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Kurzfassung

Die vorliegende Arbeit beschäftigt sich mit der Untersuchung der Eigenschaften seltsa-
mer Teilchen im nuklearen Medium.

Die Erzeugung und Ausbreitung von K+ und K− Mesonen in der nuklearen Mate-
rie wird mit Hilfe des FOPI-Spektrometers in 58Ni + 58Ni Kollisionen untersucht. Die
verwendete Einschussenergie von Ebeam = 1,91 AGeV liegt nah der Produktionsschwel-
le für seltsame Teilchen. Ein schwacher, den Protonen entgegen gerichteter Fluss in
der Reaktionsebene, sowie eine geringe dazu senkrecht gerichtete Emission ist in der
Azimuthalverteilung der K+ Mesonen beobachtet worden. Die Emission von K− Me-
sonen ist, im Rahmen großer statistischer Unsicherheiten, isotrop. Der Vergleich mit
zwei unabhängigen Transportrechnungen, HSD und IQMD, suggeriert ein schwach ab-
stoßendes KN - Potential von UKN = 20±5 MeV und ein attraktives K̄N -Potential von
UK−N = −40± 10 MeV.

Die Produktion von K+/−/0 , φ Mesonen und dem Λ Baryon wird in π−-induzierten
Reaktionen mit C, Cu und Pb Targets bei einem Einschussimpuls von pπ−= 1.7 GeV/c
untersucht. Aus dem Vergleich der Phasenraumverteilungen aus der Produktion im leich-
ten und im schweren Target, wird geschlossen, dass die K+ und K0

S Mesonen eine Absto-
ßung in nuklearen Medium erfahren. Bei dem letzteren, alleinig auf die starke Wechsel-
wirkung zurückzuführen. Der analoge Vergleich für K− Mesonen suggeriert eine starke
Absorption in nuklearen Medium. Die beobachtete Menge der φ Mesonen unterstützt
die Vermutung eines Zα - Skalierungsverhaltens des Produktionswirkungsquerschnitts.

Abstract

This work is dedicated to the investigation of in-medium behaviour of strange particles.
In-medium production and propagation of K+ and K− mesons is studied with the

FOPI apparatus in 58Ni + 58Ni collisions at the incident beam energy of Ebeam= 1.91
AGeV, i.e. near the strangeness production threshold energies. Weak in-plane ‘anti -
flow’ with respect to protons and a slight ‘squeeze-out’ is found in the azimuthal emission
pattern of K+ mesons. K− mesons exhibit an isotropic emission pattern within large
statistic uncertainties. The comparison to the predictions of two independent transport
calculations, HSD and IQMD, suggests a weakly repulsive KN in-medium potential of
UKN = 20 ± 5 MeV and an attractive K̄N in - medium potential of UK−N = −40 ±
10 MeV.

Production of K+/−/0, φ mesons and the Λ baryon at normal nuclear matter density
is studied in π− +A reactions with C, Cu and Pb targets at incident beam momentum
of pπ−= 1.7 GeV/c. Differences in the final state phase space distributions measured in
heavy and light targets point to repulsion for K+ and K0

S mesons in nuclear medium.
The latter is solely attributed to the strong interaction. The corresponding comparison
for K− mesons suggests a strong absorption in nuclear medium. Observed φ meson
yields support the hypothesis of Zα - scaling of the production cross section.
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Chapter 1

Introduction

One of the biggest discoveries in modern physics was the discovery of the Higgs boson
in 2013. After the ATLAS and CMS collaborations announced an independent mea-
surement of a statistically significant excess in the expected decay channels, François
Englert and Peter W. Higgs were awarded the nobel prize, according to the laudatio
“for the theoretical discovery of a mechanism that contributes to our understanding of
the origin of mass of subatomic particles, and which recently was confirmed through the
discovery of the predicted fundamental particle, by the ATLAS and CMS experiments at
CERN’s Large Hadron Collider”. In the standard model of particle physics, the masses
of elementary particles, i.e. quarks and gauge bosons, are generated by their interaction
with the Higgs field.

In ‘ordinary matter’ quarks are bound into protons and neutrons by the strong inter-
action (QCD). The total mass of these hadrons is only to a small extend determined by
the quark masses. A proton, consisting of 3 quarks 〈uud〉, has a mass of Mp ∼ 1 GeV/c2,
whereas the sum of its (current) quark masses1 is

∑
mi
∼ 15 MeV/c2. The remaining,

major contribution is attributed to the mechanism of the spontaneous breaking of the
chiral symmetry.

Chiral symmetry is a fundamental symmetry of the strong interaction. It states that
the interaction is the same for a particle and its mirror image. In the limit of vanishing
bare quark masses, chiral symmetry is an exact symmetry. Since the bare quark masses
are small, the symmetry is still approximately fulfilled. It is referred to as the (negligible)
explicit breaking of the chiral symmetry. In nature, the chiral symmetry is additionally
broken spontaneously by the so - called scalar quark condensate, which fills up the QCD
vacuum. The expectation value of the quark condensate is closely connected to the mass
generation mechanism of hadrons. The manifest consequence is the creation of ∼ 99 %
of the nucleon mass.

The large expectation value of the quark condensate decreases with increasing tem-
perature and density. Thus, the chiral symmetry is expected to be partially restored in
hot and/or dense nuclear matter. The physical consequence is a modification of hadron
properties. Compressed and heated strongly interacting matter can be experimentally

1There are two common definitions of a ‘quark mass’: The current quark mass - the bare quark mass,
generated by the Higgs mechanism, and the constituent quark mass - the binding energy of a quark in a
hadron.
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6 Introduction

created in heavy ion reactions, therefore opening the possibility to test the fundamental
concepts of strong interaction in the laboratory.

Hadronic models were developed to quantify the influence of the medium on the
observable properties of hadrons. Predictions for mesons like ρ, ω, η′ and φ foresee
a shift of in - medium mass compared to the mass in vacuum, and a broadening of
the spectral function. So far, only the mass of the η′ was observed to be lowered by
the interaction with the medium. The TABS collaboration reported a mass shift of
∆m ≈ 40 ± 10 MeV [Nan13]. No evidence of a dropping of in - medium mass was
found in the line shape analysis of vector mesons: ω mesons [Nan10, Thi13], ρ mesons
[Nas07, Nar06] and φ mesons [Ish05]. On the other hand, all mesons mentioned above
were observed to experience in - medium broadening, which was attributed to inelastic
processes (ω mesons [Kas07, Kot08]; ρ mesons [Nas07]; φ mesons [Har12, Pol11] and η′

meson [Nan12]). The contribution from a possible restoration of the chiral symmetry
remains a matter of debate.

In the mean - field picture, the interaction between hadrons and the medium can
be seen as an attraction or repulsion, depending on the particle species. In this repre-
sentation it is evident that mesons and nucleons can form bound states. Evidence for
deeply bound pionic states in Pb and Sn isotopes were found at FRS@GSI Darmstadt
[Ita00, Suz04]. Also the η′ - nucleus and ω - nucleus bound states are predicted [Mar01].
Especially the η′ meson is considered to be a good candidate for a meson - nucleon bound
state due to its small width.

Of particular interest is the in - medium behaviour of strange particles. Strangeness
is exactly conserved in strong interactions. Consequently the absorption of a pro-
duced strange particle requires another strange particle with the reverse strangeness
content. Strangeness can be produced in kaon2 - antikaon3 pairs or by simultaneous
kaon - hyperon4 production. The reaction requiring least energy to produce a ss̄ pair is
the reaction NN → NΛK+ with a threshold energy of Ebeam = 1.58 GeV in a fixed
target experiment. In heavy - ion collisions kaon production is possible even below this
energy, i.e. sub - threshold. Additional energy can be provided by the Fermi motion of
the nucleons or accumulated in multi - step processes using nuclear resonances as energy
reservoirs. Sub - threshold production ensures that the kaons are produced in the high
density phase of the collision. Consequently it is particularly interesting for the study
of in - medium effects.

Once produced, a K+/0 meson has no counterpart to annihilate with and can leave
the fireball. The resulting long mean free path makes these particles a good penetrating
probe for the hot and dense phase of the collision. The final state properties of kaons
are influenced only by the elastic interactions with the nucleons and propagation in
potentials.

The cheapest way to produce a K− is in strangeness - exchange reactions: Λ(Σ)π →
K−N . It is the main source ofK− in heavy - ion collision at the considered energies, since
the threshold energy for the direct production in NN → NNK+K− reactions of Ebeam

2I.e. K+ (ūs) and K0
(
d̄s

)
.

3I.e. K− (us̄) and K̄0 (ds̄).
4Hyperons are baryons containing one or more strange quark. For the current discussion only the

lightest hyperons, i.e. Λ(uds) and the Σ - triplet: Σ−(dds), Σ0(uds), Σ−(uus) are of interest.
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= 2.5 GeV can not be reached. In contrast to K+, K− are likely to be reabsorbed due to
the large cross section and the exothermic nature of the inverse reaction K−N → Λ(Σ)π.
As a result, antikaons observed in the final state are likely to be created close to the
surface and are not influenced by the strongly interacting medium.

Though challenging, the measurement of a possible in - medium modification of an-
tikaons’ properties is especially compelling. A strong reduction of the in - medium mass
of K− mesons could have dramatic consequences for the stability of neutron stars. In
this scenario a K− condensate builds up in the interior of a neutron star, adding addi-
tional negative charge and thus requiring an increasing of the proton fraction. The result
is a softer equation - of - state of the neutron star, which puts restrictions on its maxi-
mal mass [Lat07, Wei12]. However, recent astrophysical observation of a neutron star
as heavy as two solar masses rules out some of the K− condensate scenarios [Dem10].
Furthermore, if the attraction between K− and nucleons is strong enough, it could lead
to kaonic atoms, i.e. deeply bound K− states [Aka02].

Conclusions about the existence and strength of the K−N in - medium potential
can be derived from the comparison of experimental observations to transport model
calculations. Transport models simulate the collisions by taking into account all relevant
cross sections and potentials. If the reabsorption and scattering cross sections are known
and implemented realistically, their contribution to the final phase space distribution of
antikaons can be disentangled from the K−N interaction of interest.

A lot of experimental effort was dedicated to the search for in - medium properties
of kaons and antikaons. Heavy - ion experiments KaoS, FOPI and HADES, operating at
the heavy - ion synchrotron (SIS) of GSI, delivered high precision data on the production
and propagation of kaons and antikaons in heavy systems. All measurements point to
the existence of a weakly repulsive KN interaction. The conclusions on the strength,
however, are strongly model dependent. The investigation of K− mesons in SIS energy
regime is additionally complicated by the small production rate. So far, it has not
been possible to establish the magnitude or even the existence of the KN in - medium
potential.

1.1 Structure of this Work

The analysis presented in this work is focused on the investigation of the effects nuclear
medium of different density and temperature has on the production and propagation of
K+, K−, K0

S , φ mesons, and the Λ baryons.

The collective motion of charged kaons in nuclear matter compressed to 2 - 3 ρ0
5 and

heated to ∼ 100 MeV is studied in 58Ni+58Ni collisions at the beam energy of Ebeam
= 1.9 AGeV (internal name ‘S325(e)’). The production of K+/−/0, φ and Λ at normal
nuclear matter density is investigated in pion - induced reactions (internal name ‘S339’).
In the latter, conclusions on the influence by the medium are drawn from the comparison
of the production in a light (Carbon) and heavy (Lead) nucleus.

The manuscript starts with an introduction of the basic concepts of chiral symmetry
and the explicit and spontaneous symmetry breaking. Special emphasis is put on the

5ρ0 = 0.16 nucleons/fm3 is the normal nuclear matter density.
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properties of the chiral condensate. The discussion of the general properties of QCD is
followed by the effective theory description of the particles of interest. The in - medium
effective mass of kaons is derived in the framework of chiral perturbation theory. Since
the same approach is not applicable to antikaons in medium, the idea and the basic pro-
cedure of a coupled channel calculation is sketched. Possible in - medium modifications
of φ, a light vector meson, are elaborated on the basis of hadronic model predictions.
Chapter 2 closes with a short description of the two transport models which are used
to interpret the experimental data. The key principles and the implementation of the
in - medium potentials for kaons and antikaons are summarised.

Chapter 3 is devoted to the experimental setup. The relevant sub - detectors of the
FOPI spectrometer are portrayed by their operation principle and measuring capabili-
ties. Detector limitations in terms of resolution and acceptance are demonstrated. The
general strategy of particle identification within the FOPI setup is explained. Both
runtimes which delivered data for the following analysis are characterised by relevant
experimental details such as trigger conditions and measured cross sections.

Chapter 4 summarises the analysis of the S325(e) experiment. In this experiment
possible in - medium modifications of charged K mesons are investigated by the means
of their collective motion, referred to as ‘flow’. The chapter starts with technical details
of the analysis, explaining the identification procedure for charged kaons with FOPI and
showing its results. Furthermore, the principle of how the information about the collec-
tive motion is reconstructed from the final state phase space distribution of a particle
is clarified. Necessary corrections due to experimental limitations are addressed. The
obtained flow patterns are compared to HSD and IQMD transport model calculations.
Within this comparison certain properties, such as the contributions from the Coulomb
interaction to the flow pattern, its centrality and momentum dependence as well as
a possible modification due to the interaction with the strong medium, are studied.
Additionally, the results of the present analysis are compared to earlier measurements
published by FOPI and KaoS collaborations.

In Chapter 5 the analysis of the S339 experiment is presented. For the study of
the in - medium production, the signals of K+/−/0, φ meson and the Λ baryon were
reconstructed. Details, strategy and challenges of the particular reconstructions are
pointed out.

The electrically neutral particles φ and K0
S mesons do not leave a trace in the FOPI

detector, but decay within the apparatus due to their short lifetime and can be recon-
structed from their decay products. The strategy, topological selection and the results of
such a reconstruction are discussed. The background estimation by a so - called ‘mixed
event method’ is explained. The reconstruction efficiency is evaluated with a Monte
Carlo based GEometry ANd Tracking simulation - Geant. Special emphasis is put on
the differences in reconstruction efficiency for the carbon and lead targets, as the com-
parison is symptomatic of the in - medium effects.

A signature for in - medium modification is seen in the difference of the momentum
distributions of a particle produced in the light compared to the one originating from
the heavy target. Expectations for an attraction and repulsion scenario are explicated,
as well as the actual measurements for K+/−/0 mesons and the Λ baryon. Measured
signatures are compared to the available transport calculations and discussed in the
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context of previous measurements.
The yields of φ mesons, produced in different targets, are compared within the so - called
‘transparency ratio’.

The work is concluded with a discussion of the results from both experiments in
Chapter 6.



Chapter 2

Strange Particles in Nuclear
Medium

The investigation of low energy behaviour of Quantum Chromodynamics (QCD) and
especially the so - called in - medium effects has been the motivation behind many ex-
periments of the FOPI collaboration and, in particular, the analysis presented in this
work. The aim of this section is to provide the connection between fundamental prop-
erties of QCD and the experimentally accessible final state observables. Therefore, a
short overview of the theoretical concept of chiral symmetry – its breaking and partial
restoration in hot and dense nuclear matter – is given (based on [Koc97]). Possible
modifications of hadron properties are discussed as well as the concept and basic prin-
ciples of transport calculations, which are used to evaluate the influence of the nuclear
medium later on in this work.

2.1 Chiral Symmetry – Breaking and Partial Restoration

Consider the QCD Lagrangian. The only way mass enters in the equation is in the form
of explicit quark - mass terms. For ordinary matter only the up (u) and down (d) quark
flavours need to be considered. The current u - und d - quark masses (5 - 10 MeV/c2)
are much smaller than the QCD energy scale, characterized by the ΛQCD ≈ 217 MeV.
Therefore, the mass term can be seen as a small perturbation to the Lagrangian and, to
a good approximation, neglected.

In the limit of massless quarks, the QCD Lagrangian reads

LQCD = ψ̄L(i 6 D)ψL + ψ̄R(i 6 D)ψR + Lglue (2.1)

where ψ = (u, d)T is a vector in the flavour space.
This Lagrangian is invariant under rotating the left - handed and the right - handed
components independently in the two dimensional flavour space. The transformation
can be described by unitary matrices UL and UR, i.e. QCD Lagrangian(2.1) has the
U(2)L × U(2)R chiral symmetry, which can be decomposed into SU(2)L × SU(2)R ×
U(1)V × U(1)A. 1

1For N ‘light’ quark flavours (especially N=3, i.e. u, d and s) the corresponding symmetries is

10



Chiral Symmetry – Breaking and Partial Restoration 11

Symmetries of the Lagrangian lead to conserved quantities (currents). The singlet
vector symmetry, U(1)V , corresponds to baryon number conservation. The singlet axial
symmetry, U(1)A, is explicitly violated and does not correspond to a conserved quantity.
However, it is not of interest here. Relevant for the following discussion is the remaining
component. Following Noether’s theorem, the SU(2)L × SU(2)R chiral symmetry leads
to conserved vector Vµ and axial-vector Aµ currents.

Chiral symmetry implies that hadrons have chiral partners, i.e. hadron multiplets
with equal quantum numbers but different chiralities. The axial transformation, associ-
ated with the axial - vector current rotates the states into each other. Hence, the states
are expected to have equal Eigenvalues, i.e. equal mass. The mass degeneracy is nearly
realised between proton and neutron and for the three pion states, but not observed in
many other cases like ρ0 and a1 mesons. The experimentally observed mass difference
is too large to be attributed to the current quark masses. On the other hand, there
is experimental evidence supporting the partial2 conservation of axial - vector current.
The axial - vector symmetry is considered to be spontaneously broken. ‘Spontaneous
breaking’ means the symmetry is realised in the Lagrangian but not in the ground state
– the vacuum. The QCD vacuum breaks the symmetry by forming a quark condensate.
The quark condensate is partially responsible for giving hadrons mass.

In the framework of chiral perturbation theory (ChPT), some properties of the quark
condensate, relevant for the physics of hot and dense matter, can be derived:
Temperature dependence:
To the leading order, changes in the quark condensate are expected to be small, i.e. a
drop ∼ T 2

< q̄q >T = < q̄q >0 (1− T 2

8f2
π

) , (2.2)

where < q̄q >0 is the expectation value of the quark condensate at temperature T = 0
and density ρ = 0. fπ denotes the pion decay constant.
ChPT is not expected to work well for higher temperatures. Lattice gauge calculations
predict the temperature at which the quark condensate vanishes, i.e. the critical tem-
perature. A current value from the calculations with Nf = 3 flavours is TC ≈ 150 MeV
and with Nf = 2 flavours is TC ≈ 170 MeV [Kar01].
Density dependence:
The quark condensate is expected to drop linearly in density:

< q̄q >ρ = < q̄q >0 (1− ΣπN

m2
πf

2
π

ρ+ · · · ). (2.3)

ΣπN is the so - called pion - nucleon sigma term. It originates from the explicit symmetry
breaking and contributes to the hadron mass. Its value is determined from pion - nucleon
scattering to be ΣπN ' 45 MeV [Hoe83]. With this value, already at normal nuclear
matter density the quark condensate is expected to be reduced by 35 %:

< q̄q >ρ = < q̄q >0 (1− 0.35
ρ

ρ0
) , (2.4)

SU(N)L × SU(N)R × U(1)V × U(1)A and the chiral symmetry breaking is analogous.
2PCAC (partially - conserved axial - vector current). Small explicit symmetry breaking due to non -

vanishing quark masses is assumed.
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where ρ0 is the normal nuclear matter density.

Temperature and density dependence of the quark condensate are illustrated in
Fig. 2.1. Coloured surfaces show how by varying the beam energy and colliding sys-
tems, as realised by the different accelerator facilities, various stages of ‘hot and dense’
can be created.

Figure 2.1: The expecta-
tion value of the quark
condensate as function of
temperature (T ) and den-
sity (ρ) [PJ09].

In heavy - ion collisions at the SIS - 18 energy regime, where the FOPI experiment
was operating, the created nuclear matter is heated up to temperatures of ∼100 MeV
and compression of about 2 - 3 ρ0 net baryon density can be reached [Fuc06,Hon98].

In summary: chiral summery is broken explicitly by the current quark masses and
spontaneously by the QCD vacuum. The QCD vacuum is ‘filled’ by the scalar quark
condensate with a non - zero expectation value. The quark condensate is partially re-
sponsible for the masses of hadrons. Its expectation value reduces with increasing tem-
perature and density, therefore partially restoring the chiral symmetry and altering the
properties of hadrons in hot and/or dense nuclear matter.
The reduction of the quark condensate will be linked to the experimentally measurable
properties of strange particles in the following section.

2.2 K Mesons in Nuclear Matter

The coupling constant of QCD increases with decreasing energy. Consequently the low
energy behaviour of QCD can not be treated perturbatively. The common framework
to describe the low energy dynamics of QCD is the chiral perturbation theory (ChPT)
– an effective field theory. The idea of ChPT is that the low energy dynamics is deter-
mined by light hadrons (motivated by the confinement) and the symmetries of QCD.
Hereby, the explicit breaking of chiral symmetry is considered to be negligibly small.
An effective chiral Lagrangian is formulated respecting the relevant QCD symmetries
and using hadrons as the degrees of freedom.
For the low energy pion - nucleon interaction (SU(2) flavour sector), ChPT is considered
to be an exact theory. ChPT has to be extended to the SU(3) flavour sector to describe
the properties of kaons in nuclear matter. Kaplan and Nelson were the first to formulate
a chiral SU(3)L × SU(3)R Lagrangian [Kap86,Nel87].
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The analysis of the full Kaplan - Nelson Lagrangian leads to a complicated coupled chan-
nel problem. To study the interaction between kaons and nucleons in a mean field
approximation, an effective Lagrangian can be formulated based on kaon and nucleon
degrees of freedom.
With kaon and nucleon fields given by

K =

(
K+

K0

)
, K̄ =

(
K− K̄0

)
and N =

(
p

n

)
, N̄ = (p̄ n̄) (2.5)

the effective Lagrangian reads:

Leff = N̄(iγµ∂µ −mN )N + ∂µK̄∂µK −
(
m2
K −

ΣKN

f2
π

N̄N

)
K̄K

− i 3

8f2
π

N̄γ0NK̄
←→
∂ tK.

(2.6)

Where mN and mK nucleon and kaon mass at rest, fπ the pion decay constant and ΣKN

the kaon - nucleon sigma term. For details of the derivation see [Fuc06] and references
within.
The Lagrangian contains two terms describing the interaction between kaons an nucle-
ons: The vector interaction (the last term in Eq. 2.6) – repulsive for kaons and attractive
for antikaons and the attractive scalar interaction (the third term in Eq. 2.6). The latter
results from the explicit chiral symmetry breaking and depends on the kaon - nucleon
sigma term.

Under the assumption of SU(3)V symmetry, the full pseudoscalar meson octet can
be seen as Goldstone bosons of chiral symmetry breaking. Therefore, the kaon mass can
be related to the chiral condensate by the Gell - Mann - Oakes - Renner (GOR) relation
[Gel68]:

m2
K =

1

2
(mu +ms)〈ūu+ s̄s〉, (2.7)

with mu,s the up - and strange - quark current masses.
Accordingly the kaon - nucleon sigma term reads:

ΣKN =
1

2
(mu +ms)〈N |ūu+ s̄s|N〉. (2.8)

The numerical value of ΣKN is restricted by measurements and different types of calcu-
lations (lattice QCD [Bro96 I,Don96,Bor02], heavy baryon ChPT [Bor99], chiral quark
model calculations [Ino04]). Recent values range from 300 < ΣKN < 450 MeV.

Using the mean - field approximation for nucleon fields and applying the Euler -
Lagrange equation, the in - medium Klein - Gordon Equation is obtained from Eq. 2.6:[

∂µ∂
µ + i

3

4f2
π

ρN∂t +

(
m2
K −

ΣKN

f2
π

ρS

)]
K = 0, (2.9)

with nuclear density ρN = 〈N̄γ0N〉 and scalar density ρS = 〈N̄N〉.
From this the dispersion relation for kaons in nuclear matter can be deduced:

ω2(k, ρN ) = m2
K + k2 − ΣKN

f2
π

ρS ±
3

4

ω

f2
π

ρN , (2.10)
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where k is the three - momentum of the kaon and ‘+’ and ‘–’ refer to kaons and antikaons
respectively. Rephrased in terms of kaon in - medium energy:

E(k, ρN ) =

[
m2
K + k2 − ΣKN

f2
π

ρS +

(
3

8

ρN
f2
π

)2
]1/2

± 3

8

ρN
f2
π

. (2.11)

The in - medium (effective) mass is defined as the in - medium energy for particles at
rest, i.e. E(k→ 0, ρN ). In the effective ChPT on the tree level as discussed so far, the
effective mass reads:

m∗K =

√
m2
K −

ΣKN

f2
π

ρS + VµV µ. (2.12)

Higher order corrections and their importance can be estimated from the kaon - nucleon
scattering lengths.
Fig. 2.2 shows the density dependence of kaon in - medium energy and effective mass for
the mean field ChPT calculations (solid lines) and the results of calculation including
higher order corrections. The predictions agree in the general trend of a weak repulsion
for kaons and strong attraction of antikaon by nuclear medium. More sophisticated cal-
culations predict a large energy (mass) shift for kaons and antikaons. The experimental
data (shaded bands) from measurements of K+N scattering and K− atoms [Bat97] sug-
gest an even stronger effect. However, more recent measurements of kaonic hydrogen by
the Siddharta collaboration [Baz11] and the interpretation of the data, do not support
the depicted depth of the potential.

ChPT works well for the description of the KN interactions because kaons re-
tain good quasi - particle properties in dense matter. Antikaons are different. In -
medium properties of K− are strongly influenced by their ability to form resonances
with baryons and the appearance of the Λ(1405) resonance near the K−p threshold. A
non - pertubative treatment is necessary.

The calculation of the two body kaon - nucleon scattering in the non - perturbative
approach requires to solve the Bethe - Salpeter equation (here in schematic representa-
tion):

TKN→KN = VKN→KN − i
∫
VKN→MBGBDMTMB→KN , (2.13)

where T is the two - body scattering amplitude and V the interaction kernel. GB und
DM are the baryon and meson propagators respectivly:

GB(p) =
1

6 p−mB + iε
, DM (k) =

1

k2 −m2
M + iε

. (2.14)

This approach contains the complete baryon (B = N , Λ, Σ) and pseudoscalar meson
(M = π, K) octet as the degrees of freedom in the chiral Lagrangian and therefore is a
coupled channel calculation. This ansatz persues the strategy of expanding the interac-
tion kernel V (instead of the scattering amplitude as before) and iterate the kernel to
all orders in the Bethe - Salpeter equation. The leading order of the expansion yields the
s - wave contribution, i.e. the vector interaction as in the tree level calculations [Kai95].
p - wave and higher order contribution have been calculated with coupled channel and
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Figure 2.2: In - medium energy shift (left panel) and effective mass (right panel)
of K+ and K− mesons as function of nuclear matter density as obtained by
ChPT on the tree level (MFT ChPT), as well as the mean field calculations
including higher order corrections (MFT ChPT+corr.) [Bro96 II] and quark
meson coupling model (QMC) [Tsu98]. Results represented by the shaded
bands are extracted from K+N scattering and K− atoms [Bat97]. The figure
is taken from [Fuc06].

G - Matrix calculations by [Kol95,Lut02,Tol01,Tol02,Mul90].
The incorporated modifications by the medium are Pauli - blocking, dressing of the
K̄ - propagator by in - medium self energy, dressing of the nucleon propagator due to
interaction with other nucleons and dressing of the pion propagator due to ∆ - and
N - hole excitations. While nucleon dressing seems to contribute only minory, Pauli -
blocking and pion dressing have been shown to influence the K−N interaction signifi-
cantly [Waa96,Kai97] and [Ram00,Tol01] respectivly.

Results of various coupled channel calculations for K− in - medium energy are shown
in Fig. 2.3. All calculations suggest an attractive K̄N interaction, (more or less) linear
in density, however of a different strength. Moreover, these results are comparable to the
mean field calculations (Fig. 2.2) even though antikaons gain a considerable in - medium
width and can not be seen as good quasi - particles.

In summary, the properties of kaons and antikaons are significantly modified by
the medium. In nuclear matter kaons can be successfully treated as quasi particles
and therefore, described in the framework of the mean field ChPT. The in - medium
energy/mass is connected to the expectation value of the quark condensate by the GOR
relation. Antikaons on the contrary, are strongly influenced by resonances in medium,
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Figure 2.3: In - medium energy shift of K− mesons as function of nuclear
matter density as obtained in coupled channel calculations including different
effects of the medium such as Pauli - blocking [Waa96], dressing of the kaon
propagator [Ram00] and results with and without the dressing of the pion
propagator [Ram00,Tol01]. The figure is taken from [Fuc06].

which makes the mean field approach highly questionable. The more sophisticated
treatment for K̄ mesons are coupled channel calculations.
All theoretical predictions suggest a moderate repulsion of K by the nuclear medium and
a strong attraction of K̄, both increasing with nearly linear density dependence. The
strength of the repulsion/attraction, however, is highly model dependent and especially
for K̄ uncertain.

2.3 Light Vector Mesons in Nuclear Matter

Many hadronic models predict modification of the mass and width of vector mesons,
such as ρ, φ and ω, in nuclear matter due to partial restoration of chiral symmetry.
Meson-nucleon optical potential can be written as:

Uopt(r) = V (r) + iW (r) (2.15)

with meson mass shift:

V (r) = ∆m (ρ0) · ρ(r)

ρ0
, (2.16)

and meson absorption:

W (r) = −Γ0/2 ·
ρ(r)

ρ0
. (2.17)

A possible mass shift can be experimentally investigated by measuring the line shape,
spectral function or meson - nucleon bound states. The meson absorption manifests itself
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in the so - called transparency ratio, i.e. the comparison of the production probability
inside a nucleus (per nucleon) vs. on a free nucleon.

Of particular interest for this work is the φ meson. As a pure 〈ss̄〉 state with no
significant resonance overlap (unlike ρ or ω mesons) it is a convenient probe to study
strangeness and anti - strangness behaviour in dense nuclear matter.

Figure 2.4: Spectral function of
φ→ e+e− in vacuum (dashed line)
and at normal nuclear matter den-
sity (solid curve) [Kli98]. The data
points depict the ratio σ(e+e− →
K+K−)/σ(e+e− → µ+µ−) origi-
nating from [Iva81]. The normal-
ization is chosen such that both
curves are directly comparable.

Figure 2.5: Calculated longitudi-
nal (PZ) and transverse (Pt) mo-
mentum distribution for φ mesons
produced in π−+Pb reactions de-
caying in - and outside the lead
nucleus [Gol97].

In order to be sensitive to in - medium effects, the φ mesons need to decay in the hot
and dense region of the collision. The vacuum width Γφ = 4.4 MeV is too small, and
therefore the lifetime too large to expect any medium modifications. However, calcula-
tions published in [Kli98] predict a significant increase of the φ width in medium already
at normal nuclear matter density (Fig. 2.4), resulting in a lifetime τφ < 5 fm/c. Fol-
lowing this calculation, φ mesons with low momentum are expected to decay inside the
‘hot and dense’ medium. This expectation is supported by the results of intra - nuclear
cascade calculations published in [Gol97]. Fig. 2.5 shows the momentum distribution
in longitudinal and transverse direction of φ mesons produced in π−+ Pb fixed target
reactions with pion momentum of pπ = 1.7 GeV/c.3 The fractions of decays inside and
outside the nucleus are disentangled. In the low momentum region almost as many φ
mesons are expected to decay inside as outside the lead nucleus.
Such experimental conditions can be reached in pion induced reactions in SIS 18 energy
regime.

3 Even though this process is suppressed due to the OZI rule, the production is expected to be well
detectable due to substantial ωφ mixing.
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2.4 Transport Calculations

Heavy - ion reactions are highly dynamic, multi - particle processes. No equilibration is
reached in the intermediate stages of the reaction, i.e. the phase space distribution
in the final state is influenced by the entire dynamical evolution of the system. To
establish the connection between experimental observations and the underlying physics,
the entire reaction dynamics have to be accounted for. This is possible in the framework
of transport model calculations.

Transport calculations model the collision on a microscopic level. Production and
scattering cross sections, as well as, various potentials are implemented4 to describe the
evolution of the collision. Two fundamentally different models are commonly used in the
SIS energy regime: The Hadron - String - Dynamics (HSD) - a one - body description and
Isospin Quantum Molecular Dynamics(IQMD) - an n - body approach. In the following
the basic ideas of these two models are summarised with a special focus on the description
of kaon production and propagation in nuclear medium.

2.4.1 IQMD

IQMD transport model is a member of the QMD (Quantum Molecular Dynamics) trans-
port family [Hart98, Aich91]. The basic principle of QMD models is a semi - classical
simulation of a collision on an event by event basis. This approach allows to account for
all particle correlations and is able to describe the formation of heavy fragments.

Particles are represented by a single - particle Wigner density with time - dependent
position and momentum parameters and a fixed parameter describing the extension of
the wave packet in phase space. The total Wigner density is the sum over all nucle-
ons. The Hamiltonian is constructed from the total Wigner density and the in - medium
nucleon - nucleon interaction. Particle transport is described by the Hamiltonian equa-
tions of motion. The potential for the in - medium nucleon - nucleon interaction has
various contributions: Skryme - type interaction, finite - range Yukawa potential, a mo-
mentum - dependent interaction, a symmetry interaction (difference between protons
and neutrons) and the Coulomb interaction between charged particles. For details
see [Hart98,Hart95].

The idea behind IQMD is to explicitly account for the isospin dependence of the
cross sections and the nucleon potential. Later on in this work it is used to evaluate
the flow pattern from heavy - ion collisions and to generate particle distribution for the
Geant simulation of the FOPI detector.

Kaon - Nucleon Interaction

In IQMD both kaons and antikaons are treated as stable quasi - particles. The (anti)kaon -
nucleon interaction is described by the Schrödinger - type optical potential:

Uopt = ω(k, ρ)−
√

k2 +m2. (2.18)

4In different models to a different extent, though.
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The energy ω(k, ρ) is calculated in the relativistic mean field picture [Scha01,Scha97]:

ω(k, ρ) =
√

(k− Σv)2 +m2 +mΣS ± Σ0
v. (2.19)

The scalar self energy ΣS is related to the scalar density and the vector self energy (Σ0
v,

Σv) to the baryon density. The sign of the vector term is positive for kaons and negative
for antikaons. Compare Eq. 2.10.
An effective mass at density ρ, i.e. ω(k = 0, ρ) = mK+(ρ), can be approximated by a
linear relation:

mK+(ρ) = mK+(ρ = 0)

(
1 + αK+

ρ

ρ0

)
(2.20)

mK−(ρ) = mK−(ρ = 0)

(
1 + αK−

ρ

ρ0

)
. (2.21)

A factor α is applied to the scalar and vector potentials, to modify the value for the
potential within this transport framework:

ωα(k, ρ) =
√

(k− αΣv)2 +m2 +mαΣS ± αΣ0
v . (2.22)

Calculations without any KN - potential are done with α = 0. The ‘normal’ IQMD
potential is obtained with α = 1. In Chapter 4 the experimental data is compared
to ‘half’ the potential, i.e. α = 0.5. The state - of - the - art of the evaluated transport
models is captured in [Hart98].

2.4.2 HSD

In the HSD transport model [Cas97,Brat97,Cas99], the time evolution of a single particle
phase space, under the influence of a mean field, is described by the Boltzmann - Uehling -
Uhlenbeck transport equation. Nuclear matter is parametrised as a mean field in the
Skyrme parametrisation. The solution of the BUU - equation is done numerically by a
Monte - Carlo method using test particles.

Kaon - Nucleon Interaction

In HSD kaon - nucleon interaction is modelled similarly to the IQMD approach, i.e. the
effective mass increases linearly with nuclear matter density according to Eq. 2.20.
Different is the treatment of the elastic scattering with nucleons. Here HSD uses the
effective mass, while IQMD calculates with on - shell particles.

The treatment of antikaons is significantly different. HSD employs a self - consistent
coupled channel G - Matrix approach.
For K̄ a single - particle potential can be given in Brueckner - Hartee - Fock approach by:

UK̄(pK̄ , E
qp
K̄

) =
∑
N≤F
〈K̄N |GK̄N→K̄N

(
Ω = Eqp

K̄
+ EqpN

)
|K̄N〉, (2.23)
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with Eqp
K̄

and Eqp
N̄

antikaon and nucleon quasi particle energy. For definition and details
see [Cas03].
K̄ self energy can be deduced from the optical potential:

ΣK̄(pK̄ , ω) = 2
√
p2
K̄

+m2
K̄
UK̄(pK̄ , ω), (2.24)

with ω = Eqp
K̄

(pK̄).
The HSD model take the effects of Pauli - blocking and pion self energy into account.



Chapter 3

The FOPI Experiment

The FOPI spectrometer is an azimuthally symmetric – 4π – apparatus, comprised of
various sub - detectors in a HE - typical onion - like structure, constructed around a fixed
target. The detector was operating till late 2011 at the ‘Schwerionensynchrotron’ (SIS -
18) of the ‘Gesellschaft für Schwerionenforschung ’ (GSI) in Darmstadt, Germany. In
2013 the experiment was dismantled.

The machine was designed to detect charged particles such as light mesons, protons,
deuterons and heavier fragments. The identification of (short - lived) neutral particles is
possible from their charged decay products. Azimuthal symmetry and large phase space
coverage of the combined detector setup allow for an almost complete characterisation
of an event.

The detector setup was upgraded in several stages. The last major upgrade, the
so - called Phase III, prepared the machine for the highest possible beam energies of the
SIS - 18 accelerator by including a high resolution time - of - flight detector – the RPC .
For the last physics run, the detector was upgraded with an additional vertex detector
– the GEM - TPC. The data from this experiment is evaluated in the presented work,
however the vertex detector is not included in the analysis. For the GEM - TPC analysis
see [Böhmer Ph.D.].

The purpose of the following chapter is to provide a short overview of the relevant
technical details and experimental conditions. The subset of used FOPI detectors is in-
troduced by their composition, operation principle and limitations. The particle identifi-
cation (PID) capability of various sub - detectors and overall PID strategy are explained.
In this work data sets from two experiments, S325(e)1 and S339 2, are analysed. Trigger
conditions and relevant setup details of these experiments are summarised.

3.1 Setup of the FOPI Detector

Sub - detectors of the FOPI apparatus can be divided in two main groups:
The multiwire proportional chambers, Central Drift Chamber (CDC) and He-
litron , recording particle’s track and energy loss and the time - of - flight (ToF) detec-

1 58Ni + 58Ni reaction, with Ebeam = 1.91 AGeV.
2 π−+ C, π−+ Cu and π−+ Pb reactions, with pπ− = 1.7 GeV/c.

21
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tors, Plastic Barrel (BAR), Resistive Plate Counter (RPC) and the Plastic
Wall (PLAWA), measuring the velocity of transpassing particles.
All sub - detector, with the exception of the plastic wall, are placed in a homogeneous
magnetic field parallel to the beam axis. The nominal field strength of BZ = 0.6 T
is produced by the solenoidal, superconducting magnet operated with a current of
I = 720 A [Rit95].
The full configuration of the FOPI detector (in Phase III) is depicted in Fig. 3.1.
Note: Helitron is not used in the current analysis.

Figure 3.1: Configuration of the FOPI detector with information provided by
individual sub - detectors.

The core of the FOPI detector is the central drift chamber:

CDC: The chamber volume is divided into 16 sectors in the azimuthal plane. The
sectors are defined by a field cage, separating the sectors’ active volume from the neigh-
bouring one. Each sector contains a plane of 60 sense wires, measuring the signal. The
electric field for the electron drift and multiplication is produced by 61 potential wires,
located in the same plane as the sense wires. The wires are arranged in the alternating
order in the x - y plane and align parallel to the beam axis.

Sectors of the CDC are tilted by 8◦ with respect to the target to distinguish real
tracks from the mirrored ones3. The tilt ensures that only real tracks, extrapolated to
the target, go through the vertex. The chamber is filled with a gas mixture of 88 % Ar,
10 % iso-C4H10 and 2 % CH4. It is operated at atmospheric pressure.

3A priori the wire can not distinguish the signals coming from left or right. Therefore, the recon-
struction algorithm sees two tracks - the real and the mirrored one.
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The position resolution for minimum ionising particles (MIPs) in the azimuthal plane
is σxy ∼ 300 µm [Sch91]. The longitudinal uncertainty is constrained by the charge
division to the both ends of the wire. Only a low resolution of σz ∼ 5 – 7 cm [Rit95]
can be reached in the z - direction.

The energy loss and track information of the CDC is complemented by the time -
of - flight measurements in the plastic barrel and the RPC ToF barrel. The two barrels
surround the CDC (see Fig. 3.2) without significant overlap on their active areas.

BAR: The plastic barrel consists of 30 modules, each containing 6 scintillator bars
(150×4×3 cm3). Photo - multiplier tubes are used to read out scintillator bars on both
ends.
A time resolution of σt ≈ 200−300 ps is reached. The corresponding position resolution
is about σz ≈ 3 cm [Rit95].

RPC: The RPC ToF - barrel is constructed from Multi - strip Multi - gap Resistive
Plate Counters (MMRPC). Each counter consists of 10 glass plates (window glass) as
resistive material and 8 gaps between them, defined by 220 µm fishing line. Five MMR-
PCs are summed up into a supermodule. In total 30 supermodules are arranged around
the CDC with a geometrical coverage of 88.7 %.
MMRPC was shown to reach an outstanding time resolution of σMMRPC ≤ 65 ps and
the full - system time resolution of σToF ≤ 88 ps [Kis10].

In the polar angle range θlab = 7◦ to θlab = 24◦ an additional ToF detector – the
PLAWA – records low transverse - momentum particles. This information is used for
online triggering and later on, in the analysis, for centrality selection and reaction plane
reconstruction.

PLAWA: The plastic wall consists of 512 plastic scintillator bars arranged in a con-
centric array with 8 sectors, 64 bars each. The scintillators are read out on both ends
by photo - multipliers. The time resolution of σt ∼ 80 - 120 ps, translates into position
resolution σxy ∼ 1.2 - 2 cm [Gob93].

All sub - detectors require a time reference. The reference is provided by a signal in
the start counter.

Start counter: The plastic start counter is a thin scintillator foil, tilted by 45◦

around the vertical axis. The foil was placed ∼ 2 m upstream of the target. Light
signal from ions passing through the foil can be detected by two photomultipliers placed
perpendicular to the beam. To reject non - target events, two additional concentric
scintillator - array (veto detector) were placed around the beam at ∼ 2 m and ∼ 20 cm.
In the S325e experiment, an additional start detector, a polycrystalline - chemical vapour
deposit (p - CVD) diamond, was used to comply with the RPC’s high time resolution.
The time resolution of the combined system was found to be σt ≤ 50 ps [Kis10].
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Figure 3.2: Schematic view of the FOPI detector in the y - z plane, showing
only sub - detectors relevant for the following analysis. Note: Here the target
is shifted by 20 cm upstream with respect to nominal target position in accor-
dance with the setup of the S339 experiment. The figure (with slight changes)
is taken from [Böhmer Ph.D.].

More information about the detector can be found in [Gob93] [Rit95] [Sik00].

3.2 Detector Acceptance

Detector acceptance is defined as the region of phase space which is covered by the
active area of the detector. In the following analysis the particle identification is done
with the CDC alone, CDC+RPC or CDC+BAR detector subsystems. The acceptance
is limited by two geometrical restrictions of the setup:
Minimal transverse momentum: In the transverse plane the FOPI detector system
covers nearly the full azimuthal angle range but all sub - detectors have a transverse dis-
tance to the beam axis (see Fig. 3.2). In the magnetic field a path of a charged particle is
bent. The bending radius is proportional to particle’s momentum. Only particles with
sufficient transverse momentum can transpass the gap to a certain detector. To reach
the CDC, a pt ≥ 20 MeV/c is required. To reach the RPC/BAR detectors a particle
has to move with pt ≥ 100 MeV/c.
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Polar angle: From Fig. 3.2 it is obvious that sub - detectors only have a limited
extension in the beam direction. In Table 3.1 the longitudinal acceptance of the sub -
detectors of interest is summarised for the different target positions. For the S325(e)
experiment, the traget was shifted by - 40 cm4 with respect to the nominal target posi-
tion. In the S339 beam time this shift was - 20 cm. Such target displacement serve the
enlargement of the phase space for the desired processes.

Target position BAR CDC RPC

nominal 132◦ < Θlab < 68◦ 131◦ < Θlab < 33◦ 67◦ < Θlab < 37◦

- 20 cm (S339) 126◦ < Θlab < 60◦ 123◦ < Θlab < 30◦ 58◦ < Θlab < 33◦

- 40 cm (S325) 119◦ < Θlab < 53◦ 112◦ < Θlab < 27◦ 50◦ < Θlab < 30◦

Table 3.1: Geometrical acceptance of several sub - detectors in terms of the
longitudinal angle Θlab. All values are rounded numbers.

3.3 Particle Identification (PID)

In the following section only the basic principle of the PID within the FOPI apparatus
is discussed. The identification of the particles of interest is discussed later on in more
detail.

When a charged particle moves through the gas volume of the CDC, it interacts with
the atoms of the gas mixture and loses energy through the excitation or ionisation of
the gas atoms. The mean energy loss per distance can be related to particle’s velocity
by the Bethe - Bloch formula:

−dE
dx
∝ z2

β2

[
ln

(
2mec

2γ2β2

I

)
− β2

]
, (3.1)

where β = v/c the velocity of incident particle; γ2 = 1/(1− β2)
z– particle’s charge, I – the mean ionisation potential and mec

2 – the electron mass.

The CDC is placed in a magnetic field. The recorded trace of a charged particle is
bent due to the deflection in the magnetic field. The radius of the track is related to
particle’s transverse momentum per unit charge as:

pt/q(GeV/c) = 0.3 ·B ·R , (3.2)

p = pt/ sin Θ , (3.3)

with B is the magnetic field in Tesla and R is the radius of track’s curvature in meters.

Correlating energy loss and momentum, particles of different mass become disen-
tangled. Energy loss as a function of momentum per unit charge, as measured in the

4Negative shift is defined as upstream.
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S325(e) experiment, is shown in the left panel of Fig. 3.3. In this representation parti-
cles with different mass arrange in separated branches allowing for particle identification.
The separation is clear for particles such as pions and protons, however, the more rare
particle – like kaons – are contaminated by their ‘neighbours’.

PID capability for kaons can be improved by combining the CDC analysis with the
information from the ToF detectors: BAR and RPC. By measuring the time a particle
takes to traverse the detector and the time the signal needs to reach the read - out at
both ends of the strip, ToF detectors provide information about the hit position (Θlab, φ)
and the velocity of a particle. Through the coordinates of the hit position, tracks
from the CDC can be matched to tracks in the ToF barrels, yielding a simultaneous
and independent measurement of momentum and velocity. The momentum - velocity
correlation is shown in the right panel of Fig. 3.3. In the combined analysis the separation
of kaons, especially for higher momenta, becomes significantly cleaner.

Figure 3.3: Left panel: Energy loss as a function of momentum per unit charge,
measured in the CDC [Fin01]. Right panel: Momentum (CDC) - velocity (ToF)
correlation [Kan10].

3.4 The S325 Experiment

The beam - time with the proposal name ‘S325’ was executed in two parts: The S325,
a short experiment, performed in September 2007 (∼ 1/5 of the accumulated statistics)
and the main part, S325e, performed in March 2008. S325 was the first experiment after
the FOPI apparatus was upgraded with the RPC ToF detector and the p - CVD diamond
start counter. In order to enlarge the geometrical acceptance and make the best use of
the newly installed RPC, the target position was shifted by - 40 cm, i.e. upstream, with
respect to the nominal target position. Furthermore, to reduce the background events
originating from the interaction of the beam ions with the target surrounding gas, the
target was placed inside a helium bag.
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The beam, used for S325, consisted of 58
28Ni28+ ions at a kinetic energy of 1.91 AGeV5

with the average beam intensity of I ∼ 107 ions per spill and 10 s spill length.
The target material was a thin foil (d = 405µm) of enriched (95 %) 58

28Ni with an areal
density of ρ = 360 mg/cm2.
The resulting interaction probability of the beam with the target can be calculated as
follows:

preac = ρ · d · NA

A
· σgeomtot (3.4)

= ρ · d · NA

A
·
(

3
√
Ap + 3

√
At

)
· 1.2 fm , (3.5)

where NA is the Avogadro constant, A the atomic weight of the target material6, σgeomtot

the total geometrical cross section for a reaction between target and projectile nucleus
and Ap(At) number of projectile (target) nucleons.
For the given system the interaction probability is preac ≈ 1%.

The main goals of the S325 beam - time were the search for hypernuclei and the
investigation of the in - medium behaviour of strange hadrons.

3.4.1 Trigger

Event rates of the order of 10 kHZ can be reached in fix target experiments at SIS - 18.
To reduce the amount of data, which needs to be stored, and suppress the background,
potentially interesting events are preselected by using an online trigger.

In FOPI, event classes (so - called ‘trigger bits’) are defined by imposing conditions
on beam quality and require a signal in certain sub - detectors. Usually various triggers
are active during a beam - time. In the S325(e) a dominant trigger required:

PB & PLA > 4 & (RPC > 0 ∨ BAR > 0),

i.e. ‘proper beam’ (PB), at least 4 charged hits in the PLAWA and at least one hit in the
RPC or BAR detector for a positive trigger decision. For the ‘proper beam’ condition,
the beam particles need to generate a signal in the start detector and no signal in the
veto counter. In addition pile - up events in the start counter and pre - protection in an
100 ns interval were active.

A down - scale can be introduced to enrich the data with certain type of events. In
this scenario only a fraction (for technical reasons in powers of 2) of events is recorded
by the data acquisition system (DAQ).

Knowing the experimental conditions, the triggered cross section σtrig. can be cal-
culated as follows:

σtrig.
σgeomtot

=
Ntrig. · fnon target

Nproper beam · dstot. · dstrig. · preac
, (3.6)

5GeV per nucleon.
6NA = 6.022 · 1023mol−1 and A(Ni)= 58.69u; A(C)=12.0107u; A(Cu)=63.546u; A(Pb)=207.2u.
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with

dstot. =
Ninh

Nraw
and dstrig. =

Nacc

Ninh
,

Ntrig. : number of observed events for a given trigger per second,
fnon target : fraction of events with vertex outside the target,
Nproper beam : number of incoming ions per second,
dstot. : dead - time induced down - scale factor,
dstrig. : hardware down - scale factor,
Ninh : number of events outside dead - time of detector,
Nraw : total number of events,
Nacc : number of events accepted.

The initial number of accepted beam particles, Nraw, is reduced in two steps (see
Fig. 3.4): by a dead time, required to write the data on tape and a possible downscale.
The dead time is accounted for by the factor dstot.. The number of remaining events is
referred to as ‘after inhibit’ - Ninh. If a downscale factor is applied, only every 2nth event
of the events after inhibit is accepted. The factor dstrig. includes it into the calculation
and reduces the number of events to Nacc.
Note: there was no down scaling during the S325(e) runtime.

Figure 3.4: Sketch of the trigger system. For details see text.

The required quantities can be reconstructed from the data stored on data summary
tapes (DST) and in the list mode data (LMD) files as follows:
Ntrig. · fnon target - number of accepted events with a start signal (ts) and a valid vertex
position for a certain run with the desired trigger.
Nproper beam · dstot. · dstrig. = Nacc - scaler information, stored in LMD files.

For S325e the triggered centrality was found to be ∼ 60 % of the geometrical cross
section, i.e.:

σtrig. = 1530± 90 mb. (3.7)

The corresponding impact parameter can be estimated in the sharp cut - off approxima-
tion: bcut ≈ 7 fm.
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The total geometric cross section is calculated as:

σgeom(A) = π · b2max = π · (2 · rA)2 = π ·
(

2 · r0 · 3
√
A
)2
, (3.8)

σgeom(Ni) = 2711 mb. (3.9)

with r0 = 1.2 fm and bmax = 9.3 fm.

Fig. 3.5 shows the results of Eq. 3.6 for each run of the S325 and S325e experiment.
The triggers cross section is nearly constant throughout all runs. The few instabilities
of the system are caused by a defocused beam. They amount to a negligible part of the
statistics.

Figure 3.5: Triggered cross section as a function of the run number for the
S325 (left panel) and S325e (right panel) experiment [KPia].

3.5 The S339 Experiment

The S339 experiment was performed in June 2011 and was the last FOPI experiment
pursuing a physics program.
The measurements were made using a secondary pion beam, created with a primary
14N7+ beam of Ebeam ∼ 1.9 AGeV on beryllium target. The produced pions had a
beam momenta of pπ− = 1.7 ± 0.03 GeV/c and a beam intensity of ∼ 9 · 103 pion/s.

Three different targets were used during this beam - time: carbon, copper and lead.
Experimental conditions and the accumulated statistics for each target are summarised
in Table 3.2. Note: The data from runs 3093 - 3166 is not analysed in this work.
Table 3.3 gives an overview of relevant target properties, the corresponding geometrical
cross sections, calculated from Eq. 3.8, as well as the interaction probability for a given
target, calculated using Eq. 3.4.
Detailed information on the targets can be found in Appendix E.

The goals of this beam - time were to measure the production and absorption of K0
S ,

K+ mesons and Λ baryons in order to investigate their in - medium behaviour, and to
study the production of the φ(1020) resonance in pion - induced reactions.
The in - medium properties of K mesons and the Λ baryons are addressed later in this
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Run numbers Target Target pos.[cm] Nr. of rec. evnt Nr. of rec. tracks

3167 - 3293 C - 20 5 477 355 12 473 880
3594 - 3618 Cu - 20 2 557 994 6 167 072
3093 - 3166 Cu - 40 n.a. n.a.
3346 - 3531 Pb - 20 5 579 509 12 992 921

Table 3.2: Technical characteristics of the S339 experiment, sorted by targets.
The internal run identification - run number, shifted target position with re-
spect to the nominal target position and the total number of events and tracks
processed in the following analysis.

Target d[mm] ρ·d [g/cm2] σgeomtot preac[%]

C 10 1.87 237.1 2.22
Cu 5 4.41 716.26 2.99
Pb 5 5.76 1588.14 2.66

Table 3.3: Physical properties of targets, used during the S339 runtime: d -
thickness of the target in the beam direction; ρ·d - surface density of the target;
σgeomtot - the total geometrical cross section [Eq. 3.8]; preac – beam - target inter-
action probability [Eq. 3.4].

work by comparing their production and dynamic behaviour in a heavy and light targets.
The production of φ mesons is investigated by means of the so - called transparency ratio.

3.5.1 Trigger

A combination of different trigger patterns was employed during the S339 beam - time.
The definitions of the individual trigger bits are summarised in Table reftab:tri.
All triggers require a proper beam - ‘PB’ (i.e. signal in the start counter and no signal
in the veto detector) and additionally a signal in one or several ToF detectors. Note
that the triggers are not disjunct. Trigger bits T9, T14 and T15 have been downscaled
during the data acquisition.

For a single run the triggered cross section is calculated according to Eq. 3.6.
Fig. 3.6 shows the distribution of the cross section as a function of the run number for
the employed trigger bits. Except for a few outliers, the triggered cross section remains
constant through all runs for a particular target. The outliers are caused by a defocus
beam or a complete deletion of a run. The values for σtrig in Table reftab:tri are obtained
by calculating the mean value and the standard deviation over all runs.

7For runs with run number > 3438 the downscale factor was changed to 4.
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Trigger ID Trigger condition DS factor C - Tar: σtrig[mb] Pb - Tar: σtrig[mb]

T9 PB & PLA > 0 4 , 27 85.91 ± 0.63 540.45 ± 2.23
T10 PB & PLA > 0 & RPC > 0 – 15.43 ± 0.17 100.23 ± 2.92
T11 PB & PLA > 0 & BAR > 0 – 16.19 ± 0.3 97.57 ± 2.52
T12 PB & RPC > 0 & BAR > 0 – 47.99 ± 0.28 393.01 ± 2.56
T13 PB & RPC > 2 – 54.46 ± 1.37 392.79 ± 10.58
T14 PB & RPC > 0 4 148.24 ± 3.1 1110.58 ± 14.59
T15 PB & BAR > 0 4 155.09 ± 1.32 1139.97 ± 1.05

Table 3.4: Trigger conditions as applied during the S339 runtime. See text for
details. The DS factor reflects the downscale condition. σtrig are the mean
values ± standard deviation over all runs. The outliers are excluded.

Figure 3.6: Triggered cross section as a function of the run number for the
S339 experiment.



Chapter 4

The S325 Experiment

Experiment with the internal name ‘S325’ recorded 58Ni + 58Ni collisions at an incident
beam energy of Ebeam= 1.91 AGeV – the highest beam energy available at SIS - 18.
Technical details of the experiment can be found in Section 3.4.

During the collision a fireball of hot and dense nuclear matter is created. Tem-
perature of about 100 MeV and net baryon densities of 2 - 3 times the normal nu-
clear matter density (ρ0) are reached in the interior of the fireball in considered col-
lisions [Fuc06, Hon98]. The aim of the following analysis is to investigate how this
extreme environment influences the propagation of charged K mesons.

In collisions of free nucleons, kaons can be produced as follows:

NN → K+Λ(Σ)N Eth = 1.58 GeV and (4.1)

NN → K+K−NN Eth = 2.87 GeV, (4.2)

where Eth is the threshold energy for the reaction. In the discussed experiment, the
beam energy was sufficiently high to produce K+ mesons directly in the so - called ‘asso-
ciative production’ channel Eq. 4.1. K− mesons, on the contrary, can only be produced
sub - threshold. In heavy - ion collisions, compared to elementary collisions, there are
mechanisms that allow to accumulated the required energy. A positive contribution
to the total available energy can be the Fermi - motion of the nucleons in the target
and projectile nuclei. More commonly, however, the necessary energy is accumulated
in multi - step processes. K− mesons are produced either by exciting a nucleon reso-
nance (e.g. ∆) first. The resonance acts as an energy deposit so that the total energy
available for the subsequent collision with a nucleon is sufficiently large. Or by produc-
ing strangeness in form of a hyperon in the primary collision and then a K− meson in
a pion - hyperon reaction. Possible production channels are summarised in Table 4.1.
The so - called strangeness exchange reaction: Λ(Σ)π → K−N is energetically the most
favourable channel and therefore the most common way to produce a K− meson under
given conditions. Unfortunate for the final state observations is the large cross section
of the inverse reaction. Produced K− meson are likely to be reabsorbed again. On one
hand the multi - step production ensures that K− mesons originate from the dense phase
of the collision. On the other hand, the production in strangeness exchange reactions
is also possible close to the surface, in the low density phase. Consequently, the K−

mesons are sensitiv to the full time evolution of the system.

32
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An additional source of K− mesons in the final state are strange particles with K−

in their decay chain. In the considered system, it is mainly the φ meson. A recent
analysis by the FOPI collaboration, in agreement with another measurements, states
that in this particular experiment 18 ± 3 % of K− mesons in the final state originate
from the decays of φ mesons [Pia16].

K+ K−

NN → NYK NYπK NYππK NN(∆∆) → NNKK NNπKK NN ππ KK
N∆ → NYK NYπK NYππK N∆ → NNKK NNπKK NN ππ KK
∆∆ → NYK NYπK NYππK πN(∆) → NKK NπKK
π N → YK YπK πY → NK
π∆ → YK YπK NY → NNK

ππ → KK

Table 4.1: Possible production channels for K+ and K− mesons in heavy - ion
collisions at intermediate energies. The symbol ‘Y’ denotes a hyperon, i.e. Λ
or Σ baryon. The bold notation, ‘K’, stands for an antikaon.

This chapter is organised as follows: First the experimental reconstruction and the
quality of the K+ and K− signal are discussed. Possible in - medium effects are studied
by the evaluation of the so - called ‘flow’ – the asymmetries in the azimuthal emission
pattern. The method and necessary corrections are introduced. Flow patterns are stud-
ied systematically within the comparison to HSD and IQMD transport calculations.
Contributions from different potentials, as well as the momentum and centrality depen-
dence of the in - plane and out - of - plane flow components are examined. The results of
the present work are compared to similar measurements from the literature.

4.1 Reconstruction of Charged Kaons

The main strategy of particle identification within FOPI is summarised in Section 3.3.
The information provided by the CDC is sufficient to reconstruct abundant particles, like
pions and protons. For charged kaons, especially towards the upper momentum limit,
it is beneficial to evaluate the combined information of the CDC and the ToF - Barrels,
RPC and BAR.

The track recorded in the CDC is extrapolated to the vertex and to the RPC/BAR
system. Two topological criteria select tracks which originate from the primary vertex:
d0 is the transverse distance between the track and the vertex and z0 is the intercept of
the projected trajectory with the beam axis. For the combined analysis the tracks are
additional extrapolated to the RPC/BAR and matching criteria are imposed to associate
tracks in both sub - detectors. Whether the extrapolation and the ToF signal match is
decided in the transverse plane by restrictions on the azimuthal angle dφ = φToF−φCDC
and along the beam direction by the hit position dz = zToF − zCDC .

All four of this quantities exhibit a Gaussian - like distribution in the data. The final
track selection is done by rejecting tracks with d0, z0, dφ and dz values larger than
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2 × r.m.s.1 of the corresponding distribution. This particular choice of the tolerance
window is motivated by the analysis summarised in [VZDTh] in order to maximise the
significance of the kaon2 signal.

For successfully matched tracks a second mass classification (ToF mass) is possible
by correlating the independent measurements of the momentum from the CDC and the
velocity in the ToF system. An example of a ToF mass spectrum, here obtained with
the RPC, is shown in Fig. 4.1.

Figure 4.1: Mass distribution of charged particles, reconstructed in the time -
of - flight detector sub - system, sorted by charge. Note that wide preselection
mass - windows has been applied around the nominal particles’ mass.

An excess around the nominal K+ meson mass is clearly visible, the K− signal is
overshadowed by the background. The background is dominated by fast pions and can
be significantly reduced by imposing an upper momentum limit.

In the following analysis only the sub - set of events is evaluated, namely those con-
taining a kaon candidate. A kaon candidate is defined by an entry within a relatively
large window around the nominal kaon mass. The strategy for the final selection of
kaon candidates is depicted in Fig. 4.2 for K+ mesons and Fig. 4.3 for K− mesons. The
momentum - velocity correlation (right panel respectively) reveals the kaon identification
capabilities in the present data set. While the separation of K+ candidates from protons
and fast pions is distinct up to a relatively high momentum of pmax ∼ 1.2 GeV/c, a
clear discrimination of K− mesons is possible only for plab < 1.0 GeV/c. Considering
only particles which underlie the momentum limit, the two - dimensional mass correla-
tions in the left panels are obtained. The ‘CDC mass’ is reconstructed from the energy
loss - momentum correlation, both measured in the CDC sub - detector. The ‘RPC mass’
is obtained from the momentum - velocity correlation as describes above.

1r.m.s. stands for the Root Mean Square. Since all of the above distributions are Gaussian - like, the
r.m.s. is comparable to the standard deviation of the Gaussian fit to the the same distribution.

2Here and in the following the term ‘kaon’ is used synonymously for K+ and K− mesons.
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Due to the different resolution in the RPC and BAR (see Chapter 3) the analysis
is performed separately for both sub - detectors. Fig. 4.2 and Fig. 4.3 show only the
results of the RPC analysis. Corresponding figures from the BAR analysis look similar,
but with a smaller separation power and more contamination by the background. The
obtained values and limitations are summarised in Table 4.2.

In order to reject as much background as possible, the kaon candidates for the
flow analysis are selected by the ellipsoidally shaped cut in the two - dimensional mass
correlation histogram (red ellipse in the left panels). To estimate the strength of the
signal and the contribution form the background, the CDC mass is projected to the
ordinate (panel in the middle). The peak around the nominal kaon mass is fitted with a
Gaussian+Exponential function (not shown in the figures). The background is estimated
by the exponential function with the parameters obtained from the fit. The signal (S
= NK) is calculated as the integral over the fitted Gaussian function in the mass limit
indicated by the vertical lines (see Fig. 4.2 and Fig. 4.3) with the background (B), i.e.
the integral over the fitted exponential function, subtracted. The obtained values are
collected in Table 4.2.

To investigate the background fraction and optimise its description, K− candi-
dates are investigated differentially in small momentum intervals within the RPC sub -
detector. See Fig. 4.4 and Fig. 4.5. At low momentum the kaons are clearly distinguished
from other particles. With increasing momentum the background fraction rises, proba-
bly due to fast pions. Up to plab = 0.85 GeV/c the background is well described by an
exponential function. At the highest evaluated momentum of 0.95 < plab < 1.00 GeV/c
a clear peak with as many kaons as background, i.e. S/B ∼ 1 is observed. No excess
over the pion tail around the nominal kaon mass is detected for plab > 1.00 GeV/c, which
marks the momentum limitation for K− identification. Note: The ‘S/B’ in Table 4.2 is
an integrated value over all momentum bins, i.e. 0 < plab < 1 GeV/c.

The phase space distribution of final kaon candidates, depicted in Fig. 4.6, covers
a wide range including the target rapidity y0 = -1 and the mid - rapidity y0 = 03.
The acceptance is limited by the geometry of the apparatus, i.e. the lower momentum
limit, here pt/m > 0.3 and spatial coverage along the beam direction4 (solid lines).
An additional limitation, as discussed above, is the maximal momentum (dashed lines)
denoting the highest possible momentum for unambiguous kaon identification.

3For the definition of kinematic variables see Appendix D.
4For details see the discussion in Chapter 3.
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Figure 4.4: Mass distribution of negatively charged particles, obtained in the
RPC sub - detector in different momentum bins. The quantity ‘S+B’ is defined
as the integral of the mass histogram between the green lines. The background
contribution ‘B’ is determined by the integral under the exponential function.
Only events containing a K+/− candidate are evaluated.

K+ K−

BAR pmax 0.55 GeV/c 0.45 GeV/c
S/B ∼ 9 ∼ 7.4
NK 40966 645

RPC pmax 1 GeV/c 1 GeV/c
S/B ∼ 15.4 ∼ 7.7
NK 142027 3792

Table 4.2: Properties of identified K mesons. pmax: maximal momentum
for kaon identification in the listed sub - detector; S/B: signal to background
ratio evaluated from the mass distribution; NK : Number of identified kaon -
candidates (corresponding background is subtracted.)
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Figure 4.5: Continuation of Fig. 4.4. Lower right panel: Signal - to -
background ratio obtained in the depicted momentum bins.

4.1.1 Finite Lifetime Correction

The lifetime of a charged kaon is τK± = 12.38 ns and its corresponding decay length
is cτ = 3.714 m [PDG]. Consequently there is a finite probability that a fraction of
produced kaons decay before reaching the detector system. To account for the decay
loss, the number of reconstructed kaons is weighted with the inverse decay probability
P (x)−1. P (x) can be calculated from the momentum, p, of the considered particle as
follows:
If N(0) is the initial number of kaons, then after a time t the number of remaining kaons
is given by

N(t) = N(0) · exp(−t/τ).

The decay probability, therefore, is:

P (x) =
N(t)

N(0)
= exp(− x

βγcτ0
) = exp(−x ·m

p · τ0
).
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Figure 4.6: Phase space distribution of K+ (left panel) and K− (right panel)
mesons. Solid curves show the geometrical restriction of the RPC and BAR
sub - detectors, i.e. Θlab = 33◦, 53◦, 108◦. Dashed curves depict the upper mo-
mentum limit in the corresponding sub - detectors: pmax = 0.55 & 1.0 GeV/c
for K+ mesons (left) and pmax = 0.45 & 1.0 GeV/c for K− mesons (right).
Normalised transverse momentum pt/m and rapidity y0 are defined in the
Appendix D.

The following relations were used:
t = x/β · c ; τ = γτ0 ; βγc = p/m
where m is the mass of the particle and x is the covered distance.

The path of a particle in the FOPI detector is a helix, i.e. circular in the transverse
direction and linear in the beam direction.

The decay probability calculate from the total momentum along the full flight path
is equivalent to the probability determined from the transverse momentum along the
transverse flight path. In order to simplify the calculation, the decay probability is
estimated from the transverse component. The length of the flight path is parametrised
as

x = 2R · arcsin

(
L

2R

)
,

where R is the radius of the circular path due to the deflection in the magnetic field and
L is the transverse distance to the RPC (BAR) sub - detector. This correction is applied
as a weighting factor to all histograms evaluating the ‘flow’ of charged kaons.

4.2 Asymmetries in the Azimuthal Emission Pattern

4.2.1 Fourier Expansion of the Azimuthal Particle Distribution

The collective motion of particles can be studied by investigating the anisotropies in
their azimuthal emission. The asymmetries are qualified by the Fourier analysis of the
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azimuthal distribution as proposed by [VolZha96]:

dN

dϕ
=

1

2π

1 + 2
∑
n≥1

vn cosnϕ

 , (4.3)

with the Fourier coefficients:

vn = 〈cosnϕ〉 n = 1, 2, ...

where ϕ is the azimuthal angle of the particle with respect to the so - called reaction
plane. Chevrons denote the average over a kinematic range.

Relevant for the present analysis are the first and the second Fourier coefficients.
The first harmonic coefficient, v1, is given by:

v1 =

〈
px
pt

〉
= 〈cos(ϕ)〉 .

It reflects the asymmetries in the reaction plane and is, therefore, referred to as ‘directed ’
or ‘in - plane flow ’.
The second coefficient, v2, is given by:

v2 =

〈
p2
x − p2

y

p2
t

〉
= 〈cos(2 · ϕ)〉 .

It quantifies the anisotropies in both transverse directions, i.e. in the plane of the
reaction and perpendicular to it. It is commonly referred to as ‘elliptic flow ’.

Given a phase space distribution in terms of the transverse momentum, pt, and
normalised rapidity, y0, for a class of events with a certain centrality selection ∆mul, a
Fourier coefficient is calculated as the average over a given phase space cell (pt, y0), i.e.:

〈vn(pt, y0)〉 ∝
∫∫∫

cos nϕ dpt dmul dy0

The flow observables can be studied in a triply differential way by dividing the data
sample into different centrality classes, and evaluating the coefficients as a function
of transverse momentum and rapidity in each centrality class. The advantage of this
representation is that it allows to study the flow dynamics in detail, the disadvantage
– it requires a high statistics data sample to avoid large statistical fluctuations of the
measured values. For particles with limited statistic the so - called integrated flow is
evaluated. The calculated coefficients are averaged over the full transverse momentum
range, instead of an interval, and analysed for different rapidity intervals and possibly
with different centrality selection. The disadvantage of this representation is its lack of
sensitivity to a possible momentum dependence of the flow observables and phase space
limitations of the detector.

The azimuthal angle, ϕ, can be reconstructed from the experimentally measured
azimuthal angle, φ, by taking into account the reaction plane. The reaction plane is
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spanned by the z - direction, defined along the beam, and the impact parameter5 ~b. If the
relative orientation of the reaction plane is φR, then ϕ = φ− φR. The reconstruction of
the reaction plane, its properties and necessary corrections are described in the following
section.

4.2.2 Reaction Plane Reconstruction

The experimentally measured azimuthal angle, φ, is recorded with respect to the plane
spanned by the direction of the beam and the impact parameter of the reaction, the so -
called reaction plane. While the beam direction is well defined, the impact parameter is
experimentally not accessible. Nevertheless there is a commonly used method, proposed
by Danielewicz and Odyniec [DanOd85], to reconstruct the reaction plane event - wise
from the distribution of the measured transverse momenta. The angle between the x -
axis (in laboratory frame) and the direction of the impact parameter, φR, is determined
by the orientation of the vector ‘ ~Q’. The ~Q - vector is derived from the weighted sum of
the transverse momenta of all particles in the event:

~Q =

(
Q cos φR
Q sin φR

)
=

N∑
i=1

wi · ~pt,i .

To avoid autocorrelations the particle of interest is excluded from the calculation.
The weighting factor, wi, is defined as:

wi =


+1 for y0 > ∆Y

0 for −∆Y < y0 < ∆Y

−1 for y0 < −∆Y

(4.4)

The particles from the mid - rapidity region (y0 = 0) are not included in the calcula-
tion, because they do not carry information about the reaction plane but contribute to
disturbing fluctuations.

The choice of the ∆Y interval was investigated in [VZDTh] with the motivation
of optimising the resolution of the reaction plane. The best results were obtained for
∆Y = 0.3, therefore it is the value used for the reaction plane reconstruction in the
following analysis.

For the analysis in this work the reaction plane is reconstructed from protons,
deuterons and heavier fragments, measured in the CDC and all charged particles in
the PLAWA sub - detectors6. Pions and kaons are not included, as they are produced
during the collision and, therefore, do no carry the information about the initial plane
of the reaction. In the Plastic wall, however, the distinction is can not be made without
including the Helitron sub - detector.

5The impact parameter is defined as the perpendicular distance between the centres of the colliding
nuclei.

6Internal classification: ‘RP1’.
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4.2.3 Reaction Plane Resolution: Ollitraut Corrections

The reaction plane reconstruction method, as described above, requires a high (in the
ideal case, infinit) number of particles in the event, the so - called multiplicity, to recre-
ate the reaction plane accurately. The finite multiplicity of a physical event causes a
certain imprecision in the reconstructed angles. A more realistic estimate of the re-
action plane can be obtained by applying additionally a correction proposed by J.Y.
Ollitrault [Olli97].

Assume that the reconstructed and the real reaction plane deviate by ∆φ. Parametris-
ing the inclination of the particle’s trajectory with respect to the reconstructed reaction
plane as ϕ7 and with respect to the real reaction plane as φ̃, these quantities are related
by: ϕ = φ̃−∆φ. Consequently, the Fourier coefficients (for independently measured φ
and ∆φ) need to be corrected in the following way:

〈cos nϕ〉 =
〈

cos nφ̃
〉
〈cos n∆φ〉 (4.5)

⇒ the corrected vn =
〈

cos nφ̃
〉

= 〈cos nϕ〉 / 〈cos n∆φ〉 (4.6)

The correction factor 〈cos n∆φ〉 can be determined on event - by - event basis by dividing
the event into two random sub - events with each half the multiplicity of the event and
reconstructing the reaction plane separately for each of them. The difference of the
obtained values ∆φR = φ1−φ2 is used to calculate the dimensionless parameter χ from
the relation:

〈cos ∆φR〉 =
π

8
χ2e−χ

2/2

[
I0

(
χ2

4

)
+ I1

(
χ2

4

)]2

.

In denote the modified Bessel functions.
Once the parameter χ is known, the correction factor for the nth harmonic can be
obtained from:

〈 n cos ∆φ〉 =

√
π

2
χe−χ

2/2

[
In−1

2

(
χ2

2

)
+ In+1

2

(
χ2

2

)]
. (4.7)

The flow observables v1 and v2 in the following analysis are calculated as:

v1 = 〈cos(φ− φR)〉 / 〈 cos ∆φ〉 , (4.8)

v2 = 〈cos 2(φ− φR)〉 / 〈 cos 2∆φ〉 , (4.9)

with φ : measured azimuthal angle,
φR : estimated reaction plane by the method in Section 4.2.2,
〈cosn∆φ〉 : Ollitrault correction.

The obvious consequence of the discussion above is that the magnitude of the Olli-
trault correction depends on the multiplicity of the event. In the experiment, the event’s

7ϕ = φ− φR in the previous notation.
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multiplicity is closely related to the centrality of the underlying collision, as will be dis-
cussed in detail in Section 4.3. Therefore, the Ollitraut correction values are evaluated
for each centrality class separately.

Fig. 4.7 shows the used correction factors for v1 (left panel) and v2 (right panel) as
a function of the multiplicity of baryons (for definitions see Section 4.3).

Figure 4.7: Correction factors for the first (left panel) and the second (right
panel) Fourier coefficient as the function of event’s multiplicity. The values
are obtained by the Ollitrault method with Eq. 4.7.

4.2.4 Anisotropies of the Reaction Plane Distribution

A priori, the orientation of the reconstructed reaction plane is expected to be isotropic.
In the experimental reality, however, a non - uniform distribution is usually observed.
Dead channels of the detector, uncertainties of the calibration or misalignment of the
detector components are discussed as possible reasons.

The anisotropic behaviour can be qualified with the procedure described in [Bare97
a,Bare97 b]. The initial, non - flat distribution of the reaction plane angle, ψ1, is fitted
by the Fourier series and shifted on an event - by - event basis according to:

ψ′1 = ψ1 +

nmax∑
n=1

2

n
(−〈sin(nψ1)〉 cos(nψ1) + 〈cos(nψ1)〉 sin(nψ1)) . (4.10)

The obtained distribution of ψ′1 is isotropic.
The influence of the described flattening procedure on the first harmonic coefficient,

v1 of K+ mesons was studied in [Kan10]. The observed fluctuations of the reaction plane
angle are modest, due to azimuthally symmetric performance of the FOPI detector. The
impact on the flow pattern was found to be negligibly small on the scale of statistic
uncertainties8. Therefore, this correction is not implemented in the following analysis.

8Here the largest possible kaon sample was evaluates, i.e. the statistic uncertainties have the smallest
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4.2.5 Systematic Errors

In the center of mass of a symmetric colliding system the value of the first Fourier
coefficient v1 = 〈px/pt〉 is by definition equal to zero as a consequence of the funda-
mental momentum conservation. In the current experimental data, in consonance with
other FOPI data, a deviation from zero is observed. The deviation was systematically
investigated in different FOPI data sets and found to depend on the particle species,
the centrality of the reaction and the system size. Simulations of the apparatus in
the GEANT environment could reproduce certain properties, but not the extent of the
deviation. In the considered colliding system, Ni+Ni at 1.9 AGeV, for the reaction
plane reconstructed in the largest available polar angle range (see the discussion in Sec-
tion 4.2.2) the deviation was found to be independent of transverse momentum. Details
of this analysis can be found in [VZDTh].

To account for this effect in the current analysis a systematic error is introduced. The
magnitude of the uncertainty, σSys, reflects the deviation of the first Fourier coefficient
from zero at mid - rapidity: σSys = v1(y0 = 0).

4.3 Centrality Selection

The centrality of an nucleus - nucleus collision is defined by the overlap of the colliding
nuclei, i.e. the magnitude of the impact parameter. Experimentally, the centrality is also
related to the multiplicity of reaction products. In central collision with a large overlap
region the number of nucleon - nucleon collisions is large and, therefore, the amount of
tracks in the detector is likely to be large. Vice versa a small number of tracks indicate
low number of participant and therefore the peripheral character of the reaction.

In the presented analysis the centrality selection is done by the means of the ‘baryon
multiplicity’. In this particular case, the baryon multiplicity is defined as the number
of baryons (protons, deuterons, tritons, 3He, α and rarely heavier fragments) measured
in the CDC and the number of charged particles9 in the Plastic wall. The obtained
multiplicity distribution is shown in the panel (b) of Fig. 4.8 as the blue histogram.
The distribution is normalised to the total experimental cross section, as calculated in
Section 3.4, i.e. σexp = 1530± 90 mb.

The baryon multiplicity can be simulated in transport calculations by counting the
‘baryons’ in the geometrical acceptance of the considered sub - detector and imposing a
condition on the minimum kinetic energy, necessary to reach a certain detector com-
ponent. The kinematic conditions, imposed on the particles, are summarised in Ap-
pendix C. The multiplicity distribution, retrieved from IQMD calculations is shown in
panel (a) of Fig. 4.8 as the black histogram. In order, to make the simulated distribu-
tion comparable to the experimental one, the trigger conditions have to be included. In
the discussed experiment the so - called ‘minimum bias’ condition was applied, requiring
more than 4 hits in the PLAWA and at least one hit in the RPC + BAR ToF system.
The requested restriction reduces the multiplicity distribution to the blue surface in

possible values.
9Note that the Plastik wall is a ToF detector, therefore a distinction between charged particles is not

possible without an addition detector - the Helitron, which is not part of the present analysis.
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Figure 4.8: Panel (a): Baryon multiplicity (for definition see text) recon-
structed from IQMD transport calculations. The blue - coloured area contains
only the sub - set of events which fulfil the experimental trigger conditions.
Panel (b): Triggered baryon multiplicity obtained with IQMD (black) and in
the experiment (blue), each normalised to the respective cross section. Verti-
cal lines separated the regions covering equal integrated cross section. Panel
(c): Impact parameter distribution corresponding to a particular baryon mul-
tiplicity selection, evaluated within IQMD. Panel (d): IQMD based impact
parameter - baryon multiplicity correlation.

panel (a) of Fig. 4.8, i.e. a part of peripheral events is rejected.

Assuming the originally reconstructed multiplicity distribution corresponds to the
total geometrical cross section of the reaction, i.e. σgeo = 2711 mb, then the fraction
selected by the experimental trigger conditions corresponds to a cross section of σsel =
1515 mb. This values is very close to the experimentally determined σexp = 1530 ±
90 mb. The experimental and IQMD baryon multiplicity distributions, normalised to
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respective cross sections, are compared in panel (b) of the Fig. 4.8. Though similar, the
distributions exhibit small differences in the amount of very central and very peripheral
events.

To achieve the most accurate comparison the multiplicity in the data, Muldata, and
the simulated multiplicity, MulIQMD, are associated to each other by the covered cross
section fraction. The blue and black lines in panel (b) of the Fig. 4.8 indicate the choice
of the central event selection with Muldata > 48 and MulIQMD > 46. The events,
selected in this way, amount to a cross section of ∼ 300 mb in both distributions.

Of particular interest is the effect the multiplicity selection has on the distribution
of the impact parameters. In the evaluated transport calculations both, the impact
parameter and the multiplicity are available and therefore their correlation can be stud-
ied. Two cases are examined: The central event selection with MulIQMD > 46 and the
complementary peripheral selection with MulIQMD < 46. The results are shown in the
panel (c) of the Fig. 4.8. The black histogram is the original input of the transport
calculation, i.e. a linearly increasing b - distribution. The red and blue histograms are
the impact parameter distributions of events with MulIQMD > 46 and MulIQMD <
46, respectively. The obtained b - distributions have a well defined mean value, 〈b〉, and
a width characterised by the r.m.s., ∆b, of the distribution. Table 4.3 summarises the
definition of event classes used in the following analysis with the corresponding cross
section values and parameters of the multiplicity - selected b - distributions.

Muldata σ (b) 〈b〉 ±∆b (fm)

(a) [20, 90] 1.09± 0.10 3.90± 1.41
(p1) [20, 48] 0.79± 0.05 4.54± 0.95
(p2) [13, 43] 0.98± 0.05 4.99± 1.01
(c1) [49, 90] 0.30± 0.05 2.11± 0.80
(c2) [58, 90] 0.22± 0.05 1.7± 0.72

Table 4.3: Definition of event classes: (a) total, (p1)/(p2) peripheral and
(c1)/(c2) central events. The corresponding cross section σ, mean impact
parameter 〈b〉 and the r.m.s of the b distribution: ∆b .

A cluster forming algorithm has to be applied to transport calculations to be able
to count the baryon multiplicity. The clustering procedure defines spatially proximate
protons and neutrons with relative momentum close to the Femi momentum into nucle-
ons. For the versions of HSD and IQMD, utilised in the following section to interpret
the data, no clustering procedure is/can be applied. The centrality classes have to be
chosen by the means of the impact parameter. A priori, there are two possibilities to
restrict the centrality: By a sharp cut on the impact parameter or using an impact
parameter distribution that corresponds to a certain multiplicity selection, as discussed
above. The implications of both method are demonstrated in Fig. 4.9.

The first Fourier coefficient is evaluated as a function of the transverse momentum
in the backward rapidity interval −1.3 < y0 < −0.5 for a central (left panel) and
a peripheral (right panel) event selection with and without the assumption of a KN
in - medium potential (solid and dashed lines, respectively). The centrality selection is
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Figure 4.9: Predictions of the IQMD transport approach for in plane flow of
K+ mesons as a function of transverse momentum, pt, in central (left panel)
and peripheral (right panel) event selection. Two centrality selection methods
are compared: ‘sharp cut’ on the impact parameter (black lines) and impact
parameter fraction selected by imposing restriction of the baryon multiplicity
(see Fig. 4.8, panel (c)). Solid lines represent the calculation with the as-
sumption of a KN in - medium potential, dashed lines – the free propagating
scenario.

accomplished through a sharp cut on the impact parameter (black lines) or a weighted
impact parameter distribution (coloured lines), as depicted in panel (c) of Fig. 4.8. In
the central event selection the effect is negligibly small. For the peripheral classification,
on the contrary, a significantly deviating set of events is selected. The method of b -
weighted selection allows a more accurate comparison of the model calculation and
experimental data and therefore is chosen for the following analysis.

4.4 Systematic Investigation of Flow Patterns

In the following section the properties of the first and the second Fourier harmonic
for K+ and K− mesons are investigated systematically by comparison to transport
models. The basic concepts of the utilised calculations, HSD and IQMD, are described
in Section 2.4. In order, to facilitate the comparison to the experimental data, results
of the transport calculations are filtered for the detector acceptance (see Section 3.2).
The applied centrality selection procedure and the used parameters are described in
Section 4.3.

The possible influence of an in - medium potential is studied in the divergence of
transport calculations with and without the assumption of in - medium modifications.
The implemented values of the KN and K̄N in - medium potential at normal nuclear
matter density for particles at rest are summarised in Table 4.4. Note that in HSD the
K̄ are treated in a coupled channel approach. The potential UK̄N of a quasi particles
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picture is estimated in order to enable a comparison [Hart98].

HSD IQMD

UKN (ρ0, p = 0) 20 ± 5 [MeV] 20 ± 5 [MeV]
UK̄N (ρ0, p = 0) - 50 ± 5 [MeV] - 45 ± 5 [MeV]

Table 4.4: In - medium potentials as employed in presented HSD and IQMD
calculations.

The choice of the potential’s magnitude is motivated by earlier measurements, as
well as, the observed pattern in the presented analysis. The rescattering and absorp-
tion processes are, to the best of the knowledge, taken into account by the transport
calculations.

4.4.1 Influence of the Coulomb Interaction on the In - Plane Emission
Pattern

Charged kaons propagate in nuclear matter under the influence of two different mean
field potentials. One is caused by the strongly interacting matter, i.e. the KN or
K̄N in - medium potential, which is the subject of the present analysis. The second
is generated by electrically charged particles due to electromagnetic interaction. Both
interactions are repulsive for K+ mesons and attractive for K− mesons and therefore
influence the collective motion of the charged K mesons in the same manner.

In contrast to the strong interaction, the Coulomb potential exhibits a 1/r distance
dependance and therefore impacts the propagation of charged particles not only in the
dense phase of the collisions but also on the flight path to the detector.

In the following section the contribution of the Coulomb field to the attraction/repulsion
effect in the flow patters is studied separately for the ‘short - range’ and the ‘long - range’
parts of the interaction.

Influence of the Coulomb Potential within the Interaction Region

In the isospin symmetric system K+/K− and K0/K̄0 are treated equally by the strong
interaction. The influence of the Coulomb interaction can be studied by the comparison
of the flow patterns of charged K mesons and their neutral counterparts. Note: The
mixing of strong eigenstates K0 and K̄0 into weak eigenstates K0

S and K0
L is not included

in transport calculations for being considered negligible for the current discussion.
Fig. 4.10 shows the in - plane flow, obtained with HSD transport calculations, as a

function of rapidity, integrated over the full momentum range. In the left panel the
flow patters of K+ and K0 are compared with and without the assumption of a strong
KN - potential (solid and dashed lines, respectively). Free propagating kaons (purple -
coloured, dashed line) exhibit an isotropic distribution in the plane of the reaction, i.e.
v1 ∼ 0. Influence of every additional potential manifests itself in the cumulatively repul-
sive behaviour. The amount of ‘anti - flow’ with respect to protons gradually increases.

The right panel in Fig. 4.10 shows a similar comparison in the antikaon sector. The
in - plane propagation of K− and K̄0 mesons in slightly influenced by the Coulomb inter-
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Figure 4.10: HSD simulations of the directed flow patter as a function of
normalised rapidity for kaons (K+ and K0) (left panel), antikaons (K− and
K̄0) and protons (right panel). Solid lines reflect the flow patterns under the
influence of a KN - and K̄N in - medium potentials, respectively. The dashed
lines depict the results without. No detector filter is applied.

action if the antikaons do not feel a strong potential (dashed lines). If a K̄N in - medium
potential is active, it dominates the attraction toward nucleons. The contribution from
the Coulomb attraction is negligibly small.

Transport models describe the evolution of the colliding system up to 40 - 50 fm/c10.
The ‘final state’ phase space distribution, obtained in calculations, is a snapshot at that
point in time. Due to the infinit range of the Coulomb potential, especially the in - plane
distribution of charged kaons can be altered by the influence of the Coulomb field on the
flight path to the final observation. Particularly in peripheral collisions, the presence of
a large amount of charged spectators can affect the experimental final state observables.

Influence of the Coulomb Potential on the Long Range

The long range effect is studied by modifying the phase space distribution, obtained in
HSD calculation, with the SACA11 approach [PurAic00].

SACA is a clusterisation algorithm in the framework of the Quantum Molecular
Dynamics. The main purpose of the algorithm is to study the cluster formation in
heavy ion reaction at intermediate energies. One aspect of the algorithm is its ability
to simulate the Coulomb influenced trajectory of a particle/cluster up to around 10,000
fm/c.The latter in used in the following for our purpose.

10IQMD calculations are executed up to t = 40 fm/c. HSD calculation grid extends up to t = 50 fm/c
11Simulated Annealing Clusterisation Algorithm.
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Figure 4.11: Differential directed flow of K+ mesons obtained within HSD
calculations before (red curves) and after (black curves) the simulation of a
flight path in the Coulomb field. See text for details. Note: The centrality
classes are selected by a sharp cut on the impact parameter distribution.

Fig. 4.11 shows the directed flow observable of K+ mesons in the differential repre-
sentation as a function of transverse momentum in a rapidity interval around the target
rapidity (ytarg0 = −1). The events are divided into two centrality classes by restricting
the impact parameter to b < 3 (right panel) and b > 3 (left panel). A signifiant influence
is observed for slow kaons, i.e. pt < 0.2 GeV/c. The largest deviation is caused by the
positively charged target remnant, containing the biggest amount of spectators in pe-
ripheral collisions (left panel). The observed effect lies beyond the detector acceptance
and therefore is not relevant for the description of the experimental data.

In Fig. 4.12 the consequences of the Coulomb - path simulation are depicted for dif-
ferent particle species. Integrated over the full momentum rage, no modification of the
azimuthal emission pattern remains for K+ and K− mesons. The contribution from
slow kaons is overshadowed by the faster ones.

The flow of protons (left panel) in the kinematic region of the target is influenced by
the spectators. Protons with small momenta inside the target remnant do not exhibit
collective motion, but do contribute to the integrated v1 value. An increment is visible
around the target rapidity. By applying the SACA clusterisation algorithm, the target
protons are bound into nucleons, i.e. are not classified as protons any longer, and the
incremented contribution decreases.
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Figure 4.12: HSD predictions of integrated directed flow pattern for protons
(left panel), K+ mesons (middle) and K− mesons (right panel). The influence
of a long flight path in a Coulomb potential, simulated with the SACA algo-
rithm, is shown by the black lines. The results of a ‘regular’ HSD calculation
(red lines) provide the reference. The depicted HSD version does not contain
any in - medium potentials.

4.4.2 First Fourier Coefficient

The first harmonic coefficient, v1, describes the collective deflection of particles in the
reaction plane. Collective behaviour was observed to be sensitive to possible in - medium
modifications as it is interpreted as an attraction/repulsion between kaons and nucle-
ons12. The reconstruction method and applied corrections are summarised in Section 4.2.
In the following section the first Fourier coefficient of charged kaons is examined for its
general trends, momentum dependance and centrality dependence (as far as possible
with the statistics of the available data sample).

Fig. 4.13 (upper row) shows the rapidity dependance of the first Fourier coefficient
for protons, K+ mesons and K− mesons. The v1 coefficients are integrated over the full
transverse momentum range and the complete available centrality range (corresponds
to the centrality class (a) in Table 4.3).

Protons (left panel) exhibit a strong collective in plane motion in a preferred direc-
tion. Both transport descriptions reproduce the proton directed flow pattern very well.
Detailed evaluation of the proton (and heavier baryons) flow patterns from the S325
run - time can be found in [VZDTh]. In the present discussion the protons are shown
merely for reference purposes.

K+ mesons (middle) show a weak collective deflection, opposite with respect to
protons – the so - called ‘anti - flow’. The largest in - plane deflection is observed around
the target rapidity. Both models agree in predicting a nearly isotropic distribution of
K+ mesons without the influence of a KN - potential (dashed lines). The amount of
observed ‘anti - flow’ is reproduced by the IQMD calculation under the assumption of
a KN - potential of UKN = 20 MeV and slightly overestimated by an analogous HSD

12Interpretation in the mean field picture.
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predictions.

The reconstructed emission patterns of K− mesons (right panel) reveal an isotropic
emission, within large statistical uncertainties. Without in - medium potentials both
models predict a strong ‘anti - flow’. The observed isotropic flow pattern is best re-
produced by the in - medium modified IQMD calculations. HSD calculations, with im-
plemented in - medium potential, predict a collective deflection similar to the one of
protons. The data show no indication of such behaviour. The measured K− flow sug-
gest a slightly lower repulsion then implemented in IQMD. The observed agreement
is rather surprising, since in IQMD antikaons are describes in a non - legitimate quasi
particle approach13.

The relatively high number of reconstructed K+ mesons allow to study their flow
pattern in differential way. Available events are divided into two centrality classes, de-
fined in Table 4.3 as (p1) and (c1), and evaluated as a function of transverse momentum
in a rapidity interval −1.3 < y0 < −0.5 around the target rapidity y0 = −1, where the
largest flow effect is observed. The results are shown in Fig. 4.14.

Directed flow of K+mesons exhibits a strong momentum dependence. Production
close to threshold energies ensures, that kaons are produced with low momentum. The
low - pt behaviour is dominated by the pressure gradient (larger in peripheral collisions)
and the influence of the potential. Kaons gain momentum in scattering processes with
predominant protons. Therefore, the collective behaviour of high - pt kaons is close to
the one of protons.

In central collisions the behaviour of K+ mesons is described by both transport
calculations, with employed in - medium potentials. In the peripheral event selection the
in - medium modified HSD calculation overestimates the amount of ‘anti - flow’ for the
low momentum kaons. IQMD, on the contrary, explains the low momentum behaviour
with the presence of the in - medium potential, but does not reproduce the momentum
dependance. This representation reveals, that the contribution from low momentum
kaons is responsible for the discrepancy of HSD predictions and experimental data in
the integrated representation, as shown in Fig. 4.13 (upper row).

Collective motion of K+ mesons has been investigated in previous measurements
of the same system at the same energy by the FOPI collaboration14. The results are
published in [Cro00]. The comparison of the present analysis with the results from the
literature is shown in Fig. 4.15. The recent data set was reduced to the centrality class
(c2) of Table 4.3, in order to make both data samples comparable. The directed flow
patters of both experiments show a beautiful agreement.

The comparison to HSD calculations in this slightly more central event selection,
confirms the statement of HSD being able to reproduce the flow behaviour of K+ mesons
in central collisions.

13See Chapter 2 for details.
14Note that, though same colliding system and same beam energy, the recent experiment was per-

formed with an improved detector setup, and larger triggered cross section.
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Figure 4.14: Differential representation of the first Fourier coefficient obtained
for K+ mesons in peripheral (left panel) and central (right panel) event classes
in comparison to the predictions of HSD and IQMD transport approaches
[Zin14]. See text for details.

4.4.3 Second Fourier Coefficient

The second harmonic coefficient, v2 = 〈(px − py)/pt〉, characterises the collective prop-
agation in all transverse directions by comparing the in - plane and the out - of - plane
deflection.

Fig. 4.13 (lower row) shows the momentum and centrality15 integrated v2 coefficient
of protons, and charged kaons as a function of normalised rapidity.

Protons show a slight out - of - plane emission signature. At mid - rapidity, the only
component is the emission perpendicular to the reaction plane. Toward the target ra-
pidity, the out - of - plane component gets superimposed by the increasingly negative
in - plane component - v1. Similar to v1 coefficients, the elliptic flow of protons from the
considered run - time is investigated extensively in [VZDTh]. The IQMD transport ap-
proach describes the proton dynamics successful. The presented HSD prediction repro-
duce the rapidity dependance, but overestimate the amount of elliptic flow, presumably
due to the lack of the clusterisation procedure.

K+ mesons exhibit a weak squeeze out, indicated by negativ v2 values at mid -
rapidity, and nearly no rapidity dependance. Similar behaviour is observed for a periph-
eral event selection, see Fig. 4.16. Both models reproduce the data, but do not show
any sensitiv to possible in - medium potentials beyond mid - rapidity. At mid - rapidity

15Centrality class (a) as of Table 4.3.
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Figure 4.15: In - plane flow of K+ mesons and protons as a function of trans-
verse momentum within a fix rapidity window. The flow patterns are shown
for a central event selection, defined in Table 4.3 as (c2). The experimental
data is compared to the predictions of HSD transport calculation with and
without the assumption of an in - medium potential. The results of the recent
analysis are compared to the measurements published in [Cro00].

the observed squeeze out is explained within IQMD by an additional repulsion, due to
the in - medium potential.

Large statistical uncertainties in the K− elliptic flow patter do not allow for any con-
clusions, but the observations support the presumption of an isotropic emission pattern,
as deduced from the directed flow pattern. Theoretical modelling is successful in describ-
ing the K− v2 coefficient, however no insight into a possible in - medium modification
can be gained.

Azimuthal emission patters of K+ and K− mesons in Ni + Ni collisions at an incident
beam energy of 1.9 AGeV were also studied by the KaoS collaboration. The results are
published in [Uhl05]. In a peripheral event sample of 3.8 fm < b < 6.5 fm the KaoS
collaboration measured v2 values of v2(K+) = −0.05± 0.03 and v2(K−) = 0.09± 0.06.
The azimuthal distributions were evaluated at mid - rapidity.

In Fig. 4.16 KaoS data points are compared to the FOPI data. For this purpose
the recent data set was reduced to the (p2) centrality sample, as classified in Table 4.3.
Additionally the detector acceptance was, as far as possible16, adapted to the conditions
of the KaoS experiment.

The squeeze out signature of K+ mesons, as seen by the KaoS collaboration, could
be confirmed by the current analysis. In case of K− mesons, the published measurement
claims a positive v2 value, i.e. an in - plane ejection. The results of both experiments
are comparable within the statistic inaccuracy, however the FOPI data do not show any

16A small part of the phase space region that was accessible with KaoS is not accessible with FOPI.
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indication of in - plane emission.

Figure 4.16: Elliptic flow coefficient, v2, as a function of rapidity forK+ mesons
(left panel) and K− mesons (right panel), measured by the FOPI (circular
symbols) and the KaoS (cross symbols) collaborations. The coefficients are
integrated over the transverse momentum range 0.2 GeV/c < pt < 0.8 GeV/c.
The centrality selection corresponds to (p2) from Table 4.3. ‘KaoS’ data points
are taken from [Uhl05].

In Fig. 4.17 the elliptic flow patterns are compared to the transport calculations. The
dynamic behaviour of both K mesons is reproduced by the models. No discrimination
of flow patters with and without the influence of an in - medium potential is possible
with the statistics of the available data sample. Neither HSD nor IQMD predict any
in - plane emission of K− mesons, as suggested by the KaoS observations.
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Figure 4.17: v2, as a function of normalised rapidity. Data points as in
Fig. 4.16. Shaded bands correspond to the results of transport model cal-
culations. The band’s width indicates the statistical error of the calculation.
‘KaoS’ data points are taken from [Uhl05].



Chapter 5

The S339 Experiment

In the course of the ‘S339’ experiment a secondary beam of negatively charged pions
with a beam momentum of pπ− = 1.7 GeV/c was directed at a light, medium - sized and
heavy targets: 12C, 63Cu and 208Pb. Technical details of the experimental conditions
can be found in Section 3.5.

This experiment was motivated by an earlier FOPI measurement of K0
S mesons

produced in pion reactions with a heavy and light targets. The resulted observable, see
in Fig. 5.1, showed sensitivity to the in - medium modifications of kaons and could be
successfully described within the HSD transport approach.

The ‘S339’ experiment aimed at verifying the previous observations and challenge
the theoretical modelling of reactions at higher energy. The new experimental conditions
open the possibility to expand the study of the in - medium effects at normal nuclear
matter density to further strange particles. The available center of mass energy of√
s = 2.02 GeV allows, beside the associated production, for the direct production of

kaon-antikaon pairs and, therefore, also opens the phase space for the φ meson.

Possible production channels and the corresponding threshold momenta of the in-
cident pion in a fix - target scenario are summarised in Table 5.1. The correspond-
ing measured cross sections are listed, as far as available, in Appendix F. The largest
cross section of ∼ 200 µb is observed, naturally, for the associated production channel:
π− + p → ΛK0. The direct production of K+K− pairs is suppressed by an order of
magnitude in comparison. At a slightly lower pion incident energy of pπ− = 1.59 GeV/c
a production cross section of σπ−+p→nK+K− = 11± 6 µb was measured.

The φ meson production, in considered reactions, is associated with a cross section
of σπ−+p→nφ = 29 ± 15 µb. Note that it is the only production channel under the
discussed experimental conditions. Particularly, the production in a π− + n reaction1

requires more energy in the center of mass, than available.

The mean free path of a pion at plab = 1.7 GeV/c in ordinary nuclear matter is
λ = 1.5 fm. The pion is likely to undergo reactions with the nucleons on the surface
of the target nucleus2. A part of the particles, produced in these reactions, propagate
through the nucleus and therefore are exposed to the influences of the nuclear matter

1Only the strong interaction production channels are considered.
2The diameter of the carbon nucleus is dC = 5.5 fm and of a lead nucleus dPb = 14.2 fm
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Figure 5.1: Momentum distribu-
tion ratio of K0

S mesons, measured
by FOPI, and K+ mesons, mea-
sured by the ANKE collaboration
[Ben09]. The experimental results
are compared to the predictions of
the HSD transport approach for
K0
S meson with a various assump-

tions for the KN in - medium po-
tential.

at normal density - ρ0. Comparison of the final state phase space distributions observed
in reactions with the light and heavy targets can bear indications of in - medium effects.

The upcoming chapter starts with the overview of the reconstructed charged particles
in reactions with different targets. Special emphasis is put on the evaluation of charged
kaons and the description of the background contribution around the nominal kaon mass.
To prepare the discussion of neutral particles, the reconstruction strategy is introduced
and the background description by the so - called mixed - event method is explicated.

The obtained K+ and K− signals can be used to reconstruct φ meson candidates.
The resulting φ signals, measured with different targets, are compared. The reconstruc-
tion efficiency is estimated within Geant detector simulations.

The spectrum of accessible strange particles is completed by the measurements of the
Λ baryon and electrically neutral K0

S meson signals. The results of the reconstruction
are shown. The challenges and solutions in the background description at low momenta
are addressed. Possible effects of the medium are discussed by the diversities in the
phase space distributions measured in light and heavy targets.

The chapter is concluded by the comparison of the obtained results among each other
and to the predictions of the HSD transport approach.

5.1 Charged Particles in C, Cu und Pb Targets

The general strategy of the charged particle identification with FOPI is discussed in
Section 3.3. Fig. 5.2 and Fig. 5.3 illustrate the results of the primary reconstruction.

In Fig. 5.2 the energy loss, as obtained in the CDC sub - detector, is depicted as a
function of laboratory momentum and sorted by charge. Hereby no matching between
the ToF system and the CDC was required in order to sustain the largest possible number
of tracks and especially not to reject low momentum particles. To ensure the track
quality anyway, topological conditions are imposed. The maximal distance between the
extrapolated track and the primary vertex in the beam direction, z0, is restricted to 18
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Threshold
K0 production plab[GeV/c] K+ production

π− + p→ Λ K0 0.89
Σ0 K0 1.03 Σ− K+

Λ K0 π0 1.14 Λ K+ π−

Σ+/0/− K0 π−/0/+ 1.29 ± 0.01 Σ0/− K+ π−/0

Σ0
1385 K

0 1.39 Σ−1385 K
+

Λ K0 2π 1.42 Λ K+ 2π
Λ1405 K

0 1.44
p K0 K− 1.49
n 2 K0 1.50 ± 0.01 n K+ K−

Σ+/0/− K0 2 π 1.56 ± 0.02 Σ+/− K+ 2π
2 K0 (34.2 %) ← n φ → (48.9 %) K+ K−

1.56
K0 π0 ← Λ K∗0890 → K+ π−

1.68
Λ1520 K

0 1.68
↪→ N K̄ (45%)

Λ K0 3π 1.71 ± 0.01 Λ K+ 3π
Λ1405 K

0 π0 1.73 Λ1405 K
+ π−

Σ
+/−
1385 π

−/+ K0 1.69 Σ
0/−
1385 π

−/0 K+

π− + n→ Σ− K0 1.038
Σ− K0 π0 1.293 Σ− K+ π−

Σ− K0 2π 1.587 Σ− K+ 2π
n K0 K−

π− + d→ Σ− p K0 0.89 Σ− n K0

Table 5.1: Production channels of strange particles in π− - induced reactions
with corresponding threshold momentum for the incident pion. The values are
taken from [LanBor]. The errors originates from a slight difference between
the threshold momenta for the production of K+ and K0 mesons. Measured
cross sections for the listed reactions are summarised, as far as available, in
Appendix F.

cm. In the transverse direction only tracks with maximal deviation of 1.4 cm from the
nominal vertex position are accepted. Additionally a track was required to have at least
30 hits in the CDC volume. The latter is necessary to ensure the proper performance
of the tracking algorithm. Finally, wide preselection windows are applied around the
nominal particles masses, in order to reject the misidentified tracks.

Different panels of the Fig. 5.2 show the obtained correlation for the reaction with
different targets. Note that the recorded number of events was similar for the carbon and
lead targets and about half as large for the copper target. For details see Section 3.5.
In the lead target more heavier fragments are reconstructed than in the lighter one.
Furthermore, the contamination of the slow K+ mesons by slow protons is slightly
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larger. Both observations are a consequence of a larger amount of traget nucleons. In
the light particle segment, the distributions from different targets look very similar.

The identification capability of particles faster than plab = 0.1 GeV/c can be signifi-
cantly improved by the supplementary information of the RPC+BAR ToF system. The
momentum - velocity correlation for the successfully matched tracks is shown in Fig. 5.3.
The matching requirements include a restriction of the maximal azimuthal deviation
of the tracks, dph, with dphRPC = 0.5 and dphBAR = 1.5 and a maximal longitudinal
aberration, dz, of dzRPC = 5 cm and dzBAR = 7 cm. The values for the individual
sub - detectors differ due to the dissimilar resolution. Measurement of the velocity faster
than the speed of light is an artefact of a finite time resolution of the ToF detector sub -
system. The comparison between different targets exhibit the same behaviour as the
energy loss - momentum correlation. A distinct identification of K+ mesons is possible
up to pmax = 1.0 GeV/c. K− mesons appear to experience a kinematical limitation. The
corresponding p - v branch abates after pmax = 0.5 GeV/c. A visibly smaller amount of
K− mesons is reconstructed in the lead target.

The mass spectra of the combined CDC - ToF analysis are depicted in Fig. 5.4.
The mass is multiplied by the sign of the electrical charge to separate positively and
negatively charged particles. The ‘sharp edges’ are the result of the mentioned mass
preselection. The impact of the momentum restrictions for the identification of charged
kaons is demonstrated by the comparison of the black and coloured curves. The black
histogram includes all the tracks which fulfil the matching requirements. The coloured
curves show the mass distributions for particles slower than the imposed momentum
restrictions, i.e. pmax = 0.5 GeV/c for negatively charged particles and pmax = 1.0
GeV/c for the positiv ones. The background around the nominalK− mass is significantly
reduced. A clear K− signal is revealed above the pion tail. In the case of K+ mesons
the restriction does not affect the PID3 capability.

Note that the signal around the negative proton mass is due to misidentified tracks.

5.2 Reconstruction of K+ and K− Mesons

Successful matching between the CDC and the ToF system puts restrictions to particles’
momentum, rejecting the highly bent low momentum tracks. The imperfections of the
matching efficiency reduce the amount of kaon candidates furthermore. For the analysis
of the possible medium influence the slow kaons are of particular interest. In order to
maximise the number of kaon candidates and sustain the low momentum contribution
the evaluation of the charged kaon signals is performed separately for the matched tracks
and the remaining sub - set of tracks. The latter still, however, fulfil the track quality
requirements, as discussed above.

For the evaluation of the charged kaon signals, the available kinematic range is di-
vided into momentum intervals. In each momentum bin the mass spectrum is inspected
and kaon candidates are defined by a ‘window’ around the nominal kaon mass. The
kaon candidates in the matched analysis are clearly distinguishable from other parti-
cles. The signals at low momenta, measured in the CDC in the not - matched analysis,

3PID is an acronym for Particle Identification.
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Figure 5.4: Mass distribution measured within the BAR + RPC ToF system
and differentiated by charge. Coloured histograms are obtained by impos-
ing restriction to particles’ momenta. Note: Wide preselection windows are
applied around the nominal particles’ mass.

are (partially) superimposed by the background. In the following, the strategy of the
background description is discussed in detail.

Fig. 5.5 shows the lowest momentum bins for the K− identification, evaluated solely
in the CDC. The ‘window’ for the candidate selection is indicated by the vertical, blue
lines. The background is estimated by the contribution from the π− mesons, depicted
by the black lines. For the final selection of K− candidates the background fraction is
subtracted.

The background under the K+ signal has different contributions. As an example,
a mass spectrum of positively charged particles with a momentum selection: plab =
[0.24 - 0.29] GeV/c is shown in Fig. 5.6. The background under the K+ peak can be
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Figure 5.5: Mass distribution of negatively charged particles, measured by the
CDC in the two lowest momentum bins: plab = [0.1 - 0.2] GeV/c (left column)
and [0.2 - 0.3] GeV/c (right column). The upper raw shows the spectra from
the carbon target, the lower raw from the lead target. K− mesons candidates
are identified within a mass range around the nominal kaon mass, depicted
by the vertical lines. The black lines indicated the background contribution
from the negatively charged pions. Note: Here no CDC - ToF matching was
requested.

interpreted as tails of the pion and protons distributions (left panel), here referred to as
‘best case’. In this scenario, the kaon signal is determined as everything within the mass
window (red lines) which is not covered by the extrapolation of the pion and proton
distributions (black lines). In the ‘worst case’ scenario (right panel) only the explicit
Gaussian - like peak is considered to be the signal and the remaining fraction is classified
as background.

Both description methods were compared by the remaining fraction of kaon candi-
dates, in a given momentum bin, between the lead and carbon targets. The ratios stay
the same, within statistical uncertainty, for both scenarios. Therefore, the kinematic
comparison of the production in differently sized targets remains indifferent to the back-
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Figure 5.6: Mass spectrum of positively charged particles, reconstructed in
the momentum range: plab = [0.24 - 0.29] GeV/c with the CDC sub - detector.
No CDC - ToF matching was demanded. Left and right panel demonstrate the
different background description methods: The ‘worst case’ (right panel) and
the ‘best case’ scenario (left panel). See text for details.

ground description method. In the following analysis the ‘best case’ method is used.
The difference of the described background determination methods is small enough to
be accounted for by the statistical errors. Mass spectra in all momentum bins of the
CDC analysis are compiled in Appendix B.

The total number of kaon candidates (background excluded) is summarised in the
Table 5.2. The ‘S/B’ characterise the lower limit of the signal - to - background ratio,
i.e. the signal fraction in the momentum bin with a highest contamination by the
background.

K+ K−

C pmax 1.0 GeV/c 0.5 GeV/c
S/B > 4.7 > 3.4
NK ∼ 8700 ∼ 390

Pb pmax 1.0 GeV/c 0.5 GeV/c
S/B > 2.55 > 1.44
NK ∼ 9620 ∼ 202

Table 5.2: Properties of identified K mesons. pmax: maximal momentum for
kaon identification; S/B: signal - to - background ratio in the momentum bin
with the largest contamination; NK : Number of identified kaon - candidates
(corresponding background is subtracted).

The phase space distribution, obtained by the combined CDC - ToF analysis is shown
in Fig. 5.7 for the carbon (upper row) and lead (lower row) targets. K− candidates
are almost exclusively reconstructed in the RPC acceptance (33◦ < θlab < 58◦). The
largest amount of K+ candidates originate from the RPC sub - detector as well. The
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Figure 5.7: Phase space distribution of charged K mesons in terms of trans-
verse momentum, pt, and the laboratory rapidity. The upper raw shows the
measurement in π− + C reactions, results in the lower raw are obtained in
π− + Pb reactions. The solid lines correspond to the geometrical restriction
of the detector, i.e. θlab = 33◦, 58◦, 123◦. The dashed lines denote the upper
momentum limit for the kaon identification, i.e. plab = 1.0 GeV/c for K+

mesons and plab = 0.5 GeV/c for K− mesons.

unambiguous identification is possible up to plab = 1.0 GeV/c (dashed lines in the left
panels). In the BAR sub - detector (θlab > 58◦) nearly no K+ candidates are observed
beyond plab ∼ 0.5 GeV/c.

To compared the phase space distributions quantitatively in both targets, the mo-
mentum distributions of kaon candidates identified in reactions with the lead target is
divided by the analogous distribution from the carbon target. Both are integrated over
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the full rapidity range and normalised to the number of identified events4. The resulting
‘ratio’ is shown in Fig. 5.8 for K+ (left panel) and K− mesons (right panel).

Figure 5.8: Ratio of the momentum distribution of kaons measured in a heavy
and light targets. K+ mesons (left panel) and K− mesons (right panel). The
distributions are normalised to the number of evaluated events from the cor-
responding target. The error bars reflect the statistical uncertainties.

The momentum ratio ofK+ mesons undergoes a maximum around plab = 0.23 GeV/c
and becomes nearly constant for plab > 0.5 GeV/c. This characteristic behaviour can
be explained by the influence of the nuclear medium. In the heavy target nucleus the
K+ mesons are repelled in the mean field, created by the large amount of nucleons,
due to the strong interaction (see discussion in Chapter 2) and by the protons due
to the electro - magnetic repulsion. Through both effects K+ mesons gain additional
momentum and therefore, the momentum distribution is ‘shifted’ to larger momenta,
compared to a reference system from the carbon target.

The momentum ratio of K− mesons is, within statistical uncertainties, constant. A
possible interpretation is a large contribution of inelastic processes. The produced K−

mesons are reabsorbed and the candidates observed in the final state are created at the
surface of the target nuclei. K− candidates of that kind are not exposed to the influence
of the nuclear medium.

The interpretation of the observed behaviour by comparison to transport model
calculations is discussed in the last section of this chapter.

5.3 Reconstruction of Neutral Particles

The FOPI detector system can directly identify only electrically charged particles. Neu-
tral particles are reconstructed through their decay products. In the following analysis
three neutral particles are evaluated:
The φ meson. It decays after a mean lifetime of τ = 1.55 ·10−22 s ( cτ ≈ 46.5 fm) mainly

4See Section 3.5 for numeric values.
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into:

φ(1020)→
{
K+K− B.R. = 48.9%

K0
SK

0
L B.R. = 34.2%.

The K0
S meson. It decays weakly after τ = 8.95 · 10−11 s ( cτ ≈ 2.68 cm) mainly into

two pions:

K0
S →

{
π+π− B.R. = 69.2%

π0π0 B.R. = 30.7%,

and the Λ baryon, decaying after τ = 2.63 · 10−10 s ( cτ ≈ 7.89 cm) into:

Λ→
{
pπ− B.R. = 63.9%

nπ0 B.R. = 35.8%.

All values are taken from [PDG].
The listed particles are reconstructed from the channels with only charged decay

products in the final state (fortunately these are also the channels with the largest
branching ratio (B.R.)). The secondary vertex, i.e. the decay vertex of the neutral
particle, is reconstructed from the intersection of the circular paths of the decay prod-
ucts in the transverse plane. Topological requirements are imposed on the intersection
condition in the transverse and longitudinal plane. In the transverse plane the maximal
deviation of the azimuthal angle is characterised by ∆φ = |φ1 − φ2|, and along the beam
direction by ∆z = |z1 − z2|. The indices ‘1’ and ‘2’ refer to the first and second decay
product. Furthermore, restrictions are placed on the transverse distance between the
primary and secondary vertices, referred to as rS and its azimuthal inclination φS .

In the following the topological conditions, as used for the secondary particles selec-
tion in the analysis, are summarised. For definition of the quantities see Section 3.3.

φ meson → K+ meson K− meson

hmul > 30. hmul > 30.
plab < 1.0 GeV/c plab < 0.5 GeV/c
|mCDC − 0.5| < 0.12 |mCDC − 0.5| < 0.12
|mToF − 0.5| < 0.1 |mToF − 0.5| < 0.11

Table 5.3: Selection criteria imposed on the charged kaons for the reconstruc-
tion of the φ meson. The values are motivated by the analysis in the previous
section. Note that no secondary vertex is reconstructed due to the short life-
time of the φ meson.

5.3.1 Combinatorial Background

Using the conditions, describes above, the invariant mass of the mother particle can
be calculated from the kinematic properties of the selected daughter particles. The
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K0
S meson → π+ meson π− meson

hmul > 20. hmul > 20.
0.5 < d0 < 30. cm 0.5 < d0 < 30.cm
|mCDC − 0.138| < 0.5 |mCDC − 0.138| < 0.5

Secondary vertex: ∆φ < 20.◦; ∆z < 30. cm; 0.5 < rS < 15. cm

Table 5.4: Selection criteria, as used for the preselection of K0
S candidates.

Influence of stricter topological restrictions is investigated in the K0
S analysis

section.

Λ baryon → π− meson proton

hmul > 30. hmul > 30.
3. < d0 < 30. cm d0 > 0. cm
pt > 0.05 GeV/c pt > 0.05 GeV/c

|mCDC − 0.138| < 0.5 |mCDC − 0.938| < 0.3

Secondary vertex: ∆φ < 30.◦; ∆z < 18. cm; 1. < rS < 30. cm

Table 5.5: Reconstruction conditions for the preselection of Λ baryon candi-
dates.

spectrum of invariant masses exhibit an excess around the nominal mass of the mother
particle. Usually the signal in the invariant mass spectrum is superimposed by the back-
ground (characteristic example is Fig. 5.15), the so - called combinatorial background.

There are several methods to describe the combinatorial background. A straight
forward approach is to fit the distribution with a polynomial function. For this purpose
a clearly pronounced peak is required. Furthermore, no insight into the background
contribution in the kinematic quantities (e.g. momentum) of the signal candidates can
be retrieved. More sophisticated procedures aim at breaking the correlation of the decay
products by e.g. rotating the track of one daughter particle with respect to the primary
vertex. The resulting daughter pairs are uncorrelated and therefore purely background.
Another method is to combine ‘like - sign pair’, i.e. not a positiv and a negative track,
but two positive or two negative tracks.

In the present analysis the background distribution is estimated by the so - called
event - mixing method. Hereby the correlation is broken by choosing the daughter tracks
from different events. The signals reconstructed this way can not originate from a
single particle decay and therefore is representative for a background signature. The
obtained background distribution describes the observed contamination fairly well for
events samples with reasonable statistics, as will be demonstrated in the upcoming
sections.
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5.4 The φ mesons

The φmeson is a so - called hidden strangeness state, it is composed of a ss̄ pair of quarks.
The mass distribution exhibits a Bright - Wigner shape, centred around mφ = 1019.5
MeV/c2, with a decay width in vacuum of Γ = 4.27 MeV [PDG]. The production is
strongly suppressed according to the Okubo - Zweig - Iizuka selection rule. Nevertheless
the estimated production rates in the given experiment were calculated to be reasonably
high.

In the considered reactions, the φ mesons are produced in π−+p→ n+φ processes.
The threshold pion momentum for this reaction is pπ = 1.56 GeV/c. The production
close to the threshold energies ensures that the resulting φ mesons entrain only lit-
tle momentum and, therefore, have a decent probability to decay inside the nucleus5.
Hadronic models predicted an in - medium life time of τ < 5 fm/c [Kli98]. On one hand
this circumstance makes the properties of the φ meson sensitiv to the medium. On the
other hand, the φ meson candidates observed in the final state are influenced by the
in - medium behaviour of its decay products, i.e. the K+ and K− mesons.

The invariant mass spectra of correlated K+ + K− meson signals, under condition
as discussed above, are depicted in Fig. 5.9 for the investigated targets. A clear excess
at nominal φ meson mass is visible in all three measurements. The measured signal
is nearly free of background. The blue symbol represent the attempt to estimate the
combinatorial background with the event - mixing method.

The amount of reconstructed φ meson candidates is summarised in Table 5.6. Hereby
the analysis is done separately for each trigger condition in order to facilitate an unam-
biguous allocation to a triggered cross section. The determination and listing of trigger
cross sections can be found in Section 3.5.

Trigger ID Nφ in C - Tar: Nφ in Cu - Tar: Nφ in Pb - Tar:

all 13 5 9
T10 – – –
T11 – – –
T12 9 2 5
T13 12 5 9
T14 5 – 3
T15 – – –

Table 5.6: The amount of reconstructed φ meson candidates in every target,
sorted by the trigger condition. The trigger ID ‘all’ represent the most com-
plete available data set. Definition on individual trigger IDs can be found in
Section 3.5. The values are rounded to integer numbers, therefore the uncer-
tainty is given by ∆Nφ ∼ 1.

The observed number of φ mesons is compatible with the production rate estimate
in the beam time proposal. Note that the number of events, in order to facilitate

5Explicit discussion of vector mesons in nuclear medium can be found in Chapter 2.



The φ mesons 71

the analysis of a ‘transparency ratio’, could not be recorded due to not reaching the
anticipated beam intensity and difficulties with the alignment of the pion production
target .

The kinematic properties of φ candidates are characterised by their localisation in
the phase space. Fig. 5.10 depict the transverse momentum - rapidity plane. Nearly all φ
signals are reconstructed by the RPC sub - detector. It is not surprising, since also nearly
all K− mesons in this experiment are measured by the RPC. See Fig. 5.7. Noteworthy
are the transverse momenta of the φ candidates. None of the reconstructed mesons is
slower than pt ∼ 400 MeV/c. It might be an indication of in - medium absorption of
slow decay products of the φ meson.

Figure 5.9: Invariant
mass distribution of K+-
K− pairs, obtained in C
(left panel), Cu (middle)
and Pb (right panel) tar-
gets. The excess around
the nominal φ meson
mass (red - shaded area)
is interpreted as the φ sig-
nal. Blue symbols rep-
resent the mixed - event
background. Black hor-
izontal lines denote the
alignment region for the
background description.
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Figure 5.10: Localisation of φ meson candidates in the phase space, measured
in different targets. Red lines denote the geometrical limitation of the BAR
and RPC sub - detectors.

5.4.1 Reconstruction Efficiency

In order to compare the measurements in diverse reactions, i.e. in differently sized
targets, the reconstruction efficiency of the FOPI detector needs to be investigated for
a possible reaction dependance.

Figure 5.11: The input φmeson phase space distribution to the MC simulations
of the carbon (left panel) and lead (right panel) targets.

For an accurate efficiency estimation a realistic phase space distribution of φ mesons
is propagated through a detector simulation. For the simulation of heavy - ion collisions
the input φ mesons are emitted from the thermal source according to the Boltzmann
distribution. In pion - induced reactions, the Boltzmann - like ansatz is probability not
valid. A priori, a homogenous pt - ylab distribution is a good approximation. The ob-
tained mesons are embedded into a IQMD event and demanded to decay into specified
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Figure 5.12: Result of the Geant simulations: The final state φ meson phase
space distribution, reconstructed after the propagation and decay in the sim-
ulated detector.

decay channels. The IQMD calculation, on their part, reproduce the dynamic behaviour
of nucleons. The produced event sample is propagated through the Monte Carlo (MC)
based simulation of the FOPI detector – Geant. The Geant environment reproduces the
geometrical configuration of the detector, as well as the material composition, resolu-
tion effects and all relevant processes like ionisation, scattering, hadronic interactions
and particle decay.

From the resulting data set, the φ meson can be reconstructed in the same way as
from the experimental data. The comparison of the input φ phase space distribution
and the corresponding phase space distribution in the final state reveals the effects of
the propagation through the detector and the influence of the reconstruction procedure,
i.e. the reconstruction efficiency.

In order to create a realistic input distribution, the kinematic properties of the
simulated and the experimental φ mesons have to be adjusted. In the present experiment
the number of available φ candidates is too low to enable a reasonable adjustment,
therefore a different approach was pursued. The input phase space distribution was
parameterised as a constantly populated interval in transverse momentum and rapidity.
The parametrisation is depicted in Fig. 5.11. After the full detector simulation and
reconstruction of φ candidates from the K+-K− correlation under the experimental
conditions, the final state distribution of φ mesons in Fig. 5.12 is retrieved.

An estimate of the reconstruction efficiency is obtained by comparing the number
of initial φ mesons (NKINE) to the amount of the reconstructed ones (NMC) in each
phase space cell:

εij =
N ij
MC

N ij
KINE

,

with i ∈ [pt MIN, pt MAX] and j ∈ [ylab MIN, ylab MAX].
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For this purpose the phase space is divided in four rapidity bins and four transverse
momentum intervals. The resulting fractions, εij , are shown in Fig. 5.13. The obtained
efficiency coefficient for the evaluation of the carbon target are symbolised by the black
triangles and the corresponding analysis in the lead target, by the red triangles. The
reconstruction ability is lowest for the small transverse momenta and becomes more
efficient with increasing momentum. The reconstruction efficiency is slightly higher in
the lead (εPb) than in the carbon target (εC).

To compare both reconstruction capabilities quantitatively, the efficiency coefficients
are integrated over the full rapidity range and presented as the ratio: εPb/εC in Fig. 5.14.
The ratio is independent of momentum and close to unity. For the following analysis it
is concluded that the reconstruction efficiency in the lead and carbon targets is nearly
the same.

5.4.2 The Transparency Ratio

Possible in - medium effects can be investigated in the so - called attenuation measure-
ments. The typically reconstructed quantity is the nuclear transparency ratio TA:

TA =
σπ−A→φX
Aσπ−N→φX

. (5.1)

The ratio compares the φ production cross section in a nucleus of the size A per nucleon
with the production in reactions with a free nucleon.

In pion induced reactions at the considered energy no φ production in reaction π−+n
is possible. The relevant quantity for the φ meson production is the number of protons
in a nucleus. The transparency ratio is modified into TZ :

TZ =
σπ−A→φX
Zασπ−p→φX

(5.2)

Hereby, the elementary cross section is assumed to scale with the powers of the charge
number Z. The transparency ratio TZ is expected to decrease with increasing charge
number, partially due to the rescattering of the decay products and partially due to the
broadening of the φ spectral function in nuclear medium. BUU transport simulations of
φ cross sections from photo - production predict a TA ∼ 0.95 for a carbon sized nucleus
and a reduction to TA ∼ 0.87 for a heavy target like lead [Mueh06].

The experimentally measured cross section can be calculated from the number of
observed φ mesons (Nφ). The quantity Nφ needs to be corrected for the reconstruction
efficiency in order to account for the losses through the reconstruction procedure and
limited detector acceptance, and for the trigger efficiency to upscale the yield from the
selected fraction of events to the totally possible number of reactions. Furthermore, the
branching ratio for the evaluated decay channel has to be taken into account.

As discussed above, the available data sample does not allow for a realistic efficiency
evaluation, therefore the full production cross section of φ mesons can not be recon-
structed. Nevertheless, since the estimate of the reconstruction efficiency (εReco) in the
carbon and lead targets was found to be very similar, the production yields from the
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Figure 5.13: Reconstruction efficiency of the φ meson in different phase space
cells for the carbon and lead targets.

light and heavy targets can be compared to each other. The measured cross section
fraction, σmeasφ , can be calculated by

σmeasφ = σR ·
Nφ

Nevents
∗ εReco. (5.3)

Inspection of the Table 5.6 reveals that all events, containing a φ candidate, fulfil
the trigger condition ‘T13’. Therefore, the reaction cross section (σR) can be associated
with the cross section triggered by the trigger bit ‘T13’6.

6The triggered cross sections are calculated in Section 3.5.
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Figure 5.14: Reconstruction efficiency of the φ meson as a function of trans-
verse momentum, integrated over the full rapidity range. Depicted is the ratio
of the obtained values for lead over the carbon target.

Target σR [mb] Nevents Nφ σmeasφ /εReco [µb]

C 29.57 ± 1.37 1 166 559 12 ± 1 0.304 ± 0.026
Pb 225.85 ± 10.58 1 266 545 9 ± 1 1.608 ± 0.184

Table 5.7: Relevant quantities for the calculation of the measured cross section.
See text for details.

In Table 5.7 the adopted values are summarised. Nevents denotes the number of
events accepted by the trigger logic. Note that the triggered cross sections from Sec-
tion 3.5 and the number of events are reduced by subtracting the background contribu-
tion. The background is caused by non - target events. The contribution is estimated as
the fraction of events without a valid vertex position. About 46 % of carbon events and
43 % of reactions with the lead target are rejected for the considered trigger selection.

Assuming equal reconstruction and trigger efficiency for the carbon and lead targets
the production cross section measured in lead is about 5.3 times higher than the one in
the carbon nucleus. In the hypothesis of Zα scaling of the production cross section, the
observed ratio corresponds to α ∼ 0.63. The obtained α value supports the assumption
of φ production on the surface of the nucleus. The production cross section scales with
the size of the surface, i.e. Z2/3.

5.5 The Λ Baryons

At SIS - 18 energies Λ baryons are produced by associated production with kaons. The
reaction channel π− + p → ΛK0 has the smallest threshold energy for strangeness
production in pion induced reactions and was observed to have a relatively large reac-
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C - target Cu - target Pb - target

Signal 10 716 6 267 13 733
S/B 1.059 1.064 1.239
Sign 74.26 56.84 87.17
Mass [GeV/c2] 1.117 1.117 1.117
Width [MeV] 3.65 3.59 3.59

Table 5.8: Properties of reconstructed Λ baryons. The listed quantities
are: ‘Signal’ – the Λ signature without background, ‘S/B’ – the signal - to -
background ratio, ‘Sign’ = S/

√
S +B – the significance of the Λ signal, ‘Mass’–

the mean value of the gaussian fit and ‘Width’– the standard deviation of the
gaussian fit.

tion cross section of σ = 0.2 mb. It is the most favoured production mechanism for
strangeness close to threshold energies. Investigation of Λ baryon production promotes
the understanding of associated strangeness production.

In the following section the reconstruction of Λ candidates in reactions with dif-
ferently sized targets is examined and compared by the means of kinematic variables.
Special emphases is put on the background contribution to the observed spectra. The
reconstruction procedure is described in Section 5.3. The selection parameter for the
reconstruction of Λ candidates are summarised in Table 5.5.

Fig. 5.15 shows the invariant mass spectra of p -π− pairs, which fulfil the correlation
requirements, in the evaluated targets. The red histograms are obtained by the correla-
tion of protons and pions from the same events, i.e. with Λ decay as a possible origin.
A clear excess, centred around the nominal Λ baryon mass of mΛ = 1115.683 ± 0.006
MeV/c2 is present in the spectra from all targets. The observed mass spectra are afflicted
by the background. The non - Λ contribution is estimated by the so - called mixed - event
background method. Hereby not correlated p -π− pairs are created by imposing corre-
lation conditions on pions and protons from different events. The obtained distribution
is depicted by the blue histograms. In all three targets the mixed - event method repro-
duced the background distribution fairly well7.

The resulting background histogram can be subtracted from the original observation.
The diminished invariant mass spectra are shown in the lower row of Fig. 5.15. The
excess around the nominal Λ mass is fitted with the gaussian distribution (black curves).
In Table 5.8 the parameter characterising the reconstructed Λ signal are listed. The mass
region for the ‘signal’ determination is depicted by the red shaded area in Fig. 5.15. The
signal - to - background ratio and the significance of the signal are evaluated by comparing
the fraction of the red shaded area above and below the background histogram. The
‘Mass’ and ‘Width’ values are obtained from the gaussian fit.

The mean values of the fit in all three targets are reasonably close to the nominal Λ
mass. The width of the mass distribution is slightly higher in the carbon measurements
than in the remaining two targets. The observed Λ signal is about 30 % higher in the
lead target than in the carbon, even though the number of evaluated events is nearly

7Note that the further analysis will reveal that this statement is not valid for the full kinematic range.
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Figure 5.16: Invariant mass distribution of p -π− pairs in carbon target for
various momentum selections. ‘p’ denotes the laboratory momentum. The
unit of numerical values is GeV/c. For details see text.

equal for the both targets.

To examine the background contribution in more detail, the invariant mass spectra
are reproduced in narrow momentum bins. In the phase space region with plab > 0.3
GeV/c the background is emulated reasonably well by the mixed event method. Panel
(a) of Fig. 5.16 shows three representative examples. In lower momentum bins, e.g. 0.2 <
plab < 0.3 GeV/c (panel (b)), the general shape of the contamination is recreated, but
normalisation adjustment are necessary in order to describe the background distribution.
Below plab = 0.2 GeV/c, see panel (c) of Fig. 5.16, no Λ candidates can be distinguished
from the fluctuation of the background.

The background portions over the full dynamic range of Λ candidates are depicted
in Fig. 5.17. The blue histograms portray the kinematic behaviour of Λ candidates
reconstructed from all correlated pairs, i.e. it is contaminated by artificially correlated
pairs. The red histograms are obtained by mixed event method and, therefore, contain
purely background. Black histograms show the background diminished representation.
The transverse momentum (left panel) and the laboratory momentum (right panel)
distributions are overshadows by the background in the very low momentum region, as
discussed above. The rapidity dependence of the background (middle panel of Fig. 5.17)
demonstrates that the backward rapidities are more affected by the contamination. The
discussed behaviour is observed in all targets.
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Figure 5.19: Phase space distribution of (background - subtracted) Λ candi-
dates in terms of transverse momentum and rapidity in the laboratory system.
Red curves depict the geometrical restriction of the several sub - detectors, i.e.
Θlab = 33◦, 59◦, 126◦.

The phase space distribution of the final Λ candidate selection is depicted in Fig. 5.19
in the plane spanned by the transverse momentum and laboratory rapidity. The red
lines, as usual, denote the geometrical limitations of the RPC and BAR sub - detectors.
The measurement of Λ candidates beyond the geometrical acceptance is possible if the
decay products are detected within the detector acceptance. In contrast to previously
discussed charged kaons and the φ meson, the phase space distribution is indifferent
towards the RPC and BAR acceptance. To reconstruct the decay products of the Λ
baryon, i.e. protons and pion the PID capabilities of the CDC are fully sufficient.
Therefore, the Λ spectra are not influenced by the different resolution of RPC and BAR
sub - detectors.

The kinematic influence of different targets is compared in Fig. 5.18 by the projec-
tions of the phase space distribution onto the transverse momentum axis (left panel),
the rapidity axis (middle) and integration over the kinematic ellipses into laboratory
momentum (right panel). In order to be tantamount, the histograms are normalised to
the number of events recorded for the certain target. For ‘fast’ particles (upper half of
the momentum and rapidity distributions) the kinematic behaviour is very similar in
all three targets. The lower momentum and rapidity region are stronger populated in
the heavier systems, i.e. lead and copper, possibly indicating a strong influence of the
rescattering processes.

The momentum distributions obtained in carbon and lead targets are compared di-
rectly in Fig. 5.20 by constructing a ratio of lead to carbon. For momenta larger than
plab = 0.65 GeV/c both distributions are equal, the ratio adapts a constant value. To-
ward smaller momenta the larger portion of slow Λ candidates manifest itself in the
increasing ratio values. A priori, two mechanisms can be responsible for the reduced
momentum values in a heavy target. On the one hand, the small mean free path of
Λ baryons in nuclear matter promotes elastic and inelastic interaction with nucleons.
Larger number of scattering partner in a heavy target causes a stronger population of
the low momentum region. On the other hand, Λ baryons are expected to experience
an attraction toward nucleons due to strong interaction, resulting in a similar effect
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Figure 5.20: Momentum distribution of Λ baryons, obtained in the lead target
per event, normalised to the corresponding distribution from the carbon target.

on the momentum distribution. In order to distinguished between the two contribu-
tions, realistic transport modelling is necessary. The effect of the strong interaction is
mostly pronounced at small momenta. Due to a limited statistics the sensitive region,
presumably, could not be reached in the presented analysis.

5.6 The K0
S meson

The K0
S meson8 is a particularly convenient candidate for the study of the KN potential.

The mean free path of a slow (plab ∼ 100 MeV/c) K0 meson in normally dense nuclear
matter is λ ∼ 5.3 fm. This length is comparable to the diameter of a carbon nucleus and
about one third of the lead nucleus’ diameter. The K0 mesons are likely to escape the
dense region without suffering collisions of elastic or inelastic nature. Furthermore, due
to its neutral electric charge it is not influenced by the electro - magnetic interaction. Its
in - medium interaction is restricted solely to the strong interaction.

Under considered experimental conditions K0 mesons can be produced in associated
production with a hyperon or directly with a K− meson and a proton. In the presented
analysis the K0 candidates are reconstructed from their dominant decay channel - the
decay into two charged pions. The identification procedure and the background estima-
tion method are describes in Section 5.3. The topological criteria for the preselection of
K0 candidates are listed in Table 5.4.

The invariant mass spectra on π+ -π− pairs, that fulfilling the correlation require-
ments, are displayed by the red histograms in Fig. 5.21 for the three evaluated targets.

8In the following section the notation “K0” and “K0
S” are used synonymously. The K0

L mesons are
due to their large decay length of cτ = 15.3 m not measurable with the FOPI spectrometer.
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The mass spectra of K0 mesons are superimposed by a spectrum of pion pairs which do
not originate from a K0 decay. This contribution is estimated by requiring correlation
for pions from different events. The obtained background distribution is depicted by
the blue histograms. The background contribution is highest in the carbon target data
and decreases with increasing target size. In all three target the background is well
reproduced by the event - mixing method.

The lower row of the Fig. 5.21 shows the difference of the correlated and uncorre-
lated distributions. The peak around the nominal kaon mass is fitted with a gaussian
distribution. The observed standard deviation of the gaussian fit is ∼ 14.2 MeV in all
targets.

The kaon signal is determined as the integral over the mass region, specified by the
red shaded area in the upper row of Fig. 5.21. Hereby the background contribution is
excluded. The amount of signal, observed in the carbon and lead targets under certain
trigger conditions9, are listed in Table 5.9. The number of identified K0 candidates
reconstructed from carbon and lead targets are very similar. The largest fraction of
candidates is measured in the events selected by trigger bit T12. This circumstance will
be used in the following analysis to unambiguously define a reaction cross section.

Trigger ID K0 signal in C - Tar: K0 signal in Pb - Tar:

‘all’ 4277 4297
T10 464 337
T11 489 367
T12 2583 2873
T13 2215 2015
T14 1061 1003
T15 1009 1207

Table 5.9: K0 signal obtained in different targets with a certain trigger se-
lection. The trigger conditions are defined in Section 3.5. The label ‘all’
corresponds to the combination of all trigger bits and, therefore, to the most
complete data sample.

5.6.1 Investigation of the Combinatorial Background

The applied topological and kinematic restriction for the daughter particles and the
secondary vertex ensure a reasonable preselection of K0 candidate but can be optimised
by evaluating the background contribution to the distributions of the selection quan-
tities (i.e. hmul, d0, ∆z, etc.). A detailed inspection of relevant quantities resulted
in optimised selection criteria. The numerical values are summarised in Table 5.10.
The corresponding histograms are compiled in Appendix B. Note that the background
contribution is qualitatively equal for different targets.

The influence of the more involved selection is demonstrated in Fig. 5.22. The left
panel shows the invariant mass distribution, obtained with the preselection choices and

9Definition of the trigger conditions can be found in Section 3.5.
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the right panel with the optimised one. The background is substantially reduced. A
numerical comparison of the K0 signal expose also a strong reduction of K0 signal and
its significance (i.e. S

√
S +B).

The overall goal of the presented analysis is to compare the dynamic behaviour of
K0 mesons in differently sized targets. Therefore, the relevant impact of the background
reduction is the one on the kinematic variables. In Fig. 5.23 the transverse momentum
(upper panel), laboratory rapidity (middle) and the laboratory momentum (lower panel)
are compared for the original (red symbols) and the optimised (blue symbols) pion pair
selection. In order to be directly comparable, the distributions are normalised to the
number of K0 candidates in the respective selection scenario. All three quantities agree
within their statistic uncertainties. The discussed background reduction does not affect
the dynamic behaviour of the remaining K0 candidates. To sustain a largest possible
number of K0 candidates only the preselection criteria are applied in the following
analysis.

Figure 5.22: Invariant mass distribution of K0
S meson candidates with (right

panel) and without (left panel) optimised topological selection criteria. Lower
row shows the background subtracted mass spectra.

K0
S meson → π+ meson π− meson

hmul > 35. hmul > 27.
|d0| > 0.9 cm |d0| > 0.9 cm

pt > 0.08 GeV/c pt > 0.08 GeV/c
|z| < 25. cm |z| < 25. cm

Secondary vertex: −1. < rS · sin(φK0 − φS) < 0.6; −25. < ∆z < 20. cm; rS > 1. cm

Table 5.10: Optimised topological restriction for the selection of K0
S candi-

dates.
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Figure 5.23: Influence of the op-
timised topological selection crite-
ria on the dynamic variables of K0

S

meson candidates. Red symbols
denote result of the preselection
and the blue symbols - the more in-
volved analysis. The spectra are
normalised to the respective num-
ber of K0

S candidates. The his-
tograms are obtained from the car-
bon target data.

To account for the contamination, the combinatorial background is subtracted bin -
wise in every momentum bin. Of particular interest is the low momentum signature
of K0 mesons. In Fig. 5.24 the invariant mass distribution is evaluated in the five
lowest momentum bins. Below plab ∼ 100 MeV/c the kaon signal is not distinguishable
from the fluctuation of the background. Also a more elaborated background reduction
procedure could not reveal a designated signal in this momentum region. Above plab ∼
100 MeV/c a clearly defined excess is visible close to the nominal kaon mass. The mixed -
event background description method does not fully reproduce the observation. In the
following analysis the characteristic histograms are adjusted to recreate the background
to the best possible extend.

5.6.2 Reconstruction Efficiency Considerations

In order to facilitate a direct comparison of the reconstructed quantities from the carbon
and lead target data the differences in reconstruction efficiency have to be investigated.
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Figure 5.24: Invariant mass distribution of K0 meson candidates restricted
to the labeled momentum selection. The blue histogram demonstrate the
corresponding background estimation. ‘p’ denotes the laboratory momentum.
Its numerical values are given in GeV/c. The histograms are obtained from
the carbon target data.

For the K0 mesons the same approach is adopted as for the evolution of the re-
construction efficiency of φ mesons (Section 5.4). The input phase space distribution
of K0 mesons is parametrised as a flat pt - ylab formation, embedded into IQMD events
and propagated though the detector by the means of the Geant detector simulation.
The figures, characterising the procedure, are compiled in Appendix B. The efficiency
is evaluated by the comparison of the output and the input phase space distributions in
discrete pt - ylab cells. The resulting efficiency values are depicted in the right panel of
Fig. 5.26 as a function of the transverse momentum. The values are integrated over the
full rapidity range10 for the carbon and lead targets. The ‘ratio’ depict the lead - to -
carbon quotient of the both distributions. Reconstruction efficiency in both targets is
found to be independent of momentum in a wide momentum range. A slight deviation
is observed merely in the lowest momentum bin. Furthermore, the reconstruction in the
lead data seems to be twice as efficient as in the carbon data. The ‘factor two’ does not

10Efficiency in the differential representation can be found in the Appendix B.
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Figure 5.25: Ratio of the recon-
struction efficiency of K0 mesons
in lead to the one in carbon as
a function of laboratory momen-
tum [LBen].

Figure 5.26: Reconstruction effi-
ciency of K0 mesons in lead and
carbon targets, as well as their ra-
tio (εPb/εC) as a function of trans-
verse momentum. The statisti-
cal error bars are smaller than the
symbols.

meet the expectations. The reason is suspected in the not implemented smearing of the
vertex distribution due to experimental beam spread.

A similar, however more involved, study was performed for the reconstruction of
K0 mesons from pion induced reactions on a carbon and lead targets at an incident
beam momentum of pπ− = 1.15 GeV/c. The resulting efficiency ratio as a function
of momentum is shown in the left panel of Fig. 5.25. The momentum dependance is
similar to the present analysis but the relative reconstruction capability in both targets
is equal over a large momentum range. Details of the performed simulations can be
found in [Ben07]. Based on this analysis, the reconstruction in carbon and lead targets
is considered equally efficient and not momentum dependent.

5.6.3 Phase Space Distributions of K0
S Mesons from Reactions with

Different Targets

Fig. 5.27 depicts the K0
S meson candidate in the transverse momentum - rapidity plane.

The red curves demonstrate the geometrical restrictions of the RPC and BAR sub -
detectors. Since K0

S mesons are reconstructed from their decay products, a wide phase
space coverage can be reached. A substantial fraction of K0

S candidates is reconstructed
outside the geometrical detector acceptance. A priori, there is no lower momentum limit
for the K0 reconstruction, as long as the resulting pions are fast enough to reach the
CDC. In the present analysis, as discussed above, K0

S candidates could be reconstructed
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reliably down to plab ∼ 100 MeV/c.

Already in this representation it is obvious that the bulk of K0
S candidates, pro-

duced in the lead target, is shifted in rapidity compared to the carbon target. Also
the low transverse momentum region appears to be populated differently. The dynamic
behaviour in different targets is compared in Fig. 5.28. Distributions of pt (left panel),
ylab (middle) and plab (right panel) are normalised to the respective number of recorded
events for each target. The differences in the kinematic variable are not as strongly
pronounced as for the Λ baryon (see discussion in the previous section). Especially the
lead - like behaviour of the copper data in not observed. The spectra appear to scale
with the target size. For instance, the rapidity distribution from carbon is shifted with
respect to the one from lead. The result from the copper data lies in between.

The influence of a KN in - medium potential manifest itself in a repulsive mean
field. The repulsion from the nucleons influences the momentum distribution K0 meson
in the final state, by ‘shifting ’ it to larger values. Assuming the (density dependent)
in - medium effects being much smaller in the carbon nucleus than in the lead system,
the momentum distributions of K0 mesons from both targets should be shifted with
respect to each other.

The momentum distribution in the heavy lead target and in the light carbon target
are compared by the means of their ratio in Fig. 5.30. The ratio is defined as:

R(σPb/σC) =
dN/dpPb
dN/dpC

· NC

NPb
· σC
σPb

.

The complex trigger logic of the given experiment does not allow to unambiguously
associated a measured cross section to the full experiment. Based on the observation,
that a large fraction of K0 meson are reconstructed from events fulfilling the trigger
condition ‘T12’ (see Table 5.9) the evaluation of momentum ratios is restricted to the
data sample, selected by the ‘T12’ condition. In order to verify a possible bias by this
selection, the obtained momentum ratio per analysed event is compared to an analogous
ratio from the full data sample in Fig. 5.29. Both distribution are comparable within
statical uncertainties. It is concluded that limiting the analysis to a particular trigger
selection does not influence the physical implications.

Fig. 5.30 shows the ratio observable, normalised to the measured cross section. The
distribution exhibits a maximum around plab ∼ 0.3 GeV/c and adopt a constant value
at large momenta. The observed behaviour can only be explained by the presence of a
repulsive KN in - medium potential. The magnitude of the repulsion, however, can only
by deduced by a comparison to transport model calculations.

5.7 Transport Model Comparison

The HSD transport approach was very successful in describing the K0
S in - medium be-

haviour, observed by the FOPI collaboration in pion induced reaction at pπ− = 1.15
GeV/c. The published results are depicted in Fig. 5.1. The present data sample allows
to test the theoretic modelling at a different energy regime and for another strange
particle species.
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Figure 5.29: Momentum distribu-
tion ratio of K0 meson candidates
from the full data sample and from
events triggered by the trigger bit
T12. See text for details. The er-
ror bars are of a statistic nature.

Figure 5.30: Ratio of momentum
distributions from lead and carbon
targets, normalised to the mea-
sured cross section. The error bar
are of statistical nature.

In Fig. 5.31 the experimentally determined ratio is compared to the prediction of
the HSD transport approach. The calculations are filtered for the detector acceptance
and normalised to the full geometrical cross section calculated as:

σHSD(A)[mb] = (1.16 fm ·A1/3 + 4 fm)2 · 0.1 · π.

The formula takes into account the peculiarities in the modelling of the incident pion11

and the targets.

Without the assumption of a KN in - medium potential, the model predicts the
largest ratio at smallest momenta and a continuous decrease with increasing momentum.
The experimental observation favour the other scenario in which the kaons are repelled
by the nucleons through the employed KN potential of U(ρ0, p = 0) = 20 ± 5 MeV.
The absolute magnitude and the position of the maximum are not reproduced by this
calculation.

In Fig. 5.32 the observed ratios for K+ (left panel) and K− (right panel) mesons
are compared to HSD predictions. Due to an additional repulsion by the Coulomb
interaction, the ratio for the K+ meson exhibit a similar signature with and without a
KN in - medium potential. Nevertheless, the position of the maximum is predicted to
be sensitiv to an additional repulsion by the strong interaction. Neither the momentum
dependance, nor the magnitude of the experimentally observed ratio is close to the
predictions.

11The pion is parametrised as a disc with a certain radius.
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Figure 5.31: The ratio observable of K0
S mesons in comparison to the pre-

dictions of the HSD transport approach with and without the assumption of
in - medium modifications. Only statistical errors are shown for the experiment
data.

Encouraging for the discussion of a K̄N in - medium potential is the predicted in -
medium modification of the ratio for K− mesons. For K− mesons faster than plab ∼ 200
MeV/c in both scenarios a constant ratio is predicted. The potential manifest itself in
the magnitude of the ratio.

At small momenta the data does not show any indication for the predicted rising
behaviour. In the remaining momentum part, the data favours the calculations without
a K̄N in - medium potential. However, based on the observation for the K+ meson, it
is not a reliable conclusion.

The display of these data aims at motivating the further development of the theo-
retical modelling.
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Figure 5.32: The ratio observable of K+ mesons (left panel) and K− mesons
(right panel) in comparison to the predictions of the HSD transport approach
with and without the assumption of respective in - medium potentials. The
data is normalised to the geometrical cross section. Only statistical errors are
shown for the experiment data.



Chapter 6

Conclusion

Strangeness conservation by the strong interaction makes nuclear matter, to a large
extend, transparent to strange particles1 at low energies. Production mechanism in
heavy - ion reactions, which enable the strangeness production close or even below the
corresponding threshold energy, ensures that the strange particles originate from the
dense phase of the collision. Possible alteration of hadrons’ mass, production cross
section or width in dense and/or hot nuclear matter may bear information about partial
restoration of chiral symmetry. Strange particles, like positively charged kaons, have no
mechanism to be reabsorbed in heavy ion collisions at SIS-18 energies. Their final state
phase space distribution is only influenced by elastic processes and the propagation
in mean field potentials. The study of production yield was proposed as a tool for
the search of in-medium effects. Spectral functions of kaons and antikaons have been
explored extensively by the KaoS collaboration. The conclusion about the fundamental
properties of QCD were highly model dependant.

The study of the collective motion provides a further, independent observable for
possible in-medium effects. Reconstructed from the azimuthal distribution in the final
state, it is sensitiv to the entire time development of the collision. In presented work
the collective motion of charged kaons have been studied in Ni + Ni collisions at an
incident energy of 1.91 AGeV within the FOPI experiment. The asymmetries of the
azimuthal distribution in the final state of kaons and antikaons has been systematically
investigated. The centrality, momentum and rapidity dependance have been examined
in detail in the experimental data and from the results of transport calculations. The
contribution of the Coulomb interaction to the final state observations has been pointed
out.

The collective motion of protons is dictated by the pressure gradient in the collision.
Positively charged kaons were found to exhibit a collective deflection opposite to that of
protons in the plane of the reaction. This phenomenon is referred to as ‘antiflow’ and
could be reproduced by the HSD and IQMD transport calculations under the assumption
of a repulsive KN potential. The implemented value of U(ρ0, p = 0)KN = 20±5 MeV is
sufficient in the IQMD approach to reproduce the data. HSD, with the same amount of
repulsion, overestimates slightly the flow signature in peripheral collisions. In the plane

1Not claimed for anti-strange particles.
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perpendicular to the reaction plane, K+ mesons show a weak ‘squeeze out’. Also this
signature is explained by the presence of an in-medium potential. Beyond mid - rapidity,
no sensitivity to the effects of the medium is predicted by the transport calculations.

Negatively charged kaons were found to be emitted isotropically, within large statistic
uncertainties though. Both transport calculations agree that the observed patterns can
not be explained without the assumption of a K̄N potential. Best agreement is achieved
with the IQMD transport approach. The implemented U(ρ0, p = 0)K̄N = −50 ± 5
MeV slightly overestimates the data. Within the comparison to IQMD a potential
of UK̄N = −40 ± 10 MeV would explain the experimental flow pattern. However,
this observation of the K̄N potential has to be handled with care. The IQMD model
describes antikaons in a quasi particle picture and does not account for the significant
influence of the resonant nature of antikaons. The more accurate, coupled channel,
approach of HSD also suggest an in-medium K̄N potential, but of a smaller amount.

The results of the current analysis are found to be in agreement with all comparable
results from the literature. Part of the analysis has been published in Phys. Rev. C 90,
025210 (2014). The author significantly contributed to the publication.

In the considered heavy-ion collisions the nuclear matter is heated and compressed
to ∼ 2 - 3 times the normal nuclear matter density. The above discussed study is ex-
panded by the investigation of in-medium effects at normal nuclear matter density in
pion induced reactions.

Strangeness production is examined in the reactions: π− + C, Cu and Pb, with
pion incident momentum of pπ− = 1.7 GeV/c. Motivated by an analogous measurement
at lower pion incident momentum (pπ− = 1.15 GeV/c) the ratio of the momentum
distribution of strange particles produced in the heavy target to a respective distribution
in a light target is expected to be sensitiv to the effects of the medium. In the present
work the strange particles: K+, K−, K0

S , φ meson and Λ baryon has been reconstructed.
Systematik investigation of the background contribution has been performed. Strategies
in background reduction and optimised description has been developed. Reconstruction
efficiency has been studied by the mean of the Geant simulation.

The obtained results reveal the following observations:
The measured yield of φ mesons support the hypothesis of Z2/3 scaling of the production
cross section. Due to the lack of beam intensity, the total amount of measured φ mesons
is too low to do the anticipated study of the transparency ratio.

The Λ baryon reconstructed from reactions with a heavy and light targets exhibit
different dynamic behaviour. The difference is attributed to scattering processes, since
the effects of the medium due to strong interaction are expected outside the reached
kinematic acceptance.

Negatively charged kaons from reactions with heavy and light targets have been
observed to behave very similarly, suggesting a strong contribution from inelastic scat-
tering.

The K+ and K0
S mesons could be reconstructed down to a relatively small momen-

tum of plab ∼ 100 MeV/c. The momentum ratio observable exhibits a typical signature
of in-medium repulsion. In the case of K+ mesons the contribution from the electromag-
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netic interaction impede the distinction between the strong and Coulomb interaction.
Comparison to the transport calculations demonstrated the necessity for a further de-
velopment of theoretical modelling.

The present work aims at creating a conceivably complete sample of strange particle
observation under different physical conditions. The created convolution may inspire
the advancement of theoretical modelling and be used as reference and motivation for
further measurements.

“Everything not saved will be lost.”
- Nintendo ‘quit screen’ icon
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K. D. Hildenbrand,2 J. Kecskemeti,10 Y. J. Kim,2 M. Kirejczyk,11 M. Kiš,2,5 P. Koczon,2 R. Kotte,13 A. Lebedev,12
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Azimuthal emission patterns of K± mesons have been measured in Ni + Ni collisions with the FOPI
spectrometer at a beam kinetic energy of 1.91 A GeV. The transverse momentum pT integrated directed and
elliptic flow of K+ and K− mesons as well as the centrality dependence of pT - differential directed flow of K+

mesons are compared to the predictions of hadron string dynamics and isospin quantum molecular dynamics
transport models. The data exhibits different propagation patterns of K+ and K− mesons in the compressed and
heated nuclear medium and favor the existence of a kaon-nucleon in-medium potential, repulsive for K+ mesons
and attractive for K− mesons.

DOI: 10.1103/PhysRevC.90.025210 PACS number(s): 25.75.Dw, 25.75.Ld, 13.75.Jz, 24.10.−i

I. INTRODUCTION

Relativistic heavy-ion collisions at bombarding energies of
1–2 A GeV provide the unique possibility to study nuclear
matter at high temperatures, around 100 MeV, and baryon
densities about 2–3 times the normal nuclear matter density

*v.zinyuk@gsi.de
†t.i.kang@gsi.de

(ρ0) [1,2]. Under these conditions, the properties of hadrons
may be altered as a result of various nontrivial in-medium
effects like the partial restoration of the spontaneously broken
chiral symmetry, the modified baryon-meson couplings, and
the nuclear potential. Whether and how hadronic properties,
such as masses, widths, and dispersion relations are modified
in the hot and dense nuclear medium is a topic of great current
interest. In particular, strange mesons produced around the
production threshold energies in nucleon-nucleon collisions
are considered to be sensitive to in-medium modifications.

0556-2813/2014/90(2)/025210(6) 025210-1 ©2014 American Physical Society
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TABLE I. Charged kaon acceptance in terms of laboratory
momentum and polar angle are shown with corresponding signal-
to-background-ratios (S/B) (see text for details).

ToF θlab K+ K−

(deg) plab (GeV/c) S/B plab (GeV/c) S/B

MMRPC [30, 55] [0.13, 0.9] >22 [0.13, 0.7] >8
PSB [55, 110] [0.13, 0.55] >10 [0.13, 0.45] >4

Various theoretical approaches agree qualitatively predicting
slightly repulsive KN and strongly attractive KN potentials
[3]. The depth of the KN potential at finite densities is,
however, not well constrained by currently available data
and is a matter of an active theoretical dispute [4]. If the
K−N potential is sufficiently deep, this might have exciting
consequences for the stability of neutron stars [5] or for the
existence of deeply bound K− states [6].

Heavy-ion experiments, with the capability to identify
kaons and antikaons, have been performed with the KaoS,
FOPI, and HADES detector systems at the heavy-ion syn-
chrotron (SIS) of GSI, aiming at measuring the in-medium
properties. A significantly enhanced yield of K− mesons
relative to that of K+ [7,8], an increase of the K−/K+ ratio
at low kinetic energy of kaons [8,9], and different freeze-out
conditions of K+ and K− mesons were observed [10], the latter
at least partially explained by the production of φ mesons [11].
After the suggestion that the KN potential should manifest
itself in the collective motion of kaons, referred to as flow [12],
a lot of effort was invested to deduce the strength of the kaon
potential by measuring the kaon flow in heavy-ion collisions
[13–16]. Experimental difficulties due to the small production
rate of K− mesons in comparison to K+ in the SIS energy
regime restrict the measurements. Currently available flow
results for K− mesons are not sufficient to draw conclusions
on the existence and strength of the KN in-medium potential.

In this article, we report on the simultaneous measurements
of K+ and K− mesons with a large acceptance spectrometer
at an incident beam energy of 1.91 A GeV that is close to the
various strangeness production threshold energies. The data
are compared to state-of-the-art transport calculations with
and without the assumption of an in-medium potential. In
particular, we show the azimuthal anisotropy of K− mesons in
a wide range of rapidity and the centrality dependence of pT

differential flow of K+ mesons.

II. DATA ACCUMULATION AND ANALYSIS

The experiment was performed with the FOPI spectrometer,
an azimuthally symmetric apparatus comprising several subde-
tectors [17]. Recently a high-resolution highly granular time-
of-flight (ToF) barrel based on multistrip multigap resistive
plate counters (MMRPCs) [18] was added to the FOPI appara-
tus improving significantly the kaon identification capability.
Charged kaons are identified based on the ToF information
from MMRPC and plastic scintillator barrel (PSB), combined
with the momentum information from the central drift chamber
(CDC, 27◦ < θlab < 113◦), see Table I.

The acceptance range of the detector for K± is shown in
the top panel of Fig. 1 in terms of normalized transverse mo-

FIG. 1. (Color online) Top: Measured yield of K+ and K−

mesons: pT /mK as a function of y(0). The contour levels correspond
to logarithmically increasing intensity. The solid curves denote the
geometrical limits of the detector acceptance (θlab = 30◦, 55◦, and
110◦). The dashed curves corresponds to plab = 0.55 and 0.9 GeV/c

for K+ (left) and plab = 0.45 and 0.7 GeV/c for K− (right). Bottom:
The mass spectra from MMRPC for Z = 1 and −1. The solid
lines represent Gaussian fit functions for the signal and exponential
functions for the background (see text for details).

mentum, pT /m, and normalized rapidity, y(0) = ylab/ycm − 1,
defined to be +1 (−1) at projectile (target) rapidity. About
69 × 106 events were recorded, triggering on the most central
60% of the total geometrical cross section (σtrig = 1.6 b).
In total, 233 300 K+ and 5200 K− mesons were identified
within 2σ around the fitted signal peaks from ToF mass spectra
(as visualized for the MMRPC in Fig. 1, bottom). In order
to account for the contamination from pions and protons as
well as misidentified tracks the background distribution was
estimated in a worst-case scenario, i.e., as linear background
connecting the minima around the fitted signal peaks in
the mass spectra. Following these definitions for signal and
background the signal-to-background-ratios (S/B), as listed
in Table I, were estimated. The events were sorted into
different centrality intervals by imposing conditions on the
baryon multiplicity (Mul), shown in Table II. The baryon
multiplicity contains all charged particles from the plastic
wall (6.5◦ < θlab < 23◦) and p, d, t, 3He, and 4He from the

TABLE II. Definition of event classes: (a) total, (p) peripheral,
and (c) central events. The corresponding cross section σ , mean
impact parameter 〈b〉, the r.m.s. of b distribution: �b and the reaction
plane correction factors f1 for v1 and f2 for v2 are listed.

Mul σ (b) 〈b〉 ± �b (fm) f1 f2

(a) [20,90] 1.09 ± 0.10 3.90 ± 1.41 1.5 ± 0.1 3.0 ± 0.1
(p) [20,48] 0.79 ± 0.05 4.54 ± 0.95 1.5 ± 0.1 3.0 ± 0.1
(c) [49,90] 0.30 ± 0.05 2.11 ± 0.80 1.6 ± 0.1 3.1 ± 0.2
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FIG. 2. (Color online) Rapidity dependence of v1 for protons (a), K+ (b) and K− mesons (c), in comparison to HSD and IQMD with (w)
and without (wo) in-medium potential. Error bars (boxes) denote statistical (systematic) uncertainties. The star symbols for K− mesons at
mid-rapidity in (c) are from the high statistics data in the range p < 1.0 GeV/c with S/B > 5.

CDC. The reaction plane was reconstructed eventwise by
the transverse momentum method [19] including all particles
except identified pions and kaons within the CDC and plastic
wall acceptance outside the midrapidity interval |y(0)| < 0.3.
The particle of interest was excluded in order to avoid
autocorrelations.

The phenomenon of collective flow [20] can be quanti-
tatively described in terms of anisotropies of the azimuthal
emission pattern, expressed by a Fourier series:

dN

dφ
∝ [1 + 2v1 cos(φ) + 2v2 cos(2φ) + · · · ] , (1)

where φ is the azimuthal angle of the outgoing particle with
respect to the reaction plane [21]. The first-order Fourier
coefficient v1 describes the collective sideward deflection
of particles in the reaction plane, called directed flow. The
second-order Fourier coefficient v2 describes the emission

pattern in versus out of the reaction plane, referred to as
elliptic flow [15,22]. The Fourier coefficients are corrected
for the accuracy of the reaction plane determination according
to the Ollitrault method [23]. The mean correction values,
f1 and f2 (given in Table II) are calculated separately for
each evaluated centrality (multiplicity) interval. The correction
values fn are applied to the measured vn values according
to the event’s multiplicity. Possible resolution effects due to
wide centrality bins, as discussed in [24], were investigated
and found to be negligible for the present analysis. Note that
the most peripheral events (Mul < 20) were rejected to assure
a minimal accuracy of the reaction plane determination.

III. RESULTS

The experimental data on v1 and v2 of K± for the total event
sample (a) (see Table II) are presented as function of y(0) in
Figs. 2 and 3. v1 is by definition antisymmetric with respect
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FIG. 3. (Color online) Rapidity dependence of v2 for protons (a), K+ (b) and K− mesons (c), in comparison to HSD and IQMD transport
model predictions. Lines and symbols as in Fig. 2.
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FIG. 4. (Color online) Transverse momentum (pT ) dependence
of v1 distributions for K+ mesons in peripheral (a) and central (b)
collisions in comparison to HSD and IQMD predictions with (solid
lines) and without (dashed lines) in-medium potentials.

to midrapidity, therefore it should vanish at midrapidity for
a symmetric collision system. However, we observe, like in
other FOPI data [15,25], a deviation from zero. Systematic
investigation of v1 at midrapidity (y0 = 0) showed a depen-
dence on centrality, particle type and system size suggesting
a correlation with track density. When reconstructing the
reaction plane with the best possible accuracy (i.e., largest
polar angle range 6.5◦ < θlab < 113◦) the v1 at midrapidity
was found to be independent of transverse momentum in
the system Ni + Ni at 2 AGeV. The origin of the v1 shift
was investigated by means of Monte Carlo study using the
GEANT3 package [26]. Within the Monte Carlo framework
the FOPI apparatus is described including the resolution in
energy deposition and spatial position, front-end electronic
processing, hit reconstruction, hit tracking and track matching
between the sub-detectors. The output of GEANT was analyzed
in the same way as the experimental data. As observed in
the data, the v1 shift at midrapidity was found to depend
on centrality and particle type, and to be independent of
transverse momentum. However, the magnitude of the shift
is underestimated by the simulation, and hence the Monte
Carlo data can not be used to correct the experimental values
quantitatively. We adopt a conservative approach and attribute
the full shift at midrapidity as systematic uncertainty (boxes in
Figs. 2 and 4). Since the local track density seen by the CDC
only depends on the azimuthal angle and not on the polar
angle we assume the systematic uncertainty to be rapidity
independent.

The v1 values of K− are compatible with zero within the
statistical sensitivity of the data (Fig. 2) In order to reduce
the statistical error, Fig. 2 also contains a K− data point with
an upper momentum limit of 1.0 GeV/c (star symbol) from
subset of runs with improved resolution.

Near target rapidity K+ mesons show a collective in-
plane deflection in the direction opposed to that of protons
(Fig. 2). This pattern is called antiflow and is in agreement
with previous FOPI measurement [15]. Additionally the K+

mesons are observed to collectively move out-of-plane (Fig. 3)
as indicated by the negative v2 values. In case of K− mesons
[Figs. 2(c) and 3(c)], both v1 and v2 are compatible with zero
within the statistical sensitivity of the data, i.e., an isotropic
emission pattern is observed.

The KaoS collaboration has measured v2 coefficients of
K± to be v2(K+) = −0.05 ± 0.03 and v2(K−) = −0.09 ±
0.06 at midrapidity for the same collision system at the same
beam energy, however, with a different detector acceptance
and collision centrality (3.8 < bgeo < 6.5 fm) [16]. The v2

values from our data, reduced to the same centrality range and
acceptance, are compatible with the KaoS results, but do not
show any indication for in-plane emission of K− mesons.

In order to link the flow measurements to the K± properties
in the nuclear medium, a comparison to the predictions of
transport model calculations is necessary. For this analysis
we utilize the hadron string dynamics (HSD) model [27] and
isospin quantum molecular dynamics (IQMD) [28] offering a
state-of-the-art description of kaon dynamics [4]. The models
employ different in-medium scenarios for the modification
of strange particle properties in the dense and hot medium:
in HSD the chiral perturbation theory [29] for kaons and a
coupled channel G-matrix approach [30] for antikaons are
implemented. In IQMD transport approach the relativistic
mean-field model for kaons and antikaons based on a chiral
SU(3) model is used [31].

The centrality selection imposed on the data is realized
by weighting the events with an impact parameter dependent
function. This function is obtained by evaluating the influence
of a multiplicity selection on the impact parameter distribution
within the IQMD model which describes the multiplicity
distribution – after cluster formation – reasonably well. Earlier
data on flow of K+ mesons [15] and the K0

s spectra in
pion induced reactions [32] were successfully described by
HSD with a repulsive KN potential of 20 ± 5 MeV for
particles at rest (p = 0), at normal nuclear matter density
and a linear dependence on baryon density. Employing this
parametrization for the K+N potential in both HSD and
IQMD, and a similar, but attractive one with UK−N (ρ =
ρ0,p = 0) = −45 MeV in IQMD and a G-matrix formalism
corresponding to UK−N (ρ = ρ0,p = 0) = −50 MeV in HSD
for the K−N potential the model predictions depicted by
the full lines in Figs. 2 and 3 are obtained. The phase
space distributions obtained from the transport calculations
are filtered for the detector acceptance. The flow observables
are calculated using the true reaction plane. Typical statistical
uncertainties in the calculations are of the order �v1 ≈ 0.005
and �v2 ≈ 0.01. The effect of the in-medium potentials is
visible in the difference to the model calculations without
in-medium potential (dashed lines) that still include K±N
rescattering and absorption processes for K− mesons.

Inspection of Fig. 2 reveals that according to the transport
models the largest sensitivity to the presence of in-medium
potentials is achieved with the side flow observable, v1,
near target rapidity. Without any in-medium modifications
the K+ mesons should be emitted nearly isotropic, i.e., v1

and v2 values are close to zero. The presence of a repulsive
K+N potential manifests itself by pushing the K+ mesons
away from the protons, thus generating the antiflow signature
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of K+ mesons. The magnitude of the antiflow is correctly
described by IQMD transport approach with the assumption
of a K+N potential of 20 ± 5 MeV, while HSD predicts the
antiflow effect but quantitatively overestimates the magnitude
of the experimentally observed antiflow. For K− mesons
the interpretation is different: because of the strong absorption
due to strangeness exchange reactions with baryons, an
antiflow signature is expected without the presence of a
potential (Fig. 2). This is clearly disfavored by the data.
Assuming an additional attraction of K− toward protons, due
to strong interaction, the IQMD transport model predicts an
almost isotropic emission pattern, as it is observed in the data.
HSD predicts a strong flow signature in the near target region,
though. Following both model predictions the data indicate
the presence of an attractive K−N potential. Following the
IQMD approach, the depth of the potential can be constrained
to UK−N (ρ = ρ0,p = 0) = −40 ± 10 MeV.

The second harmonic v2 of K+ mesons (Fig. 3) shows a
squeeze-out signature at mid-rapidity that is explained within
the IQMD model by the presence of an in-medium potential.
The HSD model predicts a weak squeeze-out effect, deviating
by about 2 �v2 from the data. Within the statistical sensitivity
of the data this observable does not show any sensitivity to the
potential away from midrapidity.

In the near target rapidity region the experimental v2 is
underestimated by both model calculations. However, the
deviation is at the limit of the statistical significance. Note
that also the v2 values of protons (Fig. 3) are not reproduced
by HSD. In the case of K− elliptic flow, experimental
uncertainties are too large to draw any conclusion about the
K−N potential.

To probe the consistency of the transport model description
of the current data, shown in Fig. 2, we present in Fig. 4 the
differential dependence of v1 on the transverse momentum pT

for K+ mesons near target rapidity (−1.3 < y(0) < −0.5) for
the two centrality classes (p) and (c) defined in Table II. Within
the acceptance the in-plane asymmetry changes from positive
to negative values with increasing transverse momenta, while
the theoretically predicted drop to zero at small transverse
momenta is experimentally not accessible.

In the central event sample the data are compatible with
both, HSD and IQMD, calculations employing the in-medium
potential described above, in agreement to previously pub-
lished FOPI results [15]. The IQMD calculations reproduce
the transverse momentum dependence and the strength of the
v1 coefficient for low transverse momenta (pT < 0.4 GeV/c).
This quality of IQMD is also observed for the peripheral event
sample, where the data show a slightly stronger pT dependence
as compared to the central case. Within HSD the transverse
momentum dependence is strongly overpredicted leading to
very large asymmetries at small pT that are excluded by the
data.

The influence of the Coulomb interaction was studied
within the HSD transport model by comparing the flow
patterns of K0

S and K+ mesons. Both members of the isospin
doublet show a similar pT dependence of v1, but in case
of K+ mesons the predicted antiflow is up to 12% higher
at low transverse momenta. This difference is attributed to

the additional repulsion due to electromagnetic interaction
between K+ mesons and protons in the near target region.
The long-range influence of the Coulomb attraction/repulsion
between kaons and nucleons of the projectile and target
remnants was investigated with the SACA clusterization
algorithm [33], which simulates the propagation of particles
in the Coulomb field up to flight times of ∼10000 fm/c.
Statistically significant influence was found only for the very
small momenta, beneath the detector acceptance. We conclude
that most of the asymmetry is caused by the strong interaction
and that v1 can constrain the depth of the KN potential.

IV. CONCLUSIONS

We have measured the azimuthal emission patterns of K±
mesons in heavy-ion collisions near the strangeness production
threshold energies. In case of K+ mesons a weak in-plane
antiflow with respect to protons and a slight squeeze out are
observed. For K− mesons, within large statistic uncertainties,
isotropic emission pattern is observed. Despite the large
uncertainties, the comparison to two independent predictions
of HSD and IQMD without potential especially of the first
Fourier coefficient implies the existence of a weakly attractive
K−N in-medium potential. Furthermore, the IQMD transport
approach, which is able to reproduce the dynamics of nucleons
and K+ mesons, suggests a K−N in-medium potential of
UK−N = −40 ± 10 MeV.

The theoretical modeling of the in-medium potentials, or
more generally of the in-medium interactions, is reasonably
well achieved within the IQMD transport approach as is
demonstrated by the detailed comparison of the differential
flow pattern of the K+ mesons. Within HSD, the general
dynamics of nucleons and K+ mesons is reproduced as well,
however the quantitative description of the flow pattern in some
regions of the phase space is not accurately achieved yet. The
observed dependencies and sensitivities point to the feasibility
to extract the strength of the in-medium potentials from a
quantitative description of a complete set of flow data. More
systematic data and theoretical efforts are clearly necessary to
reach this important goal.
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Appendix B

Supplementary Graphics

B.1 Neutral Kaons in S339 Experiment

The following plots are used to choose the optimised selection criteria for K0
S reconstruc-

tion. The red histograms show the signature of correlated pion pairs, the blue histograms
denote the combinatorial background (deduced by mixed-event method). The quantities
are discussed in Section 5.6.1.
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Neutral Kaons in S339 Experiment 111

B.1.1 Reconstruction Efficiency of K0
S Mesons

The following diagrams are supplementary for the discussion in Section 5.6.2.

Figure B.1: Reconstruction efficiency of K0
S meson in carbon and lead target

in various phase space cells.
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Figure B.2: Parametrisation of the phase space distribution of K0 meson,
which served as the input to the Geant simulation.

Figure B.3: The phase space distribution of K0 meson after the propagation
through the detector by the Geant simulation.

B.2 Identification of K+ mesons in S339 Experiment

Mass spectra of positively charged particles, reconstructed in the CDC with a certain
momentum selection.

Red vertical lines denote the mass identification region of K+ mesons candidates.
The black lines demonstrate the background estimate.

The quantity ‘p’ denotes the laboratory momentum. The dimension of its numerical
values is GeV/c. The identification of K+ mesons in S339 experiment in discussed in
Chapter 5.
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Figure B.4: Carbon target.
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Figure B.5: Lead target.



Appendix C

Centrality Selection in IQMD

Following parameters and definitions were used to reconstruct the Baryon multiplicity
within IQMD calculation.

• Baryon Multiplicity(BarMul):
PLAWA Multiplicity(z ≤ 13) + CDC-Baryon Multiplicity (p, d, t, 3He, α).

• PLAWA Multiplicity: all charged particles with z ≤ 13.

• CDC-Baryon Multiplicity: p, d, t, 3He, α.

• Geometry cuts: CDC: 27◦-112◦, BAR: 55-110◦, PLAWA: 6-27◦;

• Trigger: PLAWA Multiplicity > 3; at least one charged hit (i.e. π+/-, p, d, t or
α) in BAR

• Kinethic energies and momenta to reach the corresponding part of the detector:

CDC BAR PLAWA

Ekin pmin Ekin pmin Ekin pmin
[GeV] =

√
Ekin ∗ 2 ∗m [GeV] [GeV] [GeV] [GeV]

π±(0.139) – – 0.038 0.1 0.023 0.08

p(0.983) 0.01 0.14 0.03 0.23 0.023 0.21

d(1.876) 0.01 0.2 0.035 0.36 0.023 0.29

t(2.808) 0.02 0.33 0.036 0.45 0.023 0.36
3He(2.8) 0.02 0.33 – – 0.047 0.51

α(3.72) 0.02 0.38 – – 0.047 0.59
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Appendix D

Kinematic Variables

A convenient choice of kinematic variables in the analysis of heavy-ion reactions is the
one facilitating a simple change of the reference frame. Following quantities have been
employed in for the analysis presented in this work. The formula are derived from [PDG].

Rapidity:
The velocity βz = vz/c along the beam direction of a particle with a total energy of E
and a longitudinal momentum component pz can be described by the rapidity y:

y = tanh−1(βz) =
1

2
ln
E + pz
E − pz

. (D.1)

The advantage of this representation is the additive behaviour under the Lorentz trans-
formation. The transformation from the measurement in the laboratory reference (ylab)
into a corresponding quantity in the center-of-mass reference frame (y′) is given by:

y′ = y − 1

2
ln

(
1 + βCM
1− βCM

)
= y − ycm. (D.2)

Assuming that the relativ velocity between the center-of-mass system and laboratory is
βcm.

In the peresnted analysis the scaled rapidity is used in order to simplify the compar-
ison for different beam energies. The scaled rapidity y0 is defined as:

y0 =
y − ycm
ycm

=
y

ycm
− 1. (D.3)

In this representation, the target-, mid- and projectile-rapidity correspond to -1, 0 and
+1, in a mass symmetric collision system.
The center-of-mass rapidity ycm is calculated from the beam energy EBeam by:

ycm = 0.5 · ln
(

1 + βcm
1− βcm

)
with βcm =

√
1− 1/γcm (D.4)

γcm =
Elab +m2

Ecm
= ... =

√
EBeam
2mu

+ 1 , (D.5)
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with Ecm = (m2
1 +m2

2 + 2Elabm2)1/2,
and Elab = EBeam +mu,
and m1=m2=mu: the atomic mass.
At EBeam = 1.91 AGeV the center-of-mass rapidity amounts to ycm = 0.89021.

Transverse momentum:
The transverse momentum pt is invariant under the Lorentz transformation along the
beam direction:

pt =
√
p2
x + p2

y = βtγm0 =
βt√

1− β2
m0. (D.6)

The transverse momentum can be expressed as a function of rapidity and longitudinal
angle or rapidity and total momentum:

pt(y, p,m) =

√
p2 −m2 sinh2 ylab

cosh ylab
. (D.7)

pt(y,Θ,m) =
m sinh(ylab) tan(Θ)√
1− sinh2(ylab) tan2(Θ)

. (D.8)

Solving this equation for the longitudinal angle Θ yields the parameterisation of the
geometrical acceptance in the phase space diagrams:

Θ = arctan
pt√

m2 + p2
t · sinh ylab

. (D.9)
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Supplimentary Information of the
Targets of the S339 Beam Time
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Appendix F

Strangeness Production Cross
Sections in Pion-Induced
Reactions
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Threshold
π− + p→ plab[GeV/c] σ @ 1.7GeV/c

Λ K0 0.89 0.199 ± 0.012
0.174 ± 0.014

Σ0 K0 1.03 0.110 ± 0.014
0.121 ± 0.01

Σ− K+ 1.035 0.153 ± 0.009
0.19 ± 0.012

Λ K0 π0 1.14 0.123 ± 0.02
0.104 ± 0.08

Λ K+ π− 1.14 0.076 ± 0.055

Σ+ K0 π− 1.29 0.193 ± 0.003
0.010 ± 0.0012

Σ0 K0 π0 1.28 0.034 ± 0.0111

Σ− K0 π+ 1.305 0.0251 ±0.0022
0.052 ±0.006

Σ− K+ π0 1.29 0.0138 ±0.0014

Σ0 K+ π− 1.29 0.0111 ±0.003
0.0191 ±0.0019

Λ K0 2π 1.42 0.0017 ±0.0012

p K0 K− 1.49 0.0118 ±0.0053
0.0029 ±0.0009

n 2 K0 1.507 0.029 ± 0.011
0.0129 ± 0.005

n K+ K− 1.495 0.011 ± 0.0061

n φ 1.559 0.029 ± 0.015

Table F.1: Production cross section for strange particles in pion induced reac-
tion. The values are taken from [LanBor]. Different values for the same channel
originate from different measurements. Cross section units: 10−27 cm2 = mb.

1Measured at pπ− = 1.59 GeV/c.
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