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Abstract

The Kaon-Spectrometer (KaoS) at the heavy-ion synchrotron (SIS) at the Gesellschaft
fur Schwerionenforschung (GSI) in Darmstadt has been used to study production and
propagation ofX " and K~ mesons from Au+Au collisions at a kinetic beam energy of 1.5
AGeV. This energy fork © mesons is close to the corresponding production threshold in
binary nucleon-nucleon collisions and far below f6r mesons. The azimuthal angular
distributions of particles as a function of the collision centrality and particle transverse
momenta have been measured.

The properties of strange mesons are expected to be modified by the in-medium
meson-baryon potential. Theoretical calculations show that the superposition of the scalar
and vector potentials leads to a small repuldiveN and a strong attractiv ~ N poten-
tial. Additionally, the interaction of kaons and antikaons with nuclear matter is different.
The strangeness conservation law inhibits the absorption probabiliiyomesons as
they contain ars-quark. K~ mesons, however, interact with nucleons sieangeness-
exchangé K~ N — Y, whereY = A, Y). Moreover, the reverse proces3{ — K~ N)
is the dominant production mechanism/f mesons at SIS energies.

The azimuthal angular emission patterns of kaons are expected to be sensitive to the
in-medium potentials. An enhanced out-of-plane emissioR bfmesons was observed
in Au+Au reactions at 1.0 AGeV and 1.5 AGeV, and also in Ni+Ni at 1.93 AGeV. The
out-of-plane emission o{* mesons in Au+Au reactions at 1.0 AGeV was interpreted
as a consequence of a repulsie N potential in the nuclear medium, however, recent
transport calculations show that the emission patterns obtained in Au+Au at 1.5 AGeV
and Ni+Ni at 1.93 AGeV are additionally influenced by the re-scattering of kaons. For
K~ mesons the calculations predict an almost isotropic emission pattern due to the at-
tractive K~ N potential which counteracts the absorption/6f mesons in the spectator
fragments. In Ni+Ni collisions at 1.93 AGeV the azimuthal distributioof mesons has
been found to be isotropic. In this case, however, the spectators are rather small and have
large relative velocities. In addition, the delay of antikaon emission due to strangeness-
exchange reaction minimizes the interaction with the spectators. As a consequence the
sensitivity of theKX— meson emission pattern to the N in-medium potential is reduced.

In Au+Au collisions we found a dependence of tie meson azimuthal emission pattern
on the transverse momentum. The antikaons registeredpwith0.5 GeV/c are prefer-
entially emitted in the reaction plane and the particles with- 0.5 GeV/c show strong
out-of-plane enhancement. The emission pattern& ofcan be explained in terms of
two competing phenomena: one of them is indeed the influence of the attractixe
potential, however, the second one originates from the strangeness-exchange process.



Abstract

Einleitung

Mit dem Kaonen-Spectrometer (KaoS) am Schwerionen-Synchrotron (SIS) der Ge-
sellschaft @ir Schwerionenforschung (GSI) in Darmstadt wurde die Produktion und Prop-
agation vonK ™ und K~ Mesonen in Au+Au Kollisionen bei einer kinetischen Strahlen-
ergie von 1,5 AGeV untersucht. Diese Energie liegt nahe der Produktionsschiarelle f
KT Mesonen in biaren Nukleon-Nukleon Kollisionen und weit unter derjenigénA ~
Mesonen. Die azimutalen Winkelverteilungen der Teilchen als Funktion der Stol3zen-
tralitat sowie ihre Transversalimpulsverteilungen wurden gemessen.

Fur Mesonen mit Strangeness wird eine Modifikation ihrer Eigenschaften durch Meson-
Baryon-Potentiale in Materie erwartet. Theoretische Rechnungen zeigen, daBedie
lagerung des skalaren und des Vektorpotentials zu einem leicht repulsivén und
einem stark attraktive® — N Potential fihren. Desweiteren ist die Wechselwirkung von
Kaonen und Antikaonen mit Kernmaterie unterschiedlich. Die Erhaltung der Strangeness
vermindert die Absorptionswahrscheinlichkéit f © Mesonen, da diese eiquark en-
thalten. K~ Mesonen dagegen wechselwirken mit Nukleonen durchsiemgeness-
exchangKanal (K\~ N — Yx, mitY = A,Y). Gleichzeitig ist der umgekehrte Prozel3
(rY — K~ N) der dominante Produktionsmechanismius K~ Mesonen bei SIS En-
ergien.

Es wird erwartet, dal’ die azimutale Verteilung der Kaonenemission sensitiv auf In-
Medium Potentiale ist. Eine bevorzugte Emission senkrecht zur Reaktionsebene wurde
fur K Mesonen in Au+Au Reaktionen bei 1,0 AGeV und 1,5 AGeV sowie in Ni+Ni
Reaktionen bei 1,93 AGeV beobachtet. In Au+Au Reaktionen bei 1,0 AGeV wurde dies
als Konsequenz eines repulsiv&i™ N Potentials in Kernmaterie interpretiert. Neuere
Transportmodellrechnungen zeigen allerdings, daf3 die azimutalen Verteilungen in Au+Au
bei 1,5 AGeV und in Ni+Ni Sil3en bei 1,93 AGeV z@szlich durch die elastische Streu-
ung der Kaonen beeinflult werdeniird{~ Mesonen sagen die Rechnungen eine im
wesentlichen isotrope Verteilung voraus, bedingt durch das attraktiv®&/ Potential,
welches der Absorption dgK~ Mesonen in den Spektator Fragmenten entgegenwirkt.
In Ni+Ni Kollisionen bei 1,93 AGeV wurde eine isotrope azimutale Verteilung der
Mesonen gefunden. In diesem Fall sind die Spektatoren allerdings relativ klein und haben
grol3e Relativgeschwindigkeiten. Zislich wird die Wechselwirkung der Antikaonen
mit den Spektatoren durch ihre&p Emission verringert. Als Kosequenz hiervon ist die
Sensitivitat der azimutalen Verteilung vali — Mesonen aufs ~ V in-Medium Potentiale
reduziert.

In Au+Au Kollisionen wurde eine Abfingigkeit der azimutalen Verteilung dér—
Emission vom Transversalimpuls beobachtet. Antikaonerpmit 0,5 GeV/c werden
bevorzugt innerhalb der Reaktionsebene emittiert, solcheymit 0,5 GeV/c zeigen
dagegen eine stark bevorzugte Emission senkrecht zur Reaktionsebene. Dieses Emis-
sionsverhalten degk — kann durch zwei konkurrierende &momene erldrt werden: Eines



davon ist tatachlich der EinfluR des attraktiveli ~/V Potentials, das andere dagegen
basiert auf dem strangeness-exchange Prozel3.

Experimentaufbau

Das in dieser Arbeit behandelte Experiment wurde im Sommer 2001 an der GSI
durchgetihrt. Der verwandte Teilchenstrahl hatte eine kinetische Energie%on Gel
(1.5 AGeV) und bestand aus Goldkernéti Av™*. Die Intensitit betrug5 - 10® pro
Strahlpuls bei einer Pulishge von etwa 10 s. Nach der pamren Beschleunigung im
Linearbeschleuniger UNILAC wurden nicht vobstdig ionisierte lonen'{" Au53*) in
das Synchrotron SIS injiziert und auf etWwa8 AGeV beschleunigt. Von dort wurde der
Strahl zum Speicherring ESR geleitet und v@liglig ionisiert. Im ESR Ring wurde
der Strahl mit einem Elektroneiikler zur Minimierung seiner Transversalimpulskom-
ponenten gekhlt. Der letzte Abschnitt des Zyklus war eine zweite Beschleunigung im
Synchrotron SIS bis zur vollen Strahlenergie. Ein Zyklus dauerte etwa 30 Sekunden. Im
Experiment wurde ein Goldtarget’(Au) von 0.5 mm Dicke verwandt, welches einer
Wechselwirkungswahrscheinlichkeit varg% entspricht.

Der Experimentaufbau besteht aus dem Kaonenspektrometer KaoS und weiteren De-
tektoren. Das Spektrometer besteht aus einem Quadrupol- und einem Dipolmagnet und
hat eine grof3e Akzeptanz sowohl im Impuls,(p'p,... ~ 2) als auch im Raumwinkel
(€2 < 35 msr). Die Teilchenidentifikation wird durch gleichzeitige Messung von Tra-
jektorien und Flugzeit erdgyglicht. Die Flugzeitmessung erfolgtéer den Unterschied
zwischen den Zeitsignalen zweier Detektoren (D und F), die jeweils aus mehreren Szin-
tillationsmodulen bestehen, welche an beiden Enden von Photoverfieliloterraus-
gelesen werden. Der D-Detektor, der das Startsignal liefert, befindet sich zwischen dem
Quadrupol und dem Dipol. Der Flugzeitstopp-Detektor (F) befindet sich in der Fokalebene
des Spektrometers. Eine zweite Flugzeitmessung wurde zwischen dem GrofRwinkelho-
doskop (T-Detektor) und dem F-Detektor durchiget. Der T-Detektor besteht aus 84 Sz-
intillationsmodulen, die in drei Ringen mit unterschiedlichen Polarwink&2f € 6,,, <
48°) um den Targetpunkt angeordnet sind. Die Anzahl der angesprochenen Module di-
ente zur Bestimmung der Stol3zentélitDie Teilchentrajektorien im Spektrometer wur-
den mit Hilfe dreier Vieldrahtproportionalkammern (MWPC) rekonstruiert. Eine dieser
Kammern (L) befindet sich zwischen dem Quadrupol und dem Dipol. Die beiden anderen
(M und N) befinden sich zwischen dem Dipol und dem F-Detektor. Um hochenergetische
Kaonen besser von Protonen unterscheiderdonm&n, befindet sich hinter der Fokalebene
noch ein Cherenkov-Detektor. Die Strahlinteasivurde mit einem Plastikszintillation-
steleskop bestimmt, das auf das Target ausgerichtet ist. Die Orientierung der Reaktion-
sebene wurde mit Hilfe der Trefferverteilung im Kleinwinkelhodoskop bstimmt, das sich
7 m strahlabirts befindet. Die 380 Szintillationsmodule des Hodoskops sind in drei
Gruppen unterschiedlicher &be aufgeteilt und um die Strahlachse herum angeordnet.Sie
decken einen Polarwinkelbereich vof bis 8° ab. Die Datenaufnahme etmglichte
Messungen mit unterschiedlichen Triggerbedingungen. Neben einem “Minimum-Bias-
Trigger” wurde ein sogenannter “Spektrometer-Trigger” eingerichtet, der ein Signal gener-
iert, sobald ein Teilchen im Spektrometer nachgewiesen wird. Uitzlich Pionen und
Protonen zu unterdcken und den niedrigen Produktionswirkungsquerschinitkiao-



nen bei SIS Energien zu kompensieren, wurde ein spezieller “Kaonen-Flugzeit-Trigger”
eingerichtet.

Das Datenaufnahmesystem basierte auf dem GSI-Standard M&8 Branch Sys-
tem). Die Zeit- und Enegieverlustsignale wurden mit Analog-zu-Digital-Konvertern umge-
wandelt. Daten aus den Modulen im FASTBUSerrahmen wurden per VSB-Bus zu
einer Reihe E7-VME Rechneritbermittelt. Die Signale der Vieldrahtproportionalka-
mmern wurden digitalisiert und durch elvent Builder Interfacezur Aufzeichnung
durch ein DLT Qigital Linear Tapg Bandlaufwerk vorbereitet. Die Experimentsteuerung
bestand ausihf CAMAC Uberrahmen, digiber VSB-Bus verbunden waren. Einer
der Uberrahmen war mit einem E6 Rechner verbunden um eine Ethernet-Verbindung
herzustellen. Die Module in diesddberrahmen kontrollieren die Schwelletirfdie
Diskriminatoren und die Hochspannungéndie Szintillatoren und Cherenkov-Detektoren.
Desweiteren liefert einer der CAMACberrahmen Statusinformationéiber die Trig-
gereinstellungen und dient zur Auslese des Strahlint&ssitonitors. Ein “Master-Slave
Serial-Bus™-System wurddif die Targetpositionierung und die Kontrolle der Magnet-
stromversorgung genutzt.

Datenanalyse

Der erste Schritt der Datenanalyse war die Eichung der Detektoren.Die Signale der
Flugzeitdetektoren wurden mit Hilfe des Simulationspackets GEANT unterdRsich-
tigung aller Materialien, der Detektorgeometrie und der vermessenen Magnetfeldkarte
angepaldt. Die Teilchentrajektorien wurden anhand der Trefferpositionen in den Viel-
drahtproportionalkammern rekonstruiert und mit den getroffenen Modulen im D- und
F-Detektor korreliert. Die so ermittelten Spurkandidaten wurden mit Teilchentrajekto-
rien verglichen, die mit Monte-Carlo-Simulationen mit dem Packet GEANT generiert
wurden. Die lange der Flugstrecken zwischen allen Kombinationen von D- und F-
Modulen und die Teilchenimpulse pro LadupgZ wurden mit den Flugzeitmessungen
kombiniert, um das Vefdtnis von Massdiber Ladungn/Z zu bestimmen. Die Un-
terdriickung des Untergrunds aus alligen Koinzidenzen und Vielfachstreuung erfol-
gte Uber die Anwendung von Auswabhlkriterien auf die Unterschiede zwischen GEANT-
Trajektorien und gemessenen Spurkandidaten wie auch auf die Unterschiede zwischen
den zwei Flugzeitmessungen. Der Sto3parameter und die durchschnittliche Anzahl par-
tizipierender Nukleonen wurde im Rahmen des nukle&iberlappmodells von Eskola
berechnet. Dieses Modell beschreibt Kern-KeraB®t alsUberlapp bitrer Nukleon-
Nukleon-SbRe. Unter Verwendung désberlappmodells und unter der Annahme, daR
das integrierte Multiplizétsspektrum der T-Detektors unter “Minimum-Bias”-Trigger-
bedingungen proportional zum totalen Reaktionswirkungsquerschnitt ist, kann der Stol3-
parameterbereich und die mittlere Anzahl partizipierender Nukleoiwejefle Zentra-
litatsklasse abgesatzt werden. Insgesamt wurden die DatentlinffZentraliitsklassen
eingeteilt. Far die Analyse der azimutalen Teilchenemission mul3te die azimutale Orien-
tierung der Reaktionsebene rekonstruiert werden. Hieviirde eine Variation der Fouri-
g}koeﬁizientenanalyse angewandtur fedes Ereignis wird den-te Fourierkoeffizient
Q,, = XN wem = (Q%,QV) definiert, wobeiN die gemessene Teilchenmultiplizit
des Ereignisses isty; der Azimutwinkel des Teilchens und w; ein Wichtungsfaktor.



Normalerweise wird als Wichtungsfakter, die transversale Energie des Teilchénsler

sein Transversalimpuls verwandt. Im Falle des in diesem Experiment verwandten De-
tektors geiigt die Wahlw; = sin(6;), wobeid; der Polarwinkel des Teilcherigelativ

zur Strahlachse ist, bestimmt aus den Trefferpositionen im Kleinwinkelhodoskop. Die
resultierende Orientierung der Reaktionsebene wurde dagh= arctan(%)]nzl bes-

timmt. Daraufhin kann das azimutale Emmissionsmuster eineélgigsn Teilchensorte
bestimmt und nac}% ~ 1 + 2v; cos(¢) + 2v9 cos(2¢) parametrisiert werden. Hier-

bei ist¢ der azimutale Emissionswinkel relativ zur Orientierung der Reaktionsebene und
v; undwvy sind die Asymmetrieparameter zur beschreibung des gerichteteten und des el-
liptischen Flusses. Bei der Bestimmung dieser Parameter miuil€ksechtigt werden,

dal3 die experimentelle Bestimmung der Reaktionsebene durch die Detektorakzeptanz,
die Detektoraufisung und durch Fluktuationen auf Grund der be&ckien Teilchenzahl
beschankt ist. Der gemessene Azimutwinkglfir ein Ereignis kann vom tashlichen
Azimutwinkel ¢ um einen WertA¢ abweichen. Daher wurde eine Prozedur zur Bes-
timmung von Korrekturparametern entwickelt und auf die resultierenden Parameter ange-
wandt, so dal3 die in dieser Arbeit gezeigten Verteilungen auf digddwiflg der Reak-
tionsebene korrigiert sind.

Experimentelle Ergebnisse

Als Ergebnis der Datenanalyse wurden die Produktionswirkungsquersctimitee f
onen und Kaonen bestimmt.UFProtonen in semi-peripherend8en § > 6.4fm) bei
Targedrapidiit wurde kollektiver Flul3 beobachtet und die Ablgigkeit des gerichteten
Flusses von Rapidit und Transversalimpuls entspricht den Erwartungen. Did&ao-
nen und Antikaonen gemessene grosse Statistik bei mittlerer Rapiit < y/y, <
0.6) und in semi-peripheren &Ben § > 6.4fm) ermbglichte die Bestimmung der az-
imutalen Emissionsmuster auctirfdiese Teilchen. Die azimutale Emission d€r
und K~ Mesonen wurde weiterhin mit der der Pionen verglichen. Sowdhals auch
7w~ zeigen eine ausgefpyte Emission senkrecht zur Emissionsebene. Dieser negative
elliptische Fluf3 kann durch den Produktionsmechanismus, realipish Uber die A-
Resonanz, und Abschattungseffektezetkverden.Diese Emission senkrecht zur Reak-
tionsebene ist konstaiitber den gemessenen Transversalimpulsberéich € p; <
0.8). Das gleiche Verhalten wurdérf Kaonen beobachtet. Diese zeigen eine bevorzugte
Emission senkrecht zur Reaktionsebene und ihr azimutales Emissionsmuster zeigt kaum
eine Transversalimpulsaéihgigkeit. Dies ist bemerkenswert, da Kaonen die Wech-
selwirkungswahrscheinlichkeit innerhalb der Reaktionszone deutlich kleiner isfrals f
Pionen. Uber den Transversalimpuls integriert zeigt die azimutale Verteilungider
bei mittlerer Rapidiit das gleiche Verhalten wie diérf K. Die Analyse der Emis-
sionsmuster als Funktion des Transversalimpulses zeigt,/dalMesonen mitp, <
0.5 GeV nahezu isotrop emittiert werderavend/ K — mit p, > 0.5 eine starke Raferenz
fur eine Emission senkrecht zur Reaktionsebene zeigen. Eine feinere Unterteilung im
Transversalimpuls zeigt eine starke Alnigigkeit des elliptischen Flusses dér Meso-
nen. DerUbergang von einer bevorzugten Emission senkrecht zur Reaktionsebene zu
einer bevorzugten Emission in die Reaktionsebéifie auf eine hohe Sensitigitdieser
azimutalen Emissionsmuster auf die Reaktionsdynamik schlie3en. Die Vorhersagen sagen



ein anrhernd isotropes Emissionsmustiér K~ Mesonen als Kosequenz eines Ausgle-
ichs zwischen dem attraktiveR — N Potential und der groR3en Streu- und Absorption-
swahrscheinlichkeit deil ~ in den Spektatorfragmenten vor.

Vergleich mit theoretischen Modellen

Theoriemodelle sagen die Existenz von Kaon-Nukleon-Potentialen voraus, die eine
wichtige Rolle in dichter und heil3er Materie spielen, zum Beispiel di@nderung von
Kaonenmassen bewirken. Die Potentiale beeinflussen auch die Produktionswirkungs-
guerschnitte: Die Schwelldif die K —-Produktion wird abgesenktatrend sieiir die
KT erhbht wird. Als Konsequenz eint sich die K —-Ausbeute in Schwerionenkol-
lisionen bei Strahlenergien unterhalb der Schwelle deutlich. Im Gegensatz dazu wird
fur die K*-Ausbeute eine Verkleinerung vorhergesagt. Ein Vergleich der invarianten
Wirkungsquerschnitte voix* und K~ Mesonen beBq,; = 90° mit verschiedenen
mikroskopischen Transportrechnungen wird gezeigt. Im FalliderMesonen knnen
die Daten keines der g@sentierten Modelle ausschlieRen. Die Ergebnisse der Rechnun-
gen mit In-Medium-Potentialen (zum Beispiel Chiral&®ingsrechnung und G-Matrix)
unterscheiden sicht nicht von denjenigen olifieN Potential. DieK~ Wirkungsquer-
schnitte dagegen scheinen die Rechnungen mit Kaon-Nukleon-Potentialen zu bervorzu-
gen. Die Tatsache, dal3 die In-Medium-Potentiale unterschiedlich auf die beiden Kaone-
narten wirken hat Untersuchungen d€s / K -verhaltnisses als Observable, die noch
sensitiver auf In-Medium-Effekte ist, angeregt. Die theoretischen Modelle zeigen, dal3
sich das Verhltnis als Funktion der kinetischen Energie, der transversalen Masse oder der
Anzahl partizipierender Nukleonen mit und ohne In-Medium-Potentiale sowohl in Form
als auch im absoluten Wert unterscheiden. elttich zeigt die Analyse von C+C Reak-
tionen bei 1.8 AGeV, durchgéhrt am Kaonenspektrometer, eine starke @idigkeit des
K~ /K*-Verhaltnisses von der kinetischen Energie. In dieser Arbeit wurddsdass -
Verhaltnis fur das deutlich schwerere Stol3system Au+Au bei 1.5 AGeV ausgewertet und
mit verschiedenen Modellen verglichen. Die Daten scheinen die Rechnungen mit In-
Medium-Potentialenifr £+ > 0.12GeV zu bevorzugen. & niedrigere Energien kann
das gemessene Véilnis von keinem Modell erirt werden.

Die berechneten Emissionsmustér f{ Mesonen stimmen mit den experimentell
bestimmten gutiberein, ohne eine bestimmte Rechnung zu bevorzugen. Die Transver-
salimpulsabhngigkeit des elliptischen Flusses der Kaonen zeigt, dald der Einflul3 der Po-
tentiale auf dieK™ nicht sehr ausgepgt ist und es ist im Rahmen der exprimentellen
Unsicherheiten uniglich zwischen den verschiedenen Modellen zu unterscheiden. Die
Modelle sagen sogar voraus, dal3 die bevorzugte Emission senkrecht zur Emissionsebene
teilweise ohne In-Medium-Potentiale eikl werden kann. Im Falle voA'* Mesonen
aus Au+Au-SbRen bei 1.0 AGeV war dies anders. Die bevorzugte Emission senkrecht
zur Reaktionsebene in Modellrechnungen ohne In-Medium-Potentiale mufd daher auf die
hohere Streuwahrscheinlichkeit in den Dichtentmkgefihrt werde, die in Au+Au Kol-
lisionen bei 1.5 AGeV erreicht werden. Weitere Informationen zur Unterscheidung lassen
sich aus der azimutalen Winkelverteilung dér Mesonen extrahieren. Das Emission-
smuster bevorzugt Rechnungen, die eine bevorzugte Emission der Antikaonen senkrecht
zur Reaktionsebene vorhersagen. Das gemessene “squeeze-out” Signal widergpaeht fr



ren Vorhersagen und der Chiralend&ingsrechnung. Das Verhalten der Daten wird
sowohl durch G-Matrix als auch den freien Fall (dass heisst, ohne KN Potentiale), der
auch eine moderate Bevorzugung der Emission senkrecht zur Reaktionsebene zeigt, re-
produziert. Ein Vergleich des gemessenen elliptischen Flussés dbtesonen als Funk-

tion des Transversalimpulses mit den Rechnungen zeigt, daf3 die Dateship, besser

durch diejenige mit In-Medium-Effekten nach dem G-Matrix Ansatz beschrieben wer-
den, in welchem die Antikaonenproduktion durch den Seltsamkeitsaustausch dominiert
wird. Die Chirale Sérungsrechnung kann den elliptischen Flul3 der Antikaonen bei
hohen Transversalimpulsen nicht beschreiben. Auf der anderen Seite liegen die Chi-
rale Sbrungsrechnung wie auch die Rechnungen ohne In-Medium-Potentiale naeher an
den Daten bei niedrigep;, wo der Flul3 in die Reaktionsebene beobachtet wird. Der
Ubergang von FIuR in die Ebene zu FluR aus der Ebene wird jedoch von keinem der
Modelle beschrieben. Das Emissionsmusteriderkann durch zwei konkurierende Phe-
nomane erkhrt werden: eines ist taishlich der Einflul3 des attraktived~— /V Potentials,

das zweite dagegen der Seltsamkeitsaustausch-Prozess.
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Chapter 1

Introduction

Relativistic heavy ion collisions give the unique opportunity to study hot and dense nu-
clear matter which is a strongly interacting many-body system, ultimately to be described
by nonperturbative quantum chromodynamics (QCD). By varying the bombarding energy
as well as projectile and target combinations it is possible to create systems of different
baryon density and temperature. This allows the study of different phases of nuclear mat-
ter. At low densities, a phase transition from the nuclear liquid to a gas of nucleons is
investigated, whereas at high densities, the phase transition to the quark gluon plasma is
predicted to occur, where chiral symmetry is restored and quarks are deconfined. In the
energy range of several GeV/u nuclear densities are created as in the interior of neutron
stars. A collision of two gold nuclei with an incident beam energy of 2 A@m‘ay create

a fireball with nuclear densities reachingg(wherep, is the normal nuclear density). A
schematic presentation of such reaction simulated in the UrQMD&Btransport model

is shown in fig[ 1.]L.

The aim of the experiments performed with high energy heavy ions at Gesellschaft
fuer Schwerionenforschung (GSI), Darmstadt is to investigate the properties of nuclear
matter under such extreme conditions. The compressibility of nuclear matter, in-medium
properties of hadrons, as well as the reaction dynamics, are being studied. The KaoS
collaboration has been addressing these topics using its versatile Kaon Spectrometer and
GSI’s accelerator facility.

This work focuses on the properties of strange mesons inside the nuclear medium.
The goal is to extract information on their production mechanism and interaction charac-
teristics from their azimuthal emission pattern.

1Units used in this document ake= ¢ = 1 or stated otherwise.
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|
p ~ 2-3p, ~20fm/c

Figure 1.1:Two gold nuclei centrally colliding at a beam energy of 2.0AGeV presented at
3 different stages - left: just before the collision, middle - the dense phase of the overlap-
ping nuclei, right - the reaction participants and products flying away from the collision
zone.

1.1 Strange and antistrange meson production

The production of’ meson in elementary nucleon-nucleon collisions has its threshold at
a kinetic beam energy of 1.58 GeV for the channel

NN — NAK, (1.1)

where the kaonK* or K°) contains the antistrange quark and théwyperon the
strange quark. On the other hand the production threshold for antikaons is significantly
higher. Flavor conservation and minimum energy preference dictates in this case a pro-
duction mechanism to be

NN — NNKK, (1.2)

with its threshold at 2.5 GeV. Here, tli& meson contains the s-quark.

Additional kaon and antikaon production channels become available in the A+A reac-
tions. Heavy-ion collisions open the possibility for multi-step processes to take place. In
this case nucleons collide with newly created particles like pions oesonances which
act as an energy reservoir. An example of such multi-step process may begin with a
reaction

NN — NA. (1.3)
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The products df 1|3 may later collide, creatinganeson, according to the processes

AN — NKY or Nm— KY (afterrA — N +7),

where a hyperory” may be aA or . Also, the collision of aA resonance with a
nucleon may occur at sufficiently high energy to produce a kaon-antikaon pair:

NA — KKNN. (1.4)

Another important reaction channel contributing to fh@roduction is thetrangeness
exchangerocess:

Yr — KN. (1.5)

The inverse process @..5 may result in the absorptioR” aheson as with cross-
section of aboutOmb [Ko84,/0es0L]. This affects the propagation features of antikaons
and reduces their probability to leave the reaction zdkanesons however are not ab-
sorbed as they contain an antistrange quark. Their elastic interaction cross-section with
nucleons is smalldx+y = 10mb) and the probability of an encounter withAaor ¥
and annihilation is negligible hence they may emerge from the dense phase of a collision
almost undisturbed. Therefor&, mesons are well suited to probe the hot nuclear matter
and their spectrum is expected to provide information on the dense phase. On the other
hand, the number ol may be reduced by absorption after they are produced by the

processes 1.4 and 1.5.

The production of a particle in a heavy-ion collision, in which the incident beam en-
ergy per nucleon is smaller than the threshold for its production in elementary collisions,
is referred to asubthreshold productioriet us notice that the subthreshold production is
especially sensitive to the in-medium effects and to the compressibility of nuclear matter,
as the number of multi-step processes is baryon density dependent.

Indeed, the subthreshold production of kaons has proved to be a sensitive observable
for the compressibility of the nuclear matter. Systematic studies of K~ ratios per-
formed by KaoS collaboration with different collision systems (very light - C+C, and
very heavy - Au+Au) of the kaon production resulted in an important observation of a
preference for a soft nucle&guation-Of-Stat€dEOQS) [S'02]. The stiffness of the nu-
clear EOS plays an important role within astrophysics for the description of the supernova
explosions and stability of the neutron stars [BB82, LIP0O].

1.2 In-medium effects

Theoretical considerations predict that kaon-nucleon poterntials [GEBT94, WKW96, KN86]
play an important role forsx ™ and K~ properties in the dense nuclear matter. The K
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Figure 1.2:Predictions on the kaon and antikaon energy modifications: the gray shaded
bands represent the range of results from various model calculations|(see [JSBB97] and
references therein).

mesons are affected by the influence of both a scalar and a vector meson-baryon poten-
tials. The scalar potential acts attractively on both kaon species, while the vector potential
repelsK* and attractds ~. For K, these two contributions mainly cancel each other
leading to a small repulsiv& ™ N interaction, whereas the superposition of both attrac-
tive interactions results in a strong attractive potential #or [JSBB97]. Theoretical
predictions discuss that the effective particle magsmight change in the dense nuclear
matter from the free value. The change of the particles’ effective mass can be ascribed to
a potentiall’ so the in-medium energy of a patrticle, i.e. the dispersion relation, can be
expressed as

E=\m*2+p?=V(p) +/m2+p> (1.6)

Within such a picture, gradients of the potentiglp) give rise to forced’ = —VV
that influences the path of the particles as they propagate through the dense medium. Al-
though this is valid for all particles, it is especially interesting for kaons. Figufe 1.2 shows
the range of various theoretical predictions for the kaon and antikaon energy modifications
as a function of the baryon density. It is expected that apart from the in-medium mass and
production characteristic also the propagation of kaons and antikaons is modified. There-
fore a sensitive observable for in-medium properties of strange mesons should be their
azimuthal angular distribution [LKL95]. The investigations related with the in-medium
mass modifications of antikaons are relevant for modeling of the properties and dynamics
of stellar objects, especially neutron stars as pointed in [LLB97].
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1.3 Collective flow phenomena and azimuthal emission
pattern

Bulk properties of nuclear matter under extreme conditions should be visible most clearly
in collective features of the data. Collective flow is the prototype of such a common
feature. It manifests itself in particle correlations, both in angle and in magnitude of
velocity. The collective flow in transverse direction in heavy-ion has been predicted by
Scheid et al[SHG] based on a hydrodynamical picture. For the first time collective flow
was observed in azimuthal distributions by GSl/Lawrence Berkeley National Laboratory
(LBNL) Plastic Ball|G"84] and Streamer ChamberfB4] collaborations at the Bevelac
accelerator.

The main focus of this work is set on the observation of the collective phenomena of
directed flom(often calledsideflowy andelliptic flow of strange mesons. The sideflow is
characterized by an enhanced emission into the azimuthal direction defined by the impact
parameter vector. Whereas elliptic flow describes an emission pattern in which particles
are found to be preferentially emitted with respect to the reaction plane and with back-to-
back symmetry.

Figure 1.3:Reaction plane defined by the impact paramétand the beam axis.

In a heavy-ion collision at a finite impact parameter only a part of the nucleons un-
dergo a collision. These nucleons are called participants. The spectators, i.e. the nucleons
which do not collide, continue their flight almost undisturbed in the direction of the beam
axis and with velocities close to the beam velocity as they experience only the (distorted)
mean field of their parent nuclei. The little deflection of the spectators plays a crucial role
in diagnosing the reaction geometry. The detection of the projectile fragments at forward
polar angles gives the possibility to reconstruct the orientation of the impact parameter
vector. In order to establish the azimuthal angular particle emission it is necessary to ob-
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Figure 1.4:Schematic presentations of heavy-ion collisions with beam axis pointing into
the picture. Letters P and T stand for projectile and target accordingly. Arrows present the
preferred directions of sideflaviEnhanced emission of particles orientedaand+180°
degrees with respect to the reaction plane denotes a correlation towards either projectile
or target nucleus. Overlapping region of the two nuclei is the high density phase of the
collision.
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Figure 1.5:Two collision figures similar as in fig. 1.4, however here the arrows refer to
the elliptic flowcomponent. A back-to-back symmetric emissidit aind+180° degrees

is an in-plane flow and an enhanced emission of particles towa@l¥ degrees is an
out-of-plane flow (often called squeeze-out).

tain the information about the reaction plane. The reaction plane is defined by the beam
axis and the impact parameter (seq fig.1.3). One of the general procedures to extract the
reaction plane information is the Fourier coefficient method [O1I95]. One of its variations
described in chaptér 3.5 and has been agplied in the presented analysis. The underlying
fact is that it is possible to construct a vectgrcomposed out of geometrical distribution

of the spectators. The vect@> is supposed to be correlated with the orientation of the
true reaction plane angle.

Figureqd 1.4 anfl 1|5 show schematic representations of the directed and elliptic flow
components in heavy-ion collisions. The arrows define directions for sidgfloyv (1.4) and
elliptic flow (I1.5) with respect to the reaction plane defined by(the- 180° horizontal
line and the beam axis pointing into the picture.

The Kaos collaboration has been studying kaon and antikaon production in heavy-ion
collisions in several reaction systems and at different incident beam energies. The re-
ported, out-of-plane emission &f* in Au+Au collisions at 1.0AGeV [$98] has been in-
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terpreted as a consequence of the repulkiveéV potential [LKB96/LKB98 WFFGB99]

(see fig[ 1.B). Theoretical considerations claim that the repulsive potentigffonesons
enhances their emission in the direction where the gradient of the pressure build up in a
collision is lower (e.g. out-of-plane). On the other hand the attractive potentid for
mesons should counter act their emission in the perpendicular direction to the reaction
plane balancing large re-scattering and absorption probability in the spectator matter. The
transport models has shown almost no preference in the direction of the emisgion of
mesons when including the mean field influerice [WEEGB99] (seE fip. 1.7).

Au+Au, 1.8 A.GeV, b=8 fm

P>0.5 GeV/e, ~0.2<Y,,,/7,,, <02
0.20

@—@ with mean field
O-—Ono mean field K

©
o
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0.14
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P I R
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Figure 1.6: K+ azimuthal angular dis- Figure 1.7: Theoretical calculations of
tribution measured in semi-central (b the azimuthal angular emission pattern
5-10fm) Au+Au collisions at 1 AGeV of K~ mesons at 1.8 AGeV with their
around mid-rapidity (0.1 0.6) for K+ preselected transverse momentpm >
transverse momenta of 0.2GeV/c pt 0.5GeV at a moderate centralityy =
0.8GeV/c. The lines represent results of 8 fm. The two curves present the expected
RBUU calculations for an impact param- influence of the mean field potential on
eter of b=7fm [LKB96] without (dashed the azimuthal angular distributions of an-
line) and with an in-medium KN poten- tikaons [WFEFGB90].

tial (solid line). Both calculations take

into account kaon-nucleon re-scattering

[ST98].

Similar, out-of-plane, emission patternsf  mesons have been observed in Au+Au
at 1.5 AGeVI[U'04,/F5r03]. Additionally, the observed out-of-plane emission pattern of
7 which is in agreement with previous observations 98, B"97] has been attributed
to re-scattering and absorption, whereas a similar explanation for kaons cannot hold as
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the mean free path df * mesons is significantly larger than that of the pions, thus only a
moderate out-of-plane enhancement would be expected.

Ultimately, the missing measurement was the azimuthal emission pattern &fthe
mesons. Antikaon flow at subthreshold energies is predicted to exhibit a different behav-
ior from K+ [LK96, BCM97]. In order to obtain sufficienf{ ~ statistics, a dedicated
experiment Au+Au at 1.5AGeV has been scheduled and performed in June/July 2001 at
GSI Darmstadt. This work describes the experimental setup (the Kaon Spectrometer)
used for the measurement, the analysis methods used to obtain the results presented in
following chapters, as well as the conclusions on the observation.



Chapter 2

Experimental Setup

The Kaon Spectrometer, KaoS[$3] at GSI is composed of a quadrupole and a dipole
magnet having large acceptance in momentum, (..., ~ 2) and solid angle(§ < 35

msr). The maximum dipole magnetic field is B = 1.95 T corresponding to a momentum
of p... = 1.6 GeV/c for singly charged particles. The setup consists of:

e a magnet system - the magnetic quadruple field provides vertical focusing into the
gap of the dipole and the magnetic dipole field

¢ the Time-Of-Flight detectors:

— the D detector marking the start for the TOF measurement,
— the F detector providing the TOF stop signal,

e the target detector - T - called Large Angle Hodoscope, located close to the target,
detecting particles at polar angles from 12 to 48 degrees, allows reaction centrality
estimation and additionally is used for a second TOF measurement,

e the Cherenkov radiation detector - C detector - used for separation of the high mo-
menta kaons from protons,

e three Multi-Wire Proportional Chambers (named L, M, N, respectively) used for
particle trajectory reconstruction,

e the Small Angle Hodoscope - a wall of scintillators used for the reconstruction of
the reaction plane orientation, covering 1 to 10deg of the polar angle,

e the beam monitoring detectors.

Let us choose a Cartesian coordinate system with its origin at the target such that the
beam direction defines the Z-axis and the X-axis parallel to the ground pointing to the left

9
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Figure 2.1:Sketch of the Kaon Spectrometer and its detector system

hand side when facing the small angle hodoscope at the target, and the Y-axis pointing
upward. A cross-section in the ZX plane of the kaon spectrometer is shownin|fig.2.1.
The support structure allows rotation around the target area, giving access to polar angles
from 30 to 130 degrees. This flexibility combined with different magnetic field settings
extensively enhances the geometrical acceptance of the detector setup.

2.1 Magnet system

The particles are focused vertically by the quadrupole magnet (into the 20cm gap of the
dipole) and horizontally by the tilted exit boundary of the dipole. The quadrupole aperture

is 30 cm and its maximum pole tip field is B + 1T. The maximum dipole magnetic field

of B = 1.95T is generated by a coil current of | = 2500A. At this current setting the
power consumption of both magnets is 550kW. The central ray deflection angle of the
spectrometer is 45 degree, and the dispersion along the focal plane is 2.2cm per percent
momentum. The setup has a total weight of 120 tons.

2.2 Trigger

The experimental challenge of strange meson production in the SIS energy range is the
low production cross-section of kaons as compared to the abundant pions and protons.
Taking into account the limitations in the processing rates of the data acquisition system

it was necessary to provide a dedicated hardware trigger in order to select and record only
interesting events (e.g. with a kaon candidate). Within the KaoS setup several trigger

settings are possible:
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Figure 2.2: The layout sketch of the logic (left figure) and timing (right figure) of the
trigger.

¢ the minimum bias trigger,
e the spectrometer trigger,

e the kaon-TOF trigger.

Minimum bias trigger

The reaction trigger is generated when at least two modules of the target detector register
particles within a200ns time gate. This ensures that the projectile has interacted with

a target nuclei. These minimum bias events serve for an accurate input to the reaction
plane normalization procedure (see secfion 3.6) and the collisions centrality estimation
(see sectioh 3]4).

Spectrometer trigger

The spectrometer trigger is established with a coincidence of a start signal from D-
detector and a stop signal from F-detector. The coincidence of signals from the D- and
F-detectors is a good indication that a particle has traveled through the spectrometer.

Kaon trigger

The logic of the kaon-TOF trigger is shown in the left part offig.2.2. To suppress the bulk

of pions and select kaons, a sequence of coincidence gates was set up. The start signal
from the D-detector is split. One of the start signals was extended providing an additional
time gate. The width of the gate was optimized for the expected time of flight of kaons
and to eliminate the protons. As indicated in the timing diagram in the right part of
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Figure 2.3: Time of flight as a function of the F detector paddle number for different
particle species and three different magnetic field setting (0.6T - left, 0.9T - middle, 1.4T
- right).

figure[2.2, the stop signal of protons is outside the time gates opened by both start signals,
however the pions may still deliver a proper trigger. To exclude this possibility, an anti-
coincidence with short time of flight signal of pions was set. Additional suppression of
protons is provided by a coincidence with the signals from the Cherenkov detectors. This
trigger latch is used for measurements with high magnetic field where the time difference
between kaons and protons is to small to be discriminated by the TOF only (deelfig. 2.3)

Figure[2.B shows the time of flight for pion, kaons and protons as a function of the
F-detector paddle (TOF-stop detector). The three sections of the figure represent three
different magnetic field settings. Clearly, to ensure the correct functionality of the trigger,
the time gates for the signals have to be modified whenever the magnetic field setting is
changed. This is done with use of the slow control system.

2.3 Time-Of-Flight measurement

The measurements of the TOF of a particle is one of the key observables used for par-
ticle identification. TOF start signal is provided by the D detector located between the
guadrupole and the dipole magnets. The D detector consists of 16 vertically aligned plas-
tic scintillators (paddles) of dimensions 22 cm (height) x 3 cm (width) x 0.4 cm (thick-
ness). Each scintillator is read out via a light guide by two 3/4” HAMAMATSU R3478
photo-tubes mounted at both ends. The horizontal segmentation allows a rough determi-
nation of the emission angle (10 mrad). For additional information| se@d3Vag9?2].



2.4. TRACKING DETECTORS 13

The F detector (TOF stop) located approximately in the focal plane of the spectrometer
consists of a row of 30 plastic scintillators (38cm x 3.7cm x 2cm) tilted by 9 degrees in the
direction of incoming particles, allowing them almost perpendicular flight path through
the paddles. The scintillators are read out on both ends by HAMAMATSU R1828 photo-
tubes. The position of the trajectory in the focal plane is known with accuracy determined
by the dimensions of the scintillators resulting in the momentum resolution of about 4%.
With this setup, a time resolution of 100ps (FWHM) for protops~ 0.75) has been
reached, and of 140ps for pions. Figlre 2.3 shows the time of flight as a function of the F
detector paddle number for different particle species and different magnetic field settings.

Another method of the TOF measurement makes use of the signals from the T-detector.
The timing signals from the modules of the target detector are used as a reference for the
additional TOF-start signal. The TOF-stop for this measurement is delivered by one of
the paddles of the F detector.

2.4 Tracking detectors

In order to reconstruct the trajectories of the particles three large area multi-wire pro-
portional chambers (MWPC) were used. The first MWPC (L) has an active area of
40x70 cm and is located between the quadrupole and the dipole. The second and third
(M and N) MWPC positioned between dipole magnet and the F detector have sensi-
tive areas of 40x120ct The position resolution of the chambers is 0.5 mm (FWHM).
More information on the construction and performance of the detectors can be found in
[Heh90/ Sar91, Gei93]. The coordinates of the hit positions from the chambers is used to
reconstruct the particle trajectories. The momentum of a particle can be determined by
extrapolating the measured trajectory to the focal plane (see sectioh 3.3.1).

2.5 Beam normalization detectors

In order to reconstruct the production cross-sections of particles it is necessary to know
the flux of incident beam particles (see appendjx A). The intensity is determined with
two plastic scintillator telescopedfoni,. s, and M oni,;4,:) Which consist of 3 detectors
(40x40 mni) each. The telescope arms point to the targé,at= 110 in the horizontal

plane. The distance between the target and the first detector and between the subsequent
detectors is 15 cm. The count rate of the threefold coincidences of the detectors of each
telescope arm is recorded with a scaler. The calibration factor (beam intensity/telescope
count rate) is determined by reducing the beam intensity to aloéttns/s and counting

the beam directly with a movable plastic scintillator (20x20x3hrihe telescope count

rate increases linearly with the beam current up to the highest intensities used in the
experiment (1x1Ys). A detailed description of these detectors can be fourid in [Bec93].
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Figure 2.4:Target detector - cross section.

2.6 Target detector

The number of fired modules of the target detector is used to determine the centrality of
the events (see sectipn 3.4). Hig.]2.4 shows a cross-section of the T-detector. Its 84 mod-
ules are located near the target, arranged in 3 rings at 3 different polar angles (covering
the range ofi2° < 6,,, < 48°). Each ring is located at a different distance from the target
(8cm, 10.5cm, 13cm). The rings do not cover the full azimuth having a gap allowing the
free passage of the particles towards the spectrometer. Each of the modules delivers the
time and the energy information. The multiplicity of the charged particles emitted from a
heavy-ion collision at high polar angles varies monotonously with the impact parameter.
Therefore the multiplicity measured by the T-detector in combination with the geometri-
cal model ([Gla]) of the heavy-ion collision allows for the event centrality reconstruction.

In addition, with the help of the cluster method analysis described in [Stu01], it is possible
to generate a separate start signal for the TOF measurement within the spectrometer (see

sectior] 2.B).

2.7 Small Angle Hodoscope

The small angle hodoscope (se€fig.2.5) gives the possibility to measure the time of flight,
energy loss and the emission angle of the particles at polar angles from 1-10 degrees.
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Figure 2.5:Small Angle Hodoscope.

Therefore, it provides the possibility for the reaction plane reconstruction (see section
[3.5). The hodoscope consists of 380 scintillator modules located 7 m downstream the
from the target. The modules are divided into 3 groups of different size. The inner part
around the beam axis consists of modules of 4x4 cm dimension, while the middle modules
are 8x8 cm and the outer - 16x16 cm.

2.8 Data acquisition and the slow control

The data acquisition system is based on the GSI's standard WMB&i Branch System
[BT0Q]). The timing and the energy loss signals from the scintillators (after splitting,
amplifying and deriving timing signals) are sent to the appropriate analog-to-digital con-
verters. The data from the converters located in both FASTBUS crates were transferred
via the VSB bus to the corresponding E7-VME type CPUs. The signals from the multi-
wire chambers were digitized via 8-Bit-Flash-ADCs, read out in groups of 16 channels
by a Transputer(T225, 16bit), synchronized by a Transputer T801 and delivered to one
of the FASTBUS crates through an improved versiocweént Builder Interfad@al93],

again read out by an E7 via VSB. Information from the beam intensity monitors as well
as the timing information was delivered from scalers and DACs read out in an CAMAC
crate via VSB by an additional E7 placed in the VME Crate as well. One of the E7 CPUs
in the main VME Crate has been dedicated for the sub-event information collection and
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Figure 2.6:Schematic sketch of the data acquisition system and the slow cantrol [KocO05,

Pto9d].

connected via a SCSI bus to a DLDigital Linear Tapg drive for data recording on
magnetic tape cartridges.

The slow control of the experiment consists of five CAMAC crates linked via the

VSB bus to an E6-VME type CPU providing the Ethernet access. In addition, the E6
CPU has been connected to a standard PC running the slow control software (EPICS
[Lab0%]) providing the interface managing the threshold and walk adjusting parameters
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of the constant fraction modules and the high voltage controller of the scintillators’ and
Cherenkov detectors’ photo-multipliers. Additional CPU equipped with a master-slave
type Mill-Bus (serial RS232) interface and a dedicated software has been provided for
the target positioning, and the power supply control for the maghets [Pt099]. The data
acquisition system and the slow control of the experiment are presented in the schematic

sketch in fig.2.p.
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Chapter 3

Data analysis procedure

3.1 TOF Calibration

The TOF calibration has been performed with a measurement of negatively charged pi-
ons. In order to minimize the random coincidences in the TOF-start (D) and TOF-stop
(F) detectors the beam intensity has been reduced and only events with the hit multiplic-
ity 1 have been selected. The GEANT [Gro93] simulation package in conjunction with a
measured magnetic field map [Uhl04], has been used to calculate the times of flight of all
pions in a chosen momentum range from the D and to the F detectors paddles. The com-
parison of the simulated values with the experimental data determines additive correction
parameters for each of the detector modules.

Additionally, due to the short distance from the target to the T-detector modules,
charged particles (mostly protons) participating in the reaction and detected in the tar-
get detector are used for definitige reaction timgt = 0), thus, enabling a second flight
measurement. Also for this measurement, a set of additive correction parameters is cal-
culated with the help of Monte-Carlo simulation.

3.2 Small angle hodoscope calibration

The time of flight is a crucial information used for reaction plane determination. The
procedure requires to select spectators of the collision from the set of all particles regis-
tered in the detector in a event. The selection is made with a TOF window tailored for the
particles traveling close to the beam velocity.

Although the energy loss information has neither been used in the reaction plane de-
termination, nor in any other analysis presented in this work it has provided a fine check
of the detectors performance.

19
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3.2.1 The time calibration

The time calibration procedure is to fix the time of flight value of projectile-like particles
registered in the hodoscope such that it is similar to TOF of the beam patrticles. Assuming
the hodoscope distance to the tardet 6.84m and the beam particles velocity =

0.923, the flight time should be 24.7 ns.

The first step in the time calibration of the small angle hodoscope is to eliminate
differences in signals from the detector modules caused by the setup of the hardware (e.g.
different cable lengths). For this purpose, the hits with the highest energy deposition
have been selected. This choice ensures selection of the heaviest projectile-like fragments
which travel with the velocities close to velocities of the particles of the beam. Thus,
the time of flight of a particle detected in a chosen module is approximately the time
difference between the signals from the target detector and the timing signal from that
module.

A so called "time-walk” correction is necessary for theading Edge Discriminators
(LED) which were used in the readout of the modules of the hodoscope. It is known that
the output signal of the LEDs depends on the amplitude of the input signal [Bel66]. The
time-walk effect is defined as the time differenzebetween two simultaneous signals,
which have different amplitudes, detected by a given type of LED. In order to estimate
the correction factor for each of the hodoscopes module a time difference for each of the
TDC channel$t as a function of the QDC signab)j has been plotted and parameterized
in the form:

5t:01-\/1@+Cg\/§+03‘22+040+05, (3.1)

where the(, .., C5 are numerical coefficients.

3.2.2 The energy calibration

The procedure estimating the charge of the particles detected in the hodoscope is the
consequence of the particles’ energy loss in the scintillator described by the Bethe-Bloch
formula [ET04]:

dE Z: 72 1 2me 2V Tomas
- = 47TNArgmep—t—p[§ln(—m ﬁ[’y
2

= T ) - 5] (3.2)
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N, - Avogadro constant
A; - mass number of the target material
r. - classical radius of an electron
Z, -charge of the particle
m. -mass of an electron
G - velocity of the particle
p - density of the target material
Ther - Maximum energy transfer
Z; - charge number of the target material
I - mean ionization energy of the target material.

As all projectile-like particles have velocities of the similar values, the dominant factor
in the energy loss information is the chargg. Therefore, in the energy spectrum for
each of the detectors, several maxima marking the individual particle or fragment species
with different Z, can be seen. However, the peak positions do not strictly foIIOV\Zﬁﬁe
relation and a correction is necessary. In order to correct for this effect, the maxima of the
10 first well visible charged fragments for each of the detectors have been marked and the
correction parameterized by the function:

dE aq
—%:Z—FGQ‘ZP—FCL& (33)

whereq; are free parameters, has been fitted.

Figure3.1 shows the energy loss as a function of the velgdity all of the hodoscope
elements after the calibration procedure.

3.3 Tracking and particle identification

The Lorentz force acting on a moving charged particle is defined as

d—>
P _ 3 x B (3.4)
dt
7 - particle momentum ¢ - particle charge
t -time ﬁ) - particle velocity

B - magnetic field vector

A trajectory can be parameterized by specifying a position veetoe (r,,r,,7.)
and a momentum vectoF = (p,, p,, p.). We assume the z-axis to be the optical axis of
the spectrometer, x-axis as the horizontal and y-axis as a vertical one.
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Figure 3.1:Energy depositior% for hits in the hodoscope as a function of the particles
velocitiess.

3.3.1 Trajectory reconstruction

The hit positions of the particles in the multi-wire chambers have been obtained separately
for x- and y-cathode. Exact coordinates have been calculated from the charge distributions
detected by the wires. A detailed description of the hit reconstruction procedure is given
in [Sar91]. The achieved position resolution is560m (FWHM).

The patrticle trajectories are reconstructed by measuring the particle position with the
multi-wire chambers and the TOF detectors. The procedure is based on the correlation
functions of the hit coordinates. A detailed description of the method obtaining these
functions can be found in [Uhl04, Wag96, Stu01]. The algorithm employs a Monte-Carlo
simulation within the GEANTI[Gro93] package including the geometry of the experiment
and the 3 dimensional magnetic field map [Uhl04] to generate a set of possible particle tra-
jectories. In order to extract the hit information in a chosen detector from the information
obtained with the other detectors, the simulated tracks are fitted with a up48 theler
polynomials. Therefore, for example, the correlation functierfor the Xx-component of
a hit position in the chamber L with the hit positions in the N and M chambers is described

by:
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4 4
L* =" c;MIN?. (3.5)

i=0 j=0

Similar functions are obtained for the y-coordinates of three MPWCs, for D and F
detectors, and also for the interaction vertex.

With help of the described method the conditions for the track candidates are defined,
and with additional selection criteria defined in secfion 3.3.3 it is possible to eliminate
most of the hit combinations which do not belong to the real particles or are generated by
particles coming not from the interaction zone. Such false combinations and disturbing
particles are often referred &g background track&r the background particlgs

3.3.2 Particle mass determination

In order to assign a particle mass to a reconstructed track, another Monte-Carlo simula-
tion with the GEANT [Gro93] package has been performed. For all the combinations of
possible hits in the D and F detector paddles a flight path lefigtnd a corresponding

p/Z (particle momentum per charge) factor have been calculated. Appropriate momen-
tum spread resulting from the paddle sizes has been accounted for. Combining these
guantities with the measured time of flighit the mass and the charge for a given particle
track can be calculated from the relation:

(= (LyelEy — 1) (36)

The particle species where identified as tracks in the windayw @round the promi-
nent peak near their nominal mass value in the mass spectrum. Figure 3.2 presents mass
spectra of particles for a chosen spectrometer angle and magnetic field settings.

3.3.3 Definition of the tracking cuts

Already a rough comparison of real hits in the detectors with simulated hit positions as
well as the comparison of TOF information from both TOF measurements allow to define
the best track candidatesnd reject most of the fake tracks, however in order to signif-
icantly reduce the contamination of the background particles in the kaon and antikaon
samples, additional cuts have been applied.

The cut parameters for each positive magnetic field setting were obtained separately
using files acquired with the maximum angte,(. = 72°) set in the experiment.

The cuts have been defined as follows:
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Figure 3.2:Mass per charge spectra showing the measured data with the Kaon trigger and

also after applying the cuts defined with formulag 8.7, 3. and 3.10 for 3 different selection
windows (n = 1,2,3). Data sample acquired with the spectrometer &igle = 48° and
magnetic field settings 97

e geometrical cut in differences, in x-axis of L-chamber and in y-axis of N-chamber,
between the hits in the detectors (data) and the hit positions calculated using the
correlation functions (GEANT) defined in section 3]3.1:

|Lgeant - Léimz| <n- JLX (37)
and

|Ngeant - Ntha| <n- UNY‘ (38)

e TOF cut in the normalized beta variable calculated from the two TOF measure-
ments:

Fig.[3.3 presents the distributions of the cut variables defined by the LHS of formulas

[3.7,[3.8 and 3.10. The values have been obtained by fitting a Gaussian distribution
defined as

fla)=C-e 357, (3.10)
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Figure 3.3:Distributions of the cut variables defined in ¢q.]3.7] 3.8 [and]3.10 for each of
the magnetic field settings. From top to bottom in rows: 0.9T, 1.4T. From left to right in
1 1
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B

where(' is a constanty is a mean of the distribution.

Due to large differences in the mean values of the cut parameters distributions obtained
for each D-detector paddle cut parameters have been produced and later applied with
respect to each padctb%f, ag;r, agi (with ¢ = {1...16}). Fittedo values as as a function
of the D detector paddle are shown in fig.|3.4. The efficiency of those cuts applied with
n = 3 is presented in sectign A.5. Figyre|3.2 presents the mass spectra and the effect of

applying the cuts with different values of

3.4 Event centrality estimation

The impact parameters and the average numbers of participating nucleons have been cal-
culated within the nuclear overlap model introduced by Eskola in [EKL89]. The model
represents a nucleus-nucleus collision in terms of binary collisions between nucleons.

Let us introduce the nuclear density (r) normalized to the number of nucleoAs
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Figure 3.4:Cut parameters for each of the magnetic field settings. From top to bottom in

rows: 0.9T, 1.4T. From left to right in columnsy,¥, o, o,

/ Prna(r) = A. (3.11)
And the thickness function:
Ta(b) = [ o:o dena (V2 + 22), (3.12)
also normalized tot
/ d20T(b) = A. (3.13)

Variable z is the longitudinal coordinate anfdis a two dimensional vector in the
transverse plané (& |b|). Thus, the overlap functiofi,z(b) is defined as

Tap(b) = [ d1d220°(b — by — b2 Ta(B1) T(Ba). (3.14)

And it is normalized according to
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/ 20T 45(b) = AB. (3.15)

Defined quantities compose the set necessary for calculating the number of binary
collisions Nz;,c. fOr a nucleusA crossing the nucleus at impact parameter.

Npincor = 0" N Tap(b). (3.16)
Using the overlap model and assuming that the integrated spectra of the target detector

multiplicity A/, acquired with the minimum bias trigger (see fig.]3.5) is proportional to
the total reaction cross-sectiof};* such that:

ot =c- [ d, (3.17)

one can estimate the impact parameter range and the average number of participating
nucleons for a set of arbitrary centrality bins.

Bin Stats:

E Bin 1: 2182705 (51.0%)
. 10° _EIL"\ ] Bfn 2: 642462 (15.0%)
g = T T [] Bin 3: 638825 (14.9%)
s— 10° L ] Bfn 4:591419 (13.8%)
T g [ Bin 5: 223532 (5.2%)
- 3|
5 10°H
,F
10 El
10 Bin 1 BiR 2)[Bin 3] Bin 4] Bin5
1 E P P Y R PR Loy
0 10 20 30 40 50 60 70 80 90 100

IVIT-det

Figure 3.5:Target detector multiplicity spectrum separated into 5 centrality classes - used
in the centrality estimation of an event and the average nucleon participant number.

The target detector spectrum shown in thg fig.3.5 has been divided into 5 centrality
bins. Each bin contains certain percentage of the integral from the fofmula 3.17. A de-
tailed description of the divisions, corresponding impact parameters and average numbers
of participants calculated with a dedicated computer program [Mis04], are presented in
the tabld 3.1. Additionally, the numbers of participants from the projectile and the target
as a function of the impact parameter have been presented in|fig.3.6.
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Figure 3.6:Numbers of participating nucleons of the target and the projectile as a func-
tion of the collisions impact parameter. Result of the nuclear overlap model calculation
[Mis04].

Bin No. | %oree | DM | (Nyare) | (Neoit)
51.0 | >10.5 | 13.0 | 13.0
150 | 8.5-105 70.8 | 96.6
14.9 | 6.4-85| 140.6 | 2375
138 | 3.3-6.4 | 2355 | 464.2
52 | <33 | 332.0 | 7206

A W N

Table 3.1:The centrality bins selection as well as the calculated average number of par-
ticipants and the average number of collisions.

3.5 Reaction plane determination

For the reaction plane reconstruction, a variation of the Fourier coefficients analysis
Qethod has been appli€d [Ol195]. For each event, one definestlt®urier coefficient
Q, as:

N
611 = Zwiem‘f”', (3.18)
i=1

where N is the multiplicity of particles detected in the evenis the azimuthal angle
of the particle; and thew; is a weight factor. Usually the weight; is chosen to be the
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transverse energy of the particler its transverse momentum, however in the case of the
detector used in the experiment it is sufficient to choese= sin(6;), whered; is the
polar angle of the particlewith respect to the beam axis calculated from the hit position
in the small angle hodoscope. Hence, the Fourier coefficients can be written as:

Qn = (Q5.QY) (3.19)
with
N
Qi = w;cos(ng;), (3.20)
=1
N
QY = wisin(ng;). (3.21)
=1

whereg; is the azimuthal angle of the particlealculated from the hit position in the
small angle hodoscope.

Finally the orientation of the reaction plane in space is given by the azimuthal angle
®rp Which can be calculated for each event from the relation:

Y
Opp = arctan(gnxﬂn:l. (3.22)

Expanding the particle spectra in harmonics ( [SV96]) of the azimuthal angle with
respect tebip

dN n n
EdT = const - (1 + 2vicos(P — @%};) + 2v9cos(2(P — @%}3)) +...) (3.23)
P

one defines parameterg corresponding to the mean values

U = (cos(m(P — CIDEL?) )))- (3.24)

The parameter, is assigned to directed flow anmg to elliptic flow.

In order to select the spectators of a collision, an additional cut in the time of flight of
the particles detected in the small angle hodoscope is necessary. After the time of flight
calibration of the hodoscope modules, the window in the particles veloGily< g <
1.1 has been applied as a selection criterion for the spectator-like fragments. Additionally,
to remove the quantization of the detector, individual hit positighis v are random-
ized within the acceptance of a given detector moduehich registered a particle:
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T — % <M <z + %, (3.25)
i hit bi
Vi— 5 <Y <uityg, (3.26)

wherez; andy; define the position of the modulea; andb; are its width and height,
respectively.

3.6 Reaction plane normalization

In the collision of heavy-ions, none of the directions of the impact parameter véctor

is preferred. Therefore in the ideal case, the azimuthal angular distribution of the re-
action plane angl@yp is isotropic. Thus, the minimum bias measurements ought to
provide a flat distribution. However, even small misalignment of the beam position or
some detector specific features, such as poor acceptance, detector’s granularity or hard-
ware malfunctions may cause a significant distortion. Indeed, this is the case here. The
upper row of figur¢ 317 shows th&V/d¢ distributions before correction for each of the
centrality bins. In order to account for this asymmetry a normalization procedure for each
centrality class separately, has been applied.

The first step in the normalization procedure is to define a part of the hodoscope which
will serve as an active area for the reaction plane reconstruction. An optimal choice is a
symmetric shape in the azimuthal angle. The selection is chosen to be an area in between
two circles (see fi§.3]8). One around the center, where the modules have been removed
allowing the beam passage, and second with a maximum acceptable diameter fitting inside
the hodoscope plane. Let us define the new acceptance in the poladé@tigle

91 < 00 < 91[, (327)

where the polar angle) is defined by the beam axis and a vector pointing from the
target to an arbitrary position in the hodoscope plane. Thuescribes the inner circle
andd;; the outer one. Only hits contained withif, .. are taken into the analysis.

In the second step of the procedure, tidé area is divided into 3 equal sub-rings
603° (with j = {1,2,3}) of about3® each. These rings are further divided into a series
of slices, with a constamip; = 3° (with ; = 1..K) acceptance. For each of the; slices
in a single ringy¢;<, a correction parameter is calculated as the count rate in this slice

N/ normalized to the mean count rate in the ring:

. N/

i
T -

toXuM
K

(3.28)
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Figure 3.7:Minimum bias normalization procedure (see text). For each of the central-
ity bins (columns from LHS least central to most central on RHS) the upper row shows
uncorrected data, the middle row shows th¥/d¢ distributions after the symmetriza-

tion procedure, and finally the last row presents the distributions after the last correction.
Each data sample has been fitted with a function defingd by 3.29 - values showing the
anisotropy presented in the graphs.
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Figure 3.8:Schematic front view of the small angle hodoscope showing its granularity.
Shaded elements symbolize some faulty modules. The black square in the center is empty
space after removal of 4 smallest detector modules allowing free passage of the beam.
The two circles define a shape, fully symmetric in the azimuthal angle. This area is taken
into account in the analysis.

After applying the geometrical acceptance cut, define@ by| 3.27, and the correction
with parameter§ 3.28, the resulting distributions for each of the centrality bins (middle
row in fig.[3.7) are fitted with:

dN

~ 1+ 20y cos(Prp) + 2vy cos(Prp) + azsin(Prp). (3.29)
d®prp

The last step of the normalization procedure consists of weighting the event plane
angle®rp with a correction functiop 3.29. The corrected minimum bias reaction plane
angle distribution is to be seen in the bottom row in the fiurg 3.7.
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3.7 Reaction plane resolution

3.7.1 Method description

The method of obtaining the correction parameters used here is based on more detailed
derivations shown ir [OII97].

Azimuthal distributions expressed as Fourier series (see fofmula 3.23) define asym-
metry coefficients,, (eq.[3.24). In order to extract these parameters from the data one
has to take into account that the experimental determination of a reaction plane is limited
by detector coverage, detector resolution, and finite-number fluctuations. The measured
azimuthal angle) in an event may differ from the true azimuthal anglby a finite angle
A¢. Averaging over many events, assuming thandA¢ are statistically independent,
one obtains the relation between the measured and true Fourier coefficients:

(cos(n))) = (cos(ng)){cos(nAg)). (3.30)

In order to reconstruct the true distribution the correction factars(nA¢)) have to
be known.

The distribution of the azimuthal angle deviatidm and the Fourier coefficients can
be expressed in terms of a real paramgtarhich measures the accuracy of the reaction
plane determination:

ddi\;) ieXp( 1+ 2yl +er f(2)] exp (2%), (3.31)
cos(nag)) = ?XMWU s SRy 2p (5] (3.32)

wherez = x cos Ag, er f(z) is the error function and;, is the modified Bessel function
of order k.

The parameteg can be determined in terms of statistical analysis of the azimuthal
angle differences/¢) calculated for 2 (or more) sub-events of a given event. In the pro-
cedure presented here, each event was randomly divided into two sub-events containing
half of the partlcles each. Th@> vectors are reconstructed for the sub-events separately
resulting mQA andQB Since each sub-event contains ofly2 particles therefore the
corresponding parameter must be scaleg; = x5 = x/v/2 and the distribution of the
relative angleA® = |® 4 — ® | can be calculated analytically as:

dN e~ Xa
dAPR, 2

{i(l +x4) + 2(Io(2) + Lo(2)) + Xa(1(2) + Li(2))} (3.33)

wherez = % cos Ay, Ly andL; are modified Struve functions.
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3.7.2 Calculation of the correction parameters

The data from the small angle hodoscope acquired with the minimum bias trigger was
divided for each event into two subsets,;, and B,..,. For each subset the orientations
of the reaction plane were calculatablse, ®54t) and the differences

AR = ik — Dl (3.34)

accumulated over the events, separately for each centrality class. In order to obtain the
x and correction parameters for each centralityAeie distributions were fitted with
function defined by eq. 3.B3. The correction parameters were then obtained with formula

3.32.

For the azimuthal emission pattern parameterized in the form

ZZ ~ 1+ 20, cos(6) + 2uy cos(26) (3.35)

the corrected (real);”” andv$”™" parameters were calculated as:

corr __ U1

U = Teos(AaT) (3.36)

and

corr __ U2

A P IIIE (3.37)

The values of the correction factofsos(A¢)) and (cos(2A¢)) extracted from the
procedure are listed in talle 3.]7.2. Additionally systematic error estimates &ord v,
(also shown in table 3.7.2) have been derived taking into account the errors given by the
fits and the uncertainties related to small deviations of the calculations of the reaction
plane resolution performed for each individual measurement setting of the magnetic field
and laboratory angle. These errors are later added to the statistical uncertainties and
indicated as a one number on all of the presented plots.
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Figure 3.9:Ad%e distributions for different centrality selections.

Centrality Bin| x/v2 | (cos(A¢)) | (cos(2A¢)) | Syst. Err.v; | Syst. Err.v,
Integrated | 1.30+0.00| 0.81+0.01 | 0.52+0.01 +0.005 +0.008
1 1.25+0.01| 0.80+0.01 | 0.50+0.01 +0.005 +0.008
2 1.45+0.01| 0.85+0.01 | 0.58+0.01 +0.005 +0.008
3 1.41+0.01| 0.84+0.01| 0.5740.01 +0.005 +0.008
4 1.20+0.01| 0.78+0.01 | 0.4740.01 +0.005 +0.008
5 0.86+0.01 | 0.64+0.01| 0.29+0.01 +0.011 +0.016

Table 3.2: The correction parameters for reaction plane resolution and the systematic

error estimates fop; andwvs.
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Chapter 4

Experimental results

4.1 The Measurement

The experiment discussed in this dissertation took place in the summer of 2001 at GSI
facility in Darmstadt. The beam delivered to the experimental area had a kinetic energy
of 295.5GeV (1.5A-GeV) and consisted of gold nucl&l” A+™*. The intensities reached
5-108® particles per spill with a spill length of about 10s. In a single cycle after the primary
acceleration in the linear accelerator UNILAC, not fully stripped iofi64u5%*) were
injected into SIS synchrotron and accelerated to ab@d#GeV'. From there the beam

was transported to the ESR Storage Ring. Before entering the ring, the beam traversed a
foil and was fully stripped. Then the fully stripped ions were injected to the ESR storage
ring in order to minimize the transverse spread of the beam particles with an electron
cooler. The last stage of the cycle was the second acceleration in the SIS synchrotron
until the full energy has been reached. One full cycle took approximately 30s.

In the experiment a gol&” Au target,0.5mm thick was used, which corresponds to
1.8% interaction probability for each incidertu projectile.

4.2 Particle yields

The main goal of the experiment was to measure the azimuthal angular distribution of
kaons and antikaons close to mid-rapidity. The measuremem& aind X~ mesons

were performed with two magnetic field settings0(97" and —1.47") and at two spec-
trometer anglesé(,.. = {40°, 48°} which cover a phase-space region close to mid-
rapidity 0.2 < 4/Ypearn < 0.55) and transverse momentum range0df < p, < 0.8.

In addition, positively charged particles were measured also at the spectrometer angle of
72° and the two magnetic field settinQ97 and1.47". As a result the direct comparison

of K and K~ mesons is possible for the measuremeng$atk 0,,, < 52°. The phase

37
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Figure 4.1:Phase space populations af" (left) and K~ (right) measured at spectrom-
eter angles 40deg and 48deg.

space populations & and K~ mesons measured close to mid-rapidity are presented

in figure[4.].

4.3 Production cross-sections

The procedure of obtaining differential cross-sections has been described in the appendix
[A] Double differential cross-sections for positively and negatively charged pions and
kaons are presented in figufes]|4.2 4.4. Fidurgs 4.8 ahd 4.5 show comparisons of
the obtained cross-sections of pions and kaons with the previous measurements by KaoS
collaboration|[l©r03]. The cross-sections are in agreement within the systematic uncer-
tainties of these measurements. The systematic errors of the cross-sections presented in
this work are not indicated on the plots, but summarize¢d in A.8.

After transformation to the center of mass frame (see appgndix B), the invariant cross-
section

d3
Oiny = Edp‘; (4.1)

for K™ and K~ mesons has been reconstructed. The distributions have been fitted
with a Boltzmann function
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Figure 4.2:Double differential cross-sections of measured pions (upper figure lower
figure -7 ) at different spectrometer angles as a function of the laboratory momentum.
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Figure 4.3:Double differential cross-sections of measured pions (upper figure lower
figure - 77) at different spectrometer angles as a function of the laboratory momentum
compared to the previous measurements by KaoS collaboration.
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ferent spectrometer angles as a function of the laboratory momentum compared to the
previous measurements by KaoS collaboration.
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Figure 4.6: Invariant cross sections ok + and K~ as a function of the energy in the
center of mass system. The data have been selectéx], foe 90° + 7.5°. Distributions
were fitted with Boltzmann function defined by fornjula 4.2.

Ao E.,
Ecm@ = C . Ecm eXp(— T

) (4.2)

whereC' is a constantF.,, is the energy in the center of mass frame, and T is the
inverse slope parameter. Figyre]4.6 presents the invariant cross-sections of kaons and
antikaons selected with a condition for emission angle in the center of mass @ame
around90deg (82.5° < Ocm < 97.5°). The values of inverse slope parameters obtained
by the fitsTy+ = 103 + 2MeV andTx- = 88 £ 3MeV are in agreement with previous
observations by KaoS collaboration [Stu0dr@&3] within the experimental uncertainties.
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4.4 Azimuthal angular distributions

The emission patterns presented in this chapter are parametrized with a function

Cf;;[ ~ 1+ 2v; cos(@) + 2v, cos(2¢). (4.3)
wherewv; andwv, are the anisotropy parameters of directed flow and elliptic flow re-
spectively, corrected for the reaction plane resolution (see s¢ctipn 3.7). The distributions
and values presented in figures of the next sections are corrected for the reaction plane
resolution. The errors indicated on the plots contain both statistical and systematic uncer-
tainties. In order to assure as background free as possible angular distributions of kaons
and antikaons the azimuthal emission patterns have been reconstructed with cut widths of

n = 3 (30) for kaons andv = 2 (20) in case of antikaons (as defined in secfion 3.3.3).

In cases where the background was still visible the azimuthal emission pattern of the par-
ticles in the near of the kaol£™***) mass region has been reconstructed, however, the
flow signal, bothv; andw,, has been on the order of 2% and taking into account the con-
tamination factor being below 10% the additional uncertainities in the reconstructed flow
parameters for kaons and antikaons is of the order of 0.002 and therefore it is considered
as a part of the systematic error.

4.4.1 Collective flow measurements close to target rapidity
Protons

An interesting observable for collective flow phenomenon in heavy-ion collision is the
azimuthal emission pattern of protons. One expects that nucleons, heavier than pions or
kaons, carry most of the flow. Figure #.7 presents multiplicities of measured protons as a
function of the transverse momentum and normalized rapidity. Particles were measured at
the 3 different spectrometer angles 40, 48 and 72 degrees. The range of explored rapidities
is in the backward hemisphere. Azimuthal emission pattern of protons with transverse
momentum larger than 0.4 GeV for all measured rapidities is shown in figure 4.8. The
large (negative) value of the directed flow parameiteindicates a strong asymmetry in

favor of the direction towards the target. Additionally a negativéndicates enhanced
out-of-plane emission.

In order to study the collective motion of particles in more detail the data set has
been divided into several rapidity regions. Figlre| 4.9 shows the azimuthal emission
pattern of protons for two different rapidities: 10W.05 < y/ypeam < 0.15) and high
(0.15 < y/ypeam < 0.45). It is observed that anisotropy parameters of directed figyv (
and elliptic flow () vary with rapidity. Figurg 4.10 shows, andv, parameters as a
function of normalized rapidity. Close to target rapidity the directed flow of protons is
negative, and when approaching mid-rapidity, lowers its strength, while the elliptic flow
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Figure 4.7: Phase space popula-
tions of protons measured at spec-
trometer angles 40deg, 48deg and
72deg.
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Figure 4.8:Azimuthal angular dis-
tribution of protons from Au+Au at
1.5AGeV. Data selected as events
with b > 6.4 fm, rapidity range of
0.05 < Y/Ypeam < 0.5 and trans-
verse momentuihg < p; < 1.5.

component starts slightly negative and moves towards more negative values. The out-
of-plane emission close to mid-rapidity has been already observed by other experiments

[G+90,[LF93,[B796].
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Figure 4.9:Azimuthal angular distributions of protons from Au+Au at 1.5AGeV for two
rapidity regions:0.05 < y/Ypeam < 0.15 (left) and0.15 < y/ypearn < 0.45 (right). Data
selected with impact parameter> 6.4 fm and transverse momentumt < p; < 1.5.

For the data set closest to target rapidity (72 degrees measurement) the directed flow
has been studied as a function of transverse momentum of the protons (see fig. 4.11).
The anisotropy parametet is negative over the range of measupedThe flow strength
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Figure 4.10: Directed and elliptic flow Figure 4.11:Directed flow of protons as
parameters of protons as a function of a function of transverse momentum. Data
normalized rapidity. Data selected with recorded close to target rapidity0(I <
impact parameteb > 6.4 fm and trans- Y/ Ybeam < 0.23) with centralitiesd >
verse momentum4 < p; < 1.5. 6.4fm.

reaches an extremum aroufd5 GeV and the observed trend to decline towards zero
agrees with the expected behavior as the collective flow should lower its strength for
particles withp, approaching zero. Figufe 4]11 shows also a comparison of the data
obtained by KaoS to the similar measurement by Fopi Collaboratio®IAAnd05].

Data agree quite well and both data sets show similar trend of negatioeer thep;
range.
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Pions

Measurements close to target rapidity were performed only for positive field settings, thus
only positively charged particles were detected. The measured phase space distribution of
pions at 72deg angle is presented in fig. #.12, and the corresponding azimuthal emission

pattern in fig[ 4.13.
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v, = -0.03+ 0.02
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Figure 4.12:Phase space populations Figure 4.13:Azimuthal angular distri-
of 7™ measured at spectrometer angle bution of 7 mesons from Au+Au at
72deg. 1.5AGeV. Data selected as events with

b > 6.4fm, rapidity range 0f0.05 <
Y/Ypeam < 0.25 and transverse mo-
mentun).2 < p; < 0.8.

It shows the flow directed towards the forward hemisphere and a squeeze-out signal.
Dividing the data into two transverse momentum sets (sge fig.4.14) exhibits that the di-
rected flow signal is driven by the low momentum particles and a pronounced out-of-plane
emission int90deg is a characteristic of the high momentum pions.

Figure/4.15 shows the dependence of the directed flow componentf pions close
to target rapidity. The observed cross-over from positive to negative valuesasf a
function of transverse momentum provides an interesting view into the reaction dynamics.
Data show that the high-energy pions are preferentially emitted towards the target spec-
tator matter but low-energy particles are emitted in the opposite direction. The change of
sign of the directed flow parameter can be used to relate the transverse momenta to the
time scale of a collision [WO0Q]. In the early stage of the collision particles are shadowed
by the projectile spectator matter such that the enhanced emission towards the target is ob-
served. On the other hand, in the late stage of the collision the situation is inverted, such
that the target spectators shadow the flight path of the particles and an enhanced signal for
vy In the direction of projectile is generated. Therefore one may conclude that the high
momenta particles are emitted earlier than the ones with low momenta. Moreover, let us
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Figure 4.14:Azimuthal angular distribution of* mesons from Au+Au at 1.5AGeV. Data
selected as events with> 6.4 fm, rapidity range 0f0.05 < y/Ypearn < 0.25 and two
transverse momentutn2 < p, < 0.5 (left) and0.5 < p, < 0.8 (right).

note that specially in case of low momenta, the Coulomb repulsion is the additional
force pushing particles away from the collision zone.

Au+Au 1.5 AGeV
- 0.15<yly, <0.25

0.1~

Directed Flow
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| | |

0.3 0.4 0.5 0£6 017
p, (GeV)

Figure 4.15:Transverse momentum dependence of the asymmetry parametersz-
imuthal emission pattern af" measured close to target rapidity.05 < y/Ypeam < 0.25)
determined with formula 4.3 for non-central everits=(6.4 fm).
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Kaons

Kaon phase space populations measured close to target rapidity are showrj in fig. 4.16.
Azimuthal angular emission pattern (see fig. 4.17) shows a preference of directed flow
towards the target and a clear squeeze-out signal. However, the low maffifenmasons
presented in fig| 4.18 show no preference in the emission direction, while the strong
directed flow towards the target and a pronounced out-of-plane emission is to be found
for the high momenta particles (right panel of figure 4.18).

S
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0.6 —
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; &
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] ‘—lz
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v, = -0.05 + 0.03
%oz 04 06 08 1 P50 90 0 90 180
Y'Ypeam ¢ (deg)
Figure 4.16:Phase space populations Figure 4.17: Azimuthal angular dis-
of K+ measured at spectrometer angle tribution of Kt mesons from Au+Au
72deg. at 1.5AGeV. Data selected as events

with b > 6.4fm, rapidity range of
0.05 < ¥/Ypeam < 0.25 and transverse
momentund.2 < p; < 0.8.

Further division of the data has revealed that kaons with low transverse momenta show
a enhanced emission towards the projectile and the particles witlpaga preferentially
emitted towards the target matter. The dependence of the directed flow as a fungtion of
is shown in figuré 4.79. The observed behavior of directed flow of kaons is very similar to
the one of pions. Similarities of the observed directed flow behavior of pions and kaons
may suggest that the underlying phenomenon in both cases is the shadowing mechanism.
However, let us note that the re-scattering probability for pions are much larger than for
kaons.
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Figure 4.18:Azimuthal angular distribution oK mesons from Au+Au at 1.5AGeV. Data

selected as events with> 6.4 fm, rapidity range of0.05 < y/Ypear < 0.25 and two
transverse momentutn2 < p, < 0.5 (left) and0.5 < p, < 0.8 (right).
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Figure 4.19:Transverse momentum dependence of the asymmetry parametersz-

imuthal emission pattern oK measured close to target rapidit.05 < y/Yoeam <
0.25) determined with formula 4.3 for non-central everits-(6.4 fm).
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Figure 4.20:Phase space populationsof (left) and=~ (right) measured at spectrome-
ter angles 40deg and 48deg.

4.4.2 Elliptic flow measurements

Pions

The measured phase space populations of positively and negatively charged pions mea-
sured close to mid-rapidit¥)(2 < y/yseam < 0.6) are shown in figl 4.30. Their azimuthal
angular distributions analyzed for semi-peripheral collisidns- (6.4 fm) are presented

in figure[4.2]. The anisotropy componentis close to zero as the directed flow of nu-

clear matter is expected to vanish for symmetry reasons at mid-rapidity. However, small
deviations from zero appear. The measurement is not symmetric around mid-rapidity
and a specific acceptance of the spectrometer also influences the result. Measurements
performed at a chosen spectrometer angle are not homogeneous in the rapidity variable.
Particles with low transverse momenta are measured at slightly lower rapidities than the
particles with high momenta.

Figure[4.2]l presents an enhanced out-of-plane emission ofddodnd =~. The
squeeze signal of pions was already found in Au+Au collisions at 1.0 AGe\93B
BT97] and also recent analysis of Au+Au at 1.5 AGeV and Ni+Ni at 1.93 AGeV heavy-
ion experiments [Br03, Uhl04] has revealed similar pattern.

Figure[4.22 shows measured pions at mid-rapidity for two different transverse mo-
mentum regionst.2 < p; < 0.5 and0.5 < p; < 0.8. The elliptic flow parameter shows
only a slight change with increasing.
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Figure 4.21:Azimuthal angular distribution of* (left) and7~ (right) from Au+Au at
1.5AGeV. Data selected as events with 6.4 fm, rapidity range 00.2 < y/ypeam < 0.6
and transverse momentun? < p, < 0.8. Lines represent fits according to form{ila}4.3.
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Figure 4.22:Azimuthal angular distribution of* mesons from Au+Au at 1.5AGeV for
two transverse momentum bing:2 < p, < 0.5 (left) and0.5 < p; < 0.8 (right).
Data selected as events with> 6.4 fm, rapidity range 0f0.2 < y/ypeam < 0.6. Lines
represent fits according to formula 4.3.

Similar results have been obtained for. Figure[4.2B presents azimuthal emission
pattern for the two transverse momentum selections. The emission pattern has the same
shape for botlr™ and=~. Further divisions of the data into several transverse momentum
bins have shown very little dependence of the elliptic flonpgd.24.
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Figure 4.23:Azimuthal angular distribution of~ mesons from Au+Au at 1.5AGeV for
two transverse momentum bing:2 < p, < 0.5 (left) and0.5 < p, < 0.8 (right).
Data selected as events with> 6.4 fm, rapidity range 0f0.2 < y/ypeam < 0.6. Lines

represent fits according to formula 4.3.
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Figure 4.24:Transverse momentum dependence of the asymmetry paraméberaz-
imuthal emission pattern of - and7~ parametrized with formula 4.3.
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Kaons

Azimuthal angular distribution of kaons have similar characteristic as pions. figufe 4.25
showsK ™ and K~ mesons measured around mid-rapidity (with spectrometer angles 40
and 48 deg) from Au+Au collisions at 1.5AGeV with impact parameters 6.4 fm.

Both distributions show enhanced out-of-plane emission with very similar elliptic flow
(v9) parameters.

K* 027<p <0.80 K~ 028<p <0.80
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Figure 4.25:Azimuthal angular distribution ot (left) and K~ (right) from Au+Au at
1.5AGeV. Data selected as events with 6.4 fm, rapidity range 00.2 < y/ypeam < 0.6
and transverse momentun? < p, < 0.8. Lines represent fits according to form{ila}4.3.

Figure[4.26 presents azimuthal emission pattern& bfmesons for two transverse
momenta sections low)2 < p; < 0.5) and high (0.5 < p; < 0.8). The distributions
display no change of the flow components. Figure}4.30 shows that the elliptic and directed
flow of K™ mesons is almost constant as a function of transverse momentum.

K+ 0.27 < P, < 0.50 K+ 0.50 < P, < 0.80
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Figure 4.26:Azimuthal angular distribution of{* mesons from Au+Au at 1.5AGeV for
two transverse momentum bing:2 < p, < 0.5 (left) and0.5 < p; < 0.8 (right).
Data selected as events with> 6.4 fm, rapidity range 0f0.2 < y/ypeam < 0.6. Lines
represent fits according to formula 4.3.
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Y/Yseam | pi(GeV) Vs
0.25-0.57| 0.27 - 0.80| -0.054+ 0.02
0.25-0.48| 0.27 - 0.50| -0.064+ 0.02
0.30-0.57| 0.50 - 0.80| -0.04+ 0.02
0.25-0.42| 0.27 - 0.35| -0.03+ 0.04
0.25-0.48| 0.35-0.45| -0.05+ 0.03
0.30-0.50] 0.45-0.55| -0.05+ 0.03
0.32-0.52| 0.55-0.65| -0.05+ 0.03
0.35-0.57| 0.65-0.75| -0.06+ 0.04

Table 4.1:Detailed measurements: elliptic flow &f" mesons a86° < 6,,, < 52°(see

fig.[4.28 and fig[ 4.29).

The situation is different foik ~ mesons. Figurg 4.27 presents the emission pattern
of antikaons for the two different transverse momentum selectidis. mesons with
low transverse momenta.¢ < p, < 0.5) exhibit almost isotropic emission (within the
experimental uncertainties, ~ 0) in contrast to strong out-of-plane enhancement at
high transverse moment&.{ < p;, < 0.8). The data sets oK+ and K~ mesons have
been subdivided into more similar acceptance transverse momentum bins. The detailed
distributions are shown in fig. 4.8 ahd 4.29. The transverse momentum dependence of
the elliptic flow for both kaon species has been gathered in figuré 4.30. In addition the
v, values have been collected in taple] 4.1 forof and[4.2 forK— mesons. In contrast
to K the elliptic flow of K~ mesons shows a transition from in-plane to out-of-plane
emission which appears to happen at transverse momentum ardu@d}’.
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Figure 4.27:Azimuthal angular distribution of — mesons from Au+Au at 1.5AGeV for
two transverse momentum bing:2 < p, < 0.5 (left) and0.5 < p, < 0.8 (right).
Data selected as events with> 6.4 fm, rapidity range 0f0.2 < y/ypeam < 0.6. Lines
represent fits according to formula 4.3.

K* mesons measured in Au+Au at 1.0 AGeV show an out-of-plane enhancement
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Figure 4.28:Azimuthal angular distribution o™ mesons (left) and&~ mesons (right)
from Au+Au at 1.5AGeV for 3 lowest transverse momentum bins. Data selected as events
with b > 6.4 fm, rapidity range 0f0.2 < y/yseam < 0.6. Lines represent fits according to

formulal4.3.

(v2 < 0) in semi-peripheral collisions at mid-rapidity {88]. Similar observations were
made with previous experiments: Au+Au at 1.5 AGeV and Ni+Ni at 1.93 AG&N(QFE,

UT04]. The results of the previous measurementsof mesons from Au+Au at 1.5
AGeV are shown in table 4.3. Theg values are lower (stronger squeeze-out signal) and

a dependence of elliptic flow on transverse momentum can be seen. Unfortunately, a
complete and quantitative comparison to these results is not possible due to quite large
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Figure 4.29:Azimuthal angular distribution of{ * mesons (left) and~ mesons (right)

from Au+Au at 1.5AGeV for 2 highest transverse momentum bins. Data selected as events

with b > 6.4 fm, rapidity range 0f0.2 < y/yseam < 0.6. Lines represent fits according to

formula/4.3.

y/ybeam

pi(GeV)

V2

0.25-0.55

0.28-0.80

-0.04+ 0.03

0.25-0.50
0.32-0.55

0.28-0.50
0.50-0.80

0.01+0.04
-0.09+ 0.04

0.25-0.42
0.25-0.48
0.30-0.53
0.33-0.55
0.35-0.55

0.28-0.35
0.35-0.45
0.45-0.55
0.55-0.65
0.65-0.75

0.11+ 0.08
0.03+ 0.06
-0.09+ 0.05
-0.15+ 0.05
-0.10+ 0.07

Table 4.2:Detailed measurements: elliptic flow &f~ mesons aB6° < 6,,, < 52° (see

fig.[4.28 and figl 4.29).

differences in the rapidity regions covered by the two experiments. On the other hand,
one may observe the trendaf as a function op; seen in the previous experiment is not

pronounced in the new measurement.
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Figure 4.30:Transverse momentum dependence of the asymmetry paramefersz-
imuthal emission pattern df + and K~ mesons parametrized with formdilaj4.3.

y/ybeam

pi(GeV)

V2

0.1-0.3
0.1-0.3

0.2-0.5
0.5-0.8

-0.08+ 0.03
-0.1+ 0.06

0.3-04
0.3-04

0.2-0.5
0.5-0.8

-0.08+ 0.03
-0.11+ 0.06

0.4-0.6
0.4-0.6

0.2-0.5
0.5-0.8

-0.07+ 0.02
-0.15+ 0.03

Table 4.3:Previous measurements of elliptic flow/6f- mesons in Au+Au reactions at
1.5 AGeV|[for03].

Let us also note at this point that the in-plane elliptic flow pattesn> 0) of K~
mesons has been already observed in the measurement at mid-rapidity of semi-peripheral
Ni+Ni collisions at 1.93 AGeV/[U 04].



Chapter 5

Discussion

5.1 Sensitivity of kaon production to in-medium effects

Theoretical models involve the existence of kaon-nucleon potentials which play an im-
portant role inside dense and hot matter - e.g. altering kaon masses|GEBT94, WKW96,
KN86]. The potentials also influence the production thresholds, lowering the threshold
for K~ meson production and increasing it fAi. As a consequence, th€~ yield

in heavy-ion collisions at bombarding energies below the threshold in nucleon-nucleon
reactions will be enhanced significantly as compared to the case without. In contrast,
the yield of K™ mesons was predicted to decrease. A comparison of the invariant pro-
duction cross-sections df ™ and K~ mesons a¢;; = 90° to several microscopic
transport calculations is shown in figyre|5.1. In casekof mesons the data are un-
able to rule out the free case (without KN potentials) [Bra05] but they also show quite
good agreement over the large range of the spectrum witGHival Perturbationmodel
[MBSB™04, [Bra0%] which includes the in-medium effects. On the other handsthe
matrix calculations[[CTBRO3, Bra05] which also include the KN potentials is unable to
reproduce the data. The situation is quite different &or mesons. Here the data are

in favor of the calculations with the in-medium potentials, however it is not possible to
discriminate between the models while the low energy part of the data agree with the Chi-
ral Perturbation and the high energy part is quite well reproduced by the G-matrix model
without pion dressing. The second calculation within the G-matrix approach which in-
cludes the pion dressing as well as the calculation in the free case fail to describe the data.
Let us note that within the statistics of the G-matrix calculationfor mesons the model

with pion dressing is consistent with the calculation without pion dressing.

The in-medium potentials acting differently on both kaon species have triggered in-
vestigations focused on th€~ /K™ ratio as an even more sensitive observable for the
in-medium effects. The theoretical models showed that the ratio calculated as a function
of kinetic energy, transverse mass or participating nucleons with the in-medium effects

59
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Figure 5.1:Invariant cross-sections df * (upper plo)} and K~ mesons (lower pldtre-
constructed foB¢,; = 90°+7.5° as a function of kinetic energy in the center of mass sys-
tem. Comparison of the data to the theoretical models with different approgches [Bra05]
for including the in-medium effects (e.g. Chiral Perturbation [MB88] and G-matrix
off-shell transport calculations [CTBR03]), but also without in-medium potentials.
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Figure 5.2: K~ /K™ ratio as a function of the kinetic energy in the center of mass system.
Comparison of the data to the theoretical models with different approaches [Bra05] for
including the in-medium effects (e.g. Chiral Perturbation [MB®8] and G-matrix off-
shell transport calculationd [CTBR03]), but also without in-medium potentials - “free”
case.

included was different in shape and magnitude as compared to the one without taking into
account potentials [Li]. Indeed the analysis of C+C collisions at 1.8 AGeV performed by
KaoS collaboration has revealed a strong dependence df the<" ratio on the kaon
kinetic energy![799]. The K~ /K™ ratio has been reconstructed here for much heavier
system - Au+Au - at 1.5 AGeV and compared to several theoretical models (seeffig. 5.2).
It can be seen that the data are unable to rule out any of the presented models.

5.2 Elliptic flow - the observations

5.2.1 Pions close to mid-rapidity

Azimuthal angular emission patterns of measurécand=— mesons in non-central col-

lisions close to mid-rapidity show an enhanced out-of-plane emission common to both
particle species over the range studied in the experiment (see flg. 5.3). This points to a
conclusion that the production and propagation of those particles are similar. In fact, the
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Figure 5.3:Azimuthal angular emission patternsof, 7~ mesons measured in Au+Au

at 1.5 AGeV collisions close to mid-rapidity in non-central events segmented in rows
accordingly. Figures of a single column correspond to one of the transverse momentum
sets: withoup, selection (left columpwith lowp, (0.2 < p, < 0.5 - middle columhpand
highp, (0.5 < p; < 0.8 - right columr). Lines represent fits according to form{ilaj4.3.

theoretical models agree with the observations [BHSG93, BG95]. The enhanced out-of-
plane emission is explained with help of the participant-spectator model of a heavy-ion
collision. Produced pions, having a very short mean free pgth £ 0.3 fm atp,), may

easily undergo an absorption process or re-scatter in the spectator matter. The dominant
processes of absorption and re-scattering of pions at the energy range discussed here are
TNN — AN — NN andnrN — A — 7w N, whereA is a resonance state. The pro-
duction mechanism of pions at SIS energies is dominated by the decaysesbnances.
Additionally, larger N cross-section limits their in-medium mean free path. Therefore,
the shadowing effect of the spectators is the reason for the bulk of pions appearing in the
out-of-plane direction. This results in negativevalues of their elliptic flow. Similar
behavior has been observed in many other heavy-ion experiments with different systems
and collision energie$ [Wag960F3, Uhl04] (see fig. 5|4 and 5.5).
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Figure 5.4: Azimuthal distribution ofr™ )

and K mesons for semi-central Au+Au
collisions at 1.5 AGeV. The data are cor-
rected for the resolution of the reaction
plane and refer to impact parameters of
59fm < b < 10.2fm, rapidities of
0.3 < ¥/Yeamn < 0.7 and momenta of
0.2GeV/ec < pt < 0.8GeV. The lines
are fits with functionj 4]3 resulting in the
values forv; andwv, as given in the figure.
Figure taken from([U 04].

Figure 5.5:Azimuthal distribution ofr™,
K* and K~ mesons for semi-central
Ni+Ni collisions at 1.93 AGeV. The data
are corrected for the resolution of the re-
action plane and refer to impact param-
eters of3.8fm < b < 6.5fm, rapidities
of 0.3 < y/Ypearmn < 0.7 @and momenta of
0.2GeV/c < pt < 0.8GeV. The lines are
fits with functiori 4.3 resulting in the val-
ues forv; and v, as given in the figure.
Figure taken from|[U 04].

5.2.2 Kaons and antikaons close to mid-rapidity

The azimuthal angular emission patterngdfandr— close to mid-rapidity in non-central
collisions shows no dependence on transverse momentum of the particles (§eq fig. 5.3).
Similar behavior is observed for kaons (seeffig] 5.6). Close to mid-rapidity they show an
enhanced out-of-plane emission in semi-central collisions, and their azimuthal emission
patterns exhibit very little dependence on transverse momentum. The squeeze-out signal
is remarkable since the probability for interaction inside the fireball is much smaller for
kaons than for pions. Due to the absenc&GfN resonances kaons should leave interac-
tion zone almost intact. Therefore, the squeeze-out of kaons cannot be justified by simple
shadowing effect as compared to the pions. Out-of-plane, emissiéin" dfas been al-
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Figure 5.6: Azimuthal angular emission patterns &f" mesons measured in Au+Au at
1.5 AGeV collisions close to mid-rapidity in non-central events. Figures from left to right
correspond to one of the transverse momentum sets: with@aalection (left, with low

P (0.2 < p, < 0.5 - middle and highp, (0.5 < p, < 0.8 - right). Lines represent fits
according to formul& 4]3. -
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Figure 5.7:Azimuthal angular emission patterns 8f~ mesons measured in Au+Au at
1.5 AGeV collisions close to mid-rapidity in non-central events. Figures from left to right
correspond to one of the transverse momentum sets: with@aalection (left, with low

P (0.2 < p; < 0.5 - middlg and highp, (0.5 < p, < 0.8 - right). Lines represent fits

according to formula 4]3.

ready observed in Au+Au collisions at lower energies (1.0 AGeV PR and has been
interpreted as a direct confirmation of a repulsive KN potential [WFFGB99, LKB98].
The squeeze signal fdk ™ mesons has also been observed in the previous experiments
by the KaoS collaboration in Au+Au at 1.5 AGeV but also in Ni+Ni at 1.93 AGeV
[F6r03,[UNI04) U 04] (see fig.[ 54 and 5.5). The integrated azimuthal angular dis-
tribution of antikaons &) measured close to mid-rapidity shows similar shape as the
one of K* (see fig.[ 5.]7). However, the analysis of the emission pattern as a function
of transverse momentum reveals tikat mesons withp, < 0.5 GeV are emitted nearly
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Figure 5.8: Elliptic flow of K and K~ mesons as a function of transverse momenta
measured in Au+Au at 1.5 AGeV collisions close to mid-rapidity. Data selectedfor
6.4fm.

isotropically whereas particles with > 0.5 GeV show a strong out-of-plane enhance-
ment. Finer binning irp; shows a strong dependence of elliptic flow/6f mesons on
transverse momentum (see fig.|5.8). The cross-over from out-of-plane at high momenta to
in-plane emission at low momenta suggests a high sensitivity of their azimuthal emission
pattern to the reaction dynamics. Let us note that the predictions suggested an almost
isotropic emission pattern fak~ mesons as a consequence of the attradtiveV po-

tential balancing the large re-scattering and absorption probabilify ofmnesons in the
spectating fragments [WEFGB99] (see secfion} 5.3). On the other hand, an indication of
an in-plane elliptic flow of~ mesons at mid-rapidity has been found in the Ni+Ni reac-
tions at 1.93 AGeV by the KaoS collaboration [URI04;@4] (see fig[ 5.5).

5.3 Elliptic flow - the observable for KN potentials ?

Figure[5.9 shows a comparison of the measured azimuthal angular distributiéfis of
mesons to the recent calculations [Bra05] performed with the necessary experimental ac-
ceptance cuts. The calculated emission pattern and the one obtained from the experiment
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Figure 5.10:Elliptic flow of K mesons
as a function of transverse momentum.
The results of the calculations [Bra05,
CTBRO03, MBSB04] and data from the
measurement selected for non-central
Au+Au collisions at 1.5 AGeV close to
mid-rapidity.

Figure 5.9: Azimuthal angular distribu-
tion of Kt (left) mesons measured close
to mid-rapidity in Au+Au at 1.5 AGeV
collisions compared to various transport
model calculations.

are quite consistent and it is hard to raise a strong argument in favor of any model.

The elliptic flow of kaons (fig[ 5.10) as a function of their transverse momentum also
shows that the influence of the potentials on kaons is not very pronounced and in fact, it is
impossible to distinguish between the models within the experimental uncertainties. More
to that, the calculations suggest that the out-of-plane emissiéintatan be partially ex-
plained without including the in-medium potentials. Similar observation of squeeze-out
signal as an indication of kaon re-scattering have been already suggested by the IQMD
model [H"98,[HAO4]. This was not the case in predictions for mesons emitted from
Au+Au at 1.0 AGeV [LKB96, LKB98| WFFGB99]. Therefore, the squeeze-out signal of
K mesons produced in a model without in-medium potentials could be either attributed
to the larger scattering probability in the densities reached in a Au+Au collision at 1.5
AGeV or to the evolution of the theoretical considerations. In addition, the compari-
son of the azimuthal angular distributions & mesons from Ni+Ni reaction at 1.93
AGeV to the IQMD calculations [H98,[ HAO04] show that the squeeze-out signal can be
partially reproduced by the model assuming kaon re-scattering but without including the
in-medium potentials [J04].

More discriminating information may be extracted from the azimuthal angular distri-
bution of K~ mesons. The emission pattern presented in[fig.|5.11 speaks in favor of
calculations predicting out-of-plane emission of antikaons. The squeeze-out signal is in
contradiction to early predictions [WFFGB99] and tGhiral Perturbationmodel. The
behavior seen in the data is reproduced by G-matrix as well dscheasge.g. without
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Figure 5.11: Azimuthal angular distri- Figure 5.12:Elliptic flow of K~ mesons

bution of K~ mesons measured close as a function of transverse momentum.

to mid-rapidity in Au+Au at 1.5 AGeV  The results of the calculations [Bra05,

collisions compared to various transport [CTBR03, MBSB04] and data from the

model calculations. measurement selected for non-central
Au+Au collisions at 1.5 AGeV close to
mid-rapidity.

KN potentials) which also shows moderate out-of-plane emission.

Figure[5.1 shows a comparison of the measured elliptic floW ofmesons to the cal-
culations as a function of transverse momentum. It is evident that the data in the high
p; region prefer the calculations which include the in-medium effects with the G-matrix
off-shell transport approach. The chiral perturbation model fails to reproduce elliptic flow
of antikaons over the range of high transverse momentum. On the other hand, the Chiral
Perturbation model as well as the calculations without in-medium potentials are some-
what closer to reproduce the lgw data, where the in-plane flow is observed. However,
the cross-over from in-plane to out-of-plane emission with increasing transverse antikaon
momentum is not seen in any of the models.

5.4 What do we actually observe ?

In order to explain the emission &~ mesons - out-of-plane at hight and in-plane at

low p; - it is worthwhile to compare the time evolution of the kaon and antikaon number
in different transport calculations. Figyre §.13 shows the production rat&s @nd & -
mesons as a function of the freeze-out time. It is clearly seen that all of the models agree
on almost simultaneous emission &f" while only the two variations of the G-matrix
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model (with- and without pion dressing) significantly modify the emission time ofithe
mesons. The calculations show that the productioof mesons within the G-matrix
model is dominated by the strangeness-exchanfje4> K~ N, with Y = A, Y) reac-

tion (see fig[ 5.14). The differences between the models in emission tidie ofiesons

leads to the conclusion that it is the strangeness-exchakigep(oduction-absorption)
mechanism responsible for retarding antikaon emission. Furthermore, the evolution of
the elliptic flow studied in different models and decomposed into selected channel input
indicates (see figl 5.15) th&~ mesons produced viaY" reaction are responsible for

the large negative, values. Such evolution of the elliptic flow combined with the ob-
servation that the models based on the G-matrix reproduce thehpgrt of the elliptic

flow leads to the conclusion that the strangeness-exchange and consequently, the emission
time plays a crucial role in shaping azimuthal angular emission pattefi ofmesons.

The late emission also implies that the freeze-out of antikaons should take place later in
time and, in fact, this has been found. The inverse slopes of the invariant cross-section
presented in sectidn 4.3 are significantly smallerfor than for K. Furthermore, the
centrality dependent analysis of the inverse slope parameters of the spectra measured dur-
ing previous (Ni+Ni at 1.93 AGeV, and Au+Au at 1.5 AGeV) experiments performed by
KaoS collaboration have revealed that the inverse slope parameters/of thee about

20 MeV smaller than the ones fdf* [For03, Uhl04] which indeed, suggests that an-
tikaons have different freeze-out conditions than kaons. In addition, recently, a slight
in-plane flow of K~ observed from Ni+Ni reactions at 1.93 AGeV has been observed
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and compared to the IQMD model calculations'l]. The authors explain the effect
with a scenario where the strangeness-exchange channel plays a crucial role in delaying
the antikaon emission from the fireball, and thus minimizing their interaction with the
spectators (see also{B3,[HOAQ3]). Different emission times df* and K~ mesons
are also confirmed in measured polar angular distributions. A forward-backward enhance-
ment of K™ mesons in polar angular distributions independent of centrality was observed,
whereas thé{~ mesons seem to loose their memory of the beam direction in near central
collisions[For03, M™00Q].

Finally, let us note that the density of a heavy-ion collision is very strongly correlated
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Figure 5.15:Elliptic flow evolution of K~ mesons in different models. Additionally for
calculations close to mid-rapidity the total elliptic flow has been decomposed into part
associated with the strangeness-exchange production channel and all other. Calculations
for semi-central Au+Au collisions at 1.5 AGeV [Bra05].

with the time of the collision. Therefore, due to the different emission times, kaons are
produced predominately in the most dense phase of the collision while fat thero-

duced via strangeness-exchange reaction, the maximum production rate is reached when
the system already starts to expand [HAO4]. Consequently, if the production time of
K™* mesons is different than fak~ mesons and the densities of the nuclear medium
are different, then the influence of the potentials has to be revised accordingly. For a
given maximum density,,... reached in a collisionk* mesons experience a repulsive

KN potential and the strength of which is given by the densjiigs ~ p,...., while the
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K~ mesons experience an attractive KN potential corresponding to much lower densities
Pr- << pmaz- ThUs, the strength of the attractive KN potential may be, in fact, not large
enough to sufficiently manifest its influence on the azimuthal emission pattéfn aind

the observation presented in fig. |5.8 is mostly a consequence of the production mecha-
nism of K~ and their late emission times. Therefore, antikaons with jpjgire emitted

early enough to be reabsorbed in the spectators. On the other hand, one may speculate
that the late’l — mesons, with low;, are emitted from the surface of the almond shaped
fireball and therefore are preferentially directed into the reaction plane by the still existing
density gradient. At those late times there are no spectators to absorb, scatter them and
shadow their path.



Chapter 6

Summary and outlook

The measurements presented in this work confirm previous observations on the collective
flow of particles in heavy-ion collisions. The azimuthal angular distribution of positively
charged pions measured close to target rapidity shows high sensitivity to the emission time
of the particles. Similar behavior has been also observedfomesons. On the other

hand the azimuthal emission patterns of kaons obtained close to mid-rapidity have shown
an out-of-plane elliptic flow being almost independent of the transverse momentum of the
particles. However, fol~ mesons it has been found that the particles with gpwhow

an enhanced in-plane emission whereas the squeeze signal has been observed for the high
p; antikaons.

The comparison of the results to the transport calculations has revealed that the out-
of-plane emission of{ ™ mesons can be, into large extent, attributed to the re-scattering
[H98,HAO04|Bra05]. On the other hand, the out-of-plane emission of the high transverse
momentumi — mesons has been reproduced by the G-matrix calculations which take into
account the in-medium potentials [CTBR03, Bra05]. However, it has been also shown
that the production mechanism &f~ mesons (e.g.strangeness-exchangplays here
the crucial role. In addition, let us note, that the comparison of the production cross-
sections of kaons and antikaons to the models fits to a consistent picture, but still, none
of the presented models is able to reproduce neithepdtsgnal of K~ mesons over
the complete range of the explored in the experiment nor the measured production
cross-section as a function of energy.

Therefore, it seems, that there is still some room for further studies and developments
in the microscopic models. With the help of calculations one should be able to disentan-
gle between the influence of tHé N in-medium potentials and the consequences of the
production mechanism. Of course, additional measurements of the azimuthal emission
pattern of K~ mesons from heavy-ion collisions at target rapidities, for example, could
also be a valuable source of constraints to the models. Finally, the goal is to have a defi-
nite answer on the question of interplay between particle emission times, nuclear density
at the time of particle creation (with a given production mechanism) and kaon-nucleon
potentials influencing the azimuthal angular distributions.
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Appendix A

Obtaining double differential
Cross-sections

Double differential production cross-sections for pions and kaons have been reconstructed.
The cross-section defined as

do B M, 1 1 1
Apiapdap diptNa  Nieam facc(plabanab) E(plab)

N (pmm QZab) (A1)

M; - moll mass of the target material Niearn - NUMber of the beam patrticles
d; - thickness of the target face -acceptance correction
p: - density of the target material e(piap) - total efficiency

N, - Avogadro constant N (ppav, Qpiap) - NUMber of identified particles

demands an estimation of the detector efficiencies and acceptances which differ from
the unity. The total efficiency(p,.;) of the detector setup and measurement consists of:

G(Plab) = EMWPC * €dead * Giﬂttal (plab) * €trig (plab) * €track- (A-Z)

exwpe - detector efficiencies €sead - DAQ dead time correction
elotal(py,,) - total cut efficiency e, (pian) - trigger efficiency

cut

€wack - tracking efficiency

Furthermore, the normalization to the beam currggt,,, is necessary. The following
sections briefly describe the procedures of obtaining these factors.
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. Kaon Acceptance
> - 09T
[} L
. . 14T
o -
9',10 E . e .,
o C h
g S °
E L
o |
3
<10°F
| | | | |
04 0.6 0.8 1 1.2
plab (GeV)

Figure A.1: The acceptance and the in-flight decay corrections for Kaons as a function of
the kaon momentum in the laboratory frame for the three measured magnetic field settings
of the dipole magnet.

A.1 Acceptance corrections

The geometrical acceptance of the spectrometer and the kaon decay in flight was deter-
mined by the Monte Carlo simulations using the simulation package GEANT[Gro93].
Resulting values have been gathered and shown in the fig.A.1.

A.2 Trigger efficiencies

In order to investigate the trigger efficiency for kaons (TOF trigger setting), dedicated
measurements have been performed. Setting the dipole magnetic field at the certain val-
ues gives possibility to measure pions or protons falling into the time of flight window of
kaons (e.g. the same velocity as kaons - so called pseudo-kaons measurement with the
spectrometer trigger engaged). Trigger efficiency then is the ratio between particles de-
tected (in the specific mass windowe around the Kaon peak) with the TOF trigger bit

set (VT9F) and the total number of particles detected (falling into the same mass peak)
in this measuremeni\{(*):
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Figure A.2: Trigger efficiency for the TOF setting as a function of the kaon momentum in
the laboratory frame for the three measured magnetic field settings of the dipole magnet.

NTOF (prap)

Nl () (A.3)

€trigg (plab> =

Trigger efficiencies have been estimated for each of the magnetic field settings of the
dipole magnet. In addition, the efficiency for the 1.4T setting includes also the Cherenkov
detector efficiency (see fig.A.2). For the pions, the trigger efficiency can be assumed to
be 100% as the time of flight window is open wide enough to accept all of the particles.

A.3 MWAPC's efficiencies

The chambers’ efficiencies pc are calculated as the ratios between detected particles
(of the same species) in the D-detector and L-chamber:

Nﬂl7p
TP o MWPC—-L (A 4)
EMWPC-L = NP .

D—det

For the M and N-chamber it is the ratio of the relative hit counts:
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T N}\%)/VPch N
EVWPC-MN = NER —. (A.5)
MW PC—N,M
The efficiency of the MWPC'’s for the identification of minimum ionizing particles is
measured to be better than 95%.

A.4 Tracking efficiencies

The efficiency of the tracking procedu¢g,... has been calculated using a Monte-Carlo
simulation within the GEANT[Gro93] package. The simulation produces sets of data with
various numbers of the track multiplicities and additionally with some underground con-
tamination within the multi-wire chambers. The tracking efficiency is calculated for all
of those combinations. Finally, for each of the acquired files a set of trajectories with the
background hits is generated providing the input for the tracking efficiency calculation.
Detail description of the tracking efficiency estimation can be found in [$tu01].

A.5 Cut efficiencies

The calculation of the cut efficiencies requires reliable kaon number per momentum bin
estimation, both beforeNX _ ..(pwn)) and after the cut has been applied’y, (py:,))-

The integration of the kaon yield without any cut applied is strongly biased by the shape of
the background and may introduce large systematic uncertainties also due to low statistics.
Therefore, the cut efficiencies have been estimated with background free and large statistic
GEANT-generated tracks for the geometrical cuts and, in case of TOF cut, pseudo-kaons
measurements (pions or protons with the TOF of kaons) where used. The efficiencies

have been estimated for each magnetic field setting separately.

The efficiency of the geometrical cut (in x-axis of L-chamber and in y-axis of N-
chamber) has been calculated as:

N
Ezzgm (pbm) = Eéﬁf : 6culz{/v (A6)
where
K—-GEANT K—-GEANT
6L:p _ NLx,cut (pbm) Ny NNy,cut (pbzn) (A7)

cut — NK—GEANT

€ —
) “eut K—GEANT
no_cuts (pbzn) N,

no_cuts (pbm)

The TOF cut efficiency has been estimated with the measurements of particles (pions
or protons) acquired with the magnetic field set such that their time of flight corresponds
to the TOF of kaons.
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Figure A.3: Total efficiency of th8c cut for the two magnetic field settings

NPseudofK (pbzn)

beta all _cuts
€out (Dbin) = - Peondor (A.8)
' N;zamilcutK (pbm>
The total cut efficiency3do)
€on” (Doin) = €2t (Phin) - €0 (Dbin) (A.9)

is presented for the 72 degrees measurement ip fig. A.3.

A.6 Dead time correction

In order to compensate for the dead time of the hardware one takes the scaler values of
the trigger rates. Ratio of the trigger after inhibit to the value of the same trigger before
inhibit estimates the dead time

Nafter,inhibit
o Atrig (A.10)
dead Nbefore,inhibit .
trig
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of the data acquisition. Therefore the correction factor is

€dead — 1— Tdead- (All)

A.7 The beam normalization

With use of the detectors described in the chapter 2.5, the normalization of the beam
current is possible. In order to estimate the beam intensity special measurements have
been performed. The first measurement estimates the number of the beam particles with
a plastic scintillator1) moved to the target position. Additionally in order to reduce the
amount of non-correlated particles with the beam detected by the two plastic telescopes
(Moniesy and Moni,ign:) @ coincidence between the two groups of the detectors has
been set. The rates have been recorded with help of the scaler counters. Following this
procedure, a scaling factor

NBI
0.5 - (Nhfonileft + NMO7L7:right) - Nbg

Froeam = (A.12)

has been obtained.

In order to estimate the correlated background particles réjg (esulting from the
interaction of the beam with the plastic scintillator itself additional measurements have
been performed - with and without a target. The number of the background paiigles
is calculated using these measurements by the formula

WithTarget
NBI

- NoTarget NoTarget =
Nbg = 0.5 (N]W(mileft + NMom'Tight) NWithTarget
B1

(A.13)

As a result of the above procedure the number of the beam pariglgs for each of
the acquired files can be obtained:

Nbeam - Fbeam -0.5- (NMonileft + NMoniTight)~ (A14)

A.8 Systematic error estimations

The sources of the momentum and laboratory angle independent systematic errors and
their estimates are to be taken into account as follows:

e trigger efficiency estimation - 4%

o MWPC's efficiencies estimation - 4%
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tracking efficiency - 4%

cut efficiencies (only in the case of kaons) - 5%

dead time correction - 5%

beam intensity estimation - 5%

acceptance correction (GEANT simulation) - 4%

As these errors are not independent, the total systematic error has been calculated as
the square root of the sum of squares of individual contributions. Therefore, the total
systematic error is to be taken as 12% for kaons and 11% for pions.



Appendix B

Invariant cross-section

With help of the Lorentz invariant phase-space elerﬁ%ﬁt one defines the invariant
cross-section as

d*o
The element®p can be transformed as
d*p = dpdpydp. = p?dpsin 8dfp = p*dpd. (B.2)
From the relation
E =\/p>+m? (B.3)
one derives identity
pdp = EdE. (B.4)

The invariant cross-section can be rewritten as

d3 1 & 1 d? 1 d?
Oy =B = E— -~ —p— _ - 47 (B.5)
dp? p? dpd2 pEdEdAQ  pdEdQ
The invariance under the Lorentz transformations yields
o 1 d?o 1 dPo Ea dp
E—r¢r em — \ T em — \ T ab — 10 /lab- B.6
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