is a collective effect and mast of the hydrody­

namic or microscopie models that inc1ude sorne form of equation of state prediet this

mechanism of particle emission.

The dependence of the elliptic fiow on beam energy may be interpreted as the

fallowing. At lawer beam energies it refiects the energy dependence of the nucleon­

nuc1eon interaction. At very low energies the interaction is attractive, and the pro­

jectile and target form a rotating system that emits particles in the reaction plane.

At higher energies, the nuc1eon-nuc1eon collisions start to dominate over mean field
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• Figure 2.15: Energy dependence from SIS to SPS energies of the elliptic flow (from

[57]).

•

effects and generate a positive pressure. The participant nucleons compressed in

the central region are blocked by the cold spectator matter present in the reaction

plane, producing a squeeze-out effect. At AGS energies, the emission pattern is a

result of competition between the two effects: the initial shadowing of participant

hadrons by the spectator nucleons, and the collective flow related to the pressure

build-up. The former leads to negative elliptic flow. The latter is developed due

to the almond-shaped geometry of the participant region. A larger surface area ex­

posed in the direction of the reaction plane favors in-plane preferential emission and

hence positive elliptîc flow. So the magnitude and sign of the elliptîc flow depend on

the pressure built up in the compression stage and the time needed for removal of
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spectators from the interaction region. At relativistic energies the crossing time of

projectile and target shrinks with the Lorentz factor l, and the compression related

elliptic flow appears to dominate.

The elliptic flow has already been shawn to be very sensitive ta the pressure at

maximum compression [74, 79]. The practical viability of elliptic flow as a probe for

the EOS and the phase transition has been investigated by means of a relativistic

transport model [80]. It has been shown that the transition energy at which the

elliptic flow changes signs is strongly dependent on the parameters of the EOS. The

excitation function of elliptic flow also exhibits characteristic signatures which could

signal the anset of a phase transition to the QGP. Fig. 2.16 from [80] shows that the

slope of the excitation function of the elliptic flow amplitude depends strongly on

the stiffness of the EOS. The experimental data in that energy damain will soon be

available.

Flow of pions and kaons. The azimuthal anisotropies in distributions of produced

particles, mainly mesons, are less dynamicai in origin than those of nucleons and

fragments. Transverse flow of pions and kaons is determined mainly by re-scat terings

and absorption effects rather than caused by pressure gradients. The first observation

of enhanced emission of pions in the direction perpendîcular to the reaction plane was

reported at SIS-GSI [81]. The out-of-plane/in-plane ratio RN (see equation 2.8) for 7T"+

is presented in Fig. 2.17 as a function of the transverse momentum for semicentral

Au+Au collisions at 1 GeV/nucleon. The value of RN is larger than unity for aIl

transverse momenta and shows an approximate linear dependence on Pt. The 7T"- data

yield similar results. One of the possible interpretations of the observed anisotropy

is shadowing of pion emission in the event plane by the spectator fragments.

The previous analysis of pion el1iptic fiow at the AGS energy has not been able



• CHAPTER 2. COLLECTIVE FLOW IN NUCLEAR COLLISIONS

20.0

(b)

(a)

10.0

......
.... -

Au+Au

1.0 2.0 5.0

EBeam (AGeV)

(MD)

0.5

0.000

0.025

0.025

-0.025
/\-: -0.050
-.­

l'I.I8 -0.075.....-1-----+-----+-----+----+----;

V

-0.025

Figure 2.16: Calculated elliptic flow excitation functions for Au + Au reactians.

Panels (a) and (b) show, respectively, the functions abtained without (N~ID) and

with (MD) the momentum dependent forces. (from [80]).

0.000

-0.075 ""--~_--1.____.... -'--__...L--._---'

-0.050

•
ta reveal an existence of any significant effect [35}. With high statistics data avail­

able from the last running period of the E877 experiment, we will examine the pion

emission pattern in chapter 7. The elliptic flow of pions at the SPS was found ta be

positive, i.e. of the opposite sign to the Bevalac data. The signal is fairly independent

of rapidity but rises with Pt [41}.

•

The production of strange mesons in relativistic nucleus-nucleus collisions allows

the investigation of the effects of mean-field potentials. The K+ mean free path for

rescattering in nuclear matter is substantially longer than the one of pions. The

recent results from the KAOS collaboration [82] have shown the existence of negative

el1iptic flow of K+ mesons at the energy of l A·GeV. The pronounced K+ out-of-
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Figure 2.17: Out-of-plane/in-plane ratio for 1i+ as a function of the transverse ma­

mentum for semicentral Au+Au collisions at 1 GeV/nucleon (from [81]).

plane emission at mid-rapidity is reproduced by the RBUU calculation if an additional

repulsive in-medium K+ N potential is taken into account {83].

2.3 Summary

Nuclear collisions have been a subject of scientific research already for two decades.

Collective effects opened up a way to study the bulk properties of nuc1ear matter far

from stability. Theoretical predictions were confirmed that nuclear matter will exhibit

hydrodynamic behaviour if compressed ta severa! times nuclear ground state density

and if heated to temperatures in excess of few tens of MeV. Azimuthal anisotropies

in partic1e production, particularly yields of strange and antimatter with respect to

the reaction plane, provide a tool for exploring the possible modifications of hadron

properties in dense nuc1ear medium.



•

•

•

Chapter 3

E877 experiment at the AGS

The experimental data discussed in this thesis were obtained during the winter 199.5

running period of the E877 experiment at the Alternating Gradient Synchrotron

(AGS) of the Brookhaven National Laboratory (BNL), Long Island, NY. The E877

experimental setup is presented in Fig 3.1. The beam of 197Au nuclei is accelerated

to momenta of 11..5 A·GeV/c and eoUides with a 980 mg/cm2 thick Au target. The

projectile trajectory is determined by beam definition detectors. The target is sur­

rounded by a 41T' calorimetry measuring the energy of particles leaving the interaction

region. Charged particles emitted in forward direction are analyzed by a magnetic

spectrometer. Below we present a brief description of each component of the appa­

ratus.

3.1 Bearn Definition Detectors

The group of beam definition detectors is shown on the inset of Fig 3.1. It consists of

four beam counters (SI-84) and two beam vertex detectors (BVERI-BVER2). The

beam counters are used to define a vaUd beam trigger. The trajectory of each beam

particl.c is measured by the BVER detectors. Both the beam counters and vertex

40
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Figure 3.1: E877 experimental setup.

detectors have the ability to reject the events with two beam partic1es arriving at the

target at the same time (double beam events).

3.1.1 Bearn counters

•

The beam scintil1ator counters (BSCIs) are schematically shown in Fig 3.2. The SI

and 53 counters are comprised of 15 cm diameter 0.635 cm thick plastic scintil1ator

disks located inside the beam Hne vacuum and viewed through lucite light guides by

four photomultiplier tubes. The hale in 51 is 1.5 cm diameter and the hale in S3

is 0.6 cm diameter. These two counters, located 4.25 m apart, serve ta define the

beam in both position and angle, and ta veto particles outside the central region of

the beam, as weil as any upstream interactions. The S2 and 84 counters are used to
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Figure 3.2: Bearn scintil1ator counters.

posi tively identify beam particles and to produce the start time signal. A valid beam

trigger is defined as the coincidence ST·S2·S3·S4.

In 1995, a new set of beam Cherenkov counters were installed in place of the 52

and 54 scintillators for the 1995 rune The mechanical and optical arrangement of one

of the beam Cherenkov packages is shown in Fig. 3.3. These counters consist of a

Vacuum Wlndow Radlalor

Figure 3.3: Cherenkov beam counter.

thin quartz radiator, 0.2 mm thick and 6.35 cm x 7.62 cm in transverse dimension.

The radiators are mounted in blackened iucite supports and placed in the beam

inside the vacuum. Cherenkov light produced in the quartz is carried by multiple

internaI reflections ta the edge of the radiator where it is coupled to a 6.35 cm

diameter by 0.635 cm thick quartz vacuum window using a UV transmitting silicon

disk. The Hamamatsu R2083 phototubes are used to detect the light and are coupIed
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ta the autside of the quartz vacuum window using similar silicon disks. The ..iignai

produced in these caunters has a very fast rise time because of the Cherenkov light.

and has better energy resolution than the bearn scintillators due to the better response

uniformity. In addition, no degradation of the pulse height response from the quartz

radiators was observed for the entire run of the experiment, which accumulated a

total of 4 x lOlU beam particles over a period of more than two months [84].

3.1.2 Beam vertex detectors

The beam vertex (BVER) detector system consists of the two high precision two­

dimensional detectors located at 2.8 m and 5.8 fi upstream of the target. The 300

/-lm thick micro-strip silicon detectors with an active area of 19.2 x 19.2 mm2 etched

on 7.6 cm Si wafers are used to measure the angle of the bearn particle and its position

at the target.

For the 1995 run, each detector was upgraded from the single-sided silicon wafers

with an one-dimensional pitch of .50/-lm to the double-sided wafers with a 200 /-lnl

pitch in both the x and y axes. This allowed the measurement of the coordinates of

beam particles in two dimensions and infer their position at the target with 300/-lm

position and 60J.lrad angular resolution. The tracking efficiency throughout the run

was better than 90%. More details on the aVERs upgrade and performance can be

found in [70].

3.2 Calorimeters

The E877 apparatus aIso includes three calorimeters: the target caIorimeter (TCAL),

the participant calorimeter (PCAL), and the uranium caIorimeter (DCAL). The first

two detectors are located in the target region and used to provide the global event
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characteristics, such as the centrality of the event and orientation of the reaction

plane. The UCAL calorimeter is the last detector downstream positioned about 35

meters away from the target and used to measure the energy of forward particles.

Combined together, the three calorimeters cover almost the full solid angle with

respect to the target.

3.2.1 Target calorimeter

z

~I

Bearn

1îillllïi/W 1

-28c

The target calorimeter (TCAL) is an electromagnetic calorimeter sensitive to charged

and neutral particles and gamma rays. [t consists of 832 Nal scintillating crystals

arranged in a quasi-projective geometry with respect ta the target. Fig. 3.4 shows

the geometry of the detector. Four walls of :3.6 cm x :3.6 cm x 13.8 cm crystals are

•

Figure 3.4: Side and end views of the target calorimeter.

•
placed parallel to the beam direction at approximately 28 cm from the target. The

depth of each wall is 5.3 radiation lengths (0.34 hadronic interaction lengths). The

signais from the crystals are read out by vacuum photodiodes. The TCAL provides

a transverse energy measurement over the full 2rr azimuthal angle and in the polar
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angle region of 48° < () < 1350
, which corresponds to the pseudorapidity coverage of

-0.5 <1] < 0.8. A full description of the target calorimeter can be found in [85].

3.2.2 Participant calorimeter

The participant calorimeter (PCAL) is a lead/iron/scintillator sampling calorimeter

with a depth of -1 nuclear interaction lengths. 1t consists of four identical quadrants

segmented into eight radial and sixteen azimuthal elements and arranged to maintain

an azimuthal symmetry around a central opening (Fig. 3.5). Longitudinally the

PCAL is divided into two electromagnetic (El\'Il and El\'I2) and two hadronic (HADI

and HAD2) segments. There are a total of 512 cells in the whole detector. The

scintillator plates are l'ead out using wave length shifting optical fibers connected ta

the phatomultipliers. The PCAL measures energy flow in the forward direction and

has a complete azimuthal coverage and LO < () < 47° polar angle or 0.83 < 1] < 4.7

pseudarapidity caverage. More details about the PCAL can be found in [86, 87].

3.2.3 Uranium calorimeter

Similar to PCAL, the uranium calorimeter is a sampling calorimeter with uranium

and iron absorber plates. The uranium is used to compensate the energy deposition

between hadronic and electromagnetic interactions via the fission. The UeAL coo­

sists of 20 modules located at 35 meters downstream of the target. Each module

is segmented ioto 24 10 cm x 10 cm towers. The aogular coverage of the DCAL is

-5.2° < () < 1.3° horizootally and -0.98° < () < 0.98° vertically. The full description

of the detector is given in [88]. The purpose of this device is to measure the energy

of the forward particles, especially neutrons. It has oot been used in our analysis.
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Figure 3.5: Participant calorimeter in various views.

3.3 Forward Spectrometer

The charged particles emitted in the forward direction and passing through the col­

limator are analyzed by a high-resolution forward magnetic spectrometer. The spec­

trometer is designed to identify particles and to measure their momenta. The first

two elements of the spectrometer are the col1imator and analyzing Magnet.
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The spectrometer acceptance is determined by a variable size collimator which is

placed at the center of the participant calorimeter and made of four steel plates shaped

to project back ta the target. The vertical opening is adjusted to match the particle

multiplicity with the capabilities of the tracking system. For the Au+Au collisions,

the col1imator was set ta have a vertical (in y-z plane) opening of -21 < 0 < 21 mrad

and a fixed horizontal (in .x - z plane) opening of -115 < 8 < 14 rnrad.

The analyzing dipole magnet is positioned 3 meters downstream of the target.

The magnet is capable of generating a maximum field of 2.2 T and has an effective

length of 1.045 m. The field direction is perpendicular to the spectrometer plane and

can be inverted to favor negatively or positively charged particles. In the 1995 run,

a field value of -0.3353 T was used which provided a better acceptance for negatively

charged particles.

The charge particle identification proceeds by mass reconstruction based on simul­

taneous measurement of particle momentum and time-of-flight. The forward spec­

trometer consists of two drift chambers, four multi-wire proportional chambers, two

time-of-flight hodoscopes and two pad chamber detectors. Below a brief description

of each component of the spectrometer is given.

3.3.1 Drift chambers

The momentum of each particle is measured using two high-resolution drift chambers,

DC2 and OC3. The detectors are located at 5.4 m and 11.5 m downstream from the

target. Each chamber is composed of six planes of alternating anode and field wires

separated by an aluminized mylar cathode. A schematic layout of the drift chambers

is shown in Fig. 3.6. The distance between anode wires is 6.35 mm in DC2 and 12.7

mm in DC3. This provides a measurement of the x-coordina.te (in the bending plane

of the magnet) of the track, with a resolution of 200 IJm (500 /lm) for DC2 (DC3) .
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Figure 3.6: Layout of the drift chambers.

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 DC2 and 4-36 mm in DC3. For more detailed

information regarding the drift chambers see [89].

3.3.2 Multi-wire proportional chambers

The tracking ability of the drift chambers is aided by four multi-wire proportional

chambers (~IWPCs) placed between DC2 and DC3. These detectors are used to

improve the pattern recognition of the tracking system in the high multiplicity envi­

ronment of Au+Au collisions. Each MWPC consists of a number of vertically strung

anode wires spaced 5.08 mm apart. The signals from the wires of all four l\'IW­

PCs provide a bit pattern that is used for an amine track confirmation. A detailed

description of the MWPCs construction and operation can he found in [90] .
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A high granularity time-of-Bight hodoscope (TOFU) is used to measure the time-of­

Bight of the particle. It is installed immediately behind the last tracking chamber

(DC3) of the spectrometer in order to increase the efficiency for detecting low-energy

kaons before they decay in flight. A sketch of the complete scintillator hodoscope

and its mounting structure is shown in Fig. 3. ï. The hodoscope wall is comprised

Figure 3.7: Time-of-flight hodoscope wall.

of about 150 scintil1ator counters, each viewed by two photomultipliers. 1t has two

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

high density section around the beam is made of counters with a width of 10 mm,

and the other is assembled with wider (17 mm) counters. The total sensitive area

of the hodoscope wall is 1.4 m2• The overall time-of-light resolution is about 85 ps.
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Besides the measurement of particle time-of-flight, a complementary vertical position

of the track is obtained by measuring the time difference between the photomultiplier

signaIs at bath ends of the counter with a resolution of 1.8 cm. The particle energy

10ss in the scintillators given by the photomultiplier pulse height measurements is

used to determine the charge of the particle. A complete description of the design,

assembly and performance of the time-of-flight hodoscope is given in [91, 84J.

3.3.4 Vertex detectors

For the 1995 run, two identical highly segmented pad cathode chambers were instru­

mented and placed at 2 m and 2.25 m downstream of the target, just in front of

the spectrometer magnet. They provide a precise measurement of the x-coordinate

of the track before it is bent by the magnetic field. An addition of this upstream

• tracking information allows ta reconstruct the vertex of A hyperon decays and im­

prove the signaI-to-background ratios for identification of rare particles, such as kaons

(h'+ , [{-) and antiprotons p.

The vertex detectors (VTXAjB) are multi-wire proportional chambers with inter­

polating chevron shaped pad readout. A cross section of the pad chamber assembly

is shown in Fig. 3.8. It consists of a wire plane with anode and field wires sandwiched

• Figure 3.8: Cross section of the vertex pad chamber assembly.
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between two cathode planes, one with chevron shaped pads. The signals from each

pad are read out by an electronics chain consisting of a preamplifier, a transformer,

a shaping amplifier, and a FASTBUS AOC. The position along the wire direction

is measured using the geometric charge division method, in which the relative value

of the induced charges on the pads determines the avalanche location. The position

resolution along the wire direction achieved with 1.75 mm long pads is about 300

/-lm. The y-coordinate is determined by the wire spacing (6 mm). A description of

the design, implementation and performance of the vertex detectors can he round in

[92].

3.3.5 Forward scintillators

The last component of the E877 magnetic spectrometer is the forward scintil1ator ho­

doscope wall. It consists of 39 plastic scintillators, each 10 cm wide, placed vertically

at about 31 meters downstream from the target. The time-of-flight resolution of the

forward scintillators is about 350 ps. The measurements from this detector have not

been used in this analysis.
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Chapter 4

Data Reduction and Calibration

4.1 Overview

The data presented here were taken in the winter of 1995. The running period lasted

for over two months, during which about 80 millions Au+Au events were recorded

onto more than 400 8-mm magnetic data tapes. The total amount of collected data

exceeds 1.6 Tb. This enormous volume of information is a result of the impossibility

to conduct a physics analysis of the event during the data taking, as it requires much

more time that is provided by the online recording rate. The common procedure is

thus to store for each event the raw data (ADC and TOC counts, bit patterns, etc.)

for aIl the channels of every detector. This raw information is then analyzed amine

and reduced ta a manageable set of necessary variables. The chaunels that contain

no data are removed, ADC and TDC couots are calibrated and interpreted in terms

of pulse height and time, which are subsequeotly translated iota useful quantities, i.e.

energy measured in the calorimeters, coordinates measured by the tracking detectors,

time-of-flight measured by the scintil1ator hodoscopes. The last step of this affiine

data reduction procedure is ta reconstruct the physics observables of the event, such

52
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as centrality, reaction plane orientation, particle species and their momenta. Below

we present the steps necessary to obtain a set of data which then will be used in the

physics analysis.

4.2 Calibration

In this section we briefly go over procedures necessary for calibration of the principle

detectors used in the data analysis: the participant calorimeter, the drift chambers,

and the time-of-flight hodoscope.

A common procedure for all the detectors utilizing the analog-to-digital converters

(ADCs) is the pedestal subtraction. The values measured by each ADe channel in

the absence of the signal are called pedestals, and need to be subtracted to obtain

the correct pulse height. The pedestals collected during the run were fitted by a

Gaussian and subsequently subtracted during the data reduction stage.

4.2.1 Participant calorimeter

The energy deposited in each cel1 of the calorimeter is measured by the pulse height

in the phototubes attached to each scintillator. Since gain variations of the individual

phototubes will result in different readings for the same energy, it is very important

to keep those variations to a minimum. During the run, the gain for each phototube

was adjusted by varying its high voltage. The calibration was done using a 2.4 mCi

sOCo "Y-ray source, the position of which could he varied to expose different sections

of the calorimeter. During a calibration run, the source was moved by a motor to

pass near each section of the calorimeter. The readings of the pulse height in the

photomultipliers were then analyzed, and the high voltage was adjusted if the signal

did not match a pre-set value. The short term drift of the phototube gains was taken
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into account during the production of the reduced data set. A so-called (n,n+ 1)

procedure was employed, during which the average AOC count from the n th run

was used to calculate the gain factor for the subsequent (n th+1) run. The energy

calibration of the PCAL was done later ofRine. The method utilized a Monte Carlo

simulation of the PCAL response [93]. The details of this procedure can be round in

(Y4].

4.2.2 Drift chambers

The x-position of the charged particles traversing the drift chamber is determined by

the drift time measurement. A charged particle ionizes gas molecules along its path.

The ionization electrons are drifted with constant velocity through the gas volume

and amplified at the sense wires in avalanches. By measuring the drift time we can

• deduce the particle's coordinate with respect ta the sense wire.

Due to the varying time delays in electronics and cables, aH the channels of the

chamber had slightly different time offsets (see Fig. 4.1, left panel). Ta achieve the

best possible resolution, we aligned the start times of aIl the wires. The tirne offsets

were calculated by fitting a Gaussian to the time spectrum in each channel. The

measured times on each wire were then aligned ta the mean drift time measured on

the first wire. This procedure was done for each of the six wire planes in DC2 and

DC3. The time offsets of one of the planes of OC2 and DC3 before and after this

calibration are presented in Fig. 4.1.

Due to non-uniform electric field, the drift velocity is not constant for the regions

close to and far from the sense wire. This results in non-linearity in time-to-distance

relationship, which can be corrected by introducing a weight function for the time

distribution dN/ dt:

•
f/metu dN dt'

w(t) - 0 dt'
- rtmoz dN dt' '

JO dt'
(4.1)
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Figure 4.1: Time offsets in nanoseconds of each wire in one of the OC2 and DC3

planes before (left panel) and after (right panel) calibration.

where tmeas is the measured time and tma~ is the largest measured tinle. The drift

distance to the sense wire is then determined by:

J(t) = x;uw(t), (4.2)

•

where Xcell is the drift cell size (3175 /-lm for OC2 and 6350 /-lm for OC3). The

introduction of the weight function w(t) results in a linear relationship between the

measured time and distance and significantly improves the position resolution. 1t was

calculated for each plane of the drift chamber, with the (n,n+1) procedure employed

for calibration of subsequent runs. After completing the calibration, the average
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x-position resolution over six planes is ""J 250IJm for OC2 and ""J 500IJffi for OC3.

The pad plane of the drift chambers is used to measure the y-coordinate of the

track. The movement of the electrons and positive ions induces charge on the cathode

plane which is segmented into chevron-shaped pads. The y-position of the particle is

inferred from the centroid of the charge distribution divided between the two pads:

(4.3)

where Yi, Y2 are the y-coordinates of the two pads, and QI, Q2 are the charges de­

posited on each pad. A test pulser was used to calibrate the gain of each pad channel.

The integrated y-position spectra were linearized by a weight function similar to the

one described above.

• 4.2.3 Time-of-ftight hodoscope

To achieve the best possible resolution, the time-of-flight system needs to be carefully

calibrated. A number of different factors were taken into account. A complete de­

scription of the system and discussion of its performance can be found in [91,84, 70].

Here we briefiy go over main steps in the robust calibration procedure.

Pulse height measurement

•

Prior to assembling the individual counters, the relative gain and time resolution

of each photomultiplier were measured. This was done using light pulses from an

N2 dye laser that were simultaneously sent through optical fibers to the tested and

reference photomultipliers. The photomultipliers were paired according to their time

resolution before being glued to the scintillators.

The initial amount of light emitted by the scintillator is attenuated approximately

exponentially with distance as it travels toward the photomultipliers. Thus, the total
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signal amplitude ~E, or energy 10ss of a particle traversing the counter, can he

expressed as:

~E = ci . J(ph top • phbottom) (4.4)

where ci is a pulse height normalization constant adjusted for each counter 50 that

a Z=l minimum ionizing peak has a ~E=l.O amplitude. The individual photomul­

tiplier pulse heights phi were corrected for ADe pedestals and 60 Hz correlated Hne

nOIse.

A typical calibrated spectrum for a counter situated near the beam particle tra­

jectories is shown in Fig. 4.2. Besides the main peak corresponding to the detection

•
100

0.5 1.5 2 2.5 3 3.5 4 4.5 5

Pulse height (MIP)

•

Figure 4.2: Measured pulse height distribution for a counter near the beam particle tra­

jectories.

of single Z=1 minimum ionizing particles, one observes a peak corresponding to the

pile-up of two Z=1 particles at 1.6 MIP, and a peak corresponding ta the detection of

Z=2 particles at 2.4l\'IIP. The measured pulse height was taken into account in defin­

ing the optimum cuts for particle identification, and this was particularly important

for the identification of multiply charged fragments like 3He and 4He.
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Time.of..ftight measurement

The time-of-flight of particles from the target to the hodoscope counters is expressed

as:

(4.5)

where tiop and ttottom are the times measured by the top and bottom phototubes of the

hodoscope counter j, t"tart is the time measurernent given by the beam counters, and

Tj is the tirne offset to be determined for each counter of the hodoscope. The start

time resolution provided by the beam counters was carefully analyzed and estimated

to be better than 2.5 ps. The time offsets Tg were obtained by analyzing the mean of

the time distribution for each slat. The shifts frorn the mean value were determined

• and corrected for during the ntuple production stage.

The fixed level discriminators used for tirne rneasurement generate a pulse height

dependency of the measured tirne due ta the finite rise-time of the pulses. This time­

walk effect is inversely proportional to the square root of the rneasured amplitude.

The correction was calculated for each tube using the corrected but uncalibrated

pulse height as given by the ADCs :

, . li
t~=e---'-, , Vph( (4.6)

•

where b{ is the time-walk correction parameter for a tube i of a counter j. The tirne­

walk correction parameters were determined by minirnizing the difference between

the measured time-of-flight and the calculated time-of-flight for identified particles.

The tirne-walk correction results in a sizably improved time resolution. An average

resolution of 85 pS over the entire hodoscope was obtained.
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4.3 Spectrometer Alignment
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In order to achieve precise track reconstruction it is essential to determine the exact

positions of tracking detectors. BNL's survey group measured each detector's position

in ail three dimensions relative ta the target and neutral line. In x-direction, the

position information from t.he rlete('t.or~ themselves can he used ta perform a relative

alignment with a precision of tens of microns. AIso, in case the position of the detector

changed after the survey had been conducted, we still have the means ta determine

the correct positions of the detectors.

4.3.1 Alignment of tracking detectors

The last survey and self-alignment of the spectrometer were done for the 1994 run.

For an inspection of the detector positions in 1995, we took the data with magnetic

field turned off and the target taken out. Under these conditions the beam makes a

straight path through the spectrometer. The beam tracks measured by the two beam

vertex detectors (BVERs) and two drift chambers (DC2, OC3) were fitted with a

straight line. The residuals ax of the fit are shown in Fig. 4.3 for the two BVERs,

OC2 and OC3. The residuals exhibit a significant deviation from zero, thus we need

ta re-align these elements of the spectrometer.

The mean values of the distributions shown in Fig. 4.3 provide us only with x­

positions of the detectors relative to each other. The absolute position can only be

deduced from the survey data, which just proved ta be inaccurate. The alignment

conducted in previous years showed that the most likely detector to be moved between

the running periods is DC2, as it is located in the middle of the experimental setup.

The BVERs were also dismantled for the upgrade and might have been moved during

re-installation. DC3, on the other hand, is the heaviest of the tracking detectors

and rarely needed re-alignment. To minimize the changes in detector positions, we
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Figure 4.3: Residuals of the fit to straight tracks used to align the components of the• spectrometer.

decided that the outmost detectors (BVERI and DC3) would stay in their places,

and x-positions measured by BVER2 and DC2 would be adjusted to get e5x's centered

at zero. Shifting BVER2 by 0.9 mm and DC2 by almost 5 mm resulted in a perfect

linear fit of all four detector's x-positions (Figure 4.4).

The four ~IWPCs located in between DC2 and OC3 and used for track confinna-

•

tion were aiso re-aligned. The fit residuals before and after corrections are presented

in Fig. 4.5. In the track reconstruction algorithm, three out of four ~IWPCs are re­

quired for track confirmation. When MWPCs are not aligned (left panel of Fig. 4.5),

the probability of satisfying the above criterion is rather low, especially considering

the small area where beam particles are traversing the spectrometer. It is indicated

by the number of beam tracks round (3874 for 10000 beam triggers) and by the
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Figure 4.4: Difference between the measured position and fitted position for the two

BVERs, DC2 and DC3 after corrections.

shape of the distributions. The right panel of Fig. 4.5 shows the difference between

the measured position and fitted position after applying the correction factors given

below. The shape of distributions is close to a square with width corresponding to the

wire spacing of MWPCs (5.08 mm). The number of found tracks has dramatically

improved (8681 for 10000 beam triggers).

•
We also checked if the detectors were properly aligned in y-direction. For this

purpose we used the real data run as the pad sections of the drift chambers were

disabled around the beam area. No significant deviations from the 1994 values were

observed.
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Figure 4.5: Difference between the measured position and fitted position c5x for the

four MWPCs before and after correction.

4.3.2 Finding the z-position of DC2

•

Since x-position of DC2 was found to be quite off its 1994 value, we also examined

the z-positioll of DC2 which is critical ta the accuracy of momentum measurement.

It is possible to do such an a.nalysis with the data taken with magnetic field turned off

but the target in. In such setup, the tracks measured by the drift chambers should be

painting ta the initial interaction point at the target, which is measured by the beam

vertex detectors. We examined the difference between the x-position of the beam
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particles at the target measured by the BVERs and the one obtained by projecting

the tracks measured by the DCs back to the target as a function of the assumed

.:-position of OC2 (Fig. 4.6). The variation of z-position of OC2 changes the width
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Figure 4.6: Width of the focus spot at .: = 0 as function of the assumed .:-position

of OC2.

of the "focus spot", which was round ta be minimal for ZDC2 = 538.266 cm. An

adjustment of "'-J 2.5 mm was needed compare to the 1994 setup.

4.3.3 Alignment of vertex chambers

•

A new pair of vertex chambers (VTXA, VTXB) was installed for the 1995 run. The

clusters measured in these detectors need to be aligned with the back projections of

the downstream tracks. For this purpose we have used distributions of the distances

~x and fly between the coordinate of the track given by the drift chambers and the

coordinate of the closest cluster measured in the vertex chamber. The distribution



• 64 CHAPTER 4. D.4TA REDUCTION Al'lD CALIBRATION

of ~x as a function of the measured x-position of the clusters is shown in Figure 4.7

for both vertex chambers. Besicles an overall shift of the distribution from the center,
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Figure 4. ï: Dependence of the x-distance between track and its closest cluster (~x)

on the x-position of the cluster for VTXA, VTXB before corrections.

•

we observe a Linear dependence of the mean values on the measured position. Such

dependence is typical for the offset in the z-position of the detectors. We had adjusted

the z-positions of VTXA and VTXB until the position dependence disappeared, and

then shifted the x-positions of the detectors ta bring the mean of the residuals ta

zero. The results of these corrections are shawn in Fig. 4.8. A similar procedure was

employed for aligning the vertex detectors in y-direction. AH the corrections to the

1994 detector positions are summarized in Table 4.3.3
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Figure 4.8: Dependence of the x-distance between track and its closest cluster (~.r)

on the x-position of the cluster for VTXA,VTXB after corrections.

4.4 Track Reconstruction

In this section we first introduce the algorithm used to reconstruct the tracks in the

spectrometer, then we describe the particle identification procedures, and last we

discuss various corrections needed for determining detector inefficiencies.

4.4.1 Track flnding algoritbm

•
The particle trajectories are constructed from hits in the tracking detectors using a

road-finding algorithm. The principles of the track reconstruction program named

Quanah [95} are briefiy outlined here.
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Table 4.1: 1994 detector positions and parameters of 1995 alignment.

Detector Z1994, pm dZ199S' P.ffi X1994, p.m dX199S, P.ffi

BVER1 -5856000 0 351 0

BVER2 -2799000 0 -2813 -910

VTXA 2005000 12750 0 -4118

VTXB 2255000 16000 0 -2239

DC2 5385200 -2540 227031 -4905

~lWPC1 6632600 0 260230 -1378

MWPC2 7840600 0 285646 -708

MWPCa 9086900 0 318187 1246

~lWPC4 10317200 0 348998 1009

DCa 11545981 0 380169 0

•

In Fig. 4.9 we show an x - z view of a typical Au+Au event given by the E877

event display. The track reconstruction starts with finding the wire hits in the drift

chambers (DC2 and DC3). An element is constructed when the hit wires are found

for at least 3 out of 6 wire planes of the chamber. The neighboring elements are

not aIIowed to share more than one hit wire. The pad plane of the drift chambers is

scanned for the hit pads. The y-information is determined for each c/lI.ster of the hit

pads, and the c1usters are associated with the cIosest wire plane elements.

Next, all possible combinations of Hnes connecting the elements in DC2 and DCa

are tested. Four MWPC detectors are used to reject those combinations which along

their paths do not have hits in at least 3 MWPCs. The remaining combinations

are stored as Hne segments. The segments are then checked if they point toward

the magnet opening, and those which do are labeled as track candidates. The track
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Figure 4.9: x - z view of a typical Au+Au event in the E877 event display program.

The spectrometer components shown from left ta right are the collimator, magnet,

OC2, four ~IWPCs, OC3 and TOFU.

candidates are assigned momenta using the interaction position at the target given

by the BVER detectors. The rigidity of each track candidate is determined from the

radius of its curvature R in the magnetic field B:

Rigidity == Pxz/Z == eRB, (4.7)

•
where Pxz == VP; +p~, and Z is the charge of the particle. The momentum compo­

nents are then given by

Px == Px% sin IJ,
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P:: = Px:: cos (),

Py = Px:: arctan fj),

where () is the angle of the candidate before the magnet in the bend plane (.r - z) of

the spectrometer, and ci> is its angle in the y - z plane. Finally, the candidates that

sharc an clement or a dustcr in DC~/DC3 are rejected, and the surviving candidates

become tracks.

Each track is also assigned the time-of-flight, which is obtained by extrapolating

the measured trajectory to the time-of-flight hodoscope and finding the dosest hit in

the scintillator wall. The power of the track reconstruction algorithm is il1ustrated in

Fig. 4.9. Based on the hit information, 10 tracks were successfully reconstructed in

this particular event. and combining the momentum and time-of-flight information,

a preliminary particle identification was performed. The details of the offline particle

• identification procedure are gi ven below.

4.4.2 Particle identification

•

A simultaneous measurement of the momentum and time-of-flight for each track

allows the identification of particle species. The velocity of each particle is given by

j3 = v/c = l/TOF, where l is the flight path length calculated from the measured

momentum and known geometry of the spectrometer. In Fig. 4.10 we show a scatter

plot of the inverse momentum 1/p versus the inverse of the measured velocity 1/{3 for

Z=l 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.

A better evaluation of the quality of the particle identification can be obtained

from Fig. 4.11 where the measured mass squared distribution of positive particles

is presented for three different momentum interva1s. The measured mass squared
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Figure 4.10: Scatter plot of the inverse momentum l/p versus the inverse of the

measured veloeity 1/{3 for Z=l particles produeed in central Au+Au collisions at

11.5 GeVle.

associated with each track is given by:

(4.8)

•

The three peaks on each spectrum correspond to pions, kaons and protons. The

negative 'm 2 values correspond to fast particles whieh due to the limited time-of-flight

resolution are measured to have velocity greater than c. The spectra are charaeterized

by a broadening of the mass peaks for increasing momentum. However, it can he seen

that kaons are still weIl separated from pions up ta momenturn of 3.5 GeV1c.

The experimental mass squared resoLution as a function of momentum for the
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Figure 4.11: l\Ilass spectra of positive particles in different nlomentum windows.

different particles Îs presented in Fig. 4.12. The expected mass resolution of the

spectrometer Îs determined by both the momentum and TüF resolutions, and can

be parameterized as:

2 4{((]"p)2 (0';'''')2} 4p" ((]"TOf)2
(J :2 = 4m - + -- + - --

m p p {32 li '
(4.9)

•

where li is the time-of-flight for a v = c particle to travel the distance l. The

contribution from the momentum resolution consists of two parts: (]"p is related to

the position resolution of the tracking detectors, while (]";;,.8. is the resolution due to

multiple scattering of the particles. This contribution can be estimated by taking

into account the known detector resolutions and propagating the particle through

the media, taking also into account the multiple scattering in the target and detector
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Figure 4.12: Mass squared resolution for (a) protons, (b) positive pions, and (c) posi­

tive kaons as a function of momentum. The experimental data (circles) are compared

to the calculated resolutions (solid curves). In case of protons, the other curves show

the various contributions to the overall resolution.

materials.

•

The results of such calculations are shown in Fig. 4.12 (solid Hnes). The time-of­

flight resolution O'Tor is assumed to be 85 ps. The various contributions to the overall

resolutian are shawn in the case of proton (Fig. 4.12a.). At very low momentum the

mass resolution is mainly determined by multiple scattering of the particle in the

spectrometer. However, at high momentum the overall mass resolution is largely

dominated by the TOF resolution.

The particle identification was performed by making two dimensional cuts in the
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momentum vs mass squared distribution. Performing the standard error propagation

on Eq. 4.9, 0'~2 can be expressed as:

(4.10)

•

•

where Cl = O'p/p2,C2 = 0';'~',B/P,C3 = O'TOF/tl are the parameters representing the

position, multiple scattering and time-of-flight resolutions respectively. The paraUl­

eters best describing the data were round by fitting the mass squared distribution

sliced in many momentum windows and extracting for each window the mean value

and the width of the distribution for every partide. The dependence of the width of

the mass squared distribution was then fitted with Eq. 4.10. The Cl parameter was

estimated analytically [96) and was fixed at 0.0024 c/GeV. The other two parameters

are given in Table 4.2 for each particle.

Table 4.2: Parameters of particle identification.

particle plans kaons protons deuterons tritons 3He "He

C2 0.0250 0.0250 0.0308 0.0266 0.0273 0.027 0.027

C3 0.00219 0.00222 0.00223 0.00192 0.00195 0.00195 0.00195

The particle identification cuts imposed on the momentum vs measured mass plot

are shawn in Fig. 4.13. The particles are assigned an identification if their measured

mass squared m 2 is within ±1.50' of the mean mass squared. In addition, we also

require that m2 was 2.5 0' (3.5 (j for kaons) away from the mean of other particles.

In order ta avoid possible mixing of particles in the high momentum region, we aIso

impose the maximum momentum cuts, which are summarized in Table 4.3.

The quality of the particle identification can be improved by requiring for each

track a confirmation from the upstream vertex pad detectors. This is il1ustrated
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Figure 4.13: Contour plot of momentum versus mass versus distribution with PlD

cuts shawn by the solid lines.

Table 4.3: Maximum momentum cuts for different particles.

particle 1r+ 1r- K+ K- P d

Pma:r, GeVle 8.7 13.7 3.5 3.5 15.0 26.0

ln Fig. 4.14, where we show the measured mass squared distributions of positive

particles in the momentum range of 1.5 < p < 2.0 GeVic for different vertex cuts.

C1~~~her indicates how close the tracl<s have to he ta the clusters in either of the two

vertex chambers to pass the eut. As one tightens the requirement, the signal-ta­

background ratio improves, but the tracking efficiency worsens. In our analysis, we
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Figure 4.14: NIeasured mass squared distributions of positive particles in the momen­

turn range of 1.5 < p < 2.0 GeV jc for different vertex cuts.

use vertex cuts only for identification of rare particle, such as K+, K- .

4.4.3 Acceptance calculation

Only small fraction of particles emitted from the collision zone enters the magnetic

spectrometer. In order ta obtain the particle cross sections, we have ta calculate the

influence of the spectrometer's geometrical acceptance on the phase space distribu­

t ions and correct for it.

The acceptance calculation is done using a Monte-Carlo simulation. Randomly

generated particles are propagated through a software model of the spectrometer
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which accounts for the physical boundaries of the detector systems and their dead

sections. Phase space (Pt, y) distributions of 44accepted" particles are then normalized

by the total number of generated particles. The calculated acceptance distributions

are shown in Fig. 4.15 for positive and negative pions, positive and negative kaons,
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Figure 4.15: Calculated acceptance of various particles in the E877 spectrometer as

a function of Pt and y.

protons, and deuterons. The Left edge of the (Pt, y)-distributions is due to the ge­

ometry of the spectrometer. The right edge is determined by the magnitude of the

magnetic field, as it limits the rapidity at which particles with large transverse mo­

mentum are accepted. The field polarity setting of the 1995 run also results in the
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limited acceptance coverage at low Pt for positive particles due ta the dead sections

in the drift chambers near the beam.

4.4.4 Occupancy correction

The finite occupancy of the spectrometer introduces the inefficiency in track recon­

struction when two tracks are too close ta each other. This is il1ustrated in Fig. 4.16,

where we show the response of OC2, DC3 and TOFU detectors to close hits plotted

9 la

âX (cm)
8785

0.5

J
.~

~ lt---~'"""""'"~~~-,*~~~ItF'ol~rV+f"~T1"-r~d+rt::=r;i

~
ë 0.5

~

~ 0 I-+-+-+-++++~++++++H-+++++++-+-++++++-+-++-+-+-+-H-+-+-++I..
Cl.

0.5
•

Figure 4.16: Probability of track survival as a function of track separation in DC2,

DC3 and TOFU.

•
as a function of hit separation. The efficiency of resolving close tracks diminishes

at distances shorter than 1.0 (2.0) cm in DC2 (DC3). A new method for correcting

the occupancy related inefficiency was introduced in the analysis of 1995 data. The
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surviving probability functions PDC2(~X), PDC3(~X) of OC2 and DC3 drift chambers

are used to calculate a weight for each track:

l
1 - PDC2 • PDC3

w= + .
PDC2 . PDC3

(4.11 )

•

The procedure requires two iterations, which bring the track separation distributions

shown in Fig. 4.16 to unity. For more details on the 1995 occupancy correction see

[70].

4.5 Centrality Determination

One of the global observables characterizing the event is centrality, which quantifies

the overlap of the projectile and target, or violence of the collision. The degradation

of initial longitudinal energy of the participating projectile and target nucleans leads

ta the production of transverse energy Et:

(4.12)

where lJ is the the polar angle in the laboratory defined relative to the beam direction

and summation is done over aH particles emitted in the solid angle n. The transverse

energy is nleasured by the two calorimeters, the target calorimeter (TCAL) and the

participant calorimeter (PCAL). By analyzing the transverse energy distribution, we

can deduce the centrality of the collision.

The differential cross section for Et production is given by:

da Id, dN
dEt = Ptgt' c5tgt ·lVbeam • dEt '

(4.13)

•
where id" is the down-scaling factor, Ptgt =980 mg/cm2 and c5tgt = 3.203 mg/Au are

the thickness and density of the 2% Au target, and lVbea.m is the number of beam

particles measured by the beam cannters.



• 78 CHAPTER 4. DATA REDUCTION AND CALIBRATION

As our trigger system has severallevels with different thresholds, the overall dis­

tribution of dN/ dEt is obtained by cornbining the up-scaled data from beam triggers,

pre-triggers, and two TCAL Et triggers in different Et regions (Fig. 4.17a). This

200 250 300 350 400

PCALEr(GeV)

15010050

f JO { i i il' l , , l ' i · i 1 i , i , l ' i , i 1 l , l , l ' . i , I(~; , i
~ 10 7 i

10
6 1

/0 5

10 4

•
Figure 4.17: (a) PCAL dN/dEt distribution for events from beam trigger, pre-trigger

and two TCAL Et triggers. (b) PCAL Et differential cross-section for Au (dotted

Hne) and MT (empty target, dashed line) targets. The solid Hne is the corrected

dO' / dEt after subtracting the MT target cross-section.

distribution is then normalized according to Eq. 4.13. The cross section is obtained

by subtracting the non-target interactions, measured with MT (empty target) runs

•
(Fig. 4.17b).

In a simple geometrical model, the colliding nuclei are treated as intersecting

spheres with a radius R = 1.2A1/3 fm. The centrality of the collision is defined by the
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ratio of the most central interaction cross section (J'top to the geometrie cross section

ugeo = 2rr R2. Using this model, we can make a correspondence between the measured

Et and percentage of the geometric cross section:

1 i oc du
(J'top/ugeo = - . dE/dE;.

ugeo Et t
(4.14 )

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

in Fig. 4.18. Both calorimeters show consistent dependence, with PCAL being more
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Figure 4.18: Centrality as a function of Et for TCAL and PCAL.

•
sensitive in selecting the most central events. To follow run-to-run variations in the

calibrated peAL energy seale, the correspondence of PCAL Et and centrality was

done for each ron.

The tracking system of the E877 experiment is capable of reconstructing all tracks
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•

•

with high efficiency for events with centralities less than 26% of the geometric cross

section (or PCAL Et > 150 GeV). For more peripheral collisions, the occupancy of

the tracking detectors, particularly of NIWPCs becomes a limiting factor, as more

and more tracks enter the spectrometer. The number of tracks found by the tracking

program decreases if the number of hits in ~lWPCs is greater than about 20. For

cent rali ties corresponding ta PCAL Et < L50 GeV, the tracking program starts to

rail ta identify more than 5% of the tracks .
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Chapter 5

Flow Analysis Relative to the

Reaction Plane

The analysis of anisotropie transverse collective flow requires the determination of

the reaction plane, spanned by the impact parameter vector and the beam axis. The

E877 collaboration was first to observe directed flow in Au+Au collisions at the AGS

energy [32]. The evidence for this collective effect cornes from a pronounced azimuthal

anisotropy of the transverse energy measured in different pseudorapidity intervais

combined with a strong forward-backward anti-correlation between the direction of

the observed transverse energy. The existence of directed flow allows us to reconstruct

the reaction plane event by event using the azimuthal anisotropies in the transverse

energy distribution measured by the E877 caiorimeters.

In this chapter we will first descrihe the method used for the determination of

the reaction plane. The procedure to correct for the non-Hatness of the reaction

plane distribution will he discussed in detail. A method of ana.lyzing the azimutha.l

distributions using a Fourier expansion will he introduced, and a novel development

for the determination of the second order deformations will he presented. Finally, we

81
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will give a brief description of the procedures used to determine the corrections for

the reaction plane resolution.

5.1 Reaction Plane Determination

A traditional method for the deterrnination of the reaetion plane [27] requires thal

the detectors provide the mornentum three vectors of identified particles in the final

state. Our calorimeters do not provide 5uch information. Instead of performing

an analysis over the set of the final state particles, we use the energy deposits into

the calorirneter celis. Each caiorimeter celI is used to construct the direction of the

reaction plane by defining the components of the transverse energy directivity vector

DEr = (Dr, Dy):

N

Dr = L Et cos </J~ab,
j=l

N

Dy = L Et sin rjJ~ab,
j=l

where j is the index of the 4J section of the calorimeter and </J~ab corresponds to its

azimuthal angle measured in the laboratory frame.

The polar coverage of the two calorimeters is divided into four windows. The

definition of windows in polar angle and pseudorapidity'l = -ln tan ~ is given in

Table 5.1. The reaction plane angle is independently deterrnined in each window for

every event:

D
\II R = arctan D:' (5.3)

The correlation of \II R obtained in different windows is used for the evaluation of the

reaction plane resolution. Details of this procedure are described in section 5.3.

ldeally, the randomness of the collision geometry orientation should lead to an

isotropie 2-dimensional distribution of the directivity vector DEt' and consequently,
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•

Table 5.1: Definition of windows in polar angle and pseudorapidity for the determi­

nation of the reaction plane.

TCall PCal2 PCal3 PCal4

Olab [117°,53°] [48°,28°] [28°. 15°] [15° , 1°]

17 [-0.5, 0.71 [0.8, 1.41 [1.4, 2.0] [2.0, 4.5]

a fiat distribution in diV/ d\f! R. However, due ta non-uniform coverage and calibration

inaccuracies of the participant calorimeter, the measured distributions are distorted.

The contour plot of the raw 2-dimensional distribution of the transverse energy vec­

tor measured in the PCa14 pseudorapidity window is presented in the left panel of

Fig..5.la. The corresponding distribution of the reaction plane orientation is shown

in the right panel. The fol1owing procedure has been developed to correct for the

non-fiatness of the reaction plane distribution. The correction factors are calculated

for each run and the measured reaction plane orientation is corrected on an event­

by-event basis.

Firstly, the non-uniformity in response of different cf> sections of the PCal calorime­

ter is corrected in the first order by:

Et-_ -,_&
(Et) ,

(.5.4 )

•

where i is the event index, and (Et) is the Et measured in the j section of the

calorimeter averaged over statistics of one ron (200k events). Corrected cPN/dD~dDt

and dN/d\fJ~ distributions are shown in Fig. 5.1h.

At this stage we divide the event sample into several centrality bins according ta

the total transverse energy measured in the participant caiorimeter. At the second

step of the correction procedure, the directivity vector D~c measured in each centrality
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Figure 5.1: Distribution of transverse energy vector DEc (left panel) and determined

reaction plane angle given in radians (right panel) in the PCal4 pseudorapidity win­

dow. The figures from top to bottom show the raw distributions and distributions

obtained after each step of the flattening procedure.
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bin is shifted 50 that the center of the two-dimensional distribution is at the origin:

D~,i D~,i - (D~),

D~,i = D~,i - (D~).

(5.5)

(5.6)

(5.8)

•

The resultant distributions of the directivity vector and corrected Wnare presented

in Fig. 5.lc.

Then. the second moment (elliptic shape) of the 2-dimensional distribution is

corrected by squeezing and stretching out major axes of the observed ellipse. The

axes are determined using directivity tensor constructed as follows:

(5. ï)

where i is the event index, wi:2 = Dc'l ~Dc:2 , and sums run over 200k events. Ellipticity,
.r,' Il ••

defined as the ratio of the long to short axis, is found using the eigenvalues À 1, À'l of

tensor SoL: f = À1 / À2 • The orientation of the long axis is given by:

1 2L D~ i
~O,i = 2' arctan E(Dc2. _ DC2.)·

r,l y,l

Using the obtained ellipticity, we equalize the long and short axes of the ellipse while

keeping the total area constant, thereby taking out the second moment:

D~,i = Vi cos \{1~ (5.9)wç l'
&

D:.i
1 . \{Ic (5.10 )= TSin i'fwf

The results of this correction are shawn in Fig. 5.Id.

Finally, the remaining higher order Fourier harmonies in dlV/d\V~ distribution are

corrected by:

• lP'R - lP'~ +L(An cos n\V~ + Bn sin nlP'~).
n

(5.11 )
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Requiring the vanishing of the n-th Fourier moment of the new distribution, the

coefficients An and Rn can be evaluated from the original distribution:

Rn
2 d (5.12)- -(cos n \11 R)'
n

.)

An - - =-(sin n \{1~), (5.13)
11

where the brackets refer to an average over events. In practice, we flatten the reaction

plane distribution up to the fourth harmonie (n=4). The orientation of the reaction

plane also slightly depends on the incident angle of the beam particle. This effect was

also considered and corrected for [70]. The final corrected distributions are shown in

Fig. 5.le.

The residuals of the reaction plane angle and its corrected value are shown in

Fig. 5.2 for each step of the flattening procedure. The largest corrections are done

• during the first two steps, with the last two corrections bringing ooly a minimal

change ta the determination of the reaction plane angle in PCal4 window.

5.2 Fourier analysis of azimuthal distributions

The azimuthal anisotropy of particle production is studied by means of Fourier anal­

ysis of azimuthal distributions [28, 97, 12]. The azimuthal distribution with respect

ta the measured reaction plane orientation can he decomposed in the fol1owing way :

(5.14)

cf3N

Ptdptdydc/>

1 az N ( ~? ob. A.)
- 2 d d 1 + LJ ",vn cos n'f' ,

1r Pt Pt Y n=1

E lf3N _
cPp'

•
where we use a cylindrical coordinate system with rapidity y = lIn ~~:~::: as the

longitudinal axis, transverse momentum Pt =Psin IJ as the transverse coordinate and

c/> = 4J'ab- \li 1 as the azimuthal angle of the particle taken with respect ta the measured
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Figure .5.2: Residuals of the reaction plane angle determined in the PCal4 pseudora­

pidity window and its corrected value for each step of the correction procedure.

reaction plane orientation. The Fourier coefficients v~b~ quantify the amplitude of the

n-th harmonie of the azimuthal asymmetry and are evaluated by

(5.15)

•
The dipole (vd and the quadrupole (V2) coefficients in the Fourier decomposition,

rcpresent the shift (directed flow) and eccentricity (elliptic flow) of the particle az­

imuthal distribution and are studied as a function of rapidity, transverse momentum,

and centrality of the collision.
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Strong directed flow of protons and light fragments was previously measured at the

AGS energy [36]. The experimental dependence of Vl on the transverse momentum

is well described by a shift of the two-dimensional momentum distributions in the

direction of the reaction plane [35]. The mean transverse momentum projected outo

the reaction plane. (Px), is about zero in the mid-rapidity region, but reaches up to

0.13 GeV/c for protons at bearn/projectile rapidities.

The pt-dependence of the Vl and V2 coefficients is illustrated in Fig. 5.3 using a

simplified schematic model. The upper two plots of Fig. 5.3 show log-scaled contours

of ~Ionte Carlo simulated two-dimensional Gaussian momentum distributions with

respect to the reaction plane, which is defined to be in the x-direction. We use a

typical width of the proton distribution observed in 10 A· GeV Au+Au collisions

of (1pz.pv = 0.23 GeV/c. On the left panel, the generated distribution is circular

((jPz =(jPv) and shifted in the direction of the reaction plane. On the right panel, the

generated distribution is eccentric (uP:r/uplJ = 1.2) with respect to the reaction plane

orientation. with major axis of the simulated elliptic shape lying in the reaction plane.

Two plots in the middle of Fig. 5.3 show the corresponding azimuthal distributions

modulated according ta cos cP and cos 2cP functions. The lower panels of Fig. 5.3 show

the pt-dependence of the V1 and V2 coefficients. The amplitudes of UI and 02 are equal

to zero at Pt = 0, and rise with Pt. Except for the high Pt region, vl(pd-dependence

behaves linearly with Ph whereas V2(Pt) is weIl described by a quadratic dependence.

The shift of the two-dimensional momentum distribution effectively changes the

circular shape of the distribution if viewed relative to the beam axis. The non­

zero first moment of the distribution affects the amplitudes of higher order har­

monies. This effect is illustrated in Fig. 5.4 for the second harmonie. The upper

plot of Fig. 5.4 shows the vl(pt)-dependence for Monte Carlo simulated circular two­

dimensional Gaussian momentum distributions shifted by different (Px) in the direc­

tion of the reaction plane. The lower plot of Fig. 5.4 shows the amplitude of the



• 5.2. FOURIER .4NALYSIS OF AZIAtlUTHAL DISTRIBUTIONS 89

<px>=O.13 GeVlc CJp.jCJpy=1.2

~
1

~
1

> 0.5 > 0.5(1) Q)
C!) CJ

>. 0 >. 0
~ c.

·0.5 -0.5

-1 -1
·1 -0.5 0 0.5 1 ·1 -0.5 0 0.5 1

Px, GeV/c Px' GeV/c

~ -Er
:!2 :Ez Z
'0 '0

• -2 0 2
cp, rad

-2 0 2

CP. rad

1 ~"""-""''''''''''''''o-r-''''~'''''

0.75

0.5

0.25

o ""'-'-'-..............................................................
o 0.20.40.60.8 1

Pt. Gav/e

1

0.75

0.5

0.25

O ..........................~.........~
o 0.20.40.60.8 1

Pt. Gav/e

Figure 5.3: Illustration of the pt-dependence of the Vi andv2 coefficients using a

simplified schematic model
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•

second harmonie. V2, as a function of Pt for the same distributions. As one can see,

even in the absence of the "true" elliptie deformation of the two-dimensional mo­

mentum distribution, the in-plane shift of the distribution from the origin induces

a positive signal forv2. The amplitude of this induced signal is in the first order

proportional to :(C05 cP? (dashed lines in the lower panel of Fig. 5.4).

In order to decouple the v2-amplitude of the "true" elliptic flow from the one

induced by directed flow we propose to evaluate the second order Fourier harmonie
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in the coordinate frame displaced from origin by (Px) in the direction of the reaction

plane. In other words, we suggest to estimate the ellipticity of the 2-dimensional

momentum distribution of particles relative to the reaction plane with respect to the

centroid of the distribution, rather than the beam a.xis. To perform such an analysis,

we first have to find the (px)-values for each rapidity bin under study, which give us

the center of the distribution in the direction of the reaction plane. Then we subtract

the obtained (px)-values from the measured px-eomponent:

The Fourier coefficients and transverse momentum are then modified accordingly:

The azimuthal angle with respect to the reaction plane in the shifted frame is then

given by

•
4>' = arctan (py1p~ ).

v~ = (cos nc/>') ,

p~ = VrJ1 + p;.

(5.16)

(5.17)

(5.18)

(5.19)

•

In Fig. 5.5 we show a simulated 2-dimensional momentum distribution deformed in

the out-of-plane direction (upzlupfI = 0.9) corresponding to a negative elliptic flow,

and shifted in the reaction plane by (Px) = 0.13 GeVle. The v2-dependence shawn

on the left is calculated with respect to the beam axis. As one can see, although

the elliptic deformation of the 2-dimensional momentum distribution is supposed to

result in the negative values of V2, the large in-plane shift of the distribution induces

weak positive values of V2. When the origin is placed at the center of the distribution

(right side of Fig. 5.5), the effect of directed flow is canceled (vHpD ~ 0), and v~(pD­

dependence provides the "true" measure of the out-of-plane ellipticity.

In practice, many experimental setups have limited acceptance in Pt. Particularly,

the acceptance for positive particles in the E877 setup for the 1995 running period is
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Figure 5.5: Panels on the left: Monte Carlo simulated two-dimensional Gaussian

momentum distribution with out-of-plane elliptic deformation (upzlupy = 0.9) and

shifted by (Pr) = 0.13 GeVIc in the direction of the reaction plane, and corresponding

"Vl (Pt) and V2(Pt) signaIs measured relative ta the beam axis. Panels on the right: same

distribution in the frame shifted by (Pr) and corresponding t,~ (p~) and v~ (pD signaIs.

•
limited at low transverse momenta. AIso, the maximum momentum cuts applied for

partide identification limit the high range of the transverse momentum. The effect of

the limited acceptance in the transverse momentumon v~(pD and v~(pD is considered
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in Fig..5.6. We show the same distribution as in Fig. 5.5, but with no acceptance
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Figure 5.6: Same as Fig. 5.5, but with limited Pt acceptance.

for Pt < p~in = 0.1 GeVle and Pt > prttX = 1.0 CeVle. The minimum transverse

momentum at which the distribution placed in the new frame is not distorted increases

by (Px)' The distortion results in positive values of v~ at low p~ as the hole in

the experimental acceptance is no longer centered at the origin. The maximum Pt­

eut results in a similar effect at high p~. The range of transverse momenta where

distribution is Dot distorted by zero acceptance at low and high Pt 's is given by

•
(5.20)

(5.21)
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These limits are shown in Fig. 5.6 by dashed Hnes. \Vithin this range, the first

moment of the distribution in the shifted frame is equal to zero, and v~(p~) is estimated

correctly.

5.3 Reaction plane resolution

The reaction plane resolution, i.e., the accuracy with which the reaction plane orien­

tation is determined, is evaluated by studying the correlation between reaction plane

angles \lI~i) determined in different pseudorapidity windows i.

The true values Un of the Fourier coefficients can be obtained from the measured

values u~b~ by unfolding the finite resolution of the deterrnination of the true reaction

plane angle l{I R [28, 34):

Un = I(cos n(\{Iti ) - \li R))I'

The brackets indicate the event average evaluated for a given pseudorapidity window

and a given event centrality. As the mean cosine in the denominator is less than

one, the corrected values of Un are always larger than the measured values v~b~. The

measurement of \{f~i) in three windows allows one to evaluate the correction factors

(cosn(\(1ti ) - \{IR)) directly from the data:

(") (") (i) (j)cos n ( \11 1& - \11 1
3

) = cos n ( \11 1 - \{IR) cos n ( \11 1 - \fi R)

+ sin n( \{Iii) - \liR) sin n( \{fij ) - \liR)' (5.23)

•

Taking the event average, the sin terms vanish due to the symmetry of Au+Au col­

liding system with respect to the reaction plane. Assuming that the ooly correlation

between pseudorapidity windows i and j is via the flow effect we obtain

(5.24)
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Combining correlations between three pseudorapidity windows i, j, k, we can deduce

the inverse correction factors for the finite reaction plane resolution in window i:

1(cos n ( \II ~i) - \II R)) 1 =
(cos n{'If~i) - \II~j)))(cos n('If~i) - \lI~k)))

(cos n(\li ~i) _ \II \k) ) )
(.5.25 )

The correction factors for n = 1. n = 2 estimated according to Eq. 5.25 are shown for

four pseudorapidity windows in Fig. 5.7. The signs of the correction factors refiect
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Figure 5.7: Inverse correction factors due to the finite resolution of the reaction plane

angle \liR measurement for the first (Vi) and second moment (V2) in four different

bins of pseudorapidity.

•

the phase shift by 11" in the angles \(11 at mid-pseudorapidity. The resolution in a given

'1 interval is determined by the finite granularity, the energy resolution and leakage

fluctuation of the detector, and the magnitude of the anisotropy in this 1] interval.

The correction is smallest for semicentral collisions, where flow effects are largest.

The best resolution is achieved for the most forward window (2.7 < 1] < 4.5). The

quadrupole component (V2) requires larger corrections.
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The redundancy in the number of pseudorapidity windows (we divided the po..

lar coverage of the calorimeters into four windows whereas only three are necessary

ta estimate the correction factors according to Eq. 5.25) allows to study the correla­

tions between the correction factors obtained with different combinations of windows.

These correlations are sensitive to the non-flow cffects, such as shower sharing he­

tween the calorimeter ceUs and momentum conservation. A detailecl study of these

correlations has been done in [70). The correction factors shown in Fig. 5.7 have

been optimized to achieve consistent values for aH possible comhinations of pseu­

dorapidity windows. The optimized factors for the correction of the first harmonie

(Vl) taken from [70] are shown as solid symbols in Fig. 5.8. For comparison, we

also show the non-optimized corrections as open symbols. The non-flow correlations

1\..-.
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~ 0.8-­:.::. ...
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Figure 5.8: Inverse correction factors for V., with (solid symbols) and without (open

symbols) optimization, in four different bins of pseudorapidity.
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cause over-estimation of the resolution calculated according to Eq. 5.25 in the win­

dows -0.5 < 1] < 0.7 and 2.0 < 1] < 2.7.

Two windows with the best resolution, 2.0 < 1] < 2.7 and 2.7 < 1] < 4.5, can be

combined into one (2.0 < 1] < 4.5) ta achieve yet a better resolution. A method for

estimating the resolution of the combined window based on the resolutions obtained

for each individual window is described in detail in [70]. Fig. 5.9 presents the obtained

results for the Vt and V2 correction factors in the combined pseudorapidity window

A 1 A 1 1- -CI: a:
~ 0.8 ......... ~ 0.81 1 l-e; • •

1~- 0.6 • 0.6en •~ • • 18 ........0.4 ~ v 0.4

• • ~ .- .
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•
0 a •
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PCAL Et, GeV PCAL Et. GeV

Figure 5.9: Inverse correction factors for Ut and V2 in the combined window 2.0 <

1] < 4.5.

2.0 < 1] < 4.5. The reaction plane orientation determined in this window is used in

the further analysis of the particle azimuthal anisotropies.

•
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Chapter 6

Elliptic Flow of Protons and

Deuterons

• In this chapter we present an analysis of proton and deuteron production with respect

to the reaction plane with an emphasis on elliptic deformation of the flow tensor. The

measurements cover a rapidity region 2.0 < y < 3.4. We compare the experimental

measurements of elliptic flow signal with the mean field and cascade codes of the

Relativistic Quantum ~lolecular Dynamics model, combined in case of deuterons

with coalescence model. We also study the influence of the transverse component of

radial expansion flow on azimuthal anisotropies.

6.1 Experimental Results

•

We quantify the elliptic flow by V2, the second coefficient in Fourier decomposition

of the azimuthal particle distribution. The coefficient 'U2 is analyzed as a function of

the transverse momentum for different rapidity bins and centralities of the collision.

Four centrality bins were selected according to the transverse energy measured in

the PCAL calorimeter. The selected centrality regions are presented in Table 6.1. A

98
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•

•

simple geometrical model (see section 4.5) was used to estimate the range of impact

parameter b in accordance with (j'top/ (j'geo ~ (b/2R)2. The average inverse correction

factors for the finite resolution of the reaction plane are also given for 'VI and V2.

Table 6.1: Definition of the centrality regions.

Centrality PCAL Et (GeV) (j'top/ (7geo b (fm) vl-resolution v2-resolution

1 150 - 200 0.26 - 0.17 6-7 0.77 0.:386

2 200 - 230 0.17 - 0.12 5-6 0.79 0.430

:3 230 - 270 0.12 - 0.07 4 -.5 0.75 0.407

4 > 270 < 0.07 <4 0.64 0.219

The dependence of proton V2 coefficient on the transverse momentum for different

rapidity and centrality bins is presented in Fig. 6.1. The values of v2(pd are cor­

rected for the reaction plane resolution. The systematic errors are estimated by the

Fourier coefficients of the sin 24J term which should be zero due to symmetry. The

error bars shown include both statistical and systematic error. The absence of the

low Pt data is due to the 1995 experimental acceptance. The results presented in

Fig. 6.1 are consistent with an independent analysis of 1994 data published in [35]. A

clear positive signal is observed for all rapidities, which corresponds to an elliptically

shaped distribution with the major axis lying in the reaction plane. However, the

rapidity dependence of the v2-amplitude is somewhat surprising. The amplitude of

'V2 increases with rapidity, and is most significant at beam rapidities. In the previous

measurement of transverse energy and particle flow [34], the maximum amplitude

of the in-plane el1iptic flow was observed at mid-pseudorapidities, contrary to the

behaviour exhibited by the data shown in Fig. 6.1.
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Figure 6.1:v2(pt} of protons for different rapidity and centrality bins.
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6.1.1 (px)-subtraction

101

As we have seen in the previous chapter, the measured V2 values may he affected by the

in-plane shift of the 2-dimensional transverse momentum distribution cP N / dprdpy,

which is a result of the directed flow. This effect is particularly important for the

V2 measurements away from mid-rapidity, where the influence of the directed flow is

not negligible. This is il1ustrated in Fig. 6.2 where we show the cP N/ dprdpy distri­

butions for protons and deuterons in the rapidity bin 3.1 < y < 3.2. The momentum

components are given with respect to the reaction plane orientation, sa that x-axis

points in the direction of the reaction plane. The center circles indicate a hole in

•
~
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~ 0.5
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-0.5

·1
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•

Figure 6.2: Contour plot of the cP N/ dpxdp" distributions for protons and deuterons

in the rapidity bin 3.1 < y < 3.2 for centrality region 200 < Et < 230 GeV.

the experimental acceptance at Low Pt, which is larger for heavier deuterons. Distri­

butions for both particles are shifted in the reaction plane, which is the evidence of

strong directed flow. The standard procedure for the calculation of V2 is ta analyze it

in the frame centered at the beam axis. The interpretation of the results is then far

from straightforward, as the amplitude of V2 will depend not only on the ellipticity
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•

•

of the evenL but also on the shift of the distribution due to directed flow. As was

demonstrated in the previous chapter~ such a shift results in a positive 'V'l signal even

in the absence of elliptic deformation.

To analyze the '4true" ellipticity of the event, we estimate the V2 coefficient in

the frame shifted in the direction of the reaction plane by an amount corresponding

to the strength of the directed flow, that is by the mean transverse momentum in

the reaction plane (Pr). In the framework of a transversely moving thermal source,

this transfonnation would correspond to analyzing the elliptic deformation of the

flow tensor in the rest frame of the source which is boosted along the Pr axis with

anisotropie transverse velocity ;3r' [t has been shown that both parameterizations

descrihe the behaviour of Vi on Pt very well [35].

The strength of directed flow varies with rapidity. The rapidity dependence of

(Pr) with the average estimated in the experimental acceptance is presented in Fig 6.3

for protons and deuterons. [t is a typical o4S-shaped" curve with maxima at projec­

tile/target rapidities. The rapid decrease of (Px) towards mid-rapidity refiects the

quickly narrowing Pt acceptance of the spectrometer. Deuterons exhibit larger values

of (Px)' As one can see, starting from rapidities around y = 2.4 the directed flow

is not negligible and should he taken into account when evaluating the elliptic de­

formation of the flow tensor. The values of (Px) are estimated in the experimental

acceptance in ~y = 0.1 rapidity bins and four centrality bins for each particle.

From now on, we introduce primed symbols ta denote quantities evaluated in the

coordinate system shifted by (Px):

• transverse momentum projected in the reaction plane: p~ = Pr - (Px)

• azimuthal angle with respect to the reaction plane: cP' = arctan (~)

• transverse momentum: p~ = J'P'l +P~
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Figure 6.3: rvlean transverse momentum in the reaction plane estimated in the ex­

perimental acceptance for centrality region 200 < Et < 230 GeV. The open points

are obtained by reflection around mid-rapidity y = 1.6.

• transverse mass: m~ = Jp~2 + m2

• Fourier coefficients quantifying flow: v~ = (cos nq:/)

•
The effect of the (Pr )-subtraction on the directed flow signal is illustrated in Fig. 6.4,

where we show the dependences Vi (Pt) and 'v~ (p~) for protons as open and solid circ1es

for various rapidity and centrality bins. As expected, after subtracting (P:r) the

directed flow is canceled: v~ (pD ~ 0 for aIl rapidity bins and collision centralities.
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Figure 6.4: Vt(pt} (open circles) and v~ (pD (solid circles) of protons for various rapidity

bins and collision centralities.
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•

•

The effective pccoverage has decreased at low and high transverse momenta. This

effect was considered in the previous chapter and is due to the hale in the experimental

acceptance at low Pt on one side, and the maximum momentum cut on the other.

6.1.2 Elliptic Flow of Protons and Deuterons

In this section we present the results of the Fourier analysis of the proton and deuteron

azimuthal distributions in the frame shifted by the measured (Px) in the direction of

the reaction plane. Thev~ coefficient is first studied as a function of the transverse

momentum p~ for different rapidity and centrality bins, and then we investigate the

rapidity dependence L'~(y) of the elliptic flow signal.

v~ as a function of Pt

The dependence of v~ on the transverse momentunl is presented in Fig. 6.5 as solid

drcles. For comparison, we also show the v2(pd-dependence as open drcles. [n the

region where (Pr) is small (2.0 < y < 2.4) the two rneasurements are consistent with

each other. At higher rapidities, the amplitude of v~ is getting smaller than that of V2.

In rapidity bin 2.6 < y < 2.8, v~ ~ 0 for all transverse momenta. The pt-dependence

of v~ is less pronounced than that of '02, but c1ear negative values of 'O~ are observed

in the high Pt region at rapidities y > 2.8. Larger amplitudes are abserved for more

peripheral collisions. Similar results shown in Fig. 6.6 are obtained for deuterons.

The magnitudes of bath V2(P,) and 'O~(pD are larger for deuterons than for protons.

v~(p~) ~ 0 for rapidity bin 2.4 < y < 2.6, compare to 2.6 < y < 2.8 for protons.

lt should he noted, that the deuteron sample in the region 2.6 < y < 3.0 contains

an admixture of protons which is estimated to be no more than 15-20%. Given that

protons exhibit a sirnilar flow signal, the relative errors in the final results due to

deuteron misidentification in that region are about 5%.
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Figure 6.5: v~(p~) (solid circles) and V2(Pt) (open circles) of protons for various rapidity

bins and collision centralities.
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rapidity bins and collision centralities.
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(6.2)

(6.1 )

•

•

The error bars shown for v~(pD-dependence represent statistical errors and sys­

tematic errors estimated by the Fourier coefficients of the sin 2cP' term. Other sources

of systematicerrors include: i) possible particle misidentification ("-'5%); ii) the uncer­

tainty in the determination of the reaction plane resolution ("-' 15-20% for aIl particle

species); iii) the uncertainty in correction for finite detector occupancy (3-5% at the

low Pt region and negligible at Pt > 0.6 - 0.8 GeV le).

These results indicate that the orientation of the major axis of the elliptic de­

formation of the flow tensor depends on rapidity, with in-plane preferential emission

observed at rapidities closer to mid-rapidity, and out-of-plane emission observed near

the projectile rapidity for aH collision centralities.

(L'~) as a function of y

The experimental acceptance provides us with a limited range in the transverse mo­

mentum for both protons and deuterons. [n order to quantitatively study the depen-

dence of (u~) on rapidity, we need ta compensate for the missing pt-coverage. The

mean v~ at a fixed rapidity is given by

( ') 1 f cP N p~ - P~ 'd'
'V2 = M dnl d p'J 2 dpx Py

a flx Py x + Pu

1 f cP N ., 'd 'd "
- No p~dp~dc/>' cos 2cP Pt Pt cp

1 f dN' '( ')d ' ( )- Nb dp~ 'V2 Pt Pt 6.3

The cP NJdprdpy distribution of protons has been shawn to be weIl described by a

thermal distribution with its center shifted from origin due ta directed flow [35}:
,

tPNfdPzdpy <X m;exp(-;~). (6.4)

where TB is the inverse slope parameter. The proton inverse slope parameters TB for

various rapidities have been determined before [98} and are summarized in Table 6.2.
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Table 6.2: Inverse slope parameters TB of protons (from [98]).

Rapidity TB (MeV) Rapidity TB (MeV)

2.2 225.75±6.51 2.8 130.52± 0.28

2.3 216.73±2.82 2.9 lli.51± 0.29

2.4 190.08±1.87 3.0 102.75± 0.32

2.5 171.26±O.84 3.1 85.42± 0.39

2.6 151.78±O.44 3 .) 86.67± 1.43

.) ... 139.81±0.30 3.3 47.72± 0.84... (

109

(6..5)•

•

In arder to parameterize the elliptic shape of the above distribution we introduce

an ellipticity parameter e:

V~2 + .:2 • p2 + m2

d2N/dp~dpy ex: JP'] +e2 • p~ + m2 exp( - r TB y ).

The parameter ê quantifies the amplitude of the elliptic deforrnation of d2 NIdp~dpy

distribution in the y-direction compare to the x-direction. It is equal to unity in

the absence of the elliptic deformation. The values of é larger than unity imply a

preferred in-plane emission, and ê < 1 corresponds to the out-of-plane eiliptic flow.

Using the inverse slope parameters TB determined from the protonmt-spectra,

we can describe the proton v~(pD-dependencewith parameterization given in Eq. 6.5.

The results of such calculations are shown in Fig. 6.7. In general, the parameterization

describes the data quite weil with reasonable values of X2 • The fit is not quite stable

in the rapidity bins 2.0 < y < 2.2 and 2.2 < y < 2.4 due to the small pt-coverage

and weak signal. The extracted values of proton ellipticity parameter ê for different

rapidities and collision centralities are presented in Table 6.3. The errors on the fit

parameter ê are large for rapidities 2.0 < y < 2.2, 50 we do Dot use this bin in further
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Figure 6.7: Fit of v~(p~) of protons by a parameterization given in Eq. 6.5.
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•
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Table 6.3: Ellipticity parameter ê of protons for different rapidities and collision

centralities. The errors indude the uncertainty in the effective slope parameters used

for the spectra extrapolation.

y Ellipticity parameter ê

150 < Et < 200 200 < Et < 230 230 < Et < 270 Et> 270 GeV

2.1 1.O85±0.042 0.943±0.031 O.968±O.025 O.999±O.O40

2.3 O.993±O.026 1.030±O.O12 l.O10±O.O07 O.978±O.O15

2.5 1.023±0.010 l.OO7±O.OlO 1.003±O.OO6 l.OOO±O.OlO

2.7 O.992±0.OO5 1.007±O.OO4 O.998±O.OO3 O.999±O.O06

2.9 O.973±O.OO4 O.988±O.OO4 O.988±O.OO3 O.990±O.OO6

3.1 O.968±O.OO4 0.977±O.OO3 O.981±O.OO3 O.979±O.OO5

3.3 O.984±O.OO4 0.986±O.OO3 O.983±0.O03 O.985±O.OO5

analysis. The errors include the uncertainty in the effective slope parameters used for

the spectra extrapolation. We observe ê > 1 for rapidities doser to center-of-mass

rapidity, and ê < 1 for protons emitted near projectile rapidities. The amplitude of

the elliptic deformation also depends on centrality, with larger deformation observed

for more peripheral collisions.

Having extracted the values of ê, we can combine the extrapolated particle spectra

with obtained v~(pD-dependence to estimate the average 'U2 in a given rapidity win­

dow. In Fig. 6.8 we present the dependence of 'U~ of protons on rapidity for different

centralities of the collision. The amplitude of the Fourier coefficient V2 for protons

estimated in the frame shifted by (Px) in the direction of the reaction plane depends

on rapidity. A change in sign of the proton el1iptic flow signal when studied as a

function of rapidity is observed. Positive values of v~ are measured at the rapidities
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Figure 6.8: v~ of protons as a function of rapidity for different collision centralities.

The open circles are obtained by reflecting the solid circles around Yan = 1.6.

close to Yan, and negative values of v~ are measured at projectileftarget rapidities.

The overall change in the magnitude over the studied rapidity region is maximum

for more peripheral collisions (Av~ ~ 0.03). The data also indicate that the shape of

v~(y)-dependence is flatter for more central events.

•
The determination of the mean v; for deuterons is complicated due to non-thermal

shape of the deuteron spectra. Deuteron transverse momentum spectra were analyzed

in [99]. At beam rapidities deuteron spectra were found to he approximately thermal
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with an inverse slope parameter TB of about 80 lVleV for centralities corresponding

ta 150 < Et < 230 GeV region, and with slightly lower parameters TB = 60 lVleV

(50 ~IeV) for 230 < Et < 270 GeV (Et> 270 GeV) centrality regions. Using the

deuteron spectra, we can fit the v;(p~ )-dependence of beam rapidity deuterons \Vith

Eq. 6.5. The results of such fit are shown in Fig. 6.9. The comparison of the mean v~

150<E.<200 200<E.<230 230<e.<270 ~270 GeV

1

P'I' GeV/c

a
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o
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• Figure 6.9: Fit of v~(pD of deuterons by a parameterization given in Eq. 6..5.

of beam rapidity protons and deuterons is done in Table 6.4 for different centralities.

The values of v~ of deuterons are about 1.5 times larger than those of protons.

Table 6.4: ·v~ of protons and deuterons in the rapidity region 3.0 < y < 3.2 for

different collision centralities.

•

v~ in 3.0 < y < 3.2 bin

150 < Et < 200 200 < Et < 230 230 < Et < 270 Et> 270 GeV

protons -0.016±0.002 -0.Oll±0.002 -0.OO9±O.001 O.Oll±O.O02

deuterons -O.O22±O.004 -0.016±O.O04 -0.O16±O.OO2 -O.015±0.004
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6.2 Discussion

At ultra-relativistic energies, elliptic flow develops in two stages. Early in the collision,

the mechanism is similar to that at lower energies. The coId spectator nucleons block

the path of participant hadrons ernitted from the collision zone. Matter in central

rapidity region escapes preferentially orthogonal to the reaction plane. resulting in

negative elliptic flow. At a later stage, the spectator nucleons leave the reaction

region. The almond-shaped geometry of expanding participant region favors in-plane

preferential emission and hence positive elliptic flow. The orientation of the final

azimuthal asymmetry thus depends on the ratio between the passage time for removal

of shadowing due to spectators and the expansion time. The passage time of projectile

and target nuclei of equal mass is given by:

• 2RA
t passage "-J ---a-.

ffJem
(6.6)

where RA. is the nuclear radius, f is the Lorentz factor, and Pern is the center-of-mass

velocity. The passage time for the low energy collisions is quite long ("-J 15.6 fml c for

Au+Au collisions at 1 A·GeV). At the AGS-SPS energies, it shrinks with the Lorentz

factor f, and for the heaviest systems at the AGS and SPS, the passage times are

about .5.4 fmle at 12 A·GeV and lA fmlc at 160 A·GeV [79]. On the other hand, the

characteristic time for the development of expansion depends on the pressure built

up in the compression stage p compared to the energy density f [80]:

t••p.....ion.... ..japiaf. (6.7)

•
Elliptic flow measurements reflect the ratio tpauage/texpansion and ean therefore be used

as a probe for the parameters of the EOS.

Up to now, elliptic flow has been mainly studied in the central rapidity region.

An emphasis has been put on the measurements and calculations of the excitation
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function, as it is predicted to be sensitive to the stiffness of the equation of state.

On the other hand, rapidity dependence of elliptic flow may provide another probe

for the reaction dynamics. At the Bevalac energies, the squeeze-out effect extends

quite far towards projectile and target spectators and rapidity dependence of elliptic

flow is essentially fiat at these energies [71]. At higher energies, elliptic flow exhibits

st ronger dependence on rapidity. In Fig. 6.10 the dependence of proton elliptic flow

t 14

~ o Pb+Pb at SPS
ir 12 • Au+Au at AGS

la

8

• 6

4

2

a

-2

~I
-1 -0.5 a 0.5

Yn

Figure 6.10: Elliptic Bow of protons as a function of normalized rapidity for 158

A· GeV Pb+Pb collisions (open circ1es) and 11.5 A·GeV je Au+Au collisions (solid

circ1es). The points are reflected around mid-rapidity. The curves are to guide the

eye.

•
signal on normalized rapidity Yn = (y - Ycm)jycm is compared for 158 A·GeV Pb+Pb

data measured by NA49 collaboration [41] and our 11.5 A· GeV je Au+Au data. El-
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•

•

liptic fiow is larger at SPS energies in mid-rapidity region, and of similar amplitude

at rapidities close ta projectile/target rapidities. The measurements of NA49 collab­

oration are not corrected for directed flow, but its influence is significantly lower at

SPS energies. The maximum amplitude of directed flow at these energies is about

10% [41], whereas at the AGS it may reach up to 50% (see [35] and Fig. 6.4). The

data also indicate that the shape of v2(y)-dependence is narrower at higher energies.

The trend exhibited by experimental data may be qualitatively understood as the

foHowing. A weak dependence of elliptic fiow on rapidity at low (Bevalac) energies

is a consequence of the long passage time. The spectator nucleons stay near the

participant region long enough to block aH the particles emitted from the participant

region. At high (SPS) energies, the spectators leave the participant region after a

short time. The emitted particles do not interact with the spectator nucleons and

acquire positive elliptic fiow which reflects the geometry of the participant region.

Particles with higher longitudinal velocities are less sensitive to the pressure build­

up in the hot central zone which results in a decrease of in-plane el1iptic fiow with

rapidity. The AGS is in the range where initial squeeze-out due ta shadowing by

spectators competes with later developed in-plane flow. In the central region, the

pressure gradients are largest and initial squeeze-out transforms into in-plane eHiptic

flow. Particles with high longitudinal velocities are doser ta spectators and experience

more effective blocking. The result is a change of sign of elliptic deformation from

the in-plane flow for mid-rapidity particles ta the out-of-plane flow for beam/target

rapidity particles.

Another interesting feature of the data is the change in shape of the rapidity

dependence of elliptic fiow. Our data indicate that the dependence is flatter for

more central collisions. On the other hand, it is narrower for higher beam energies.

Since elliptic flow is sensitive ta the difference of the early and late pressures, the

dependence of the elliptic flow on rapidity may he useful in studying the transient
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pressure in the reaction.

6.2.1 RQMD comparison

117

•

•

One of the semi-classical transport models widely used in describing relativistic heavy

ion collisions is the Relativistic Quantum Molecular Dynamics (RQlVID) [50, .51].

RQl\tlD is constructed as a Monte-Carlo code which generates complete events for a

given system and beam energy. It combines the classical propagation of aU hadrons

with the string and resonance excitations. The model includes a finite formation time

for produced particLes, rescattering of secondaries and modified dispersion relations

for baryons. RQl\'lD may be run in two modes. In mean field mode, the effective

masses of baryons are generated by introducing Lorentz-invariant quasi-potentials

into the mass-shell constraints for the momenta which simulate the effect of mean

fields. There are no such potential-type interactions in cascade mode of RQl\tID.

A total of ,,-,63,000 Au+Au events with initial beam momentum of 11.5 A·GeV je

were simulated using the RQMD v2.3 event generator. The RQMD was run in cascade

mode for ,,-,43,000 events, and in mean field mode for "-'20,000 events. The generated

events were divided into four centrality bins based on a transverse energy cut that

simulated the centrality definition in the experiment.

RQl\tID treats the reaction products as unbound, including the projectile and tar­

get. As a result, the calculated proton sample contains a large number of particles in

the beam rapidity region, which come from the target and projectile spectators and

introduce unphysical distortions to the final particle distributions. The bulk of such

spectator nucleons can he removed from the analysis by restricting the sample to the

nucleons that had at least one interaction during the reaction. This is illustrated in

Fig. 6.11, where we compare dlv/ dy distribution in the RQMD v2.3 cascade calcula­

tion for the sample of all protons present in the model and the proton distribution
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after removing the non-interacting spectator protons. In the present analysis, the
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Figure 6.11: RQl\'lD 2.3 (Cascade) rapidity distributions of participant and spectator

protons for Uto'P/ugeo=7%. The solid histogram is the total proton distribution, and

the dashed histogram is the proton distribution after removing the non-interacting

spectator protons.

•

non-interacting protons were removed from the calculated sample.

The mean field mode of RQMD v2.3 has been shown to describe the experimental

dependence of (Pr) on rapidity rather well [35]. In our analysis, we first estimate the

(Px )-values in ~y=O.l rapidity bins and centrality regions corresponding to the ones

chosen for the data. Theo, we analyze the second coefficient in the Fourier expansion

of the particle azimuthal distributions in the frame shifted by (Px) in the direction of

the reaction plane.
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•
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The results of the calculations of the RQ~[D v2.3 model run in cascade mode

are compared with the experimental data for protons in Fig. 6.12. The calculated

values of v~ rise almost linearly with transverse momentum. The amplitude of elliptic

flow signal is larger for more peripheral collisions. The model predicts the maximum

in-plane flow for rapidities close to mid-rapidity. The ca1culated flow signal smoothly

decreases with rapidity and is almost absent at beam rapidities. Contrary to the

experiment, no change of sign of v~ with rapidity is seen in the ca1culation. The

model seems ta over-predict the experimental values ofv~ in aIl rapidities bins.

The proton experimental v~(p~ )-dependence is also compared with calculations of

the RQ~[D v2.3 model run in mean field mocle (Fig. 6.13). Similar ta the cascade

mode ca1culations, the nlaximum in-plane flow is observed at rapidities close ta mid­

rapidity and more peripheral events. However, the magnitude of the in-plane flow

is smaller compared ta the cascade mode, and similar ta the experimental data, the

fiow is almost absent at rapidities around y =2.7. Negative values of t'~ are observed

for rapidities y > 2.8 for aH centrality regions. The pt-dependence at those rapidities

seems to be somewhat different than that of the experirnental data, with fast decrease

ta negative v~ 's in the low Pt region, and constant or rising v~ 's at higher transverse

momenta. The overall agreement with the data is hetter for the mean field version

of the RQMD, compared to the cascade ca1culations.

A clearer picture of the rapidity dependence of the calculated elliptic flow signal

is obtained by plotting the mean values of v~ as a function of rapidity. In Fig. 6.14

we compare the experimental data ta the calculations of RQMD v2.3 run in cascade

and mean field modes. Bath codes predict in-plane elliptic flow in the mid-rapidity

region of the order of 2%, with smaller magnitude observed for more central collisions.

However, the predicted functionai dependence of v~ aD rapidity is different. Cascade

calculations exhibit smoother dependence on rapidity, with almost no negative values

of v~ predicted at beam/target rapidities. ~lean field calculations, on the other hand,
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Figure 6.12: Comparison of proton uHpD data (solld circles) with calculations of

RQMD v2.3 run in cascade mode (open circles) .
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Figure 6.13: Comparison of proton v~(p~) data (solid circles) with calculations of

RQMD v2.3 run in mean field mode (open circles).
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Figure 6.14: Comparison of proton v~(y) data (solid circles) with calculations of

RQ~ID v2.3 run in cascade mode (open stars) and same model ron in mean field

mode (open diamonds). Both the data and the calculations are refiected around

Ycm = 1.6.

more closely follow the data, especially for more peripheral events. The dependence

is essentially fiat for rapidities 0.8 < y < 2.4, but falls off at higher rapidities, and

crosses zero at y ~ 2.7 -2.8 (0.4-0.5) with negative values of V2 ~ -0.03 observed at

beam/target rapidities. The v~(y)-dependencefiattens out with centrality, fol1owing

the behaviour shawn by the data.
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6.2.2 Coalescence afterburner

123

The RQ~[D does not contain the formation of nuclear bound states (e.g., deuterons)

dynamically. The formation probability of composite particles can be calculated

from the nucleon distributions at freeze-out. The phase space coalescence approach

[100. lOt} is based on projecting a final nucleon phase space distribution on c1uster

wave function via the \Vigner-function method. A coalescence afterburner program

considers aIl possible pairs of neutrons (in) and protons (jn) generated by the RQMD.

The number of deuterons is given by

(6.8)

•

•

where Pd W is the Wigner density of the Hulthén deuteron wave function. The dis­

tance vectors in position 4x and momentum 4p = ~(Pin - Pjp) space are taken

at equal time in the two-nucleon rest frame (c.rn.s) irnmediately after both nucleons

have frozen out. The factors ~ and ~ take into account isospin projection and spin

averaglng.

The nucleons generated by the RQMD v2.3 in cascade and mean field modes were

fed into the coalescence afterburner and the resultant phase space distribution of

deuterons was analyzed with respect to the reaction plane using the same method as

before.v~(p~) of deuterons calculated by the coalescence model cornbined with the

cascade RQMD is compared to the data in Fig. 6.15. The results of such comparison

are very similar to those obtained for protons. Positive values of calculated v~ are

observed for almost all rapidity bins and centraHties. The amplitude of elliptic flow

signal is smaller for higher rapidities and larger for more peripheral collisions.

A different behaviour is observed for deuterons constructed using nucleons from

the mean field version of the RQMD (Fig. 6.16). The calculation shows a change

of sign of elliptic flow characteristic ta the experimental data for both protons and
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Figure 6.15: Comparison of deuteron v~(p~) data (solid cirdes) with calculations of

coalescence model combined with the RQMD v2.3 event generator run in cascade

mode (open circles).
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deuterons. It seems to over-predict the amplitude of out-of-plane flow in the beam

rapidi ty region.

The rapidity dependence of the deuteron elliptic flow signal is shawn in Fig. 6.17

for coalescence model combined with cascade and mean field modes of RQrvID. In
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Figure 6.17: v~(y) for deuterons as calculated by the coalescence model combined

with RQMD v2.3 run in cascade mode (open circles) and mean field mode (solid

circles).

•
the mid-rapidity region, the amplitude of predicted elliptic flow signal of deuterons is

approximatelyequal ta that of protons. At the bearn/projectile rapidities, however,
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Figure 6.18: v~(pd of protons (open circles) and deuterons (solid circles) in the coa­

lescence model combined with RQMD (mean field) v2.3 event generator.

elliptic flow of deuterons is about two times larger than that of protons, similar to

the behaviour observed for the directed flow calculations [36].

The calculated transverse momentum dependence of v~ of protons and deuterons

obtained from the mean field RQ~ID event generator is shown in Fig. 6.18 for three

rapidity bins and centrality region 150 < Et < 200 GeV. As one can see, in the

rapidity bins 1.8 < y < 2.0 and 2.4 < y < 2.6 the model exhibits an approximately

linear dependence of v~ on p~ similar to that of experimental data. The elliptic

flow of deuterons is of approximately equal magnitude as the proton signal. At

beam rapidity 3.0 < y < 3.2, however, the model shows a different dependenee,

with initial deerease of v;-values up to p~ ~ 0.3 GeV je for protons and p~ :::: 0.8

GeV je for deuterons, and subsequent rise at higher transverse momentum. The

amplitude of the deuteron elliptie flow signal is larger than that of protons at high

transverse momenta. This peculiar behaviour may be explained by considering the Pt­

dependenee of the calculated directed Bow signal. In Fig. 6.19 we show the transverse

momentum dependence of the first Fourier coefficient Vt quantifying the directed flow

for protons and deuterons as calculated by the same mode!. Directed flow is absent



• 128 CH.4PTER 6. ELLIPTIC FLOW OF PROTONS AND DEUTERONS

-::. 1
Q.

~ 0.8
0.6

0.4

0.2

a
·0.2

a

1.8<y<2.0

• protons
o deuterons

a

2.4<y<2.6

a

3.0<y<3.2

Pt' GeVlc

•

•

Figure 6.19: vdpe) of protons (open circles) and deuterons (solid circles) in the coa­

lescence rnodel combined with RQl\tID v2.3 event generator.

in the rapidity bin 1.8 < y < 2.0 and does not affect the elliptic flow component.

At rapidities 2.4 < y < 2.6,Vt depends linearly on the transverse momentum, in

accordance with the experimental data and the transversely moving thermal source

model [35]. This linear dependence allows to decouple the directed flow component

from the elliptic flow measurements by performing an analysis in the frame shifted by

(Pr). In the beam rapidity region 3.0 < y < 3.2, the mean field version of the RQMD

v2.3 event generator predicts a rapid rise OrVt in the low Pt region, and rather fiat

Vt (Pt )-dependence for high transverse momenta. This behaviour is very different from

a linear dependence seen in the data (see Fig. 6.4 and Fig. 2.9). The over-prediction

of negative values of v~ in the low p~ region compared to the data may come from

the over-prediction of the amount of directed flow present in the mode!. In addition,

due ta flatness of the directed flow signal at high transverse momenta it is difficult

to decouple the directed and elliptic flow components.

In summary, the Relativistic Quantum Molecular Dynamics model explains gen­

eral features exhibited by the experimental data. The mean field mode of the RQMD

has been round ta provide a better overall description of the experimental data com-



• 6.2. DISCUSSION 129

•

•

pared to the pure cascade mode. However, an improvement in describing the func­

tionai dependences of directed and elliptic tlows is needed.

6.2.3 Elliptic flow and collective expansion

The influence of the radial collective tlow expansion on the elliptic tlow was nrst

considered for Au+Au collisions at 600 A·l\'leV [102]. The transverse mass and ra­

pidity distributions of the particles emitted into mid-rapidity were analyzed in a

model where a radial flow velocity 13r is superimposed on a locally thermalized ve­

locity distribution according to the blast-wave scenario [19]. Instead of fitting the

emitted particles globally, the spectra were fitted for particles emitted inta bins in

the azimuthal angle cP' relative to the reaction plane. The upper panel of Fig. 6.20

taken from [102] shows deuteron transverse mass spectra at cP' = 0° and cP' = 90°

fitted with Eq. 2.5. In the lower panel the fitted values for {3 and T of deuterons

are shawn as a function of emission angle relative to the reaction plane, <1/, for three

different multiplicity bins. The apparent temperatures T were found ta be indepen­

dent of the azirnuthal angle, whereas the radial flow velocity was shown to modulate

with azimuthal angle with a functional form /3r( 4>') = 130 - ~{3 cos 2c//. Larger radial

flaw velocities were found for the out-of-plane emission of the particles. The term

"in-plane retardation" of the radial expansion was introdueed.

In this section we perform a similar analysis of the proton mt speetra in Au+Au

collisions at 11.5 A·CeV je. The radially symmetric parameterization of Eq. 2.5 is

valid only for low (Bevalac) energies. At the AGS energies, the longitudinal and

transverse radial expansions are treated separately, thus we study the transverse

expansion velocity as a function of the azimuthal angle using a phenomenological

approach described in section 2.1.4.

In the frame shifted in the direction of the reaction plane by (Pr), the transverse
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mass spectrum of particles getting a boost from the radial flow is given by

dN _ foR d 'l (p~ sinh P) R' (m~ cosh P )
'd ' r rm t 0 T 1 T 'm t m t 0 B B

(6.9)

where p = tanh- 1 J1t(r) is the boost angle. We choose the velocity profile 13t(r) of the

linear forro:

(6.10)

•
where R is the freeze-out radius of the system, and f3rar is the maximum surface

velocity. The freeze-out radius of the system can he determined by the Hanbury­

Brown-Twiss interferometry. The analysis of the three-dimensional proton-proton
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correlation function using the E877 data [103] estimated the transverse proton source

size to be 4.75 fm. Similar ta the results of [102], we find that when TB is used as a

free parameter, it shows little or no variation with the azimuthal angle. On the other

hand, in such phenomenological analysis the transverse spectra may be described

by a wide range of (TB, /3t) pairs [23]. We decided ta constrain the temperatures at

values given by a simple thermal model:

T
TB(Y) = ,

cosh(y-ycm)
(6.11 )

•

•

where T is the source temperature, which was chosen to be 130 MeV. The surface

velocity f3;na:r and normalization constant are then the only free parameters in the

fitting of the transverse mass spectra with Eq. 6.9.

In order to obtain better statistics, the particle's azimuthal angles with respect

ta the reaction plane spanning over the full azimuth of 360° were folded in into a

single quadrant. This quadrant was divided into the three bins: 0° < 4>' < 30°,30° <

cf/ < 60°, and 60° < rjJ' < 90°. Fig. 6.21 presents proton transverse mass spectra

in centrality region 150 < Et < 200 GeV for three rapidity interva1s and particles

emitted into three bins in the azimuthal angle 4>'. Also shawn are the results of the

the x2-minimized fit using Eq. 6.9. As one can see, the obtained parameters f3rar

slightly depend on the the reaction plane orientation.

Fig. 6.22 presents the average transverse expansion velocity ({3t) plotted as a func­

tian of the azimuthal angle 4>' relative to the reaction plane for three rapidity intervals

and different collisions centralities. The average transverse expansion velocity ({3t)

assuming a linear velocity profile is equal to the half of the maximum surface velocity

praz. The first three independent points have been refiected three times over the full

azimuth and the dependence have been fitted with the rorm ({3t ( cP')) = /30-6./3 cos 24>'.

Similar ta the results obtained for the Bevalac energies, the transverse expansion ve­

locity is round ta modulate with the orientation of the reaction plane. The shape of
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Figure 6.21: Proton transverse rnass spectra in centrality region 150 < Et < 200 GeV

for three rapidity intervals and particles emitted into three bins in the azimuthal angle

cjl relative to the reaction plane. The spectra are fitted with Eq. 6.9.

•

the dependence depends on rapidity. In 2.4 < y < 2.5 rapidity region, the maximum

transverse expansion velocity is observed for the particles emitted in the direction

of the reaction plane. For protons emitted at rapidities close ta the beam rapidity

(3.0 < y < 3.1), the dependence of the transverse expansion velocity on the azimuthal

angle is the opposite of that measured in 2.4 < y < 2.5 rapidity region: the maximum

velocity is observed for the particles emitted out-of-plane. In 2.7 < y < 2.8 rapidity
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Figure 6.22: Average transverse expansion velocity (J3t) as a function of the azimuthal

angle 4>' relative to the reaction plane for three rapidity intervais and different collision

centralities. The solid circles are obtained by refiection of the open drcles. The

dependence is fitted with the form (f3t(4>')) = 130 - ~J3 cos 24>'.

region the transverse expansion velocity is essentially independent of the azimuthal

angle 4>'. The mean of the transverse expansion velocity 130 taken over the azimuthal

angle increases with centrality but decreases with rapidity, with the minimum ob­

served in the beam rapidity region for the most peripheral collisions. The amplitude

of the sinusoïdal modulation of the expansion velocity ~f3 decreases with centrality.
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•

•

ft is negative in 2.4 < y < 2.5 rapidity region, around zero at 2.7 < y < 2.8, and

positive in the beam rapidity region 3.0 < y < 3.!.

The results of this analysis put the elliptic flow measurements into an interesting

perspective. The average transverse expansion velocity (j3t) ~ 0.27 observed at 2.4 <

y < 2.5 for the velocity profile assumed in Eq. 6.10 implies expansion times of the

order of 8 fml c. As the passage time of the projectile and target is shorter (""J 5 fml c)

than the expansion time, the transverse expansion proceeds relatively unhindered

with nlaximum velocities observed in the direction of the reaction plane, where the

pressure gradients are largest. [n the beam rapidity region, the observed transverse

expansion velocities are of the same order ((l3t) ~ 0.2 and terpan"ion ~ Il fm). On

the other hand, the emission of partides takes place doser to the spectators in the

longitudinal direction. The rescattering of emitted partides in the reaction plane

on the cold spectator matter causes a slower in-plane collective expansion compared

ta the out-of-plane direction, resulting in a squeeze-out effect. The effect should be

larger for heavier fragments as their momentum-space density follows the power law

relative to the observed nucleon density. The dependence of the expansion velocity on

the orientation of the reaction plane also could explain why the elliptic flow depends

on the transverse momentum of the emitted particles.
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Chapter 7

Elliptic Flow of Charged Pions and

Kaons

In this chapter we present the measurements of the azirnuthal anisotropies of charged

pions and kaons produced in Au+Au collisions at 11.5 A· GeV je. Directed and

elliptic components of the flow tensor will be studied as a function of transverse

momentum, rapidity, and collision centrality. Similar to proton and deuteron data,

we compare the experimental measurements with the mean field and cascade versions

of the Relativistic Quantum ~lolecular Dynamics model.

7.1 Experimental Results on Flow of Pions

Directed flow of charged pions in Au+Au collisions at the AGS has been previously

measured by the E877 collaboration [35]. The pion directed flow has been found

to be very small (of the order of 1/20 in comparison ta the proton signal), but

significant, and of opposite direction than that of nucleons. It is il1ustrated in Fig. 7.1,

where we show the mean value of the proton and negative pion transverse momentum

projected onto the reaction plane (Px), with the average estimated in the experimental

135
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Figure 7.1: ~Iean transverse momentum in the reaction plane of protons (squares)

• and negative pions (circles) estimated in the experimental acceptance for centrality

region 200 < Et < 230 GeV. The open points are obtained by reBection around

mid-rapidity Yan = 1.6.

•

acceptance. The values of (Px) for pions are small and negative in contrast to the

large positive (Px) observed for protons in the forward hemisphere. The maximum

(Px) for pions is observed at very forward rapidities; it reaches about 5 MeVfc.
In the previous chapter, in order to estimate the "true" ellipticity of the proton

and deuteron azimuthal distributions, we used a reference frame with an origin dis­

placed along the direction of the reaction plane by (Px). This method is applicable

in the framework of a thermalized source moving in the transverse plane. For pi­

ons, the dependence of directed Bow on transverse momentum is very different from

that of protons. In Fig. 7.2 we show VI, the amplitude of the first harmonic in the

Fourier decomposition of the azimuthal particle distribution, as a function of trans­

verse momentum for different rapidity bins and collision centralities for positive and
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negative pions. According ta the magnetic field polarity selected for the 1995 running
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Figure 7.2: vl(pd of positive (solid circles) and negative (open circles) plans for

different rapidity and centrality bins.

period, negative pions have complete Pt-coverage, whereas experimental acceptance

for positive pions is limited at low transverse momenta (see Fig. 4.15). Charged pi­

ons of low Pt are characterized by a weak directed flow in the direction opposite to

protons; at higher transverse momenta pions start ta flow in the same direction as

protons. The directed flow signals of positive and negative pions are different in the

low Pt region, and at higher Pt '5 for very forward rapidities. This behaviour implies

that the physics of pion flow is different from that of a moving source alone. The
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measured azimuthal asymmetry is a superposition of different effects: absorption in

nuclear matter, Coulomb interaction with co-moving protons, resonance production,

and sideward motion of the source. The complexity of the pion flow data does not

allow ta decouple the directed and elliptic flow components by the method used for

protons; on the other hand, the smallness of the pion directed flow amplitude is of

advantage as its influence on the elliptic flow measurements is much less significant.

For pions, we quantify elliptic flow by U2, the quadrupole coefficient in the Fourier

decomposition of the "4raw" (not shifted) azimuthal distribution.

The results on elliptic flow of positive and negative pions are presented in Fig. 7.3.

The error bars shown represent statistical errors combined with systematic errors

estimated from sin 2cP term in the Fourier expansion. Positive and negative pions

exhibit a similar behaviour within experimental uncertainties. On general, weak

positive values of V2 are measured in almost aU rapidity bins, with larger signal

observed for more peripheral collisions. The observed positive values of V2 correspond

to an elliptically shaped distribution with the major axis lying in the reaction plane.

This orientation of the elliptic component of pion flow is perpendicular to what was

measured at lower beam energies [104, 105].

Fig. 7.4 and Fig. 7.5 compare transverse momentum dependence of VI and V2

signais for positive and negative pions, respectively. Elliptic flow component exhibits

weaker dependence on Pt than directed flow. However, there is an indication that

elliptic flow is increasing with the transverse momentum. The amplitudes of VI and

V2 are maximal for more peripheral collisions, reaching -5% and 2%, respectively.

The evaluation of the mean values of VI and V2 in a given rapidity interval for pos­

itive pions is difficult due to the hole in the experimental acceptance of positive par­

ticles at low transverse momenta. On the other hand, relatively large pt-acceptance

for negative pions at rapidities forward of 2.6 allows to evaluate the mean values of

VI and V2 at a given rapidity interval without anyextrapolation ta the high-pt region.



•

•

7.1. E.XPERIlvIENTAL RESULTS ON FLOW OF PIONS

150<Et <200 200<Et <230 230<E t <270 Et >270 GeV

êi" 0.1 2.8<Y~3.2 ..->~
+~+tt fIt· .~~~ttj~~: ..

~

0 +*+##.'~tf
-0.1

~

0.1 3.2<Y(! t
##tf'f!ff;tt0 ~~+*f+'l t... ······#tt-frh ····

-0.1

t
0.1 3.6< <4.0 t

?+·:':\r n ~+*~r··········~t ......... t
0 #~+#ttf'+ • 1T.

-0.1 o 1t

0 0.5 0 0.5 0 0.5 0 0.5
Ptl GeV/c

139

•

Figure 7.3:V2(Pr) of positive (solid circles) and negative (open circles) pions for

different rapidity and centrality bins.

The averages can be estimated by convoluting the experimental values of Vi (pd and

V2(Pt} with the spectra corrected for the detector occupancy and acceptance. The

rapidity dependence of directed and elliptic flow ampHtudes is presented in Fig. 7.6

for negative pions with refiection about mid-rapidity. In refiection, the signs of the Vi­

values are reversed in the backward hemisphere, but not the V2-values. Directed flow

exhibits characteristic S-shaped curves for all centralities, with larger signal observed

for more peripheral collisions. Elliptic flow is essentially independent of rapidity, and

also maximal for semi-central events. The amplitude of the directed flow does oot
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Figure ï.4: vl(pd (open circles) and v2(pd (solid circles) of positive pions for rapidity

bin 2.8 < y < :3.2 and different collision centralities.
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Figure 7.5: VL(Pt) (open circles) and v2(pd (solid circles) of negative pions for rapidity

bin 2.8 < y < 3.2 and different collision centralities.
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Figure 7.6: Rapidity dependence of directed (open circ1es) and elliptic (solid circles)

flow of negative pions for different collision centralities. The points below mid-rapidity

(Yan = 1.6) are reHected from the measurements in the forward hemisphere.

seem to strongly affect the measurements of elliptic How.

7.2 Discussion

•
Collective Dow of produced particles, such as pions and kaons, has a different nature

than that of nucleons and fragments. Azimuthal anisotropies in the emission patterns
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of pions are caused mainly by the pion fioal-state interaction. Pions are produced

either directly from nucleon-nucleon collisions (LVN -t LV LV1r) or from the decay of

resonances, such as LV·,~, A, etc. Due to their small mass, pions created in LV LV

collisions are oot expected to show considerable flow effects if flow is represented by a

common velocity superimposed on the thermal motion. On the other hand, since flow

behaviour of baryon resonances is similar to that of nucleons, pions produced as decay

products of resonances wouId have a certain flow velocity as a result of rnomentum

conservation. Because of the large pion-nucleon cross section, pion flow signais are

also strongly affected by the processes of absorption (1r N N -t !llV -t N N) and

scattering (1T' LV -t ~ ~ 1r LV). The rescattering off the cold spectator matter is

predicted to result in an anti-flow of pions with respect to nucleons [106, 107].

Experimental measurements of pion azimuthal emission patterns have been per­

fornled in a wide energy range, spanning from LBL/SIS energies [81, 104, 62. 105]

to AGS [:35] and SPS [41]. A characteristic "S-curve" signature of directed flow as

a function of rapidity persists at aU energies. A directed anti-flow (negative flow) is

observed for iow Pt pions, and a positive directed flow is measured for high Pt pions.

The anti-flow for the low Pt pions is interpreted as a result of strong pion absorption

on nucleons, or so-called ""shadowing" effect. As the pion-nucleon elastic and total

cross sections faU off at higher Pt, the sideward motion of the source gives rise ta

positive directed flow, observed also for nucleons.

As for eUiptic flow, a strong squeeze-out effect is observed at the LBL/SIS ener­

gies. It is iUustrated in Fig. 7.7 (from [105]), where the dependence of elliptic flow

parameter P2 on the transverse momenturn is shawn for positive and negative pions

produced in semicentral 209Bi+209Bi collisions at 400, 700, and 1000 A·lVIeV. The

elliptic fiow parameter P2 is equal ta 2V2 in our notation. The values of P2 plotted

in Fig. 7.7 are not corrected for the reaction plane resolution. As one can see, a

much stronger anisotropy is observed at the SIS energy compare to the AGS with
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Figure ï. 7: Elliptic flow parameter P2 for mid-rapidity rr+ and rr- as a function of

the transverse momentum measured for semicentral 209Bi+209Bi collisions at 400. 700,•
and 1000 A·MeV (from [105]).

an out-of-plane preferential emission of pions. According to transport calculations,

the preferential emission perpendicular to the reaction plane is caused by rescatter­

ing and absorption in the spectator fragments [108). The pronounced out-of-plane

emission of high-energy pions indicate that they freeze-out while spectators are still

close ta the participant zone.

•

A different situation is observed at the AGS energy. A weak (about 1-2%) În­

plane elliptic Oow of pions is developed in semi-central collisions. The measurements

of pion elliptic Bow at the SPS energy [41) show similar results (2-3% in-plane flow).

The shadowing due to spectator matter is of less importance at higher energies as the

passage times are much shorter. The interaction with co-moving participant nucleons,
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on the other hand, may become a factor. It is interesting that pions show about the

same amount of elliptic flow as protons at rapidities close to the mid-rapidity. On the

other hand, the v2(y)-dependence of pions emitted in the forward rapidity interval

shows little variation with rapidity, whereas proton elliptic flow signal exhibits a

more pronounced rapidity dependence with a squeeze-out observed at forward (near

projectile) rapidities. The ditference in the observed rapidity behaviour of the proton

and pion elliptic fiow may be due to the difference in relative location of the pion

and proton sources in space and/or time. The relative space time asymmetries in

pion and proton emission in non-central high energy heavy ion collisions were st udied

using non-identical particle correlation functions [109]. It was shawn that in the

framework of the Relativistic Quantum ~Iolecular Dynamics model, the proton and

pion effective sources are shifted with respect to each other in the reaction plane.

A recent analysis of the experimental data at the AGS energy [103] has shawn that

sources of protons and pions are separated by 5 fm in the reaction plane, and proton

source is located 10 fm more forward than the sources of pions in the longitudinal

direction. Such a separation could result in a less effective screening of the pions by

nucleons and an absence of the squeeze-out effect for pions at the ultra-relativistic

energies.

The results on directed flow of positive and negative pions are compared to the

predictions of the Relativistic Quantum Molecular Dynamics elsewhere [70]. The

model qualitatively reproduces the observed vl(pd-dependence, but over-predicts the

amplitude of directed flow. In Fig. 7.8 we compare the measurements of elliptic flow

of negative pions with the RQMD v2.3 run in cascade mode. The pure cascade cal­

culations show a remarkable agreement with the experimental data with no apparent

difference seen between the data and calculations within experimental and statistical

uncertainties. The measurements of elliptic flow of negative pions are also compared

with the RQMD event generator run in mean field mode (Fig. 7.9). The introduction
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Figure 7.8: Comparison of rr- V2(Pt) data (solid circles) with calculations of RQ~(D
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Figure 7.9: Comparison of rr- V2(Pt) data (solid circles) with calculations of RQMD

v2.3 run in mean field mode (open circles).
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of the mean field potential into the calculations lessens the amount of elliptic Bow,

showing a clear disagreement with the data in most peripheral centrality bin. The

results for positive pions are similar ta those obtained for negative pions.

In Fig. 7.10 we compare the rapidity dependence of the measured mean 'U2 of

negative pions ta the calculations of RQMD v2.3 run in cascade and mean field

modes. The calculations predict an in-plane elliptic flow of pions at mid-rapidity,
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Figure 7.10: Comparison of 7r- V2(Y) data (solid circles) with calculations of RQMD

v2.3 run in cascade mode (open stars) and same model ron in mean field mode (open

diamonds). Bath the data and the calculations are reHected around Yan = 1.6.
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with about 2% deformation in case of cascade calculations and in the order of 1%

deformation for mean field caiculations. Similar to v2(pd-dependence, the cascade

mode of the RQ~[D provides a better agreement with the data compared to the rnean

field mode. The opposite has been seen in the comparison of the proton elliptic flow

data and calculations.

1.3 Kaon identification

\Vhereas pions are produced copiously in high energy heavy ion collisions, the pro­

duction cross sections of kaons, especially anti-kaons, are much lower. Because of

their low yield compare to other particles, kaons are more difficult to identify. As

Flow signaIs are very sensitive to contamination between particle species, a thor­

ough separation of particles and rejection of background are needed to obtain a

clean sample of kaons. The upgrade of the E877 experirnental setup with two high­

resolution upstream tracking detectors (VTXA and VTXB) allows us to confirm

track x-coordinates before the anaIyzing magnet and reject faise or misidentified

tracks. The effect of using vertex chamber information is il1ustrated in Fig. 7.11.

The contour plot of momentum versus mass squared is presented with and without

requiring a confirmation from vertex detectors. On this plot, the pions and kaons are

separated according to their measured mass and momentum. The mass resolution

depends on momentum, and is better at low momenta. Requiring a confirmation

from vertex detectors drastically irnproves the rejection of the background tracks and

allows to better separate the pions from kaons. The effects of different vertex cuts

have been studied in detail. As position resolution of vertex detectors is momenturn­

dependent, a parameterization of the detector response as a function of momentum

has been perforrned. More details on this procedure can he round in [98, 70]. The

parameterized resolutions of the vertex detectors tTvtza, tTvt:rb are used to require a
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Figure 7.11: wlomentum versus mass squared contour plot without vertex chamber

confirmation (left panel) and with 2.5q~~~h cut applied to confirm the tracks (right

panel).

•

match of the x-coordinates of the track before and after the magnet within a certain

window. In the present analysis, we require an x-coordinate of the track ta be within

2.5 (J of the x-position measured in both vertex detectors. The results of this cut

are presented in Fig. 7.12, where we show the mass squared distributions of positive

and negative kaons for different momentum windows. At low particle momenta, the

major source of background is "faIse" tracks. At high particle momenta, the kaon

sample is contaminated by the taïl of the pion distribution. In order ta limit the

pion contamination, we apply a maximum momentum eut for kaon identification of

Pma.x =3.5 GeVle. In addition, we also require that the measured mass squared m2



• ï.3. KAON IDENTIFICATION 149

0.50.4

, .5<p<2.5 GeV/c

2.5<p<3.5 GeV/c

0.3

~ O.S<p< I.S Gev/e

positive kaons

0.2
o

2500

5000

7500

en 2500
E
82000

1500

1000

500

o
8000

6000

4000

2000

o
10000

0.50.4

1.5<p<2.5 GeV/c

0.3

ÀO.S<p<l.S GeV/e

0.2

500

negative kaons

1500 [

1000

500 f
r

o
1500

en 500 ---.............~--........--- .....................-..
ë:
8 400

300

•

Figure 7.12: Mass squared distributions for negative and positive kaons in different

momentum windows.

•

was 3.5 CT away from the mean of mass squared of pions. The total background is

estimated to he in the order of 5% in the 0.5 < P < 2.5 region and less than 15 % in

the 2.5 < p < 3.5 region.

The acceptance of positive and negative kaons in (Pt, y)-space is shown in Fig. 7.13.

The polarity setting of the magnetic field in 1995 results in a hale in the experimental

acceptance for positive kaons at low Pt. An analysis of l''V 146,OOOK+ and l"'oJ 28,OOOK-
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Figure ï.13: Acceptance plots for positive and negative kaons .

Positive kaons Negative kaons

~ 0.5 ~ 0.5
> -146,000 ~ > -28.000 K'CD Q,l

~ ~

c: 0.4 c: 0.4

0.3 r 0.3

0.2 t
r

0.2 ~
r
f

0.1 r . 0.1
~ ..._..
r

o r 0
1 1.5 2 2.5 3 1 1.5 2 2.5 3

Y Y

• produced in Au+Au collisions at 11.5 GeV/c is presented below.

7.4 Experimental Results on Flow of Kaons

•

Similar to pions, directed flow of kaons is very smaH and does not effect the measure­

ments of the elliptic component. The dependence of the first Fourier coefficient, V1,

on transverse momentum is presented in Fig. 7.14. The directed flow of both positive

and negative kaons is weak. The positive kaons are characterized by negative values

of V1 for aH rapidity and centrality bins. The large statistical uncertainties in the

V1 (pd-dependence of K- does not allow to draw a definite conclusion about a sign of

their directed flow. In the window with the best combination of statistics and signal,

rapidity bin 2.3 < y < 2.7 and centrality bin 230 < Et < 270 GeV, Vi of K- is

negative and smaller than VI of K+ in the mid-pt range.
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Figure 7.14: vl(pd of positive (solid circles) and negative (open circles) kaons for

different rapidity and centrality bins.

The dependence of the amplitude of elliptic flow with transverse momentum is

presented in Fig. 7.15 for bath types of kaons. The measured v2-values for both K+

and K- are consistent with zero within experimental uncertainties, exeept perhaps,

the window with rapidity 1.6 < y < 2.3 and centrality 150 < Et < 230 GeV, where

negative values of V2 are observed for K- and positive values of V2 are measured for

K+.

•

We also estimated the directed and elliptic flow signal of kaons averaged over the

pt-aeceptanee of the spectrometer. The left panel of Fig. 7.16 shows the azimuthal

angular distribution with respect to the reaction plane for K+ measured in the trans­

verse momentum range 0.06 < Pt < 0.4 GeVle for rapidity bin 2.3 < y < 2.7 and

centrality bin 230 < Et < 270 GeV. The distribution is normalized to unity and not

corrected for the reaction plane resolution. The azimuthal distribution of particles
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Figure 7.15: v2(pd of positive (solid circles) and negative (open circles) kaons for

different rapidity and centrality bins.

can be parameterized by

dN
de/> = 1 + 2V l cos cP +2'V2 cos 24>, (7.1 )

•

where cP is the azimuthal angle of particle with respect to the reaction plane. The

fit of the abave expression to the distribution shown in the left panel of Fig. 7.16

gives average values Vt = -0.032 ± 0.004 and V2 = -0.006 ± 0.004. As cosine-like

functians have ta be symmetric about 00
, we can double the statistics by averaging

the measurements in the [-7r; 0] and [0; 7r] regions. The solid points in the right panel

of Fig. 7.16 show the average of the measurements in [-1r; 0] and [0; 1r] regions of the

azimuthal angle. The open points in the same figure are obtained by refiection of the

solid points about zero. The fitting of the obtained distribution with Eq. 7.1 results

in similar values of Vt and V2, but smaller statistical uncertainties.
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Figure 7.16: Azimuthal distributions of positive kaons in the transverse momentum

range 0.06 < Pt < 0.4 GeVIc for rapidity bin 2.3 < y < 2.7 and centrality bin

230 < Et < 270 GeV. The left panel shows the raw distribution, whereas the panel

on the right shows the distribution of 4>'s folded in into a [-1r; 0] range (solid points)

and refleeted around zero (open points). The solid lines are the fits using Eq. 7.1.

•

We perforrned this procedure for eaeh rapidity and eentrality bin. The results

are shown in Fig. 7.17 and Fig. 7.18 for K+ and K- measured in the transverse

momentum range 0.06 < Pt < 0.4 GeVle. For K+, negative values of vI-coefficient

are observed in aIl rapidity and centrality bins. For V2, the most significant signal

is observed in the most peripheral centrality bin, with positive V2 = 0.016 ± 0.004

measured for rapidities close ta mid-rapidity (1.6 < y < 2.3), and negative V2 =
-0.012 ± 0.004 measured in the 2.3 < y < 2.7 region. These values are not eorrected

for the reaction plane resolution. In this particular centrality bin, the measured values

of V2 need to he multiplied by a factor of ""J 2.5 to obtain the true values of V2.



• 154 CHAPTER 7. ELLIPTIC FLOW OF CHARGED PIONS AND KAONS

150<~<230 230<~<270 ~270GeV

en
'E 1.4 v, =-O.O13±O.O04 v,=-O.027±O.OO3 v,=-O.006±O.OO3~

0
u v2=O.016±O.OO4 v2=O·OO2±O.OO3 v2=O·OO9±O.OO3
'0 1.2
.~
ta 1e
0 0.8z

0.6 1.6<y<2.3

1.4 v,="O.021±O.004 v,=-O.033±O.OO3 v,=-O.019±O.OO3

1.2
v2=-O.012±O.OO4 v2=-O.OO5±O.OO3 v2=o.OO1 tO.OO3

..................

0.8

0.6 2.3<y<2.7

• -2 0 2 ..2 0 2 -2 0 2

<P, rad

Figure 7.i i: AzimuthaI distributions of positive kaons in the transverse momentum

range 0.06 < Pt < 0.4 GeVle for different rapidity and centrality bins. The open

points are obtained by refiection of the solid points. The soUd lines are the fits using

Eq. 7.1.

•
For 1(-, significant amplitudes of 'Vt and V2 are only observed for 150 < Et < 230

centrality bin and rapidities close to mid-rapidity 1.6 < y < 2.3. Taking inta account

the reaction plane resolutian, the corrected vaIues for this window are Vl = -0.037 ±

0.015 and V2 = -0.051 ± 0.029.
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Figure 7.18: Azimuthal distributions of negative kaons in the transverse momentum

range 0.06 < Pt < DA GeVle for different rapidity and centrality bins. The open

points are obtained by reflection of the solid points. The solid lines are the fits using

Eq. 7.1.

7.5 Discussion

•
Kaons carry distinctly different information than protons or pions. Positive kaons

have a lower cross section of interaction with nuclear matter than pions, and their

flow signal should be less infLuenced by absorption and scattering effects. Theoretical

studies show that ftow measurements for K+ are sensitive probes of kaon properties
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in dense hadronic matter [63). Kaons are mainly produced from baryon-baryon col­

lisions. The baryon transverse flow results in a large asymmetry of baryon density

distribution in the reaction plane. Kaons moving in this medium thus develop an

opposite asymmetry due to their interaction with baryons through the mean field

potential (110). The azimuthal distributions of negative kaons are sensitive to the

both absorption and mean-field potential effects (ll1J.

Experimental measurements of kaon flow signal are especially interesting but dif­

ficult to obtain due to the low production cross sections, particularly for K-. The

directed flow of K~ and K+ has been measured for Ni+Ni collisions at 1.93 A·GeV

by the FOPI collaboration [66). No evidence for directed flow of kaons has been seen

at this energy, which was interpreted as a signature for a weakly repulsive in-medium

kaon-nucleon potential [63). An anisotropie azimuthal emission of K+ mesons has

been recently found by the KaoS collaboration in Au+Au collisions at 1 A· GeV (82).

A large elliptic deformation of the flow tensor has been seen for K+ mesons with

major axis lying in the direction perpendicular ta the reaction plane.

At the AGS energy, the experimental measurements show that positive kaons ex­

perience weak directed anti-flow. The predictions of Relativistic Quantum Molecular

Dynamics model run in cascade and mean field modes for K+ and K- directed flow

dependence on rapidity for centralities corresponding ta 150 < Et < 200 GeV bin are

shown in Fig. 7.19. The model predicts positive directed fiow for K+ if mean field

potentials are included into the calculations. The pure cascade version of the RQMD,

on the other hand, predicts weak negative values of VI for rapidities between mid­

rapidityand beam rapidity, consistent with the experimental data. Both modes of

the RQMD model predict strong anti-flow of K-. On the contrary, the experimental

data show no or very weak anti-flow.

Predictions of the RQMD model for elliptic flow of K+ and K- are shawn in

Fig. 7.20. Bath cascade and mean field modes of the RQMD predict for K+ and K-



• i.5. DISCUSSION 157

positive kaons negative kaons

t*r **....................."** .
*=$: ~

~I

+

+

OROMO v2.3 (Cascade)

• ROMO v2.3 (Mein tle/d)

0.2

0.1 ~

~

o ~.+-<>-~~...:t:~-o-~HH
---·0.1 +

..0.2

>" 0.3

o 2 4 0 2 4

Y

Figure 7.19: Vl(Y) for K+ (left panel) and K- (right panel) as calculated by the

RQ~ID v2.3 run in cascade mode (open circles) and mean field mode (solid circles) .• positive kaons negative kaons

>N 0.2 r----,-------r------,.,.-.,.....-----~--~----n

0.15

..0.1

·0.15
oROMO v2.3 (Cacad8)

• ROMO v2.3 (Mean field)

-no'

..0.2 '----'- ---' ~--'o.I..._'O'-_~_ __'_ --u

o 2 4 0 2 4

Y

•
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RQMD v2.3 run in cascade mode (open circles) and mean field mode (solid circles) .
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positive (in-plane) elliptic flow at mid-rapidity and negative (out-of-plane) eLliptic

flow at beam rapidity. The experimental data exhibit a similar trend for K+, and

opposite to that for l{-.
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Chapter 8

Conclusions

In this thesis, the anisotropies in the azimuthal distributions of identified particles

with respect to the reaction plane have been studied as a function of particle rapidity,

particle transverse momentum and collision centrality in Au+Au collisions at 11.5

A·GeV je. The orientation of the reaction plane is determined using an azimuthal

anisotropy in distribution of transverse energy measured by the E877 calorimeters.

A robust procedure required to flatten the reaction plane distribution has been de­

veloped. A Fourier expansion method is used to quantify the anisotropy in particle

production relative to the reaction plane. A new development of the method has been

proposed for decoupling the elliptic component of the asymmetry from the directed

component for the analysis of nuc!eon and fragment transverse flow.

Elliptic flow has been predicted to he very sensitive to the pressure at maximum

compression. A collectiveout-of-plane emission (negative elliptic flow) of protons and

light fragments has been observed at the Bevalac energies. A transition from out-of­

plane to in-plane elliptic tlow has been predicted to take place in the energy range

E=2-8 GeV, as the passage time for removal of the shadowing due to the projectile

and target spectators decreases with higher beam energy. Using a new technique for

159
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analyzing the elliptic flow signal, we have demonstrated that the observed rapidity

dependence of the proton elliptic flow at the AGS exhibits similar behaviour, with

in-plane elliptic flow measured for mid-rapidity region, and out-of-plane elliptic flow

measured at the projectile/target rapidities. The rapidity dependence of elliptic

deformation of the flow tensor may provide a good probe for the study of the transient

pressure in the collision.

The proton elliptic flow data have been compared to the predictions of the RQMD

v2.3 mode!. It has been shown that the model explains general features exhibited by

the experimental data, but a better quantitative description of the data is needed.

Similar to directed flow, the mean field mode of the RQlVlD provides a better overall

description of the elliptic flow data compared ta the pure cascade mode.

We have also measured the elliptic flow signal of deuterons. 1t has been shown that

the amplitude of deuteron elliptic flow is larger in the beam rapidity region compared

to that of protons. This trend is consistent with predictions of the coalescence model

of deuteron production including volume effects.

The physics responsible for the pion azimuthal asymmetries is different from the

compressional effects governing the directed and elliptic flow effects of nucleons. The

pion emission is correlated to the reaction dynamics through the pion-nucleon inter­

action which is sensitive to the density and momentum dependence of the nucleon

optical potential. A strong squeeze-out effect (negative elliptic flow) is observed for

pions produced at the LBL/SIS energies. At the AGS energy, our analysis shows that

a weak in-plane elliptic of pions develops in semi-central collisions. The observed ef­

fect is attributed to the less effective screening of pions by the cold spectator nucleons

at higher incident energies. The separation of effective pion and proton sources in

space and/of time may also he a factor. The comparison of the experimental data ta

the predictions of the RQMD model shows that, contrary to what has been seen for

protons, the cascade calculation provide a better description of the data compared
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to the predictions of the model run in mean field mode.

The measurement of the azimuthal anisotropies in kaon production is espedally

interesting as it is predicted to be sensitive to the properties of the kaon potential

in the dense nuc1ear medium. No signal of directed flow of positive kaons has been

seen in low energy nuclear collisions. We have observed a weak negative directed

fiow of K+ at the AGS energy. The RQMO model predicts a similar effect for the

pure cascade calculations, whereas the mean field mode of the model predicts a weak

positive directed flow. Both cascade and mean field modes of the RQMD predict

strong anti-flow of K- , while the experimental dat.a show no or little effect.

A strong out-of-plane emission of K+ in Au+Au collisions at l A·GeV has been

recently reported by the KaoS collaboration. Cascade and mean field modes of the

RQMD predict positive (in-plane) elliptic tlow at mid-rapidity and negative (out-of­

plane) elliptic tlow at beam rapidity for bath K+ and K -. The obtained experirnental

results indicate a similar trend for K+, but opposite to that for K- .

In summary, the collective flow of particles and fragments is a very useful tool for

the exploration of in-medium properties of dense and highly excited baryonic matter

produced with heavy ions at the AGS. The presented comprehensive measurements of

elliptic flow for particles of different kinds provide new constraints on theory. Further

theoretical developments are needed to account for the full set of flow observations

in nuclear collisions.
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