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TheKP° production cross section and the phase-space distrilsutiere mea-
sured in the reactiorm + nucleus at an incident momentum of 1.15 GeV/c for C,
Al, Cu, Sn and Pb. For the first time the system-si&pdependence of thig®
production cross section has been measured and show@%dependence. The
experimental ratio of th&°® momentum distribution produced in Lead to that in
Carbon shows a suppression at low momenta. A comparisoe twthesponding
ratio of K™ measured in proton-induced reactions shows a good agréentéch
indicates the sensitivity of this observable to ¥\ potential. Comparisons to
HSD transport model calculations show that this model isaibé to describe
momentum and rapidity distributions of tk& as well as the behaviour of the in-
clusive cross section as a functionfafMicroscopic calculations of th® cross
section in nuclear matter including tikeN potential in the final state interaction
are in good agreement with the measurements.

Der Wirkungsquerschnitt dé°-Produktion und dessen Phasenraumverteilun-
gen wurden it -Kern-Reaktionen bei einem Pion-Impuls von 1.15 GeV/c fur
C-, Al-, Cu-, Sn-und Pb-Kerne untersucht. Die Abhangigétesk °-Produktions-
wirkungsquerschnitts von der SystemgroRevurde zum ersten Mal gemessen
und eineA?/3-Abhangigkeit wurde beobachtet. Das experimentell hestie
Verhaltnis deiK%-Impulsverteilungen in Blei zu denen in Kohlenstoff ist fiie-
drige Impulse stark unterdriickt. Ein Vergleich mit demspnéchenden Verhalt-
nis fur K* aus Proton-Kern-Reaktionen zeigt eine guteereinstimmung, daher
ist diese Observable geeignet zur UntersuchungkdésPotentials. Vergleiche
mit Berechnungen des HSD-Transportmodells verdeutlicdass dieses Mod-
ell bisher noch nicht in der Lage ist, Impuls- und Rapidité@rteilungen dek®,
sowie die Abhangigkeit der Inklusivel®-Produktion von der SystemgroRe zu
beschreiben. Berechnungen d€%-Produktionswirkungsquerschnitts im Rah-
men eines mikroskopischen Modells, welches KN-Potential fur die Wech-
selwirkungen in Endzustand beeinhaltet, stimmen gut mmt Messergebnissen
uberein.
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Overview

This thesis presents measurements of neutral kaon produging a pion beam.
The measurements were performed in 2004 with the FOPI detattthe GSI
facility.

The work is organized in the following way: In chapter oneeagyal introduction

about the physics of heavy-ion collisions and elementaagtiens is discussed.
An introduction of proton and pion-induced reactions faidsting kaon properties
in normal nuclear matter is presented, also observabledwvare sensitive to the
in-medium effects are discussed.

Chapter two is describing and explaining the FOPI expertalesetup as it was
used in the pion-beam experiment. A detailed descriptiothefCentral Drift
Chamber (CDC) as well as the calibration method are predente

Technigues used for the event selection and methods foretwnstruction of
strange particles are explained in chapter three. In aohdin new method for
finding strange particles in the forward part of the FOPI detieis explained.

In chapter four, the evaluation of efficiencies for cornegtine measured yields is
described. A detailed characterization of the CDC digitimeed in the simulation

as well as corrections and the fine tuning of parameters wgoelrn resolutions

are outlined.

Chapter five presents the results obtained in this work. é2bpace, yields and
production cross section of kaons are discussed. Furtherrtiee evaluation of
the systematic errors is described.

A comparison to available results from proton-induced tieas is presented in
chapter six. For the first time the sensitivity of neutral ksito the nuclear poten-
tial was measured. A comparison of the measured kaon prepevith transport

model and microscopic calculations are discussed.

The summary of the results and the conclusions are givereitiagt chapter of
the thesis. Future perspectives of experiments with piambare discussed there
also.






Chapter 1

Introduction

Nuclear matter properties can be investigated using heavgellisions as a tool.
Due to high temperatures and pressures, new degrees obffnese excited. At
SIS energies (1-2 GeV per nucleon), mesonstiké, p, pand baryons liké\, =,

A N* are produced during the collision. According to various elazhlculations
hadron properties might change in such dense and hot ph#semiclear matter.

Hadron properties can also be investigated by means of alanyereactions
(pion-induced, proton-induced anginduced reactions). The advantage of el-
ementary reactions is that, hadrons are produced in a wifledestate of the
nuclear mediump = pg andT = 0.

In this chapter, the phase diagram of the nuclear mattetsieduation of state
is presented. Properties of hadrons produced in heavyridp@ton-nucleus col-
lisions are explained. At the end, the motivation of usingnpinduced reactions
is presented.

1.1 Properties of Nuclear Matter

The Nucleon-Nucleon interaction inside a nucleus is ditraat distances of
about 1- 2fm and becomes repulsive at distances beldsfrl. As a conse-
quence, most stable nuclei show the same nuclear mattetydpgs- 0.17fm 2
(2.7-10%g/cm?).

To study properties of nuclear matter and how it will behamdar variation
of pressure and temperature one needs to know a set of thgnarodt variables
(e.g. pressur®, temperaturel and densityp) which characterizes the system.
The relation between these variables is described in teftie @quation of state
(EOS). The evolution of the system is explained by the viamabf the macro-
scopic variables.
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1.1.1 The Phase Diagram

As for ordinary matter, there exists a phase diagram foreaschatter which
describes its various states under different pressureeangedrature conditions.
The availability of different accelerators running at diffint beam energies al-
lows to explore different regions of the phase-diagram. diagram of the state
of nuclear matter in the plane of the temperaflirend the baryonic chemical po-
tential yg is illustrated in figure 1.1 [1, 2, 3]. At moderate beam enesganging

R e e e T B e
early universe
quark—gluon
plasma
% 250 -
= Tt ]
'_ - -
2 200 - - . .
2 v {1 Figure 1.1: Phase dia-
o i 1 gram in H—T plane of
5 150 |- - strongly interacting mat-
r 1 ter [1,2].
100 hadron gas 4
S0 Liquid—gas ]
phase atomic
02 04 06 08 1 12 14

baryonic chemical potential g [GeV]

from 10MeV to several hundred MeV per nucleon (the corredpanpaccelera-
tors at these energy regime are GANIL and UNILAC), the terapge reached in
nucleus-nucleus collisions is of the order of a few MeV anaisitées are below or
close to the ground state nuclear matter dergjtye 0.17fm~3. In these regions,
two phases of nuclear matter coexist, the Fermi liquid anoléd gas of nucleons
and light nuclei [4, 5].

The energy regime from 1 GeV up to 10 GeV per nucleon (thesgmsecan
be reached at the S1S18 facility (GSI) and the AGS) corredptm temperatures
ranging from 70 MeV to 150 MeV and baryon chemical potentie®w 1 GeV.
At these temperatures and densities, the nuclear mattesengally a gas of
hadrons: nucleons, pions and hadronic resonances. Thogamstexpect a phase-
transition with increasing density towards pion and kaondensates [6, 7, 8].
This scenario is expected to happen in compact stars cabetrdh Stars, origi-
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nating from core collapse of type Il supernovae [9].

At energies of 20 GeV per nucleon and above, temperaturegdi® MeV
and baryon chemical potentials close to zero are reachad tie SPS and RHIC
accelerators. A new state of matter is claimed to be createchws theQuark-
Gluon Plasmd10]. Due to high temperatures, the hadrons are dissolve draair
constituent quarks and gluons are deconfined.

1.1.2 The Equation of State (EOS)

One of the motivations of accelerating heavy-ion beamsladivestic energies is
to study the properties and behaviour of nuclear matter @sities greater than
those that are found in atomic nuclei. At bombarding energiel— 2 GeV per
nucleon, the densities reached in the fire ball are abouti&stnormal nuclear
matter density. Unfortunately, the fire-ball has a life tinfeabout 10- 15fm/c
(~ 10722 s) [11]. Thus our observations are limited to the produdesrahe fire
ball expansion.

It is questionable whether a thermal equilibrium has beantred or not. Ex-
perimentally, it has been demonstrated that a global creneiguilibrium can
be excluded [12]. However, a local equilibrium can be pres¢rsmaller time
scales which allows for a description of the nuclear matyeairibequation of state
(EOS) [11].

The expression of the EOS is a relation between the energygogonE, the
temperaturel and the densityp. Usually E can be decomposed into a thermal
partEy, and a compressional pdgg [11]

E(p7T> = EC(va :O)+Eth(p7T)+E0 ) (11)

wherekEy is the binding-energy of infinite nuclear matt&y=E(p =po, T =0).
The nuclear matter has a pressure given by

_ [9E\ _ L[OE
= (5). (), @z

wherev ands are the volume and the entropy per nucleon respectivelyegha-
tion of state of infinite nuclear matter is characterizedhrgé fundamental con-
straints:

1. The condition of stability for ordinary nuclei (i.& should have a minimum
atp = po).

2. At this minimum the Bethe-Weizsacker binding endegyn the absence of
coulomb interaction is about16 MeV.
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3. The incompressibilitk is defined as follows

0°E
K = 9p3 <—> . (1.3)
0P% / p—po

Thek factor measures the incompressibility of the nuclear madfte is low (kK ~
200MeV), the EOS is called “soft” because one needs relgtsreall energies to
reach higher densities. K is high > 250MeV) EOS “hard”, because higher
compressional energies are needed to reach the sameeensiti

The main unknown in the EOS is the actual valuekof Frequency mea-
surements of Giant Monopole Resonance (GMR) show khit in the range
200 — 300MeV [13, 14]. However, in these measurements the changedlear
density is less than 10%. Clearly, it is very far away from wten be obtained
in heavy-ion collisions. Therfore, extrapolating the E@®iigher densities is not
straight forward.

At densities more than twice the nuclear matter densityye/hél equilibrium
is not achieved, the resulting pressure (which is trandlate® driving force for
the observed flow of particles) influences the motion of pkasi and thus can be
related directly to the EOS in terms of model comparisons 151 16].

Based on measurements of transverse and elliptic flow at A8§es (- 2GeV
per nucleon in Au+Au collisions at densities 0£5pg), Danielewicz et al. [17]
demonstrated that there is no single value ¢fe. no single EOS) for a simulta-
neous description of both types of flow. From the transvecse # lower limit of
167 MeV and from the elliptic flow an upper limit of 380 MeV wederived fork.
Using the elliptic flow of charged patrticles (Z=1) producedfiu+Au collisions
at SIS energies (i.e. between 0.09 andbBX5eV per nucleon) Andronic et al [18]
show that the EOS is “soft” witk = 230 MeV based on non-equilibrium situation
of the nucleus-nucleus collision modeled by Gaitanos ¢14].

Studies oK™ production in heavy-ion collisions at energies above thest-
old [20] showed that th&™ have an apparent temperature bigger than the one of
protons and pions. The explanation for such an observatasdene in terms
of the mean free paths of the produced patrticles [21]. Siacgges with a long
mean free path would escape more easily from the systemwtbely reflect the
earlier hot stage of the collision [22].

Aichelin and Ko [23] had the idea to propose subthresh6fd production as
probe for the EOS. Using BUU (Boltzmann-Uheling-Uhlenbecklculations,
they showed that the production probability of k& assuming a “soft” EOS
differs by a factor of three from the one under the assumpttbat the EOS is
“stiff” at energies below threshold.

Recently, the KaoS collaboration [24] measured the ratithe ™ production
in Au+Au and C+C collisions at different beam energies néaeshold. The
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kaon ratio was found to be increasing by a factor of almostethwith decreasing
beam energy. Recent Quantum Molecular Dynamics calcag{i®5] (where a
repulsive kaon-nucleon potential is taken into accountijc¢coeproduce the ratio
measured by KaoS if a value ef= 200 MeV is assumed.

1.2 Hadrons in Nuclear Matter

The hatched area in figure 1.1 demonstrates the phase4tiaggion where the
chiral symmetry is expected be restored [26, 27, 28]. Clsiyaimetry is a sym-
metry of QCD in the limit of vanishing quark masses. The syimyne also
expected to be restored at zero temperature once the dehbilyyons becomes
high enough. This may occur in the cores of neutron starsyerting them to
quark stars [29].

At low temperatures the QCD running coupling constagbecomes large,
quarks and gluons interact non-perturbatively and as dtrés1 QCD vacuum
acquires a non-trivial structure, the quark and gluon caedee [30].

In the limit of massless quarks (whemg = m, = my = 0), QCD with three
flavors has an exact symmetry [31]. It is explicitly brokenthe quark mass
term in the QCD Lagrangian (where the quarks have their barseses(m, +
my) ~ 12 MeV andms ~ 150 MeV [32]). The smallness afy 4 as compared
to typical hadron masses, e.g. the nucleon nmags- 1 GeV, suggests that the
mass term in the QCD Lagrangian can be treated perturbaf{®2]. This is the
starting point of chiral perturbation theory.

There is evidence both from low energy hadron phenomenoémgly from
lattice QCD that chiral symmetry is also spontaneously enold3]. Properties
of light hadrons, such as masses and couplings are couttojiehiral symme-
try [34, 35]. Non-zerau andd quark masses shift the mass of the Goldstone boson
(pion) from zero to its observed value. The connection betwe; andu andd
quark masses is given by the Gell-Mann-Oakes-Renner (GE&)an in lowest
order [36]

nﬁ:—f—lz(rrwmd) <ga>+0(miy) (1.4)

here< gq > is called the chiral (or quark) condensate drds the pion decay
constant which is about 92.4 MeV [37]. Itis the result of therstaneous breaking
of the chiral symmetry where its vacuum is not empty but pafad by scalag g
pairs. The corresponding ground state expectation valueigip|0 >=< gq>.

A QCD phase transition from hadron matter to quark matteigit temperature
corresponds to vanishing value @fqq >. Therefore, this condensate is an order
parameter of the spontaneous chiral symmetry breaking.oit great importance

to know the behaviour of the: gq > under different pressures and temperatures
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of nuclear matter. Assuming a homogeneous medium wherekeant degrees
of freedom are hadrons, the derivative of the prespuj@essure of the medium
related to the partition functioB) with respect to a quark mass, produces the in-
mediumgqg condensate [38]. The thermal expectation of vatugg >t , is given
by
<99>1p _,, 1dp(T.p
<T9>o fg dmgp
where< qq > is the quark condensate &t= 0 andp = 0, and has a value of
—(240MeV)3. p(T,p) is the pressure for a given temperatdreand baryonic
chemical potentigll. The results of the calculation efqq >t in (1.5) is shown
in figure 1.2.

(1.5)

SN
_ ‘\‘\\‘3\%
<qa9> “‘§‘§$§““ Y, T:P Beam
1r “:: X
£
L7 CREKIKIR,
'l' o :"‘Qs‘:
0.6 | L DRERREZRS
I‘ 'l"t RIS
0.9, XX _: P
III;"'[""""':’; :‘ 53 Heavy—-ion collisions
L R RREEIERIIEER
0.2 II ll»v'lOQ LRIRRIRIRIRS
l':ii’."ilﬂ;"l"'z"2'3332’3:3:% SR 0
<L RIS
0 ':{"t“t’:’:‘t‘AAOAAOA QA‘ “ ] 100
i 200 T IMeV]

Figure 1.2: Behaviour of the quark condensatetq >1, normalized to< qq>o as a
function of temperatur@ and densityp [38].

Densities of 2-Bg and temperatures of 720150 MeV are reached in heavy-ion

collisions at energies-12 GeV per nucleon. The magnitude<ofjg > at these en-
ergies can be reduced by 80% roughly. However, at normaéauohatter density
the < gg > magnitude is expected to be already reduced by about 3092838,
with respect to its vacuum value.
Since the pion is a Goldstone boson, its mass can not chantiee inuclear
medium, therfore the change efqq >t is linked to the in-medium pion de-
cay constanf;. At a given temperatur€ and densityp, the Gell-Mann-Oakes-
Renner relation holds [39] and the in-medidghis given by

f(T,p)2-my(T,p)% = — (My+mg)- <TU>Tp A+ (1.6)

under the assumption thattu >=< dd > (the asterisk denotes the observables
inside the nuclear medium). Suzuki et al. [40] measuredhe)?/ f2 ratio using
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deeply bound 1s states af in Sn. They investigated the iso-vector parameter of
the s-wave pion-nucleus potential. The comparison thenpiatef 1IN scattering.
gives a value of 0.64 for thi(p)?/ f2 ratio. This is a clear evidence for the partial
restoration of chiral symmetry probed at normal nucleartenakensity.

The kaon masses are somewhat higher than the pion mass .hblsegiarticles
are further away from being approximate Goldstone boso#s48]. Effects of
the explicit chiral symmetry breaking are considerablygeigsince their mass is
already half of the nucleon mass (i.e. the nucleon mass s atslew energy as
a mass scale). Kaons carry strangeness, their behavioanistrange symmetric
nuclear matter differs from that of the pion. Neverthel@ssnass in the vacuum
is related to the quark condensate via the GOR formula

Mg = _rm2+2ms < Uu+3s>+0(mé) (1.7)

fg

and it vanishes in the limit of exact chiral symmetny,(— 0). The constanty is
the pseudo-scalar decay constait{ 114 MeV).

Kaplan and Nelson [8] used an effective chiral Lagrangiashiow the pos-
sibility of charged kaon condensation which may occur atsdess around 2-3
times normal nuclear matter density. They conclude, thaistlongly attractive
interaction between kaons and baryons causes the efféetdremass to drop in
dense baryonic matter. This work triggered ideas of stuglison properties in
baryonic matter from both sides, experimentally and thicaky.

At SIS energies, kaons are produced close to or even belatrtbghold. The
threshold energy needed fir" production in aNN collision is about 158 GeV
(NN — KTAN) and about 29 GeV for theK— (NN — KTK~NN), respectively.

The production of kaons at subthreshold energies in heav\eollisions is
influenced by the surrounding nuclear medium . Medium edfect the kaon
production mechanism include [41]:

1. The Fermi momentum of nucleons. It adds to the incident erdam of the
projectile nucleons and increases the available energyaiom production.

2. Two-step processes like the excitation of a nucleon tsar@nce and the
subsequent production of kaons via the interaction of tserrance with
other baryonsN — K*AN or N*N — K*AN).

3. The medium modification of kaon properties, i.e. the K-Negptial which
has two terms, an attractive scalar potential (for BétiN and K*N in-
teractions) and a repulsive vector potential KorN and an attractive for
K~N [31].
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Consequently, th&~ feel a strong attractive potential, whereas Kie feel a
weakly repulsive one. Figure 1.3 sketches the effectivesrnfK ™ andK ™ as a
function of the nuclear density. Due to the effect of the pota, theK ™ effective
mass drops by roughly 25% pt~ po and theK™ effective mass increases by
about 10% ap ~ po.
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Figure 1.3: The effective mass of kaons and antikaons as function ofdlckear density
obtained from different theoretical calculations.

Experimentally it is still a challenge to understand thedwebur of kaons in
nuclear medium. There are two ways to explore the kaon ptiepeusing either
heavy-ion collisions or elementary reactions.

1.3 Kaon Properties in Heavy-lon Collisions

The K™ production rate (i.e. cross section) was measured as aidanct the
centrality in the Au+Au system at 1AGeV by the KaoS collaltiora[42, 43].
Figure 1.4 shows the number Kf" (in red) andmt* (in blue) normalized to the
number of participantsApart) as a function of Apart) (Apart is the number of
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nucleons in the overlay region of the colliding nuclei). iistrepresentation, the
production rate oft" is constant as function of the centrality whereas the rate
M /Apar for theK™ increases. It has gf\part)* dependence where~ 1.8 [43].
This dependence can be explained as follows: It is possljpedduce a\ or N*
resonanceN N — A(N*)N) in NN reactions which acts as an energy reservoir and
lowers the threshold for the creation of tkeé via NA — NY K" or mA— Y K"
(Y=Z,A). If the probability of each step is roughly proportional AQayt, the

O./‘B T [ T [ T [ T [ T [ T [ T
Au+tAu T AGeV
010 L K'x2000 L
s o
[oN
N
> -
0.05 + + %
- i
OOO I | I | I | I | I | I | I
0 50 100 150 200 250 300 350
Apart

Figure 1.4: Multiplicity of K™ and " per participating nucleon as a function Afar
for Au+Au collisions at 1AGeV [42, 43]. The line corresponitsa parameterization
according toVl O (Apart) 1.

probability for both process to happen in a cascade will lnp@rtional toA%art.
This is considered as an evidence for a multi-step procegmnsible forK™
production below the threshold.

According to the fact that thik— (K™) effective mass drops (rises) inside nu-
clear matter, th&~ /K™ ratio is a sensitive quantity for in-medium effects. The
KaoS collaboration has measured the multiplicitykof and K~ in C+C and
Ni+Ni reactions at different energies. Figure 1.5 [43, 48] ghows the multi-
plicity of K™ andK ™~ per average number of participating nucleons as function of
the energy above threshold (i.e. defined as the Q-value,ender \/s— ,/Sn)
in the NN system. The full and dashed lines are calculationgfoton-proton
collisions [46, 47]. At the same Q value, the yieldkof exceeds th& ™~ yield by
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1-2 orders of magnitudes. In contrast to proton-protorigiolis, theK — andK™
multiplicities in nucleus-nucleus collisions are neaithg tsame. This measure-
ment demonstrates that comparedNtd reactions th& ™ production yield grows
much stronger than the one i6f".

Hartnack et al. [48] performed calculations in order to expthose measure-
ments. They showed that in A+A collisions almostlalf are produced via the
pionic channelr A — KN which is not available in proton-proton collisions.
Because thé\ is produced simultaneously with th€", the K~ and K* pro-
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Figure 1.5: ScaledK™ (open symbols in blue) and~ (full symbols in green and red)
multiplicity as a function of the Q-value calculated witletliee masses [44, 45, 43]. Open
symbols (closed symbols) represent multiplicitykof (K~) in C+C and Ni+Ni systems.
The solid and dashed lines correspond to model calculatibs andK~ multiplicities

in NN collisions.

duction yields are strongly correlated. The fikal yield depends on thK*N
potential but does not depend on KeN potential because the observed are
produced at very late stage of the reaction at low densitleer®@K ~N potential
is small [48].

At SIS energies the kaon flow is suggested to be a sensitiverdide to the
KN potential. Based on relativistic transport calculatidnsnd al. [49] showed
that under different assumptions for t&\ potential, the slope of the sideward
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flow at mid-rapidity shows a different behaviour. The FOPllatmoration inves-
tigated theK™ flow pattern in the Ni+Ni (1.93 GeV per nucleon) and Ru+Ru
(1.69 GeV per nucleon) systems [50, 51]. Figure 1.6 showsrbasurement of
the proton an& ™ sideward flowv; (wherevy = < py/pt >) as function of trans-
verse momentunp; around target rapidity. For afk, protons have a negative
while theK™ show a positiver;, for low py, at highp; vi vanishes or can be neg-
ative. The dashed line is a result of an RBUU calculations $24, obviously the
model without in-mediunK™ potential fails to describe data. IfKiN potential
strength of 20MeV is included in the model, a quantitativeeaghent between
data and model can be seen. The repulsive nature of kaonesiect to nucleon
tends to push thK™ away, thus resulting in anti-correlation between kheand
proton flow.

H T I T I T I T

>
0.2 U= s
" Uy — U=20Mev ]
- U=0

]
0 0.2 0.4 0.6 0.8

p, (GeVic)

Figure 1.6: Transverse momentum dependence of the sideward fld/ dtircles) and
protons (triangles) measured in Ni+Ni a®3AGeV in the rapidity range-1.2 < y9 <
—0.65 [50]. The shaded area is an RBUU prediction for protonse [ifies, are model
predictions for differenkK "N potentials.

The KaoS collaboration also investigated the flow to stuslg@nsitivity with
respect to theK *N potential [53]. They measured the elliptic flow (where
Vo = < (p;—pg) / (pf) >) of K at mid-rapidity in Au+Au system at 1AGeV.
Figure 1.7 illustrates a preferentially perpendicularssitn ofkK * with respect to
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the reaction plane, this trend is well described by RBUU [&dy if the potential
is taken into account which has approximately a value of 20Me

0.15

1/N,, dN/dg
(@)

0.05

-90 0 +90

@ (deg)

Figure 1.7: Azimuthal distribution of th&K ™ measured in Ni+Ni reactions atdB AGeV

at rapidities 04 < y/Yproj < 0.6 [53]. The lines represent results of RBUU calculations.
Dashed lines: without in-mediutdN potential. Solid lines: with in-mediurKN poten-
tial.

1.4 Kaon Production in proton-induced Reactions

As it was mentioned before, the KN potentials depend on theeau density,
which varies strongly with the time evolution of the nucleugcleus reaction. It
is possible to avoid such a complication by producing kanqsoton-induced re-
actions where the nuclear density of the medium is well ddfik@ons produced
below the threshold for the free NN collisions are a good pria studying multi-
step processes and cooperative effects of the nucleoule itiea target nucleus.
Koptev et al. [55] measured total inclusie cross sectiong(+A — K+ +X) for
targets between Be and Pb and proton energies from 0.83e\. Those results
were discussed in terms of different models [56, 57, 58] wliewas concluded
that
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e theK™ production in a first collision of the incident proton withethucleon
is negligible at incident energies below 1GeV.

e the two-step reaction mechanism wih -production in the collision of
secondary pionsp(+ N — 11+ X) with the nucleonstt+ N — K+ +Y)
dominates at subthreshold energies.

The set of data collected in [55] did not show any evidencecémperative phe-
nomena, therefore additional experimental data were nedean unambiguous
determination of the reaction mechanism.

At Saturne, Debowski et al. [59] measured double diffesiti* cross sec-
tions in p+ C and p+ Pb collisions at 1.2, 1.5 and.2GeV. Below threshold,
based on the binary collision model, these data show an rewédior two-step
processes dominance.

At ANKE, Koptev et al. [60] measured double differential ssosections for
K* production inp+ C interactions at a projectile energy of 1GeV and po-
lar anglesb < 12°. To explain theK™ invariant cross section, a high degree
of collectivity is needed in the target nucleus. Alternalyy high intrinsic mo-
menta of the participating target nucleons are requiredufzply the missing
energy for subthreshold kaon production [60]. TKe& invariant cross section
(p+ (IN) — (IN) + A+ KT, | is the number of target nucleons involved in the
K™ production) was described within a phase-space approximafhese data
show that kaon production at an incident energy of 1GeV camrmerstood
only in terms of cooperative effects with the effective nanlbf nucleons in-
volved in the interaction beingg 5— 6. Such cooperative effects have been ex-
plained [57, 58, 61] in terms of multi-step mechanisms ohhigpmentum com-
ponents in the nuclear wave function.

Nekipelov et al. [62] measured the ratio R(Au/C) of the kalém) production
cross section for a given momentum at a proton incident eef 2.3, 1.75
and 15GeV. Figure 1.8 shows the measured ratio R(Au/C) at protemgy of
2.3GeV. The data points show a rising ratio for decreagingnomenta passing
a maximum at 245MeYt and falling steeply at low momenta. This shape has
also been observed for the other two incident energies @nd5L5 GeV), which
indicates that the suppression of the ratio R(Au/C) atkowmomentum is largely
independent of the beam energy. This observation sugdedtthe phenomenon
is principally due to the interaction of the€" with the residual nucleus [62]. The
full line in figure 1.8 represents a model calculation base@ @oupled channel
transport model [63, 52] where Coulomb and nuclear potksnéige included as
hadron rescattering effects. The position of the maximunR@u/C) can be
reproduced as in data if a value of the kaon potential of 20 MeWsed in the
model.
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1.5 Kaon Production in pion-induced Reactions

In heavy-ion collisions At SIS energies kaons can be prodiuga multi-step
processes, where mainly two channels are invohN@gd+ B, — Bz +Y +K (B
stands for either a nucleon or th¢1232) andmt+ N — YK (Y stands forZ or
N). Up to now not many studies have been performed for theseeglary pro-
cesses [64, 65, 66].

To understand kaon production in heavy-ion reactions imseof cross sec-
tions, Tsushima et al [67] investigate the production cledmy N — K +Y in-
side the nuclear matter in details. They used the quark-mesopling (QMC)
model [68] to calculate vector and scalar potentials foranesand baryons in
nuclear matter. The resonance model [66, 69] was also usadtoate the kaon
production cross dependence on nuclear density.

Based on the QMC model, effective hadron masgggand mean-field poten-
tials are calculated self-consistently [67, 70]. The staddential UQ) felt by the
hadron “h” in nuclear matter is given by

Ul=Us=m;—m, . (1.8)

The vector potentidl" has a linear dependence on the mean-field potentials as
follows

Ul = (ng—ng)-Va—Iz-Vy (1.9)
whereng(ng) are the lowest mode light quark (antiquark) numbers in trrdra
“h”. V3 andvgq are the mean field potentials anhglis the third component of
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the isospin projection of the hadron “h”. This leads to a g&im the hadron

four momentum fronp, = (\/ B2+ e, ﬁ) to pp = (, [P+ mi2 + U, ﬁ) , Which
modifies not only kinematical factors (i.e. phase space larethold) but also the
reaction amplitudes [67] (see appendix B).

Resonances lik& andN* are assumed to be responsible for the kaon pro-
ductions inTiN reactions on the basis of the resonance model [66, 69, 71, 72]
Tsushima et al. [67] made the assumption that those resesaiange their
masses in the nuclear medium. The final step of the calcomi®to include
hadron properties (in the initial, final and intermediatesoréc and baryonic
state) in the reaction amplitudes. The final result of thisrogcopic calcula-

?85 T p—>AK
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© Figure 1.9: The cross
section of the reaction
™ +p — K° + Aas
a function of the invariant
incident energy /s [67].
The circles are data mea-
sured in free space adapted
from [73]. The line repre-
sents model calculations in
free space (solid) and for
nuclear matter at baryon
density pg = po (dashed)
andpg = 2- pg (dotted).
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tion is shown in figure 1.9. It demonstrates variations ofrdation cross section
of T + p — K9+ A as a function of the invariant collision energys for three
different densities: Free spapg = 0, normal nuclear matter densibs = po

(po = 0.17 fm3) and twice normal nuclear matter density = 2- po. The ex-
perimental data points are from p reactions which were measured in bubble
chambers in the beginning of 1960 [73].

The full line in figure 1.9 is the result of the model obtainedfiee space.
The model calculations show a reasonable agreement wittathdor all incident
energies (i.e. all/s). The dashed line represents the result of the calculation
at pg = po. It can be seen that the reaction threshold is shifted dowaswaith
respect to the threshold in free space (igs= 1.63 GeV). The reaction cross
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Figure 1.10: Upper left panel: Energy dependence of the total crossoseofithert +
p— K9+ 30 reaction as a function of the invariant collision enekgs, calculated for
different baryon densities. The lines indicate the cakoute for free space (solid) and for
normal nuclear matter density (dashed) andipe 2- pg (dotted). The Data points were
measured in free space. Upper right panel: Energy depead#ribe total cross section
of T+ p— KT +Z* reaction as a function of the invariant collision enexds. Labels

in the figure are the same as for the first plot. Lower panelrdggngependence of the total
cross section oft- +p — K* 42~ reaction as a function of the invariant collision energy
\/S. Labels in the figure are the same as for the first plot. Figaresdapted from [67].

sections in this case is lower than the one obtaingg at 0 by more than a factor
2 at energies below.2 GeV. The dotted line is the result obtaineggt= 2 po.
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The reaction threshold is shifted upwards in this case veisipect tgog = O case
and the cross section is suppressed by at least a factor ddugies up to BGeV.
Other elementary reaction cross sections are evaluatdtiedpesis of this model
like T+ p — KO+ 30 1t + p — K+ + Xt (i.e. which is the isospin partner of
T +n—K%+37), andmr +p — K+ 4+~ atpg =0, pg = po, andps = 2- Po.
The upper left panel of figure 1.10 shows the energy depeedaibe total cross
section of the channet + p — K%+ 3% in comparison to available data in free
space. The variations of the cross section as a functiggfsdfom the data are
reproduced by the model. Aig = pg the calculation of the cross section shows
an enhancement at threshold (igs = 1.63 GeV). At,/s > 1.8 GeV, the cross
section is reduced with respect to the onpgt 2- pg. The same behaviour of the
calculated cross section is seen for the isospin partndreo€hanneit +n —
K®+ =~ which is shown in the upper right panel of figure 1.10. The rasss
data are again reproduced nicely by model calculationstHf®channel it can be
seen that the calculated cross sectioR/at~ 1.63 GeV andpg = pg is roughly
ten times bigger that the measured cross section in freeespbice lower left
panel of figure 1.10 depicts the energy dependence of thedmamiss section of
T +p— KT +3. The calculation of the cross section in free space nicaly fit
to the data.

To be able to measure theé exclusive cross section with/ain the final state
(i.e. T +p — K%+ A) at normal nuclear matter density, measurements %f
and A in coincidence are needed. Since the existing data are onlihé case
ps = 0, the model calculations show a reasonable agreementhettiata for all
channels [67].

For SIS energies, this is the only microscopic calculatiomrag at kaon pro-
duction cross section calculation TN reactions at different nuclear matter den-
sities. Up to today, no data on kaon productiomy reactions in nuclear matter
exits.

In 2004, for the first time at the GSI facility, a pion beam wéhieasonable
intensity of 5000 pions per second was provided to the exparial area where
the FOPI detector is located. The FOPI collaboration usegibn beam on five
different targets (C, Al, Cu, Sn and Pb) at a momentum .46 GeV/c which
corresponds tq/s= 1.75 GeV. The goal of that experiment is to study the kaon
production at a well defined nuclear matter density pg= po) as function of the
system size as well as kaon properties inside nuclear mAgenentioned above,
the production of kaons is influenced by their interactiothwhe surrounding
nucleons. Therfore, measuring their production cross@ed a key point for
understanding the in-medium kaon properties which are ected to the chiral
symmetry of QCD.
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Chapter 2

The FOPI Detector and the S273
Experiment

2.1 Introduction

FOPI is a fixed-target heavy ion experiment. The differemhpgonents of the
41t detector system were assembled at the “Schwerionensyinohir&1S at the
GSI facility [74]. It has been designed to study the progsrtdf compressed
nuclear matter formed by collisions of heavy ions at enerfiem Q1 AGeV to
2.0AGeV. The detector consists of sub-detector systems whecly have a
complete azimuthal symmetry [75] as it is depicted in figute Xhis nearly #
coverage of the solid angle, allows for an almost completéaegharacterization.
FOPI is able to identify light charged particles (pions, kegprotons ...) [76, 77,
78, 79] and intermediate mass fragments [80]. Hadronicnasces and neutral
hadrons can also be reconstructed from their decay profRkt82, 83, 84, 85,
86].

2.2 The secondary Pion Beam at GSI

To broaden the current research program of the GSI faciiitihe field of rela-
tivistic heavy-ion collisions, a pion beam has been esthbli at the heavy-ion
synchrotron SIS [87]. The goal of such beam is to study thedmagroperties at
normal nuclear matter density. As sketched in figure 2.2npman be delivered
to all major experimental areas of the SIS target hall. Tloa production target
is a Beryllium target located in the main beam line comingrfthe synchrotron.

21
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Figure 2.1: FOPI detector with its sub-detectors component

2.2.1 The Pion Beam Experiment with FOPI

In August 2004 the FOPI collaboration ran a secondary piambir 14 days in
the cave B under the name S273 experiment. The pion produets performed
with a primary beam of Carbon at the maximum incident enexgylable at SIS
which is 20AGeV. The advantage of using such a primary beam is thatsit ha
maximum intensity of produced pions, which is about't® per spill at a mo-
mentum of 10 GeV/c with a resolution of (% [88]. In this momentum range
the electron contamination of the beam is at the lowest g@eelthee™ /1T ratio

is about 395). Due to the beam line acceptance and the transport ofethi b
over 89m to cave B, the resulting pions intensity at the F@Rjdt was about
2.0-10*mr per spill with a total cycle length of approximately 4 to 6 seds.
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Figure 2.2: A schematic view of the pion production target and beamslitzetransport
the pion beam to different experiment. The FOPI detectavdated in the cave B [87]

2.3 Target Properties of the S273 Experiment

In order to have a complete systematic of the productionaiibity and phase-
space distribution of secondary and primary particles anpnduced reactions,
five different targets were used in the S273 experiment. &ahget masses lie
betweenA = 12 for Carbon and\ = 208 for Lead. The properties of each target
are given in table 2.1. Since the pion beam is a secondary ,ltbarsize of the
beam spot was roughly22cn?. Hence it was necessary to use targets which
have a size bigger than the beam spot, all targets have aflZe04.5cnr.



24 CHAPTER 2. THE FOPI DETECTOR AND THE S273 EXPERIMENT

Target | p-d(g/cn?) | or(mb) | P(%)
C 1.87 264+1 | 2.48
Al 1.56 45443 | 1.58
Cu 441 825+ 25| 3.44
Sn 2.83 1249+6 | 1.80
Pb 576 1808+6 | 3.03

Table 2.1: The thicknessg- d) and interaction probabilit{?(%) for each targetor is the
total cross section afi~ A reactions for each target, taken from [89].

The interaction probability for each target is given by

p:(p.d).%.oR (2.1)

OR is the total cross sectiomNa is the Avogadro numbeiM is the mass of the
target,p the density andl its thickness.

The quantitypd for each target is given in table 2.1. The reaction crossm@ect
in pion induced reactions at a momentum of 1 GeWas taken from [89], for the
Copper target there are no measurement for the reactios seasion, therefore
the existing data points were fitted with a power law functi®@] given by the
formula

Or=C-A" | (2.2)

whereA is the mass number of the nucleus. At an incident momentunGei/c
the constants have the valu€: = 49.4+ 1.5mb andn = 0.677+0.107. The
calculated interaction probabilify for each target is presented in table 2.1.

2.4 The Start Counter

The start counter provides the time reference for all subaters. It is placed in
front of the FOPI detector at aboutsdn from the target and tilted by 4&round
the vertical axis. Itis made from plastic scintillator ahthieasures the arrival time
of the beam particles with a time resolution of 150 ps and tiexgy deposited in
the scintillator. The signal is read out by two photo mulégptubes.
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2.5 The Veto Detector (Halo)

This sub-detector has two parts, Halo 1 and Halo 2. They are%md 2mm
thick scintillator respectively. Halo 1 is placed in frorfttbe start counter, it is
a veto counter used to spot the size of the beam. Halo 2 hasna@egdl hole in
the middle, it is an additional veto detector placed in frohthe target. Halo 1
and Halo 2 are in anti-coincidence with the start counteejeat beam particles
which are not focused on the target.

2.6 The Beam Scintillator Detector

Since the pion beam has a wide spot of the ordero22m, this detector was used
for an additional trigger to control the focusing of the bedtrwas placed 30cm

in front of the target, it has 3% 35 mm surface and 2 mm thickness. Figure 2.3
shows a sketch of the FOPI setup used during the pion beamimge in August
2004.
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Figure 2.3: Positions of the beam scintillator and the silicon micngpstietectors into
the FOPI setup during the~ beam experiment, (all distances are in cm).

2.7 The Central Drift Chamber (CDC)

The CDC is a jet chamber which has a cylindrical geometryhisikind of cham-
bers, the signal wires run in an axial direction forming thdae plane of a sector-
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shaped cell with the electric drift field perpendicular te eam axis. In the early
1980s this kind of chamber was constructed for the first tionefe JADE detec-
tor at PETRA [90, 91]. Afterwards the OPAL experiment at LBR,[93] has built
the same type of chamber, it had a different size and was rebned. The FOPI
drift chamber has drift paths between 5cm and 15cm (correspma maximum
drift time of 5us). This property helps the chamber to work in high eventstate
it also gives the capability of recording events of high Idcack density with a
good double track resolution and the possibility of pagticlentifications nearly
in 4Tt

2.7.1 The Mechanical Design

The active volume of the drift chamber is a cylinder with agénof about 2m
and 80cm radius. The chamber is subdivided into 16 idensieators. Each
sector is delimited by 252 cathode wires (with 1@% diameter) which produce
the drift field. The middle plane of the sector consists of 6feptial wires (with
125um diameter) and 60 sense wires (with @0 diameter). The cathode, sense
and potential wires are aligned parallel to the beam axise r8ldial position of
the innermost sense wire is at 20cm and the outermost wire8em. The
length of each wire depends on its radial position, it vanesveen 86cm and
196cm [75] as it is sketched in figure 2.4. The applied voltafje-15kV to
the cathode through a voltage divider chain generates a peneous drift field
of about 800Vcm. A potential voltage of-1275V is applied in each potential
wire, this provide an electric field with a/f behavior around the sense wires
(which are at zero potential) for the charge multiplicatjamalanche).

The chamber is operated with 88% Argon, 10% Iso-butane anklggbane,the
gas mixture was chosen such that it has a drift velogityearly independent of
the drift electric field.

In each sector, the sense plane (made by the sense wiréedbyi an angle at
8° (see figure 2.4), which helps to distinguish between realnaincbr tracks (i.e.
distinguish between left-right with respect to the senge)wiAnother possibility
to resolve the left-right ambiguity is the “staggering” dfet sense wires by
200pm with respect to the medium plane as defined by the potenitiasw

2.7.2 Observables measured by the CDC

The identification of charged patrticles in the CDC is possibh the information
about the momentum of the particle and its energy loss. The€ Splaced inside

a magnet (superconducting solenoid) which produces a niadgiedd of 0.6 T
homogeneous ta-1.5% in the central volume of the CDC. Due to the magnetic
field, trajectories of charged particles emitted in a rescfprotons, pions, kaons,
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Figure 2.4: View of longitudinal and transverse cross section of the CD«lt hand side:
(r,z) view, the yellow color indicate the sensitive volumfettte CDC. Right hand side:
(x,y) view, blue dots in the middle of each sector are sendepatential wires. Red dots
around each sector form the field cage (distances are in cm).

deuterons ....) inside the CDC are helices. To derive the embum of the patrticle,
the curvature of the track measured inside the gas volumeeo€DC is needed.
This can be done by reconstructing the positions of the &ikst(is defined by the
space coordinates of the collected charge on a sense wicg)dirg to the track.
The transverse momentum and the momentunp are given by the following
formulae :

pp=0.3-|Z]-B-R (GeVl/c)
_ P (2:3)
p= SinG (GeVl/c)
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Z: Charge number of the particle
B: Magnetic field in Tesla
R: Curvature of the charged particle

0: Polar angle of the charged patrticle
The charged particles passing through the CDC ionize atartisei gas vol-
ume, thus producing electrons which drift towards the saevises. Close to the
sense wires, electrons feel a strong field and the avalarstags The collected
charge of one track is proportional to the mean energy(disgdx) of the particle.
After measurement of momentum and mean energy loss, onedeatify
the charged particles and their masses using the Beth-Blacmeterization as
shown in figure 2.5.

10 _.._.._.;_.;_..,.4:;;,...?..

Log(dE/dx)(a.u.)

p/q(GeV/c)

Figure 2.5: Particle identification with CDC: mean energy loss of péetdn the CDC as
function of their momenta. The lines are the Beth-Bloch peaterization of the energy
loss, the color code indicates the particle number.
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2.7.3 The Calibration of the CDC

In this section, the CDC calibration and how momentum andggnless are ob-
tained are discussed in general. In the S273 experimentearage three charged
particles were registered per reaction. To identify tragkparticles inside the
CDC, one needs to know the positions of the hits forming aiptesgrack. In
order to reconstruct the hit position in they) plane, one needs three parameters:
the arrival time of the electrons at the sense wire (i.e.t ¢tinfe) t, the Lorentz
anglea, and the drift velocitywyp. The CDC was built [94] in order to have a
linear space-time response (i.e a uniform electric field,fsemula (2.5)). In the
presence of a magnetic field inside the CDC, the electronsgehtheir drift prop-
erties due to the Lorentz force acting on moving electronsa ¢onstant electric
and magnetic field, the electrons will drift along a strailym at an angle called
Lorentz angle, with respect to the electric field lines asashim figure 2.6. The
relation between the drift velocity and the Lorentz anglgiven by formula (2.4).

R e -~ lelectric field |-~~~}
105k /
10.0F 7777 7 R 777 B
°® ~/.~”|Lorentz angle

oS
vs
Vs
9YS
8
0SS

G

Gt

G
8'GS

X field cage wire
X potential wire
O sense wire

— equipotential line

sense (anode) plane

drift trajectory
- line of equal drift time

Figure 2.6: lllustration of the electric field (left plot) and the driflajectories of electrons
in (x,y) plane (right plot) [85].
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(eET) (eBt)2

Vo= (5 1+ — :

Me Me (2.4)
(%)
oL = arctan| — | .

e

me: Electron mass

e: Electron charge

T: Mean time between two collisions
B: Magnetic field strength

E: Electric field strength
The hit position in thex)y) plane is linearly related to the drift velocity and is

given by
( X> _ ( Xw > 4 ( C?S(O(L) ) Vp - (t—tw—1o). (2.5)
y Y sin(ay)

Here, k,y) is the measured hit position ang,(yw) is the position of the respective
sense wire at which the charge was collecteis. the measured drift time of the
electrons to the sense wirdg.is the wire dependent time offset, itis the necessary
time for the collected charge to travel from the wire to thesRl ADC g is the total
time offset, it is the reference time in the clocks of the RIADCs. Formula (2.5)
shows the importance of deducing the proper global paraségea,. andvp).

The procedure used for their determination is based on asefistent method.
The track finding algorithm used for this procedure is a laoa [95, 96]. It
reconstructs only tracks that have a high momentum (i.e.nasmall curvature

in the y) plane). The calibration of the global parameters startBrbyfinding
the right total time offsetg. Panel (a) of figure 2.7 shows how a track with a
wrong total time offset (before calibration) looks like. H&te crossing border
between two sectors of the CDC, the track is split. In pandledbstame event is
shown with the correct total time offsgtreached iteratively.

Once the total time offset is determined, the next step igthé Lorentz angle
and the drift velocity. Those two parameters are correléted formula (2.4)),
and thus can not be calibrated independently. Panel (a) ofefig.8 shows a
track arriving with a wrong drift velocity. The track is brelk when crossing a
sector border. The same event is shown in panel (b) with ¢ drift velocity, it
becomes clear that the track is bent. The same holds for trentmangle which
is shown in panel (a) and (b) of figure 2X¥(anda, have the same effect on a
track).
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Figure 2.7: (a) An event with wrong total time offset the track is splitdiiwo parts. (b)
The same event, now the two parts are joint together into ond grack after calibrating
the total time offset

2.7.4 Thez Coordinate Calibration

After calibrating the global parameters which allow to h#ve coordinates of a
hit in the ,y) plane. The procedure of calibration to determinezleeordinate

of a hit along a sense wire is presented in this section . Wamtitat information

via a charge division method [97, 98]. The ratio of the chargalected on the
left and right ends of a wire is proportional to the ratio o tielative distances
where the avalanche occurred and is given by

Q_ z
QR L-z

WhereQ_ andQg are the collected charges on the left-hand side and rigid-ha
side, respectivelyz is the position along the sense wire from one end where the
charge was collected aridis the length of the sense wire. Formula (2.6) shows
the dependence of the collected charge ratio onztpesition of the hit. It is
mandatory to first calibrate the collected “charges” after digitization by the
Flash ADC module. The digitized numbeks andAr are connected to the real
electrical charges by constamfisandgr (i.e. the gain factors) as follows

AL =0.QL,
Ar = grQRr.

(2.6)

(2.7)
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Figure 2.8: (a) Split track at the border line between two sectors of tBe&CCue to the
wrong drift velocity. (b) After calibrating the drift velay the two parts of the track fall
together and form a single track (blue color).

The goal of the calibration is to have the ratio of digitizeghsls equal to the ratio
of the real charge#) /Ar = QL /Qr. This means that the ratio gf to gr should
be equal to unity after calibration and a good fit of the traoklifig in the(r, z)
plane is required in addition. Figure (2.10) shows the ratithe mearg, to the
meangg as function of the wire number. After calibration of the digd signals
at both ends of the sense wire, the prapenordinate of the hit can be determined
using

|eff Qr—QL

Zthit:ZO+?m~ (2.8)

Here,z is the middle of the sense wire with respect to the targettiposiles is
the effective length of the sense wire defined as

lesf = lo (l-l— %) . (2.9)

Where,lg is the length of the sense wirBy is the resistance of the preamplifier
andRy, is the resistance of the sense wire.
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Figure 2.9: (a) Event with wrong Lorentz angle. The lower track is broketwo parts
in the sector border. (b) The same event with the proper libamle.

2.7.5 The Energy-Loss Calibration

The total energy loss of a particle passing through the @etume of the CDC
is proportional to the collected charge in each drift cedie(figure 2.6). The total
energy loss for a hit is given by

AE = f. (ARJr%AL) . (2.10)
L

f is a factor which takes into account the gas gain and the &ogion factors of
the preamplifiers at both ends of each wire. From the pre\season it becomes
clear now why one has to calibrate the collected charges Tihgt energy loss per
unit path length for each track is derived using

dE AE Or sinB
€ _LE_, <AR+gLA|_> - (2.11)

Ar, Aryy are the lengths of a track in space and in thg) (plane, respectively and

0 is the polar angle of the track. The calibration of the endogg consists of the
calibration of the parametdr, which for a good calibration has a constant mean
value.
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Figure 2.10: Ratio of gain factorg), to gr of the wires in sector one.

After the calibration of the energy loss, its statisticatdbution looks like
a Landau distribution. To have a precise measurement of genranergy loss,
the mean of the lowest 70% of the measured ionizations pek &nee used. This
truncation reduces the fluctuations of the mean energy loss.

2.8 The Scintillator Barrel

The Plastic Barrel detector surrounds the CDC at a radiuslbti. It covers
polar angles from 27 to 57° and around 85 % of the full azimuthal angle. It
consists of 180 plastic scintillator strips, each has aaremtlar cross section of
4 x 3cn? and a length of 150cm. The light produced by charged pasticiex
given strip is collected at both ends of the strip by a photdtiplier tube. This
gives the time of flight and the hit position along thaxis for a charged patrticle.
The time resolution of the plastic barrel is about 300 ps Argbsition resolution
about 7cm. The combination of momentum from the CDC and thexitg from
the Plastic Barrel allows for a better identification of et particles. This is the
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method to identify charged kaons with the FOPI detector as/shn figure 2.11.

Velocity (cm/ns)

Figure 2.11: Momentum of charged particles from the CDC versus theirargidrom
the Barrel. Lines are the Beth-Bloch parameterizationvddrivith nominal masses of
particles with charge Z=1.

2.9 The Helitron

The Helitron is a a radial drift chamber filled with the same gaixture as the
CDC. The polar angle acceptance of this detector ranges Trérto 30 ° This

chamber is divided into 24 sectors. Each of them has 54 semss and 53
potential wires perpendicular to the beam axis. As in the @dghe CDC, the
charged particles are identified via their energy loss instgsitive volume and
their track curvature. At the position of the Helitron, thegnetic field is not
homogenous. However, it has been measured and it is knovinaniaccuracy
of 0.5 % [99]. For this reason the azimuthal angle of the detkparticles in the
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transverse plane has to be corrected. The correction ia givéhe formula

@corr = @+ m, (2-12)
where@qo is the corrected azimuthal angle due to the inhomogeneityeofag-
netic field,@is the measured azimuthal angle gmid the total momentum of the
detected particle. As in the case of the CDC and the Barrelcan combine the
momentum from the Helitron and the velocity from the Plastiall (PLAWA)
(see figure 2.11) to have a better identification of chargetilgbes in the PLAWA.
The momentum of charged particles passing through therbleléts a function of
their velocity from the PLAWA is plotted in figure 2.12.

?.

p/q(GeV/c)

Figure 2.12: Matching between Helitron and PLAWA, plotted is the momemtof
charged particles measured with the Helitron versus thelimcity measured with the
PLAWA. The differentiation between positively and negalwcharged particles is due
to their curvature measured in the Helitron. The color codiécates the number of parti-
cles.
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2.10 The Forward Wall

The forward wall covers polar angles from T.20 30° and the full azimuthal
range. It consists of two parts: the outer wall called “Rtagtall” (PLAWA) and
the inner wall called “Zero Degree” (ZD).

2.10.1 The Plastic Wall (PLAWA)

Like the Plastic Barrel the Plastic Wall is made of 512 ptastintillator strips di-

vided into eight sectors. Each sector is composed of 64ssffipe light produced
by a charged particle on a given strip is read out at both efitestrip via photo

multipliers. Each strip delivers four signals, two enesgig_,Er) and two times

(t.tr). The energy losAE of a particle is proportional t§/E, - Er and its time of

flight is proportional to% -(tL+tr). The position of a particle hitting the PLAWA
is given by the angular position of the strip which fired. Thee resolution is

linked to the active length of the scintillator strip, thusvaries from 80ps for
strips in the inner sector to 120 ps for strips in the outetaed he resolution of
the hit position varies from.2cm to 20cm [74, 75].

2.10.2 The Zero Degree Detector

This detector covers polar angles from 1.8 7.0° and consists of 252 plastic
scintillator strips grouped into 7 concentric rings. Eacbdule is read out by
only one photo multiplier and delivers the energy lo8E) and the time of flight
of charged particles. The time resolution of this detec@tiout 200 ps.

2.11 The Silicon Strip Detector (SDD)

In the S273 experiment, two silicon micro-strip detectoesewused. The aim of
using them was mainly to ensure thie beam was focused on the target since the
pion beam is a secondary beam [87]. Figure 2.3 shows a skethhose two
detectors were positioned with respect to the FOPI setup.siliton micro-strip
detectors have a size of2x 3.2cn? and a thickness of 3Qn with a resistivity

of 6—10kQm. The operating voltage of each silicon strip detector is-S0 V.
Since they were used for focusing the beam xthady coordinates were needed.
For this reason, both silicon micro-strip detectors arebtiogided (Strips of one
side are perpendicular to the strips of the other side). Eatd contains 1280
strips with a pitch of 2pm. To reduce the number of readout channel only strips
at 50um are read out [100, 101]. The position of the patrticle is vigi by com-
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puting the center of gravity of the charges collected atis¢veadout strips.

2.12 Determination of the Cross Section

The S273 experiment was devoted to the measurement of Hregsetress pro-
duction inTt” induced reactions. The reaction products are mainly reaacted
in the CDC acceptance. Therefore, one needs a minimum kiggetrfor the
CDC. Figure 2.13 shows the trigger system used in the piomkageriment. It
sketches how the number of beam particles used for the nezasut of the cross
section are counted.

No hitin CDC

Pre~trigger — Fast Clear
Inh

tstart—=
Halo & i & 5us delay |-
treadout

Dead time

FC — To Computer

‘ Trigger—-Box8000 ‘ ‘ Trigger—Electronics ‘

Figure 2.13: A sketch of the trigger system used in the pion beam expetimen

The number of strange particldlg; produced per unit time is given by
Nst = Neeam* Ntarg* €dead OR (2.13)

OR is the inclusive reaction cross section (i.e. of the reactio+N — K+,
where K=K* or K® and Y=2 or A). Ngeamis the number oft~ beam particles
passing through the start counter without producing a $igrthe Halo detector.
Nearg is the number of target nuclei per érandegeaqis a factor which takes into
account the dead time of the detection system. This factgivéen by

Nacc

€dead Ny L’ (2.14)
whereNyccis the number of beam patrticle fulfilling a trigger called SE&lear”.
This trigger requires a certain number of hits in the CDC geothise the event
will be rejected or clearedN;aw is the number of beam particles which pass the
trigger box. L is the life time fraction of the detector which can be writi@s
L = 1—tgeag Wheretgeaqis the dead time fraction of the detector. The quantity
€dead- NBeam in (2.14) is the called the inhibited numbhb,, of beam particles
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which fulfill our trigger condition (this number is writtem ithe List Mode Data
files (LMD) as well as to the Data Summary Type (DST)). Therefthe inclusive
reaction cross section for a given strange particle is goyen

Ni(v)

N
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Chapter 3

Data Analysis

The aim of the S273 experiment is to measure the in-mediuss@ection of the
reactionri+ N — K%+ A. To count the number of neutral strange particles, their
daughters have to be identified among the other particlesdh event.

The possibility that those events contain also backgroanchot be excluded.
The background contamination is due to non-target reactiahdouble events
(i.e. pile up). It is extremely important to discard thosekground events to
measure the cross section properly.

In this chapter, the data analysis of the s273 experimentgkimed in de-
tail. Event selection, particle identification in the CDCGIdPLAWA methods are
presented.

3.1 Event Selection

3.1.1 Rejection of non-target Reactions

Due to the large transverse dimension of the pion beam (he.beam spot is
about 2x 2cn? wide), it is possible that pions hit different parts of thetagor
without making a reaction in the target. Those events reguftom non-target
reactions are considered as background. To reduce thioknedctions, a trigger
called “Good Beam” is applied. It relies on the signal frore #tart detector and
halo detector as a veto (i.e. whenever the halo is hit by a, pr@nevent will be
rejected). Even if beam particles fulfill these trigger ciods, it is possible that
they react with detector materials in the space betweenténecounter and the
target. For this reason, a small scintillator counter imfraf the target is installed
(i.e. at 30cm far from it). This counter was used as an addititrigger input to
the first one, and is called “Better Beam” trigger. To furtsappress non-target
events, the CDC event vertex was calculated. By definitioespace coordinates

41
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of the CDC vertexv, W, V) are the mean values of track intersections in space.
A typical distribution of the vertex in théx,y) plane is depicted in figure 3.1.
There are no constrains on the vertex in thg/) plane because pions can hit the
whole target surface (all targets havés 4 4.5cn? surface). The vertex along
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Figure 3.1: CDC Vertex distribution in théx,y) plane. The beam spot has a circular
surface which is not exactly centered at (0,0).

thez axis is plotted in figure 3.2: Two peaks can be clearly idexdifone at the
nominal target position 0cm and the other one arou8@cm. The latter one is
due to reactions of pions with the small counter. To dischos¢ reactions, the
distribution is fitted with a Gaussian and only those in thegeaof+3c around
the nominal vertex (i.e. the resolutianof the vertex in thez direction is about
4cm)are selected.

The other possible source of background, are multiple svéitiwvo pions arrive
at the start counter in a time interval at less than 100ns @B€ has a gate
of 100ns), then they can not be distinguished as two indeperelvents. The
pion beam intensity was 30805000t per second, this means that on average
each 20Qus one pion passes through the start counter and interattsheitarget.
Under those beam conditions it is almost impossible to haudbi@ interactions
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Figure 3.2: Distribution of the CDC Vertex along theaxis. The peak at30cm is due
to the reactions oft~ beam particles with small counter (see text). The shaded are
represents the accepted events in a range3of around the nominal vertex.

in one event. Figure 3.3 shows the distribution of the ddpdsenergy of pions
passing through the start counter. The shape of the distibis smooth and does
not show a double-peak structure. The distribution of tlieremce time of the
arrival pions on the start counter is shown in figure 3.4: tasatered around the
channel 1000 (i.e one TDC channel is equivalent to 50 ps)ejext background,
all events withinrt-30 are accepted, as it is indicated by the shaded area.
Under those selection criteria (i.e. cuts on the vevief the CDC and the time in
the start counter), the number of remaining events for tleetéivgets which were
used are presented in table 3.1. The fraction of good eveats\ith background
level below 3%) to bad ones (i.e. events which contain bamkg) is used to
calculate the corresponding number of beam particles. & hambers for each
target are written in table 3.1.

3.2 Detector Acceptance

According to Tsushima et al. [67], the reactimA-N — K +Y (i.e K could be a
K+ or K? andY is a hyperon it could be & or aA) is not isotropic. They predict
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Figure 3.3: The distribution of the deposited energy of beam particles in the start
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counter.
Number of Number of Number of Number of
Target | events before | events after | beam particles | beam particles
cut cut before cut after cut

C 10004 002 8701144 415186 213 361212005

Al 66 1097 559 327 65452 062 54979733
Cu 1048495 938453 59595 181 53039712
Sn 1443854 1244588 59735244 51372310

Pb 12011 336 10653130 368214 310 327710736

Table 3.1: Number of events and beam particles before and after cubtinidpe time of
the start counter and the vertexof the CDC.

a preferential emission of the hyperon in the forward dicectn the laboratory
frame. For this reason, we look for daughters of strangegbestin both parts
of the FOPI detector, the CDC and the PLAWA. Thes reconstructed in the
PLAWA and CDC, and th& in the CDC.

Figure 3.5 shows phase space distribution of protons aetecthe CDC and
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Figure 3.4: Distribution of arrival time in the start counter af beam particles.

the PLAWA (i.e. the transverse momentum of protgrsas function of their
rapidity y (see appendix B) in the laboratory frame). The full lines gufe 3.5,
show the geometrical acceptance of each sub-detector. DedCcupies 23 of

the full space and the PLAWA roughly/3 of it.

3.3 Particle Properties

In the CDC, particles are identified via their momentum armdrtbnergy loss. Fig-
ure 2.5 shows the energy loss of particles as function of thementa. The mass
of particles can be derived using the Bethe-Bloch paranzetésn with an iter-
ative procedure (see appendix A). The obtained mass distibof all particles
detected in the CDC is shown in figure 3.6. The quality of thécation is re-
flected in a good mass separation of particles. Heavy pestlite deuterons can
be seen and distinguished from protons in this experimerdrebler, particles
detected in the CDC are characterized by the transversandisto the primary
vertex in the(x,y) plane and also by the distanzgalong thez axis. Paneh of
figure 3.7 shows a sketch of a track in they) plane. Its radius of curvatureis
connected to the transverse momentum via formula (83 the transverse dis-
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p,(GeVic)

Figure 3.5: Geometrical acceptance of the FOPI detector.

tance to the primary vertex. The tracks of secondary peti@le. daughters of a
decay of strange patrticles or resonances) do not point fortlmary vertex, hence
they have bigger values ah as compared to primary particles. The azimuthal
emission angley of a particle in thgx,y) plane is also defined in panl Panel

b of figure 3.7 shows how is defined thgdistance of a track to the primary vertex
in the (r,z) plane @ is the longitudinal angle between the track andzh&is).

In the PLAWA, patrticles are identified using their velocitgnd their specific en-
ergy loss. Figure 3.8 shows the correlation matrix betwbenmean energy loss
and the velocity of particles, the line indicates the patamation according to
the Beth-Bloch formula (see Appendix A). fim A reactions only particles with
chargeQ = +1 are seen in the plastic wall. To distinguish between paséind
negative charged particles, the matching between therbiel#nd the PLAWA is
needed. The curvature of particles passing trough therbelis employed, thus
particles with negative charge have a negative curvatudepasitively charged
particles have a positive curvature. Figure 2.12 demaesttaat with the match-
ing, distinction betweem, Tt and protons is very good.
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Figure 3.6: CDC mass spectrum from Pb reactions, the spectrum is deduced from
Beth-Bloch parameterization.

3.4 Reconstruction Methods of/°

The name/°® was assigned to the strange mesthwhen it was discovered in
a bubble chamber [102]. It was callt? because it is neutral and the charged
daughters form & shape at the decay point of ti&. Charged daughters of
the strange baryon form also av shape at the decay point of the particle. For
the process of the strong interaction, the strangenessseoeed, thus in pion in-
duced reactions, there must be an associated productitrane particles. Their
decay mechanism is being different from their productibeytdecay relatively
slow (i.e. typically about 10°s) by weak force.

Since FOPI detector can only identify charged particles,kKh and A must be
identified through their charged decay channels. /AHhgas a mean life time of
2-101%9s and decays with a branching ratio of 64% imoand proton. Th&®°

is a mixed state okQ andK?. TheK? has a mean life time- T of roughly 15m,
this means that it decays outside the FOPI detector.Kfheas a mean life time
c-T= 2.67cm and it decays inta— andmt™ with a branching ratio of 68%. Only
this particle can be reconstructed with the FOPI detector.

Panela of figure 3.9 shows a schematic view of the disintegration 4P A or
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Figure 3.7: Quantities characterizing the position of particles iadite CDC.

KQ) in the (x,y) plane. The same picture in tifig z) plane is shown in pand .
Those two pictures contain all geometrical and kinematiaahbles characteriz-
ing the decay. To calculate the secondary vertex coordiniadeys) with respect
to the primary one, we solve the equation of intersectiomeftvo circles in the
(x,y) plane. The trajectories of the two particles andTt™ (proton) can intersect
if the distanced,; between their circle centerg; andmy is less than the sum of
their radiir; +ro. Once this condition is fulfilled, the intersection of thectés
can be parameterized with the angie In the (r,z) plane, tracks which have a
relative distancé z; — z; | with respect to the primary vertex less thian are se-
lected for reconstructing the secondary vertex in(thg) plane.

To identify neutral strange particles, one has to look toitlariant mass spec-
trum.

3.4.1 Invariant Mass Spectra ofkg and A

The method to obtain the invariant mass spectra of the restteange hadrona
anng reconstructed out of particles detected in the CDC acceptisrdescribed
here.

The invariant mass is given by

Mine =/ (E1+E2)? — (P + )’ = VE?— PP (3.)
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Figure 3.8: Energy loss of charged particles detected in the PLAWA asetilon of their
velocities. Only particles with chargesl reach the PLAWA it Pb reaction.

The subscripts 1 and 2 refer tam andmt or proton respectivelyE is the total
energy and is the momentum of a particle. In combining the four momentdim
atr with the one of at™ (proton) to calculate the invariant mass spectrum of a
Kg or A\, the possibility to have a combinatorial background canbeoéxcluded.

Its origin is due to completely uncorrelatex(, Tt" (proton)) pairs. To reduce the
background, selection criteria are applied to theand t" (proton) kinematical
and geometrical variables.

In table 3.2 all variables describing daughterﬁ(@fand/\ and also the range of
their variation are presented. For both partigiesandt a minimum transverse
momentum of 80MeVec is required, to make sure that both particles reach the
outer radius of the CDC. For the proton a corresponding mininmomentum

of 100MeV/c is required. This helps to reject particles curling indide CDC.

In first order the transverse distance to the vedgxis not restricted, because
for some events the vertex could not be calculated and threré$ taken at its
nominal value. In reality daughter particlesKg and/\ have a transverse distance
do different than zero. The mass is selected in a wide rangegusecat high
momentum the CDC mass resolution is getting poor. The sgleange of the hit
multiplicity helps in choosing good tracks by avoiding beokones.
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Figure 3.9: Sketch of thek(A) decay in the(x,y) (upper plot) and in thér,z) (lower
plot) planes of the CDC. This plots schematize also the taaction method of strange
particles (see text for explanation).

A pre-selection criteria of kinematical and geometricaialles of thek2 andA

is also addopted while reconstructing their invariant nsgesctra. The variables
and their allowed variation range are listed in table 3.3.vAfiables are defined
in figure 3.9.

Panela of figure 3.10 depicts the combinatorial invariant mass spet of

theK{ reconstructed in the lead target. It shows a peak arounddimnal mass
of the Kg above a continuous background. This background is calleddbim-
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Daughters
™ 1
;g(r)ttir(]:leer: | do |< 20.cm | do |< 20.cm
K3 0.05< mass< 0.8 GeVk? | 0.05< mass< 0.8 GeVL?
p; > 80. MeV/c p; > 80. MeV/c
Nhits > 24 Nhits > 24
Daughters
™ proton
Mother | do |< 20.cm | do |< 20.cm
particle:A || 0,05 < mass< 0.8 GeVE? | 0.5< mass< 1.5 GeVi>
p; > 80. MeV/c p: > 100. MeV/c
Nhits > 24 Nhits > 24

Table 3.2: Quantities used to characterize daughters of strangeleartind their allowed
ranges.

Mother particle | Min, (GeV/c?) | rs(cm) | |@s— @p| (°)

K2 0.35...0.8 |0....20.| <360.
A 1....1.5 ]0...30.] <360.

Table 3.3: Alowed ranges of geometricaf(— @) and kinematicalrg) variables charac-
terizing K® andA particles.

binatorial background”. In order to know how mukl are under the peak, one
has to subtract the background. There are two different odstbo describe the
combinatorial background, the first one is to fit it with a padynial or exponen-
tial function. This depends on the shape of the backgrowedfitThis method is
used if on has a very good ratio of signal over background. other method is
called the “Event Mixing” method. In this analysis, we adtps method. It con-
sists of combining on&~ from one event witmrt™ (n protons), each one from a
different event to produce another invariant mass spectfoinmore details about
the method see [103, 104]). Paiadf figure 3.10 shows a spectrum of the event-
mixing background. Before subtracting it from the combamiti background,
one has to normalize it. The spectrum is multiplied by a winghfactor which
is evaluated from the ratio of the combinatorial backgroumthe mass region
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Figure 3.10: Invariant mass sepctra K@ reconstructed im— Pb reactions. Shaded area
in panel (a) and (b) show the invariant mass region wherewbetanixing bacground is
scaled. Panel (c) depicts the scaled event-mixing backgroutop of the combinatorics
spectrum. Panel (d) shows tKé invariant mass spectrum after background subtraction.

where there is no peak, to the event-mixing background irséimee mass region
(i.e shaded area in panesndb). The combinatorial spectrum is shown in panel
¢, and on top of it the normalized event mixing spectrum istptht After subtract-
ing the background, a peak remains centered at the nomirsal mahng asitis
shown in panetl. This confirms that the event-mixing method describes tie-co
binatorial background well. To derive the other quantittearacterizing thda(g
or A (momentum, rapidity, flight path, .), the corresponding event-mixing back-
ground spectrum is multiplied by the weighting factor ob&al from the invariant
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mass evaluation. Afterwards, we subtruct it from the cquoesling combinatorial
spectrum.

To calculate the number mg under the peak of panel, the spectrum is fitted
with a Gaussian-type function. The mean of the fit is the nahmmass of tthg

and the variance is the mass width. The sume of all entries in a mass range of
+2-0 is taken as the number mg under the peak. The peak is characterized by
two quantities: the signal over background ratio and thgriigicance” defined as

Significance = (3.2)

S
VS+PB’
whereS andB are the signal and background counts respectivelyosaﬁnder the
peak. A clear signal has typically a significance larger tB§t03].

Panela of figure 3.11 depicts tth invariant mass spectrum reconstructed in
1T C reactions. The histogram with the full line (in red) is tmmbinatorialKg
invariant mass spectrum, and the histogram with dashedifirdue) is the event-
mixing background. It can be seen in the mass region 0.35 0@fGeV/c? and
0.55 up to 065 GeV/c? that the event-mixing curve does not match with the com-
binatorial one. The event-mixing overestimates the bamkgd in the lower mass
region and underestimates it in the mass region 0.55 up@®eV/c?. The
obtainedk invariant mass spectrum after subtraction is shown in panélo
further understand the behaviour of the event mixing, omereaonstruckg in-
variant mass spectra in differefit,y) bins (i.e. different phase-space regions)
(for the definition of the rapidity see appendix B). The study is done in four bins
of rapidity for all transverse momengg. Figure 3.12 illustrates the reconstructed
Kg invariant mass spectra in four different phase-space megidhe backward
hemisphere is delimited by rapidities below).2, rapidities between-0.2 and
+0.2 represent the target rapidity and the forward hemisplsedelimited by ra-
pidities above @. The upper left plot shows the invariant mass spectrumK:g a

in the phase-space regior?G< p; < 0.3 GeV/c andy < —0.2. It can be seen
that after subtraction of the background sofme, t") correlations are remain-
ing on both sides of tth peak which can not be handled by the event-mixing
method. The same effect can be seen in the forward-hemis@tdransverse
momenta QL < p; < 0.2 GeV/c. Below 06 GeV/c? in mass the event-mixing
method overestimates the background and abd&®eV/c? up to 065 GeV/c?

the event-mixing underestimates the background. The lowemplots show the
reconstructed(é’ invariant mass spectra in the forward hemisphere at momenta
0.3< pt < 0.4 GeV/c. The same observations as before can be made. In the
other phase-space regions which are not shown here, evrinignspectra have
the same behaviour as in figure 3.12. This behaviour can daieggd by the fact
that when combiningr with 1™, it is not excluded that the selectad particle is

a misidentified proton, since the CDC mass cut is open for ap to 08 GeV/c?.
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Figure 3.11: Invariant mass spectra big reconstructed im C reactions. Panel (a) shows
the scaled event-mixing background (red) and on top of itctrabinatorial spectrum.
Panel (b) contains the signal after subtracting the backgto

In this case, itis possible to have correlations inlﬂge:ombinatorial background
which originate fromz®(A) particles (decays into— proton with 64% branching
ratio) or fromA andN* resonances (decay infoN with different branching ra-
tios). If such correlations exist in the combinatorial bgicdund, the event mixing
method is not able to describe the combinatorial backgrqamogerly. For the
time being, it is not possible to study such effects, sineeatailable transport
models (HSD or IQMD) do neither contain the correlated kia&os of the asso-
ciated strangeness productidt’(— =°(A\)) in pion-induced reactions nor the”
production via multi-step processes (which happeng&\vaadN* resonances).

In this situation, the only way to match the event-mixing kground with
the combinatorial one, is to cut on appropriate variablese dut will increase
the signal over background and also the event-mixing backgt will match the
combinatorial one quite well but a lost on the number of cdatis is expected.
Variables on which one can are:

e The transverse distandg to vertex of daughter particles. Since those par-
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Figure 3.12: Invariant mass spectra mg reconstructed it C reactions in different
(pt,y) bins. All pictures depict the corrected invariant mass spet. They are obtained
in the same way described in figure 3.10.

ticles originate from a secondary vertex (i.e. decay pofnthe mother
particle Kg), their absolute transverse distance to the primary vesttexld
be bigger than zero.

e The other variable is the pointing andie@ = ¢, — ¢s ( it reflects the detector
resolution), for a perfect detector it should be close t@ozer

Figure 3.13 shows the reconstructéf invariant mass spectra im~ C and
1T Pb reactions when using the set of cuts given in table 3.4. sidreal-over-
background ratio is improved by roughly three orders of nitagle in the case of
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Cut quantities

do(1T7) (cm)

do(Tt") (cm)

Ag(°)

Variation ranges

|do(T")| > 1.5

|do(TT7)| > 1.5

|Ag| < 30°

Table 3.4: Additional cut quantities used to describe the combinatdrackground with

event-mixing method.
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Figure 3.13: The obtained<g invariant mass spectra i +C (left) and intt” +Pb (right)
using set of cuts defined in table 3.4.

the Lead target. The signal-over- background ratio for tad@Gn target improved
by about factor 20. One can see that the event-mixing baakgronatches per-
fectly with the combinatorial one, but one looses roughlg order of magnitude
in the number of reconstructéc.
It is possible to use another set of cuts which leads to a gescrightion of the
combinatorial background with the event-mixing methodisTet includes cuts
on the same variables presented in table 3.4 but their \arieginges differ, in ad-
dition the opening angl&g, = ¢ — @+ between the daughter particlgs , t")

in the transverse plane is used. Their allowed range of tuamias presented in
table 3.5.
To derive theA signal (where both particles—and proton are detected in the
CDC) the same method is used as formgeAlso the same steps as in figure 3.10
are followed to count the number &f particles. The event-mixing method was
used to evaluate the background. Since the cut on the CDGmpno&ss is open
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Cut do(Tr) (em) | do(TT") (cm) | A@(°) Agy (°)
guantities

Variation |do(Te7)| >0.7 | |do(TTH)| >0.7 | |Ag < 60° |AQp| > 90°
ranges

Table 3.5: Second set of cut quantities used to describe the combialabarckground
with event-mixing method.

(see table 3.2), it is not excluded to correlataawith 1" instead of proton to
reconstruct theé\ invariant mass spectrum. Hence the same problem is faced as
in the case oK2, where the background can not be described properly by the
event- mixing method. To have a reasonable descriptioneobétkground using

the event-mixing method a cut strategy is needed. In thikworabsolute in-
clusive yield of the produced in the CDC will be derived, therefore no further
investigations of the event-mixing background method amdstrategy will be
presented.

3.4.2 AP Reconstruction in the Forward Wall (PLAWA)

The reconstruction of thA in the PLAWA means to combine a proton detected
in the PLAWA with att detected in the CDC. This method has been developed
for the first time in FOPI and is important for further appticas when one aims
at correlation a forward going, with other particles [105]. Ther is selected
adopting the same criteria as in the case ofK@eand/\ reconstruction in the
CDC. Since the proton is detected in the PLAWA, it needs to iseéndjuished
from a pion r or 1t"). In this case the role of the Helitron is crucial. Combining
the curvature of particles from the Helitron and the velpéibom the PLAWA,
gives a clear separation between pions @nd ") and protons as is shown in
figure 2.12.

The velocity of all particles with a chargg= +1 is depicted in figure 3.14. Two
parts can be distinguished in the histogram, one stafis-d1. goes up t@@ = 0.85
and the other one startsfat= 0.85 and ends dt = 0.99. From the figure 2.12 it
can be clearly seen that pions (andT") are concentrated aroufid= 0.99 and
the protons are located at abou8®. To avoid the contamination (in the velocity
spectra of the protons) by pions, protons in the PLAWA aresehowith velocity
less thar = 0.75 (i.e. corresponding te= 22.5cm/ns). In table 3.6, the selec-
tion criteria forrr and proton are summarized.

Figure 3.15 illustrates th& decay into a proton going to the PLAWA and@a
going to the CDC, in théx,y) and(r(x,y), z) plane. In FOPI, particles detected in
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Figure 3.14: Velocity distribution of particles with charg® = +1 detected in the
PLAWA.

Daughters
. proton
Mother | do |< 20. cm Q=1
particle:A || 0,05« mass< 0.8 GeVi2 | v< 225 cmins
pt > 80. MeV/c
Nhits > 24

Table 3.6: Quantities characterizing daughters/oparticle and their variation ranges.

the PLAWA are assumed to come from a vertex situate@dhaty,v;) = (0,0,0)
and due to the inhomogeneity of the magnetic field at the iocatf the Helitron,
the azimuthal angle of particles has to be corrected (seeuliar(2.12)). When
a\ particle is decaying the largest part of its momentum israke the proton
because they are close in mass (i&m = 178 MeV/c?). This means that the
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momentum vector of th& and the proton are close to each other. As an approx-
imation, we assume that the flight path of theand the proton in the transverse
plane, are the same as it is shown in the left panel of figurg. 3[t reconstruct
the secondary vertex, the transverse distahgédetween the circle center of the
1T and the flight path of the proton have to be calculated. Thtadce should be
always less than the radius of the circle. The decay of\lirethe (r,z) plane is
shown in the right panel. The difference betweenzipesition of both particles
is required to be less thake.

Once the secondary vertex is determined, we reconstruéchvheant mass of

rx.y)

AZ=7

X Z/\,p z

Figure 3.15: Schematic view of thé decay in the forward direction of the FOPI detector.
The right panel illustrates the decay Afin the (x,y) plane of the CDC. The left panel
shows its decay in the, z) plane.

the/\. The pre-selection criteria for the variables describmgyX properties are
presented in table 3.7.

Pre-selected | M, GeV/c? Az (cm) A (°) rs (cm)
guantities

Variation 1....15 <20 < 360 <50
ranges

Table 3.7: Quantities characterizing th#& particle used as a pre-selection criteria for
invariant mass reconstruction.

Using formula (3.1), four momentum a@f~ and proton which fulfill the con-
ditions in table 3.6 are combined to reconstruct the invdnaass of the\. The
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Figure 3.16: lllustration of the reconstruction method of theinvariant mass spectra in
1T + Pbreactions. The same steps are followed as in figure 3.10.

combinatorial invariant mass spectrum is plotted in panef figure 3.16. It
shows a peak centered at the nominal mass of\th@anelb shows the event-
mixing background, the shaded area in pamedsmdb show the range where the
event-mixing background is normalized. Panelemonstrates the event-mixing
background in blue dashed lines on top of the histogram ininedoriginating
from the combinatorics. One can see clearly that the evexitgymethod de-
scribes the combinatorial background reasonably welleRashows the remain-
ing\ peak intt” Pb reactions after subtracting the background. Figureshdws
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the A invariant mass spectrum reconstructed framC reactions. The signal is

Counts

Counts

1.25

T T T T
3000 —
2000 —
1000 —
0 | | | | | | |
1.075 1.1188 1.1625 1.2063
2
M, (GeV/c?)
T | T | T | T
B Mass = 1115. + 0.15 MeV/c? 1
1000 0= 2.8+0.12 MeV/c’® —
Signal = 3280 + 166.
B Significance = 26 7]
500 — S/B =0.28 _
| L TR S |
0 |~ =1 T
A R A SO LNl T
1.075 1.1188 1.1625 1.2063

1.25
M, (Gevic?)

Figure 3.17: A\ invariant mass spectra reconstructedtint: C reactions . The upper plot
shows combinatorics spectrum (full line) and scaled ewertng background on top of
it, the lower plot shows the obtaingdsignal spectrum after subtraction.

characterized by a relatively low signal-over-backgro(®® ~ 0.3) and also a
relatively small width of about 3MeXt?, this is due to the fact that the PLAWA
has a good time resolution which is translated into a good emtum resolution
of the proton.
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Chapter 4
GEANT Simulation

A GEANT simulation of the detector is needed for efficienctireations and is
also used as a filter for models to compare them with expetahdata, in order to
see the effect of the detector response. Therefore, it iseaift gmportance that the
detector has to be described properly in GEANT. The first &dp implement
properly the geometry of all sub-detectors, their volumed their materials in
GEANT, same holds for the target. This has been done duriegitigrade of
the FOPI detector in 1997. As a second step, the detectoonssphas to be
implemented in GEANT. It consists of the resolutions chesazing each sub-
detector. In this our study is focused on the CDC sub-detemtty. A short
description of the CDC digitizer will be presented, thenithplementation of the
resolutions (i.e. spatial and energy resolution) will bplained. Comparisons of
the CDC resolutions achieved in GEANT with DATA will be presed. Finally
efficiency estimations for the S273 experiment are presente

4.1 The CDC Digitizer

The role of a digitizer is to model detector response of digpdEnergy of a hit

in the gas volume of the CDC and the propagation of the cooreipg energy

through the front-end electronic. Thereafter, these idigit charges are written
into a file which have a similar format as experimental daéa fil

When tracking particles through matter with GEANT [106} thumber of steps
per track (i.e. distance between two hits is called stepjléthe CDC volume of

is calculated automatically by GEANT. While calculating thumber of hits per
track, all relevant physical processes like decay of théghayelectromagnetic in-
teractions and hadronic interactions with the active vaurave to be taken into
account. The magnetic field has to be included for trackinggd@s inside the

active volume of the CDC. After producing hits for each trackide the CDC,

63
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the next step is to determine the equivalent charge for eiciheach step the
deposited energy is recorded inside the active volume oCIDE. In GEANT,
the CDC electric drift field is replaced by an adjustabledacilled the gain, the
deposited energy per hit (which is the energy loss) in eaidhogl (i.e. for each
sense wire) is then multiplied by the gain factor. This is asyeway to simulate
the effect of the potential voltage (see figure 2.6.

The distance between each hit and the closest drift celely) plane is calcu-
lated. Knowing the gas properties of the CDC and the appliectrec drift field,
the drift velocity can be derived. Thereafter the drift timfeeach hit is derived.
After calculating the drift time and determining the relatihit position in(x,y)
plane , it is necessary to have the fraction of energy of aeffitand right to the
total energy, which has to be converted into charges. Th#idrais given by the
formula

_ 0k, it Q
R=05 <1+2 | eff >_QL+QR @.1)
e (1. o =it _ QR '
Rr=0.5 (1 2 o ) oS

wherez, is the middle of each wirdy_ andRg are the fractions of charges left and
right to the total charge andy is the effective length of the wire. Both charges
are converted into Gaussian-like signals given by

B 1 1 (tg—tm\?
SL7R—E'RL7R<ﬁ‘eXp<§‘< o )))7 (4.2)

where§ R are the collected signal from the left (L) and right (R) enchokire
which have to be digitizedty is the drift time corresponding to the distance be-
tween the hit and the drift celly, is a mean drift timeo is the width of the drift
time distribution which is about 10 ns aidis the deposited energy per step for a
hit. At this stage, one is able to digitize both charges usisBC with 100 MHz
clock. The energy and spatial resolution are introducelealevel of the digitizer

in the GEANT simulation. But before studying hit resolutsdispatial and energy
resolutions), the relative distance of a hit to a drift celsho be calculated. Also
the gain factor has to be modeled properly to have the sareetefivhich can be
obtained with the potential wire voltage in the gas voluméefCDC.

4.2 Drift Path of a Hit

To study the track quality, it is important to have the progeit distance of each
hit in GEANT with respect to each drift cell. By definition aifticell is a sense
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wire surrounded by two potential wires both at a distance.5tt. Figure 4.1
shows a sketch of a drift cell in th&, y) plane. Taking into account Lorentz angle
oL define the drift path in each drift cell is given by The drifttipan each drift

Figure 4.1: Sketch of the drift cell geometry.

cell is given by:
Sarit = D1 —L (4.3)

The quantitiesgsif , D andL are shown in figure 4.1D | is given by

D, = \/(xh—xw)2+(yh—yw)2~cosaL (4.4)

(X, Yn) is the hit position and, yw are the wire coordinate in thix,y) plane.

The distance. is given by
L =+vR2—D? (4.5)

andD is given by

D= \/(xh—xw)2+(yh—yw)2-sin0(|_ (4.6)

Thus if one knows the hit position, the wire position and tleedntz angle, the
drift path of each hit and the drift time can be derived proper
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4.3 Modeling of the Gain

It is a very complicated issue to simulate the transport@ftebns inside a gas in
a homogenous electric field. The situation becomes even coonglicated if the
electric field is inhomogeneous. As it was mentioned in thgarbeng, during the
upgrade of the FOPI detector, CDC wires were exchanged froaswith 50um
diameter to 2pm diameter. The voltage divider chain responsible for poouiy
an homogeneous electric drift field in each sector was alaogdd, which leads to
an inhomogeneous electric field through the whole sectosch®matic drawing
of field cage of one CDC sector is shown in the right panel ofrégu2 ([107]).
The left panelillustrates the strength of the electrictdigld at 37 cm far from the
anode plane (i.e. the red crosses in the right panel repgrisegaense plane). It is
no longer constant along the plane, it is growing as a funatiche wire number
and saturates close to the outer border of the sector. Toreetlsat we have a

750 ] \

Electric Field (kV/cm)

700 /

650

LInner wire
Quteriwire

0 20 40 60
Distance (cm)

Figure 4.2: Left panel: Strength of electric drift field in one sector aiaction of the
radial distance. Right panel: Sketch of one sector wherdid¢leis calculated between
two Warm Points (WP) connected by a line.

realistic description of the CDC with GEANT, one has to tak#iaccount this
effect. As a first step, a linear dependence of the gain factdhe wire number
was introduced for the wires-138. It is given by

Gnew= Gold- (1+ (iw—19) - 0.0245), (4.7)

whereGpeyw IS the new GainGyq is the old Gain andl, is the wire number.
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After introducing this effect it is mandatory to adjust thetector response (i.e.
the energy and spatial resolutions) in GEANT.

4.4 Energy and z Resolutions of a Hit

The energy deposited by a hit and its position alongzlais are correlated.
The energy of the hit is the sum of the collected cha@esndQr given by the
formula

E=QL+Qr, (4.8)
and itsz position after digitization is given by
QL—Qr
zZ= 4.9
QL+ Qr (4-9)

Therfore also the resolutions of those quantities are zde@. The aim of
this simulation is to reproduce the detector resolutiommsesed after the upgrade
of the detector. The resolutions of the S261 experimentlaoes in figure 4.3.
The upper left panel depicts the energy resolution per teachk function of its
deposited energy . For MIPs which correspond\b~ 1000 the energy resolu-
tion is about 45%. The upper right panel shows position tegwi of hits along
thez axis as a function of their deposited energy. For MIPs it hessalution of
0z~ 7cm. The lower panels show tlzeand energy resolutions as functions of
the azimuthal angle for pions at MIPs. One can see that those resolutions are
constant over all sectors of the CDC.

Formula (4.10) shows the dependencepbn oae /AE

2-QL
|QL — QR

which means that if one introduce a smearing of the enErgyound its nominal
value, this will automatically introduce a smearing of #wordinate.

We start by smearing the energy around its nominal valuergrid teproduce
the experimental data, taking into account the correlati@mtioned above. The
smearing was parameterized as follows

O'Z/Z: -O'AE/E (4.10)

Enew(L,R) = (@+1) - Eoig+ b(L,R) - \/Eolg- (4.11)

This parameterization has been introduced for each dtift &&ew(L,R) is the

new energy signal obtained after smearing left and rightwir@ The adjustable
parameter is taken from a normal distribution with a mean at zero andh\ait
standard deviation of.@5. The other parametéris also taken from a normal
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Figure 4.3: Upper plots: Energy andresolutions of tracks in the CDC as a function of
the deposited energhE. Lower plots: Energy and resolutions of pions at MIPs as a
functions of their azimuthal anglg

distribution but with a standard deviation a0 and has a left-right dependence
with respect to the longitudinal center coordinate of eagle wl he energy reso-
lution is governed by the paramei@rbecause the energy is just the sum of the
collected charges left and right after digitization. Camnyrto that, the resolution

is governed by thd parameter because tagosition of hit after digitization is
proportional to the difference between charge left andtr{gbe formula (4.9)).
With this parameterization the energy resolution is given b

AE/E = a+ (b(L) +b(R)) - (4.12)

1
vEold’
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and thez resolutiono; = Azis given by

2.Qu- b(L) + b(R
pe=2 22 5 q MUTAR) (4.13)
old Eold

In formula (4.2) the energk is replaced now b¥new(L, R), and this is the signal
which will be digitized by the FADC.

The obtained results from simulation are plotted in red el#ft panel of fig-
ure 4.4, the blue symbols denote the resolutions from ddta.trend ofoag /AE
can not be reproduced fully. Only bela®E = 2000 it seems that the trend has
the same behavior as in data, above 2000 the data still shdesraasing of the
energy resolution while in GEANT the resolution looks rolygtonstant with in-
creasing energy. The right panel of figure 4.4 shows the gnmesplution over all
sectors. Data show a worse energy resolution than GEANTdigrfa.

Y ¢ Y
b% b A Simulation b% M*ﬁ**“ﬂ*#*ﬁwiﬁm****ﬁ*#*ﬂn
0.6 * 0.4
* Data A Simulatien
Lo 4 L 4
k**
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Figure 4.4: Comparison of the energy resolution between data (red) silacs GEANT
(blue triangle). Left panel: The energy resolutiog: /AE as a function of the deposited
energyAE. Right panel: Theae /AE as a function of the azimuthal angjefor pions at
MIPs.

The trend of thez resolution is reproduced as in the data, left panel of fig-
ure 4.5 depicts the comparison between data and GEANT, sloéuteon is worse
in GEANT by a factor of 20- 25 % as it is shown in the right panel. There are no
clear reasons for the discrepancies between data and GEANT possibility is
that the energy loss distributions of hits in a drift cell & modeled properly in
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Figure 4.5: A comparison of thez resolution ¢, in cm) between data (red stars) and
GEANT (blue triangles) as function of the deposited enekgyand the azimuthal angle
0}

GEANT, the same may be true for theesolution since the resolutions are corre-
lated. Even though both resolutions in GEANT do not matcthwitperimental
ones, observables characterizing particles (like: thassas, hit multiplicity, dis-
tance to the primary vertex, mass resolution of reconsttlitsonances) can be
described reasonably by the simulation.

4.5 Position Resolution of Hits in the(x,y) Plane

In the (X, y) plane the position of a hit is given by equation (2.5). Thekason on
the (x,y) position of the hit is mainly due to the time resolution of #lectronics.
A time resolution of 10ns was introduced in GEANT while im&ighg charges
left and right. With a drift velocity of 4 cnus and a time resolution af = 10ns
the obtainedx,y) resolutionoyy := v- o =400um The comparison between
the obtainedXx,y) resolutionayy in GEANT and experimental data is shown in
figure 4.6. The left panel shows the comparisowgf as function of the energy,
the trend of the distribution in GEANT looks very similar &gtone of the experi-
mental data, right panel shows that the resolution is cahstger all CDC sectors
and it is about 40m.
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Figure 4.6: A comparison of theoy, resolution (in cm) between data (red stars) and
GEANT (blue triangles) as function of the deposited eneidy (left panel) and as a
function of the azimuthal angle (right panel).

4.6 Momentum Resolution

The total momentum of charged particles measured via therature in the CDC
is given by

0.3-z-B
k-sin@

k is the inverse curvature radius of a track (im3d, 6 is the deflection angle
in the (r,z) plane,zis the charge anB is the magnetic field in Tesla.

The error of the momentumis arising from the errors of the measured quan-
tities k and6. The error of the curvaturk, has two independent contributions,
one coming from the multiple scatterifdk) s, the other onédk)esis due to the
track resolution in théx,y) plane. The error of the curvature is then given by

p= (GeV/c), (4.14)

(Bk)z = (6k)r2es+ (Bk)ﬁws (4.15)

If a track of N points equally distributed over a lengthin the (x,y) plane is
measured (assuming that all points have the same positsmfuten gyy), the
momentum resolution is given by [98]

Op _ Oxy Pt 720
pp 03:-B-L2 \ N+4’ (4.16)
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and the resolution due to multiple scattering is [108]

op 005 [143L
b Gl 4.17
S =ar\ (4.17)

whereXy is the average radiation length (m) of the material traversed by the
particle.

Two errors contribute to the measurement of the polar angle,is the error
of the zcoordinates; of N points measured along the track of a lengthThe
error is given by

o, [12(N-1)
(08)res= T m (4.18)
The other error comes from the multiple scattering and isrglyy
0.015 /L
o =—— /=, 4.19
( e)ms \/§ D Xo ( )

wherep is the momentum (in GeV/c).

The total momentum resolution is the sum of the two contiiing (see equa-
tions (4.16, 4.17)), a constant one due to the multiple exag and other one
proportional to the momentum due to the track resolutiopacs. The transverse
momentum resolution measured in the CDC is shown in figured & function
of the transverse momentum of charged particles.

Below a transverse momenta aR@GeV/c the transverse momentum resolu-
tion is governed by the multiple scattering and the measapgth points scatter
around 8%. Abovey of 0.2 GeV/c the momentum resolution is governed by the
track position resolution in théx,y) plane and it has a linear dependenceppn
(see formula (4.16) as it is shown by the fit of the points inriégd.7.

4.7 Efficiency Evaluation

Since the spatial and energy resolutions are fixed in GEANA niext step is to
compare differential distributions of the cut quantitised forKg andA invariant

mass reconstructions. It is important to ensure that thaiiodd distributions de-
scribing particle properties (mass, momentum, distancet®x ...) in GEANT

agree to those of the experimental data.

4.7.1 Global Efficiency Estimation

The global efficiency will be used to derive the yieIdsKg in five targets and
hence to derive thk® production cross section. In order to evaluate the effigienc
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Figure 4.7: Transverse momentum resolution as a function of the trassvaomentum.
The blue line is the fit in the momentum range abox&@eV/c.

in this case, we are in a need of transport model calculatidrese reactions such
ast+N — K+Y (i.e. K: KT orK® andY: X or aA) inside the nuclear medium
can be described properly. There are two transport modeitable which de-
scribe those reaction inside a nuclear medium at SIS erserdibe first one is
called "Isospin Quantum Molecular Dynamics” (IQMD) [109,d] and the other
one is called "Hadron String Dynamics” (HSD) [52, 46]. Foolgal efficiency
estimations the IQMD model is used in this work. We propagfz@d QMD input
events of the two reactions™ + Pb and T 4+ C through GEANT. Experimen-
tal conditions have to be taken into account, for examplesgiread of that
beam (see figure 3.1. The original vertex in tixey) plane of the IQMD input
events was smeared like in the experimental data. Kinealagciables (four mo-
mentum), dynamical variables (production probability aftgcles) and vertices of
particles are always saved in data base structure calldédiidie bank while prop-
agating the particles through the detector.

By definition, a global efficiency (i.e. reconstruction dtfiacy) is the number
of detected or reconstructed particles in the detectorpdanee divided by the
original number stored in the KINE bank. To determine a staliefficiency the
kinematical variables (i.e. phase space distributionsliféérent particle species
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should agree with the one from data under the same condit@efere we com-
pare the phase space distributions oflﬂ@ebetween data and simulation, we first
do the comparison for the daughtérs , t") of the Kg without using any cuts.
We compare fundamental observables which characteribegp@aticle. This com-
parison is shown in figure 4.8. Observables from the datalatted in blue and
the corresponding ones from simulation are plotted in relde Zp distributions
for both particles differ slightly between simulation anatal, there is a shift in
the mean of the distributions and their width is larger tharthie data. Fitting
these distributions with a Gaussian will give a 24 % diffeeiof the width be-
tween data and simulation. It is due to theesolution which was worse in the
simulation by 20- 25 % than in the data.

Nice agreement between data and simulation can be seeneftratiisverse
momentumpy distributions. For that™, the maximum of itsp; distribution in
the simulation shows a higher yield than in the data. The rdestgbutions of
T particles from the simulation agree well with the data, etre maxima of
both distributions are at the same mas42@eV/c?). The mass distribution of
tt particles in the simulation is shifted to lower masses in parnson to the
one of the data by about 25%. The shift can be understood bfath¢hat the
energy loss in the simulation is not modeled perfectly asd #te resolution on
the energy loss in the simulation is better. A good agreemamtoe seen for the
dp distributions of both particles andm" . This is due to the fact that there
is good agreement of thi, y) resolution between data and simulation. The hit
multiplicity distribution for it~ particles from simulation agrees nicely with the
data. Distributions of hit multiplicity for ther™ particles show a good agreement
up to a hit multiplicity of 50 where data show less hits peckréhan simulation
which is about 56. This is due to a track finding inefficiendrethe experiment
close to a sector border.

After those comparisons, it is clear that the quantitiesattarizingrt— and
" particles in the simulation have distributions which amselto the ones of the
data. Therfore, it is safe to cut on variables that are wedtdbed in the simula-
tion as in the data. Figure 4.9 shows the invariant mass rgpetteconstructed
Kg for the lead target in the right panel and from the carboretargthe left panel.
Those spectra are obtained by applying the same methodepslast for the data
(see section 3.4). The mass peak and its width are obtaimegl assaussian fit
to the invariant mass spectrum. In table 4.1 is a comparisbnden data and
simulation for the carbon and lead targets. Mass resolﬂtixbmng agree well
between data and simulation as well as for the two differangfets.

It is important to emphasize that under the cuts used forthkiations of the
invariant mass spectra, also the phase-space distrilsutibthe Kg particles in
the simulation should be comparable to the one of data. €iguk0 illustrates
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Figure 4.8: A comparison of observables characterizimg and " (daughters ng)
between data (blue) and simulation (red). All histogranesrermalized to the number of

entries.

a comparison between data and simulation for the kinemagigntities which
describe the phase-spacel(@t produced in the lead target. The upper left panel
shows the transverse flight paths of Ih% the red distribution is obtained from
simulation, the blue one from data. Both distributions sleowice agreement,
only at the lowest bin forg data show a slightly higher yield than simulation.
The transverse momentupa spectrum is plotted in the upper right panel. At low
momentum below 250 MeX¢t the data show a higher yield than simulation and
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Figure 4.9: KQ invariant mass spectra obtainedrin+ C(left) andrt + Pb (right) reac-

tions, using IQMD.

Target Mass(MeV/c?) | a(MeV/c?)
C (data) 5054+0.40 | 12.804+0.40
C (simulation) 503+0.40 | 1258+0.40
Pb (data) 5054+0.04 | 13504+0.40
Pb (simulation) | 5044+0.33 | 13754+0.31

Table 4.1: A comparison between tH€2 masses and widths obtained in data and simu-
lation.

above 250 MeVYc one can see the opposite. The lower plot shows the digtiisut
of the rapidityy (see appendix B). There is a slight difference between tle tw
distributions. In the forward hemisphere (i.e. target dépiis atyjop = 0) at
rapidity about (6 the data show less yield than in the simulation. The obthine
global efficiencies from lead and carbon targets are list¢akile 4.2. In the global
efficiency evaluation, the branching ratio and also thettzat we can detect with
FOPI detector onlK$ are taken into account.

4.7.2 Local Efficiency Evaluation

To derive an inclusive differential cross sectiay/dy of K° in 4tmodel indepen-
dently, the inclusive invariant cross sectiBnd®a/dp in 4mhas to be evaluated
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Figure 4.10: A comparison of the kinematical variables characterizl'ﬂ@oetween data
(blue) and simulation(red). All histograms are normalizethe number of entries.

Target | Number of recons.K2 | Number of K2in KINE | Efficiency in %

C 1150 61 820 0.93
Pb 1020 50 999 1.00

Table 4.2: The obtained efficiencies in % in Carbon and Lead targets.

model independently first (see appendix B). To obtain difféial observables in
41, the efficiency correction is applied which has to be diffitiad also. There-
fore, Kg were generated randomly in phase space using GEANT siron)atith
rapiditiesy varying between-1 and+1 and transverse momentum spectra from
0 to 1GeV/c. We derive the reconstructéd in the CDC acceptance in 4 bins
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of rapidity (y range from -0.6 to 1.0) as function of the transverse monmentu
p. Figure 4.11 illustrates the’d/(p; - dp - dy) distribution ong for one bin of

rapidity. The red symbols are the inﬂﬂg distribution in GEANT and the blue
symbols represent the reconstructed distribution.
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Figure 4.11: Comparison of the invariarKg cross section between KINE and recon-
structed data.

The differential efficiency is the ratio of the reconstrutctistribution to the
input one. The result for all rapidity bins is depicted in fig4.12.
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Figure 4.12: The obtained efficiency in % in different rapidity bins asdtian of p;.
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Chapter 5

Experimental results: Inclusive
Spectra of K°

This chapter summarizes inclusi® phase-space distributions in the CDC ac-
ceptance. Since the number of reconstruct(éds low for Copper, Aluminum
and Tin, results will only be shown for the two system@ andiPb. The ap-
plication of local efficiency corrections to the spectrade#o the invariant cross
section do/(2npidpdy) as a function ofy, in different rapidity bins. Differential
and absolute inclusivi® production cross sections will be presented as well as
their dependence on the mass of the nucleus. Comparisorlaive A phase
space distributions producedin + Pbwith the ones produced m~ +C are also
presented.

5.1 K2 Phase-Space Distributions

As mentioned in chapter 3, th@ were reconstructed in the CDC only. The study
of the production mechanism & in pion-induced reactions depends on two
physical variables: The amplitude (contains all dynamicalables, also called
matrix element) and the available phase space (sometinfied tlae density of
final states, contains only kinematical information).

Figure 5.1 illustrates the comparison between the phamsnt(g produced
in T +C and the one produced mr + Pb. In the upper plots, the transverse mo-
mentum oﬂ<g is plotted versus the rapidity. The color code indicatesiin@ber
of Kg per (pt,y) bin. Full lines indicate the CDC geometrical acceptancee On
can clearly see that roughly 15% of tK§ are reconstructed outside the CDC
acceptance. This is due to the fact that the daughter pesfiat, T) of the de-
caying Kg are detected inside the CDC. This effect can be seen in tHevaad
and forward hemisphere of the FOPI detector.

81
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Figure 5.1: Upper panels: Comparison of tll’@ phase-spacep( andyyp) distributions

between C and Pb in the CDC acceptance. Black lines show tHe'sCizometrical
acceptance limits. Lower panels: Comparison of normalipednd yiap distributions

between Lead and Carbon in the CDC acceptance. All plotsairefficiency corrected.
As a reference the rapidity of tha{(, N) pair is 0.61.

Regarding the color code in case of the Carbon, it becomes tHat a sub-
stantial fraction of the(g is produced at rapiditiegbeyond 0.5 (target rapidity is
aty=0). Kg produced it + Pb mainly populate the phase-space at rapidities
below 0.4, in comparison to the ones producedrtin+-C. The lower panels of
figure 5.1 show thegy spectra angap distributions of both systems. Red sym-
bols (circles) denote Carbon data, blue symbols (stardpateead. Atp; below
200MeV/c, the Kg from Lead exhibit higher yield that those from carbon. At
pt above 200MeVc, thng yield for Carbon is slightly higher than the one for
Lead. The lower right panel shows a comparison ofK@eapidity distributions
between fromrt +Pbandm +C. At rapidities above 0.25, the number K§
produced int +C is slightly higher than the one im™ + Pb. The two distribu-
tions overlap around 0.2. Below 0.25, tK§ yield in 7T + Pb becomes slightly
higher than in the Carbon. One of the reasons for this bebaigothat thek2
produced in a Lead nucleus are confronted to more nucleahthais will suffer
more scattering compared to the ones produced in a Carbdeusuc
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5.2 K9 Invariant Production Cross Section

TheK?O yield in different(py,y) bins can be described by the invariant production
cross section 4/ (2rpidpdy) (see appendix B). To obtain this observalye,
spectra ng in different rapidity bins for both targets (Carbon and Lelaave to

be efficiency corrected (see figure 4.12 for the efficiencgspeand normalized
to the number of beam particles (see table 3.1).

The results are compiled in figure 5.2. It illustrates theanant production
cross section oK as a function ofp; for four rapidity bins. The upper left
panel, shows th&? invariant cross section in the rapidity range correspapdin
to the backward hemisphere. The upper right panel showsatine ®bservable
around target rapidity. Th€? invariant cross section in the forward hemisphere is
shown in the two lower panels. Red symbols (circles) repridé2produced in the
Carbon target, blue ones (stars) are for the Lead targetir§tfrom the backward
hemisphere, one can see that¢fbare produced withpy; above 500 MeVc in the
case of the Carbon target due to kinematical limits. For tead_target, it is
possible to havé&® with momenta above 500 Me\¢ but due to the huge error
bars on the invariant cross section (i.e. relative error$1#%) this data point
is not shown. Below 100 Me)t the error bars on thi€® invariant cross section
are big (relative error is about 93 %) due to low statistic8fin this part of
the phase space (see figure 5.1). For the Carbon target #tiweedrrors exceed
115 %, therefore this data point was removed as well.

Around target rapidity and up -~ 0.6, K9 with momenta above 500 Mei¢
are produced with both target with reasonable statistiosth Blistributions be-
come flat in comparison to the one in the previous plot. Atdaieis above 0.6, no
KO are produced in both targets at low momenta (i.e. below 100 dgand also
above 500 MeYc due to the kinematical limits. For momenta above 500 VeV
no K° can be produced in this region of the phase space.

Concerning the yield dk©, it is clear that the absolute numbent produced in
1T Pb reactions is bigger than the one producexin-C reactions over all phase
space. At rapidities below -0.2, th€’ yield in the Lead is roughly one order of
magnitude bigger than the one in Carbon. Around target itggitte number oK°
produced in Carbon is rising for all momenta. From backwartbtward hemi-
sphere the absolute numberk? in the Carbon is multiplied by roughly factor
three at momenta below 300 Mé¥. The absolute number & produced in the
Lead target is increasing, when going from the backward sehare to rapidities
of 0.6. Above 0.6 the yield decreases for all momenta. Whil€arbon target,
the K yield shows a constant increase from backward to forwardigmere.
This behaviour of the yield as a function of the system sizebmassigned to the
rescattering of kaons inside the nucleus.
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Figure 5.2: K® invariant cross section as function mffor four rapidity bins. Red circles
and blue stars represent tK& invariant cross section producediin +C andt + Pb
reactions respectively

5.3 KO° Rapidity Distributions

The additional variable which describe t#i& phase-space description (in addition
to the transverse momentum spectra) (see figure 5.2) is pidityadistribution.
It can be derived from the invariant cross section as follows

do © g
d—y_/o sy (5.1)
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In order to evaluate this integral one needs to know the &nalyexpression for
dzo/p[dpt dy as a function ofg; which is impossible. The other method is to de-
rive the quantity aN/dp[dy as function ofp; for the four rapidity bins. Thereatfter,
the obtained spectra are corrected by the efficiency taktagiccount the normal-
ization by the number of beam particles number. At the endifogdp,dy dis-
tribution is integrated numerically in each rapidity bim fdl p; to obtain av/dy.
The results are plotted in figure 5.3.

Kaons produced in elementary reactiors ¢ p— K%+ 2%(A\)), have a ¢/dy
distribution limited toy ~ 1 in the forward hemisphere andye= 0 in the back-
ward hemisphere.

The left panel showsay/dy for K° produced in the Carbon target as a function of
their rapidity. One can see that the maximum of the distitlouts reached at a
rapidity around 0.4. The distribution shows a rise of thddyief K° going from
negative to positive rapidities. This distribution illtates that most of thk® are
produced in the forward hemisphere. In the backward herargptkaons with
rapidities below 0 are also being produced, but if one exieips the distribution
to lower rapidities, one can not go below -1.
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Figure 5.3: Rapidity distributions (in mb) oK° produced in Carbon (left panel) and Lead
(right panel) targets.

The right panel depicts theoddy distribution forK® produced in Lead the
target as a function of the rapidity. The distribution alas b maximum at rapidity
y ~ 0.4. Itis clear that more kaons are produced in the forward sehd@re than
in the backward one. Below target rapidity, clearly mit®are produced in this
region of the phase-space in comparison to the Carbon tdfgete extrapoltaes
to lower rapidities the d/dy distribution does not exceed a rapidity of -1.
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A comparison of the distributionsaddy of K° between Lead and Carbon is
shown in figure 5.4. Both distributions are normalized tottital sum ofK® over
all rapidity bins without extrapolating to the phase-spitgts. The number of
K produced in Lead target is bigger than the one from Carbohérbackward
hemisphere. Both distributions have a maximum at rapidifi4and the absolute
number ofK® from the Carbon target is bigger than the one from Lead in the
forward hemisphere.
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Figure 5.4: A comparison of the normalized rapidity distributions beenK° produced
in Lead (blue stars) and Carbon (red circles).

5.4 TheK? Inclusive Cross Section

The main goal of this experiment is to measure kenclusive cross section in
T +A— K94 X reaction in different nuclei. To study its behaviour as acfion
of the system size, five different targets are chosen withcieau mass varying
from Carbon A = 12) up to Lead A = 208). In between AluminumX = 27),
Copper A= 64) and Tin A = 118) targets are used.

TheK? production cross section is given by (2.15), but to meagumeditone has
to apply an efficiency correction. Therefore #i€ production cross section can
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be written as follows
NKO

Or(T +A - Ko+ X)= K

(5.2)
whereg is the total efficiency. In the FOPI detector we are able tomechtKg
only (i.e. due to their small life time, they decay inside E@PI| detector, which
is not the case for th&). Thus, the number of reconstructid is multiplied
by a factor two for all targets. This has been taken into astalnen evaluating
the efficiencye (see table 4.2). The number of reconstrud{édn all targets is
presented in table 5.1. Roughly the same number of recannediag is registered
for both targets Carbon and Lead. For the other targets,tammuorder of mag-
nitude K2 less can be reconstructed. Due to the lack of IQMD simulatitine

Target | No. of reconstr. Kg OR (mb) or=/[ ‘3—‘)’, (mb)
C 1303 4.14+0.26 4.00+0.26
Al 126 7.08+0.88
Cu 280 13.60+1.29
Sn 140 20.41+2.44
Pb 1495 27.25+168| 27.93+1.53

Table 5.1: The number of reconstructddg for all targets and the corresponding cross
sectionsor. Ogs are obtained by integrating numerically both distribagion figure 5.3.
The error bars oor andoy, are statistical only.

same efficiency correction for Al, Cu, and Sn was used as foo@ato evaluate
theK? inclusive cross section. Using the interaction probabfifor each target
from table 2.1 and the number of beam partidigs from table 3.1. The obtained
KO inclusive cross sections for all targets using the form&la)are presented in
table 5.1. In the last column of table 5K? inclusive cross sections obtained by
integrating numerically both distributions in figure 5.3.

Studying the behaviour of the cross section as a functiohefriass number
gives a hint whether th&° are produced inside the nucleus or on the surface.
Therefore, the cross section is plotted as a function of taesmumbeA (volume)
or as a function oA%/3 (surface). Figure 5.5 illustrates the behaviour of Kfe
inclusive cross section as a function Af(left panel) and as a function @{2/3
(right panel). The error bars for each data point are siedisdnly (see table 5.1),
the plotted lines on top data points are results of the fit.

From the fit (left panel), it is clear that the data points dofolow a straight
line behaviour as a function @§. The quality of the fit x2) which is about 25
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Figure 5.5: The behaviour of th&° production cross section as a function of the mass

number A of nuclei (left panel) and as functionA#2 (right panel). The lines represent
results of fits with a straight line in both panels.

proves that. The opposite can be seen in the right panel,ateepmbints show

a straight line behaviour as a function&#/3 (i.e. the surface of the nucleus is
proportional toR? which is proportional tcA%/3). The ?2) has a value of about
0.25, which indicates that th€° inclusive cross section scales with the surface
and not with the volume. One concludes that itfeare produced mainly on the
surface of the nucleus and not in the volume.

To further check these results, the data points are fitteld avitombined function
including contributions from surface and volume termsg lik

O = Oefi1 - A+ Ogtip- AZ3 . (5.3)

The left panel of figure 5.6, shows the inclusive cross saam®a function of the
mass numbeA. The line is a result of the fit with the function given in (5.3)
When comparing the contributions of the volunm; ~ —0.002) and surface
(Oefi2 ~ 0.8) parts in absolute numbers, one can see that the volumeldidn
is more than two orders of magnitude below the surface dauttdn. Within the
statistical erroroes, agrees with the value extracted from figure 5.5 which is
about 08 mb.

Another independent check can be done fitting the data pwitiisa power-
law function

O = Oeffp - AY | (5.4)

The parametea determines the scaling behaviour of the cross sectiom iff
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Figure 5.6: Behaviour of thek? inclusive cross section as a function of A. The line in
the left panel is a result of the fit with a function which indés effects from surface and
volume terms. The line in the right panel is a result of the fihva power law function
with an exponentr close to 0.66.

close to one, this means that the cross section scales véilkend it is close to
2/3 then it scales surface-like. The right panel of figure 3u&trates the fit of the
data points with the power-law function (5.4) in a logaritbhiscale. The fit has an
x? of the order of 0.35 and the has a value of 0.66 which perfectly agrees with
the case of the surface-like scaling law, with an effectrss section of @ mb.
From those two independent checks, one can conclude th&t’thee produced
on the surface of the nuclei with an effective cross sectidh&0+ 0.11 mb.

5.5 Inclusive Momentum Spectra ofK® in Pb and C

To learn about the dynamics of th& production as a function of the system size,
the momentum distributions & produced it Pb and inrt- C reactions are
compared. Furthermore the ratio of the momentum distdmgtibetween Lead
and Carbon is presented.

Using the set of cuts given in table 3.4, ﬂh@invariant mass spectra is recon-
structed and background corrected in bins of 50 Me¥homentum. The same is
done for the momentum spectra. Figure 5.7 illustrates iaritiymic scale thé&®©
momentum spectra produced in Lead (blue stars) and in Cdrbdrcircles) in
the CDC acceptance (error bars on the data points are isttistly).

The maximum of the momentum distribution in Lead is at ab&@MeV/c, and
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Figure 5.7: Differential momentum spectra &° produced in Lead (blue stars) and in
Carbon (red circles) in the CDC acceptance. Data pointseaB@/GeV/c were taken out
due to the big statistical fluctuations. The error bars ahg statistical.

is shifted towards lower momenta with respect to the one ibb@awhich is at
about 350MeVc. This can be explained by the difference of the radial aharg
distributions for both targets (in case of the Carbon th&rifigtion is Gaussian-
like whereas the Lead nucleus has a Fermi function apprdgignaith a surface
thickness of about.2fm [111]). In nuclear matter a pion with 15 GeV/c mo-
mentum has a mean free path of 1fm (i%e= % whereo ~ 60 mb andn ~
0.17fm3). When hitting a nucleus, th® are produced mainly on the surface
of the nucleus. Due to the small number of nucleons in the @arfucleus with
respect to the Lead nucleus¢? particles do not suffer too much rescattering with
the nucleons. Whereas in the case of the Lead target the Kamnsescatter more
and loose more energy than the ones in Carbon before esdagingcleus.

At momenta below the maximum of the distribution, #&produced it +Pb
reactions show a steeper increase than the ones produed-@ reactions. Low
momentunkK® spend more time in the nuclear medium than those with higleer m
menta. Thus they are more sensitive to the nuclear potefted steep increase
at low momenta can be explained by the acceleration okthdue to the repul-
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sive nuclear potential. Therefor&? produced in Lead, feel a stronger nuclear
potential and will be pushed out more than the one produc€arbon.

The ratioR = ((%%//%Fg)"b as a function of the total momentum is shown in fig-
ure 5.8. At low momenta the ratio increases as a function@ftbmentum and
reaches a maximum at about 20050 MeV/c. Above 250 MeV/ c the ratio starts
to decrease and above 400 M@\t shows a constant value of about 5.

The steep increase of the ratio from 50 to 250 Me\¢an be explained by the
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Figure 5.8: The ratio betweei® momentum distributions in Lead and Carbon targets in
the CDC acceptance. The error bars are statistical only.

acceleration of kaons which have low momenta by the repaitsixclear potential.
The decrease of the ratio from 250-400 M&\tan be explained by a decrease on
the number oK? in the Lead target whereas in Carbon the number of prodii€ed
looks constant (i.e. like a plateau) at this momentum radgmve 400 MeV'c,

for both targets, the number BP decreases as function of momentum with same
amount (at this momentum range both spectra have roughbetine slope).
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5.6 Systematic Error Evaluation
In this experiment there are three main sources for systeeraors:

1. The wide spot of the pion beam, which translates into aor @m the effi-
ciency evaluation.

2. The method used to extract the signal of strange pariitlesdK©).
3. The counting of beam particles for a given trigger

As it was mentioned in chapter 3, the pion-beam has a spoteobttier of 4x

4 cm?in the(x,y) plane (see figure 3.1). The silicon detectors were useddk tra
the beam and extrapolate it to the target (i.e. to the intierapoint). Thus, there
are two possibilities to reconstruct the vertex, via the C& via the silicon
detectors. Figure 5.9 shows a comparison of the reconsttuartex obtained
from the CDC (red curve) and silicons (blue curve) detedtors, y) plane. Both
distributions (in the CDC and in the silicon) {®,y) plane, have different spatial
resolutions. The vertex resolution in tivey) plane has two contributions, one

N (a.u)

0.1

0.05 —

|
4
Vx (cm)

Figure 5.9: Vertex distributions obtained from the CDC and Silicon d&ies. The left

and right panels show the reconstructed vertex along #redy axes respectively. Red
curve represents the obtained vertex from the CDC and the dohe from the Silicon
detector.

due to the size of the beam spai,{an) and the other one due to the tracking
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(Otracking Of particles to reconstruct a vertex. These two contringiare inde-
pendent, therefore the total resolutiofx, y) is given by

a(x,y) = \/ Ggeam(x7 y)+ 0t2racking (5.5)

In the case of the silicon detectofacking Can be neglected since the beam parti-
cles have to pass 3@én of silicon material and the only effect which particles can
encounter is multiple scattering. The calculated deudioe to multiple scatter-
ing is one order of magnitude less thain the (x,y) plane. Therefore, in the case
of the silicon detectoo(X,y) = Opean(X,Y)-

In the case of the CDC, the separation betweggm and Oiracking Can not
be done. Oyacking CONtains all resolutions concerning track quality. Sinoé n
all distortions can be included in GEANT (see chapter 4)i tine variation of
the efficiency with the size of the beam spot (i.e. smearimyurtex) has to
be checked. Afterwards, comparing the obtained efficienbgmthe vertex is
smeared as in the silicons and in the CDC.

The vertex in the(x,y) plane (i.eainp(X,y)) in the level of simulation in-
put [106] is smeared. After tracking, The obtain®c,y) is compared with the
one from dataogaia TO Obtain the proper efficiency, botbgim (after tracking)
andagatahave to agree. Therefore, thg, is adjusted untibsim andogaa agree.
The obtained efficiency for different valuesmf;, is shown in figure 5.100¢ cor-
responds to the resolutian;, which agrees with data areds the corresponding
efficiency.

The efficiency variation is nearly linear as a function of tesolution. This
can be explained by the fact that the more the vertex is spvatith the input
the more ofk® with long flight paths with respect to the primary vertex can b
found. This can be translated into ttigof the daughters. The upper left and right
panels of figure 5.11 shouy distributions forrt~ andrt™ for different widths of
the vertex. Green triangles & 3- ag) shows slightly higher yield at higtp in
comparison to the distribution with= 1-0g ando = 0-ag. In the lower left panel
the transverse flight path & for different widths of the vertex is plotted. Here
is clear that the distribution with a width of 8¢ has a higher yield than other two
distributions. The same remark can be made for the disioibsiconcerning the
pointing angleA@. To quantify the variations of the efficiency due to the verte
smearing, we feed in GEANT the same resolutip as the one in data obtained
from silicons. In this case there is no need to admgth as before because in
the case of silicongyacking is negligible, therforeosim = Opeam The obtained
efficiency in this case is.1%. There is a 10% difference with respect to the
efficiency obtained when using®i,, comparable to the one from the CDC.

One can conclude that a 10% systematic error is an upperfomastimating the
efficiency.

It was already explained in chapter 3 why we adopt a cut gjyai® extract
the Kg signal. There are two sets of cuts, one set (C1) is in tablargd4he other
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DATA SIMULATION
S/B | sign.| No | 0 (MeV/c?) | S/B | sign.| Ngo | o (MeV/c?) 3 P (-10%) | Error (%)
— | Cl|155| 36 | 1350 13.6 64.0| 31 | 1020 141 0.010 13.5 6.0
= C2|18.8| 32 | 1076 13.0 69.0| 27 | 760 13.2 0.0075| 144
N (Cl| 41| 53 | 3528 14.4 26.0| 52 | 2877 14.2 0.028 12.6 8.4
= C2| 41| 45 | 2480 13.1 28.0| 42 | 1852 13.1 0.018 13.7
| Cl| 28| 54 | 3966 14.5 18.0| 55 | 3214 14.4 0.032 12.4 11.0
= C2| 3.1 | 51 | 3462 13.7 21.0| 48 | 2502 13.7 0.025 13.8

Table 5.2: Evaluation of the systematic errors. M1, M2 and M3 contaiiffereént sets of cut: C1 and C2. Each set (i.e. C1 and C2)
is chosen as such to have roughly to the same S/B. The sanseapgied for simulation. Afterwards, within one set, thigcéncy )

and theK® production probability (P) is evaluated. The relative eiénce in (P) between C1 and C2 is quoted as the error.
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Figure 5.10: The Normalized efficiency as a function of the normalizedes,ewidth.
The line is a result of the fit with polynome of order one.

one (C2) is in table 3.5. Both sets give a different numbergcbnstructedk?,
but if one correct this number tadusing the efficiency, both sets should give the
same yield.

To evaluate the differences between those two cuts we vagn@1C2 cuts in
a way that one obtains roughly the same signal over backgdr{this combina-
tion of C1 and C2 is called M1). Afterwards, we apply the sammlgination to
the simulation to extract the efficiency. Table 5.2 pres#mise different combi-
nations of C1 and C2. We compare the obtained significanadsvatths of the
signal in data as well as in simulation. Afterwards, we eatdithe efficiencys)
and then the yield ok? in 41t (P) for each combination of C1 and C2. At the end
we evaluate the error between yields obtained from C1 andu®2 ¢
This error is a result of our choice of the method used to etalthe number
of reconstructedk®. We obtain for M3 a maximum error of 11% which is our
systematic error.

Two different scalers have been used to count the numberaoh larticles
which pass the start counter (i.e. for a given trigger). Tiffer@nces between the
numbers of beam particles in both scalers are tiny and areeinrider of 01%.
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Figure 5.11: The upper plots: A comparison of observabldg({t,w")) characterizing
daughters oK for different widths of the vertex. The lower plots: A comjsan of the
observables characterizig0 (flight path and pointing angle) for different widths of the

vertex.

This study allows us to derive a systematic error for theiefficy evaluation
which is 10%. A systematic error of 11% due to the set of cueduse recon-
structK? is given. The error which occur due to the miscounting of tearb
particles can be neglected in comparison to the previousmsic errors. Under
those conditions the measur&d inclusive cross section im~ A reactions is:
0.8+ 0.11(Stati 0.17(Syst) mb.



Chapter 6

Model Comparisons

In the previous chapter, invariant and absolute crosssectf inclusivek® pro-
duction inTT 4 A reactions were explained in terms of the system size depen-
dence. In order to search for medium effects on Keproduction inTt + A
reactions, theoretical models are needed which can desadrtion dynamics
event by event including all possible reaction mechanisiivgo of the models
which are suited for SIS energies are IQMD [109, 110]and HSP) #6]. It was
shown in chapter 4 that IQMD reproduces quite well the experitalK ®-phase-
space distributions, however it does not take into accdwntlifference between
charged kaons and neutral kaons. Therefore, IQMD caloulativere not used

in the comparison to measured data. HSD is a more advanceel mbith takes
into account the isospin difference betweéh andK®. HSD calculations are
available for the two systemsr +C and1t + Pb. Two different versions of
the HSD model were used. In both versions a minimum biasilligion for the
pion is used with an impact parametex 3.5 fm for thett + C reactions and

b < 6.5 fm for T + Pb reactions. A total number of 30000 and 60000 events
were used in the case of the Carbon and Lead targets, reg@dgclihe geometri-
cal filter was not applied to those events. One version takesaiccount th&KN
potential in the final state interaction (labelith pot) with a depth of 20 MeV,
while the other one does not take into account that poteidiad¢ledwithout pot).

In both versions, th&° rescattering inside the nuclear matter is included.

In this chapter, th&° production cross section as well as its phase-space (ra-
pidity and momentum) distributions are compared to thespant model HSD.
The ratio of the measurei® momentum distribution between Lead and Carbon
is compared to the HSD model and also to Kiemeasurements by ANKE [62].

At the end, the measured absoltinclusive cross section is compared to HSD
predictions and to microscopic calculations of Tsushimal.467].

97
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6.1 Invariant Cross Section

The comparison of the inclusi€ invariant cross section between model predic-
tions and experimental results is shown in figure 6.1 for @émeecof the Carbon
target (i.e. T +C). The comparison is done in four bins of rapidity from the
backward hemisphere< —0.2 to the forward hemisphege> 0.2.

In general, the model calculations with and without potdrgeem to predict the
sameK? yield for almost all transverse momerpaand rapiditiesy. The only
differences can be seen for two rapidity bins. 0.2 andy > 0.6 at transverse
momenta below 150 MeXC.
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Figure 6.1: K@ invariant cross section as function mffor four rapidity bins. Blue circles
represent the measuré&d invariant cross section i~ -+ C reactions. HSD calculations
of theK? invariant cross section including theN potential and withouKN potential are

represented by the green and black triangles, respectively
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Comparing model calculations to measured data, it becoimé@sus that the
trend of the measure(P yields can be reproduced by the model (with and without
potential) over the whole rapidity range. The major differe between data and
model lies in theK? yield. The measured yield lies above the HSD results by
nearly a factor 4 for rapiditieg < 0.6, above that a good agreement can be seen
between HSD calculations and data.
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Figure 6.2: K invariant cross section as function mffor four rapidity bins. Blue circles
represent the measur&d invariant cross section i + Pbreactions. HSD calculations
of theK? invariant cross section including theN potential and withouKN potential are
represented by the green and black triangles, respectively

Figure 6.2 shows the same comparison 1ior+ Pb reactions. The model
calculations do not show a visible difference, between lastsumptions (with
and without potential). Generally, the trend of the measwyreld is reproduced
for all rapidity bins and the overall agreement of the yietdsetter than fort +
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C. From the backward hemisphere up to rapidityes 0.6, HSD calculations
including theKN potential, show a better agreement with the data. At forward
rapiditiesy > 0.6 the data points lie slightly below the model calculatiom$he
case of Lead while in the case of Carbon the data points shavoa agreement
with calculations. This may be explained by the shadowirfgcef

6.2 K9 Rescatteringin HSD

Before starting the comparison of the rapidity and momendiistributions be-
tween data and HSD calculations, it is important for therjortetation to see how
the KO rescattering inside nuclear matter varies as a functiohekystem size.
Figure 6.3 shows 1. da/dy (left panel) andN—1-dN/d p (right panel) distribu-
tions ofK® produced in the Lead and Carbon targets obtained from HSBowit
in-mediumKN potential.

The normalized rapidity distribution (left panel) for Lelads a maximum at~ 0,
while the one for Carbon is peakedyat- 0.4. The two distributions overlap at
a rapidity of 0.25. Below target rapidity< 0, theK° yield is bigger inrt + Pb
than intTt” 4 C, the opposite can be seenyat 0.25.
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Figure 6.3: Left panel: HSD calculations (without potential) of the idify distribution
of the K° produced in Lead (black triangles) and Carbon (red trias)gldRight panel:
HSD calculations (without potential) of the momentum dlisttion of theK® produced in

Lead (black triangles) and Carbon (red triangles).

The momentum distribution (right panel) & produced in the Lead tar-
get has a maximum at 200 M¢¥ whereas the distribution has its maximum at
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250MeV/c for the Carbon target. Below 300 Mé¥, the yield ofK® produced

in Lead is bigger than in Carbon, at momenta above 350 Meke opposite be-
haviour can be seen.

The shift of the maximum of both, momentum and rapidity disttions, in Lead
with respect to Carbon is due to rescattering ofkRénside the nuclear medium.
It is clear that the rescattering & is more pronounced in the Lead than in the
Carbon due to the bigger size of the Lead nucleus.

6.3 Rapidity Distributions

Experimental results and model calculations of tbgdy distributions ofK® pro-
duced intt” + C reactions are shown in the left panel of figure 6.4. Model cal-
culations do not show a sensitivity to tleéN potential. Data points, lie above
model calculations at the target rapidity and at forwarddigpbelow 05. Within

the error bars, the data agree with the model at forward agdtteapidities. The
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|
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15 —
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Figure 6.4: Left panel: A comparison of thi° rapidity distributions produced i~ +C
between data (blue circles) and model calculations inolyttieKN potential (green tri-
angles) and without potential (black triangles). RightedarA comparison of theK®
rapidity distributions produced i~ + Pbbetween data (blue circles) and model calcula-
tions with potential (green triangles) and without potaintblack triangles).

mean value of thea)/dy distribution is about 0.37 for the model prediction with
potential, 0.35 for model without potential and 0.31 for theasured data. Dis-
tributions obtained from the model are peaked more forwaaa those from the
data. First, the effect of th€N potential on the mean value of the dly is about
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5%. The shift of the model-calculated mean values@fay with respect to the
measured one, can be explained by the rescattering effebedtC inside the
nuclear medium.

The measuredal/dy distribution ofK° produced in the Lead target as well
as model predictions are plotted in the right panel of figurke &s before, the
model predictions with and without potential show a visiliference only at
target rapidity, which is about.B3mb per rapidity unit. At rapidities below 0.4,
the model calculations show an agreement with the measwatedaghd at target
rapidity the model calculation without potential is closerthe data point. The
do/dy distribution obtained from the model with and without pdiehhave the
same mean value of 0.22, while the measured distributiorahragan value of
0.20. The effect of th&N potential on the mean of theoddy distribution is
absent if compared to the case of the Carbon target.

6.4 Momentum Spectra

The measured momentum distribution and the ones obtaioedrfrodel calcula-
tions forK® produced in Carbon are shown in the left panel of figure 6.5d&llo
predictions as well as the data are normalized to the numbentdes in each
histogram. At momenta above 400 Mg/ model calculations with and without
potential do not show significant differences. Below 400 Me¥ difference can
be seen between the two versions of the model. Model caionfatvith potential
lie above the ones without potential down to the maximum efgbectra which is
at about 250 MeYc. Below 200 MeV ¢ the model calculations with potential are
slightly below the points corresponding to the calculatiarnthout potential.

The measured momentum spectrum shows a different behatfiaorboth
model predictions. The maximum of the distribution is atwatt860 MeV/c. Be-
low 300MeV/c, the measured distribution has a steeper slope in coropaiis
model calculations. The shifted maximum of the distribnsi@mbtained in the
model with respect to the measured one indicates that thelpoetictions (with
and without potential) contain more rescattering offdn nuclear matter.

The right panel of figure 6.5 depicts the measured momentsmititions of
K® produced in Lead target in comparison to HSD calculationsd#ll calcula-
tions with and without potential show the same trend for alhmenta. As for the
Carbon target, above 400 Mé¥ no difference can be seen between calculations
with and without medium effects. The difference betweerhbubdel calcula-
tions can be seen at momenta below 450 Me\the maximum of the momentum
distribution without potential is shifted by 50 Mg¥ with respect to the one with
potential.

The measured spectrum shows a different trend as compartéeé tmodel. As
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Figure 6.5: Left panel: Measure&® momentum distributions (blue circles) in the CDC
acceptance from the Carbon target in comparison to HSD lediloos with potential
(green triangles) and without potential (black triangleR)ght panel: Measurel® mo-
mentum distributions (blue circles) in the CDC acceptamoenfthe Lead target in com-
parison to HSD calculations with potential (green triasylend without potential (black
triangles).

for the case of the Carbon, the slope of the measured spedrsteeper than the
ones from the model calculations below momenta of 250 Me\ he data points

show a loweiK° yield in comparison to the model at momenta below 250 VeV
and above this value the opposite is found. The visible wiffee between data
and model calculations in figure 6.5 is due to much more proced effects of

the potential and rescattering in the data than in the madeliations.

6.5 Ratio of the Momentum Distributions

The target mass dependence of the meson cross section iang&@mnreactions
(pion- or proton-induced reactions) contains informagion the production pro-
cess and the propagation of mesons in nuclear matter. Usibgrpinduced reac-
tions, the ANKE collaboration measured the mass dependsricevardK ™ pro-
duction on different targets between 1.5 an8@eV [62]. The mass dependence
of theK™ production was studied on the basis of the r&tie (do/dp)au/(do/dp)c.
A strong suppression of the ratio was observed&fomomenta below 25MeV /c.
This observation was interpreted in terms of a repulsiorhieyGoulomb and nu-
clear potentials in th&+A system [62].
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Since theKt andK? are isospin partners, their production dynamics (mech-
anisms) in the nuclear medium are the same. Figure 6.6 sha@sparison
between ratios oK™ produced in Gold to those from Carbon (full triangles) and
the ratio ofK® produced in Lead to those from Carbon. The differences teiwe
the two measurements are:

e in comparison to th&*, theK® does not feel a Coulomb potential

e theK™ spectra from ANKE [62] were measured@K 12° (in the labora-
tory system) while th&° spectra here are measured for polar angles ranging
from 27 to 116 (i.e. in the CDC acceptance)
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Figure 6.6: Comparison of the measured rafido/dp)ay/(do/dp)c for the K+ (black
triangles, points are adapted from [112]) and the measaitési(do /dp)pp/(do/dp)c for
the K© (blue circles). The dashed line represents the geometetial Error bars on the
blue circles are statistical only.

The shapes of both ratios (fé&r" andK°) agree quite well for all momenta. At
momenta above 300 Me\ both ratios agree perfectly with each other which is
an indication that effects which govern the shape of boibsahost likely has the
same origin.

Below 300MeV/c, a lower ratio for th&(* was measured with respect to k&,
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The ratio distributions are peaked at slightly differentmemta. For thé&©, the
maximum is at momenta between 200-250 Me\dnd for theK™ it occurs at mo-
menta of about 260 MeXt.

The shape of th& ™ ratio was explained on the basis of CBUU transport calcula-
tions [63, 62] (see figure 1.8). In a purely classical pictire produced at some
radius “R” in a nucleus acquire an additional momentunpgf, = /2mgVe(r)

due to the repulsive, Coulomb potential. For a Gold nucleus, this corresponds
to a minimum momentum of 130Me\. Thus, the ratio should drop to zero for
smaller kaon momenta. A repulsi¥e™ nuclear potential with a strength in the
order of 20 MeV shifts the kaon momentum and thus the peakipo$il12, 62].

At high momenta (above 300Me\¢) the decrease of the ratio fé¢" and
K® below the geometrical valuBgyeo (i.€. the dashed line which corresponds
t0 Rgeo= (TIR?/3)pp/(TIRZ/3)c ~ 6.7) can be explained by the shadowing effect
which is directly related to the nucleus size. Since the L&uald) target has a
radius of the order of 7fm and the Carbon radius of the ord&ff, the number
of kaons produced in Lead (Gold) is being reduced much mocemmparison to
the one in Carbon.

Low-momentum kaons spend more time inside the nuclear methan those
with high momenta. Therefore, those kaons are more seasitithe nuclear po-
tential. It can be seen that the measured ratioki®rdoes not drop to zero at
130MeV/c but rather at momenta close to zero MeV/c, within the eressbThe
difference betweei* andK° production at low momentum inside the nuclear
medium can be assigned to the Coulomb interaction.

To further understand the behaviour of the ratio as a funaticthe momen-
tum, HSD predictions (with and without potential) are comgabto the measured
ratio in figure 6.7. Above 250MeXt the model calculations with and without
potential do not show any significant difference and the rhpdedicts a higher
ratio than the measured one as well as the geometrical orlewB&0MeV/c,
the ratio including th&KN potential goes to infinity at zero MeV/c, whereas the
one that does not include tieN potential goes to a constant value close to 22 at
0MeV/c. Contrary to the model predictions, the measured ratiostaosuppres-
sion below 200MeYc and goes down to zero at momenta close to zero MeV/c.
The possible explanation for this failure, is that the dyi@mvhich are respon-
sible for theK® production in nuclear matter must be wrong in the model, this
issue is not yet resolved. At this stage, where the mode faiteproducing the
measurement, the only explanation for the behaviour of thasured ratio below
200MeV/c is due to th&KN potential which accelerates kaons with low momenta
when leaving the nucleus.
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Figure 6.7: A comparison between HSD calculations with potential (greean-
gles), without potential (black triangle) and measuremdbtue circles) for the ratio

(do/dp)pp/(do/dp)c.

6.6 KO Inclusive Cross Section

To understand the behaviour of kaon production cross seictithe nuclear medium
atp = po in Teinduced reactions, comparisons to transport and micpiscood-
els are needed. Unfortunately, the existing data from thB k&nsport model
are for Carbon and Lead targets only. Calculations conegroiher targets (Al,
Cu and Sn) are being worked on, therfore at this moment it ispossible to
have a complete systematicsk? inclusive cross sections. Nevertheless, ke
inclusive cross section in Lead and Carbon as calculated®iy Bre compared
to the measure&? inclusive cross sections in the left panel of figure 6.8. The
model calculations with and without potential do not show aensitivity to the
KN potential.

As mentioned in chapter 5, th€® inclusive cross section has &3/ depen-
dence on the target mass. The line on top of the data poirtie i®sult of a fit.
In the case of the Lead target, the model calculations agrée wgell with the
measured data. It can be seen that the calculated crossnsedt not show the
same behaviour as the data because in the case of the Carpetntte calcula-
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Figure 6.8: Left panel: TheK inclusive cross section il +A reactions as a function
of the target mass number. Measui€linclusive cross sections are shown in blue cir-
cles. The green and black triangles represent HSD calonkatiith and without potential,
respectively. The solid line is the result of a fit (see chap)e Right panel: Compari-
son of the measureld® inclusive cross section with microscopic calculations emithe
assumption that the cross section hag\R behaviour.

tions are off by a factor 1.5 from the measurement.

Target | o(p = po) (mb) | a(p = 0) (mb)
C 4.83 2.56
Al 8.45 4.30
Cu 15.20 7.35
Sn 23.80 10.60
Pb 35.75 14.70

Table 6.1: The obtainedK? inclusive cross sections from microscopic calculations at
p = po andp = 0 assuming that the cross section ha#\&R behaviour.

The only available microscopic calculations of kaon prdaturcin nuclear
matter are from Tsushima et al. [67]. Those calculationsewsrformed for
infinite nuclear matter. To be able to compare them with meakdata, two
assumptions are made:
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e an effective cross section is derived from all channeldgpating in thek®
production (i.ert p — KA, T p — K%2% andrr n — K% ) as follows

Oeff = % -(o(mr p — KA) + (1t p — K°2%)) + % o(mn— K%)
6.1)

¢ the calculated cross section is parameterized accorditigetbehaviour of
the measured cross section:

o(T A — KOX) = Oggr - AZ/3 (6.2)

The inclusive cross section for all targets, obtained atpg andp = 0, are pre-
sented in table 6.1. The obtainkd inclusive cross sections are compared to the
measured ones in the right panel of figure 6.8. The model lzdicos atp =0

are nearly a factor 2 below the data for all targets.pAt po, the difference is
somewhat smaller. The relative differences between mauidata range be-
tween 10% for Copper and 24% for Lead. These differences gassigned to
the fact that

e microscopic calculations have slightly a higher elemgntanss sections at
P = Po.

e microscopic calculations are done in uniform nuclear mattesre the shape
of the nucleus is neglected completely, whereas with heam of 115 GeV/c
the surface of the nucleus is mostly probed and thereforkatbies are most
likely produced at densitigs < po.



Chapter 7

Summary and Outlook

Properties of kaons produced in dense nuclear matter havedpadied by a vari-
ety of theoretical approaches. Effective kaon masses rlgdrige inside nuclear
matter due to the partial restoration of the chiral symmefrQCD. Recently,
based on microscopic calculations, it has been demondttiaée the kaon pro-
duction cross section in pion-nucleon interaction chaiigegslue and behaviour
in nuclear matter due to changes of the kaon properties.

In 2004, for the first time the GSI facility was able to prouicepion beam to
Cave B with an intensity of 5000 pions per second with a moomarf 1.15 GeV/c.
The FOPI collaboration performed a beam time in August 20@4racorded data
for five different targets (Carbon, Aluminum, Copper, Timadread) during a time
of 14 days. The main goal of this work was to study the inclei&i? production
at normal nuclear matter density using a pion beam.

Several extensions and adaptations to the FOPI software nesressary and
carried out in the framework of this thesis. In the first pdrtttos work the
behaviour of the CDC digitizer in GEANT was investigated andmearing of
the primary vertex to simulate the experimental environinpeoperly was imple-
mented. Energy and spatial resolutions of a track in the C2€wstudied within
the digitizer. The position resolution of tracks in the saerse plane was aligned
to that of the data. A compromise was made between the enesgiution and po-
sition resolution along the beam axis to be able to reprodxperimental widths
of reconstructed resonances.

A new method for reconstructimy’ from a proton detected in the combined sys-
tem of Plastic Wall and Helitron and from a pion detected em@DC was devel-
oped. This method gives the possibility of studying the kiaéical and dynamical
properties of this particle reconstructed in this forwaadt f the phase space.

The reconstruction of thi€® from reactions of pions with five targets, for the
first time allowed to obtain the mass dependence oKthiclusive cross section

109
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in pion-induced reactions at SIS energies. It was showntklegatross section in
pion-induced reactions has #3/2 dependence, which indicates that kaons are
mainly produced in the surface of the nucleus.

KO differential spectra, i.e. transverse momentum, rapiditd momentum
distributions were investigated in terms of the nucleus.sfzdetailed comparison
of KO spectra between the Lead and Carbon targets gave the fofjaesults:

e The invariant cross sections Kf have the same trend over all phase-space
in both targets, but they differ in terms of yield.

e The rapidity distribution shows that more more kaons arelpced in the
forward hemisphere in the case mf 4 C than inTT + Pb reactions. At
target rapidity and in the backward hemisphere, the oppasfound.

e The momentum distributions &° show a similar trend at high momenta
for both targets. At low momenta, both distributions exhiliferent slopes:
For Lead one observes it shows a steeper increase than foorCar

The ratio of thek® momentum distribution from Lead to that in Carbon shows
a steep decrease down to zero at very low momenta and a debedags the geo-
metrical ratio at high momenta. Kaons with low momenta spande time in the
nuclear medium, therefore the nuclear potential tends ¢elaate them, while
kaons with high momenta most likely do not feel the nucleadeptial. A detailed
comparison of experimental measurements with HSD modédigirens has been
done. Two versions of HSD model calculations were used: @clades theKN
potential in the final state interaction and the other onesdha include it. Both
versions include the rescattering of kaons in the nuclealiune
In general, the model reasonably reproduces the trend dffHievariant cross
section for both systems (Lead and Carbon) over all phaaeesgsome discrep-
ancies have been observed where the model under prediggettieof K° pro-
duced intt + C reactions by about a factor 1.5 with respect to the data in the
backward hemisphere and at target rapidity.
HSD model calculations of tH€® inclusive cross section agree well with the mea-
sured value fromm + Pbreactions. For the Carbon target, a difference by a factor
of 1.5 is found between model and data. The calculated réatioeck® momen-
tum distribution produced in Lead to that from Carbon at higbmenta shows
the same trend as in the data, while for low momenta, difis¥smppear between
data and model. Here, the calculated ratio increases, a$@rghe data the ratio
decreases.
Another comparison of the data with microscopic calculagiavas done. To be
able to compare calculations in infinite nuclear mat@rinclusive cross sections
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were assumed to have A3 dependence as it was found in the data. Good agree-
ment is observed between the microscopic calculationsrabaanuclear matter
density and the data with a relative difference of 20% at mann.

A comparison to the data obtained with the ANKE spectromateCOSY-
Julich in proton-induced reactions was done and an iniagegdependence was
found in the ratio of theK* production in Gold to that in Carbon. The com-
parison shows a very good agreement for the shape of bStraigd K*) ratio
distributions. At high momenta, both measurements predesame ratio while
at low momenta a difference is observed. TKie ratio shows a suppression at
about 130MeVc, whereas th&° shows a suppression only at momenta close to
zero MeV/c. Based on CBUU transport model calculations, thiservation was
assigned to the Coulomb potential which accelerate& than addition to the nu-
clear potential, while for the case KP, only the nuclear potential is felt by kaons
which have low momenta.

The exclusive measurement of the production cross secfiarkd in com-
bination with aA® or a Z° particle in the final state can be done with the FOPI
detector in pion-induced reactions. In addition, this nueasient gives the pos-
sibility to study the production mechanism of strange p&et atp = po. In the
present sample of data, the statistic was not large enougtesasure the num-
ber of correlatedi®, A°) or (K, =9) pairs. As a rough estimate, ten times more
statistics is needed to be able to measure the correléfed\?) and K°, =°) pairs
and also to be able to separate betwERandA° pairs. The FOPI collaboration
is planning for another pion-beam run in the near future tiecomore statistics
which will certainly allow for measuring thi€® exclusive cross section as well as
studying its mass dependence at normal nuclear mattertgensi

The newly installed RPC Barrel which has a good time resmtugind a larger
acceptance for charged kaons will allow to study the exeisi™ cross section
inthe channeft +p— K™ +2".

Furthermore a proton-induced reaction experiment is aiaoeal to be done
with the FOPI detectorK ™ andK ™ reaction cross sections will be measured as
well as their phase-space distributions. Measurementseaitass dependence of
the K™ inclusive cross section will give more insight into the matof theK~N
interaction.
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Appendix A

The Bethe-Bloch Formula

Charged particles passing through matter lose kineticggnby excitation of
bound electrons and ionization. The average energyd&sper lengthdx for
heavy particlesr(y > me) is given by Bethe-Bloch formula [113, 114, 115, 116]

_(:Ti - 4T[NArgmeCZp§§ E In (Z"ECZVIZE Z\N"‘ax) —B*- g} . (A
z — Charge of the incident particle in units of the elementdrgrge,
Na — Avogadro number =.622-10°3mol1,
Z,A — Atomic number and Atomic mass of the medium,
Me — Electron mass,
e — Classical electron radius 2.818fm,

I — lonization constant, characteristic of the absorber riztehich
can be approximated Hy= 16-Z7%%V,

0 — Correction factor due to the density of the medium,
Wmax — Maximum transferable kinetic energy to a free electronsimgle
collision.

The energy loss-dE/dx is usually given in units of MeY(g/cn?). The
energy loss does not depend on the mass of the ionizing leartiout on their
velocity B. As a function of3, dE/dx at low velocities decreases ag@t, then
reaches a minimum aroufly ~ 4 and increases for relativistic velocities with
By—> 00,

Measurement of the energy loss and velocity of chargedgbaih the CDC
(Helitron) and Barrel (Plastic Wall), respectively, alle¥or paricle charge ideneti-
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fication using
dE
_ELZ
dx B2
In the case of the CDC, where the momentum of the particle asored, its mass
can be determined if one assumes its charge to be 1, 2 or higimgrthe formula

(A.2)

_dE 22+(m'c>2

RN 7




Appendix B

Kinematical Variables and Invariant
Cross Section

In relativistic heavy-ion collisions, it is more convenig¢a use kinematical vari-
ables (describing the phase space of a system) which caarnstdrmed from one
frame to another in simple way.

If a beam patrticle is moving along tlzedirection towards a fixed target, then
one of the kinematical variables which can be used for thdyared paricles is the
transverse momentum. The other variable is the longitudinal momentum which
can be described by an equivalent variable called rapildity.a generalization of
the velocity given by

y = arctanifv,) = arctanf(%) = %In (E%S') ) (B.1)

wherep, is parallel to the direction of the beam = p,. For small velocities the
rapidity y becomesy = v,..
If one assumes a particle with rapidiy in a frameK; andys is the rapidity of
the frameKj in the frameKy, then the rapidity of the particle in the franke is
y= yit+Yo.

The two variablegy, p;) describing the phase space of a given particle with a
massm are related as follows

m- sin®
pt = (B.2)

exp(2y)+ C . ,
\/< n2y) 1)2 0261

exp(2y)—1

where@ is the polar angle in the laboratory frame. This formula shithe con-
nection between the phase-space and the geometrical space.
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B.1 Particle Decay

The transition rate for a given process is determined by thglitude 4/ (which
is a Lorentz-invariant matrix) and the phase space factoording to Fermi’s
“Golden Rule” [117] and it is given by

.. 2
Transition rate= —; | M |2 x (phase-space factor) (B.3)

If one assumes that particle “1” decays into several othdighes “2,3,4...n", its
decay rate is given by the formula

ot g (08 (598 (208
B 2hmy |\ (2m)32-Ex /) \ (2m)32-E3/) "\ (2m)32-E, (B.4)

x (2m)*8* (pL— P2 — P3... — Pn)

wherep; = (Ei/c, i) is the four-momentum of the i-th particl&is a product
of statistical factors which i€1/j!) for each group of “j” identical particles in the
final state. The integration of B.4 over all outgoing momegizes the decay rate
Ir.

B.1.1 Golden Rule for Scattering

We assume that the particles “1” and “2” collide and aftet t@lision particles
“3,4,...,n" are produced (32 — 3+4+...4+n). The cross section for a such
reaction is given by

ﬁZS
4,/(p1- Pp2)2 — (Mumyc?)2

() (mme) (ewe)] 7

x (2m)*8* (p1+ P2 — P3— Pa... — Pn)

:|M|2-

In inclusive reactions like (3 2 — 3+ X), the cross section is given by

do = |ar |2 hes
8n(E1 +E2) - [Pa
S(E1 + E) Ct a2 — N (B.6)
y 1 2) \/r‘r‘é p3 \/m§< I03 -d3p3

\/m:Z;CZJr P3 \/m§<02+ Pa?
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| |2 depends on the direction @ as well as on its magnitude. Therefore, it is
not possible to carry out the angular integration. One catewr

d®p3 = p3dp3dQ and d = sinBded

When integrating B.6 oveps from 0 — o, one obtains

do  (Rc\*® S| |pi|
®_<§T) (E1+E2? |p| (B.7)

where|p;| is the magnitude of the momentum of the outgoing particled83"X”
and|p;| is the magnitude of incoming particle “1” or “2”.

The invariant cross sectio - d30/dp3 can be writen as follows (since we
have a cylindrical symmetry)

3 3
E- gpc; -E 2Trptdd;dpz (B.8)
From formula B.1 one can obtain the identy
d _1
dp, E
therfore,
dcoc 1 do (8.9)

"dp® ~ 2npdpdy
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