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Introduction
The goal of this thesis is to present the results of an analysis focused on kaon flow
measured in Au + Au collisions with kinetic beam energy 1.23A GeV by HADES
spectrometer.

To achieve this goal, I shall introduce to the reader the problematic of heavy-
ion collisions and what is our motivation for such kind of experiments. This
introduction will be given in chapter 1 together with a presentation of the basics
of Quantum Chromo Dynamics. If one wants to learn something from the ex-
periments, the appropriate description of the phenomena by theory is necessary.
In the case of heavy-ion collisions, we might need Statistical Hadronization Mod-
els, Kinetic Transport Models, or Relativistic Hydrodynamic Models. A short
introduction to all of them will also be part of the first chapter. An overview
of current experimental knowledge of kaon flow in heavy-ion collisions at similar
energy will be presented as well.

In the following chapter 2, I will briefly describe all subsystems of the HADES
spectrometer. Understanding the tools that we are using for the measurement is
essential when problems occur and we need to overcome them in the future. That
is also why the HADES spectrometer is constantly upgraded, and many members
of the HADES collaboration are not only purely focused on the physics analysis
of recorder data but also come into contact with the actual hardware. In the last
section of the second chapter, I will illustrate the problematic of TOF detector
calibration.

Chapter 3 is dedicated to the so-called low-level data analysis and the princi-
ples of particle identification from data. Full details are not given, but fundamen-
tals on how to reconstruct particle properties such as mass, charge, momentum,
and velocity from registered hits in HADES detectors are described.

The explanation of my analysis starts in chapter 4, where the details of the
identification of both charged kaons and short-lived neutral kaons are presented.
In the case of charged kaons, the candidates are selected on the basis of the track
quality parameters and specific energy loss within the volume of the MDC and
TOF detectors. The number of background entries is estimated by fitting the
mass spectra. The short-lived neutral kaon candidates are reconstructed using
their decay into two charged pions. To suppress the combinatorial background,
the neural network was trained on the simulations, and the optimized cuts of
the decay topology variables were later applied to the experimental data. The
background of pion pair invariant mass spectrum is described with the mixed-
event technique.

The next chapter 5 is devoted to the flow analysis. A historical introduc-
tion into the field of transverse flow in heavy-ion collisions is presented with the
intention to explain the method of flow applied flow analysis in this thesis. I
think it is important to explain the theoretical development of the flow analy-
sis, which accompanied the experimental effort in which the increase of collision
energy brought several difficulties.

Finally, the chapter 6 starts with the evaluation of systematic uncertainty.
This is followed by the presentation of the results on differential kaon flow that
are later compared with model predictions.
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Chapter 1

Hot and dense
baryonic matter

1.1 Heavy-ion collisions
To understand the processes that occurred just a few microseconds after the Big
bang [1], or that may occur during the recently observed neutron star merge
with gravitational waves [2], experiments in laboratories are necessary. The only
way to replicate similar conditions is to collide heavy ions (HIC). With the aim
of probing the phase-space diagram of nuclear matter and studying the nuclear
equation of state, it is needed to study the whole spectrum of HIC using different
ions and scan as many interaction energies as possible.

We can identify three stages of HIC: first-chance nucleon-nucleon (NN) colli-
sions, high density (fireball formation and its adiabatic expansion), and freeze-out
stage (chemical and kinetic freeze-out). Using the SIS18 accelerator, it is possi-
ble to achieve up to three times the density of the nuclear ground state (ρ ≈ 3ρ0
where ρ0 ≈ 0.16 N/fm3) and temperatures up to 100 MeV1 [3]. The matter at
such extreme conditions creates the so-called fireball which has a very short life-
time ∼ 10−22 s after which the matter is expanding and cools down. The next
important moment happens when the energy of a possible collision is low enough
that no inelastic processes are possible and except the decay of resonances, the
created particles will not change their nature, this moment is called chemical
freeze-out. However, the particles still undergo elastic interactions until the ki-
netic freeze-out, which is the last milestone of the HIC after which the particles
travel unchanged to the detector again except for a possible decay.

An essential measure of HIC is the impact parameter b, which is defined as the
distance between the centers of colliding nuclei. With decreasing values of impact
parameters, we are speaking about increasing centrality of the collision. When
the two nuclei overlap almost completely, we are speaking about a central colli-
sion, and when this overlap is only partial, we are speaking about the peripheral
collision. Unfortunately, it is not possible with current technology to influence
the centrality or to measure directly the impact parameter, hence it must be
estimated based on the number of emitted particles (multiplicity). Often used
theoretical description which is then compared with experimentally measured

1We are using energy units due to the conversion E = kT , the room temperature 300 K =
25.852 meV.
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multiplicity is the Glauber model using Monte Carlo simulations [4]. We also
distinguish between the nucleons which go through the reaction zone, which are
called participants, and those who only pass around the so-called spectators.

1.1.1 Particle production
The important variable for particle production is the square root of the Mandel-
stam variable s = (P1 + P2)2 [5], where P1 and P2 are four vectors of colliding
particles. In the case of a fixed target experiment, the center-of-mass energy of
the collision can be calculated

√
s =

√︂
2Ekin,beammtargetc2 + (mbeam + mtarget)2c4, (1.1)

where Ekin,beam and mbeam are the kinetic energy and the mass of beam particles
and mtarget is the mass of target particles. In the case of HIC with the same nuclei
used as projectile and target, we can define √sNN =

√
s/A the center-of-mass

energy of NN collisions for easier comparison with elementary interactions (in
case of Au+Au collisions with kinetic energy 1.23A GeV we obtain √sNN

⃓⃓⃓
Au+Au

=
2.42 GeV). The production of Nparticle particles is conditioned with the so-called
threshold energy

√
sthr =

Nparticle∑︂
i=1

mic
2 (1.2)

where mi is the rest mass of each outgoing particle.
Using the equation (1.2), we can calculate the minimal energy of the elemen-

tary NN collision needed to produce strange particles, which is of interest in this
thesis. Since the NN collision is subject to the strong interaction that preserves
the additive quantum number strangeness,2 the production of only one strange
hadron is not possible (except for hidden strangeness, e.g. ϕ-meson which con-
tains |ss̄⟩ pair). Using the nominal values of the masses of strange hadrons [6] and
the sum rules of the strong interaction (strangeness conservation N(s)−N(s̄) = 0
and baryon number conservation N(B)in = N(B)out) one can get the threshold
energy values for production channels, see table 1.1. From this table we ob-
serve that all production channels from free NN collisions are above the available
center-of-mass energy in studied Au + Au collisions, therefore, one would expect
that the production of strangeness hadrons in this case is not possible. However,
in the case of HIC, there are several mechanisms that can provide the additional
energy or lower the threshold energy, thus the so-called subthreshold production
is observed:

Fermi momentum Nucleons inside nuclei are influenced by the Pauli exclusion
principle for fermions, and therefore nucleons are forced to populate higher
energy states and gain additional momenta up to pF ≈ 250 MeV/c.

Multistep processes During the dense stage of HIC, nucleons can be elastically
scattered multiple times and gain enough momentum to produce strange
hadrons. Within this option, we also include the possibility that an inelastic
NN collision produces intermediate resonances like ∆ or N∗ which then again
interact [7].

2Hadrons containing anti-quark s̄ have S = +1 and hadrons with quark s have S = −1.
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Production channel √sthr[GeV] √
sNN

⃓⃓⃓
Au+Au

−
√

sthr[GeV]
NN→ NΛK+ 2.55 -0.13
NN→ NΛK0 2.56 -0.14
NN→ NΣK+ 2.62 -0.20
NN→ NNK+K− 2.86 -0.44
NN→ NNϕ 2.90 -0.48

Table 1.1: Possible production channels for hadrons containing strangeness with
their threshold center-of-mass collision energy and the difference between this
threshold and the available energy in measured Au + Au collisions.

Strangeness exchange reaction A strange quark from one hadron can be ex-
changed with light (u or d quark) from another hadron, and via this mech-
anism the threshold for some processes might be lowered but still at least
some NN interaction must produce a strange hadron in the first place. An
example of such a process is the reaction π−(dū) + Λ(uds) → K−(sū) +
n(udd) [8].

In medium modification Due to the potential between the strange hadron and
the nucleon, the effective mass of the strange hadron might be smaller than
the nominal vacuum mass [9]. Several theoretical models [10–14] predict
strong attractive K−N-potential compare to repulsive K+N-potential result-
ing in decrease of effective energy threshold for channel NN→ NNK+K−.

1.2 QCD application for HIC
The description of HIC is largely dependent on the energy scale [15]. In the
case of large colliders (LHC and RHIC) where the transferred energy is large,
the coupling constant of strong interaction αs is decreasing, and this allows for a
perturbative calculation of QCD. However, in the case of low-energy experiments
(like fixed target experiments at SIS18), QCD becomes non-perturbative theory
and the exact solutions are almost impossible. Luckily, at these low energies the
hadronic processes are dominated by pions and the expansion of observables in
terms of pion mass and momentum is possible, which is the principle of chiral
perturbation theory (ChPT) [16]. Within these effective theories, which use the
hadronic degrees of freedom (in contrast to quark and gluon degrees of freedom
in QCD), a good characterization of interactions between pseudoscalar mesons
and baryons can be deduced. A further reduction of the Lagrangian of ChPT to
an effective Lagrangian where only some mesons and nucleons are used may be
used to obtain a realistic picture of KN interactions. This way is very useful if
one needs to avoid the coupled channel problem3 which occurs when increasing
numbers of particles are taken into account.

An important utilization of the above explained method with respect to the
aim of this thesis is the production and propagation of strangeness in hot and

3For each species of particles, equation of motion is needed to solve separately, but due to
interaction terms in Lagrangian these coupled equation create a complex problem.
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dense nuclear matter. The first attempt to use a chiral Lagrangian for the de-
scription of kaon-nucleon interactions was made by Kaplan and Nelson [9, 17]
and were followed by others [18–22]. Although it is possible to use a perturbative
calculation on πN and KN interactions, K̄N is already too close to the threshold
where resonances (like Λ(1405)) dominate. Therefore, the effective Lagrangian
approach with mean field is preferable

L = N̄(iγµ∂µ−mN)N + ∂µK̄∂µK− (m2
K−

ΣKN

f 2
π

N̄N)K̄K− 3i

8f 2
π

N̄γµNK̄←→∂µ K, (1.3)

where K = (K+ K0) and K̄ = (K− K0¯ ) are kaon field, N = (p n) and N̄ = (p̄ n̄)
are nucleon field, ΣKN is kaon-nucleon sigma term [23]. The third term in
the equation (1.3) comes from Kaplan and Nelson and is called the attractive
scalar KN interaction term and the last term is Weinberg–Tomozawa [24, 25]
and corresponds to the vector KN interaction which is found to be repulsive
for kaons and attractive for antikaons. The sigma term can be expressed as
the nucleon expectation value of Gell-Mann–Oakes–Renner equation (m2

Kf 2
K
∼=

−1/2(mu + ms)⟨ūu + s̄s⟩)

ΣKN = 1
2(mu + ms)⟨N |ūu + s̄s|N⟩. (1.4)

The in-medium kaon mass shift then can be evaluated as

m∗
K ≈ mK

(︄
1− ΣKN

m2
Kf 2

K
ρS + 3

4
1

mKf 2
K

ρB

)︄
, (1.5)

where ρS and ρB are scalar and vector baryon density, respectively. The total
strength of potentials can be compared to experiment VKN from 20 to 30 MeV
comes from K+N scattering length and is in a good agreement, but for antikaons
the predictions differ significantly due to the presence of Λ(1405) resonance (the
values of VK̄N range from −50 to −200 MeV). As a result of the repulsive potential
for kaons and the attractive potential for antikaons, the kaon condensation can
occur in dense matter, e.g., in neutron stars. This would cause a softening of the
equation of state and sequential reduction of the maximal neutron star mass to
1.5 solar masses (heavier stars would collapse into a black hole). Such a mass
reduction contrasts with astronomical observations [26, 26] where neutron stars
with 2 solar masses have been observed. Thus, new observables are needed to
unravel this problem.

1.3 Motivation for this thesis
On the basis of the arguments stated above, the kaon (collective) flow might be a
very useful tool for studying several important aspects of heavy-ion collisions. Al-
ready in the mid-1990s (relativistic HIC experiments started in the early 1970s)
the kaon flow was suggested as a possible good probe of HIC [27]. The total
kaon-nucleon cross section is small (σKN ≈ 10 mb) compared to the pion-nucleon
cross section and therefore kaons are considered a good probe of the dense matter
created at the early stage of HIC and of the kaon properties in compressed nu-
clear matter. It was shown in [28] that using the so-called azimuthal anisotropy
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parameters
R1 = N(90◦) + N(270◦)

N(0◦) + N(180◦) R2 = N(90◦)
N(180◦) (1.6)

where N(∆ϕ) denotes the number of kaons that escape the collision with az-
imuthal angle ∆ϕ = ϕK − ϕRP with respect to the reaction plane. Using the rel-
ativistic transport model (RVUU) calculation with Au + Au collisions at 1A GeV
and impact parameter b = 3 fm they obtained kaon azimuthal distributions for
two rapidity regions and for three scenarios: without any potential, with only
vector potential and with scalar and vector potential. From these they calcu-
lated the azimuthal anisotropy parameters and showed them as a function of a
strength of the potentials, see figure 1.1. The conclusion they made was that for
the mid-rapidity region the sensitivity of R1 is very small, but for the target rapid-
ity the sensitivity increases significantly and therefore the kaon flow might serve
as a useful probe of the kaon nucleon potential in dense matter. The influence
of repulsive kaon nucleon potential reduces the flow (even induces an antiflow),
with respect to the flow of nucleons, and the attractive antikaon nucleon poten-
tial would lead to similar flow to that of nucleons, however, the large K−p cross
section leads to strangeness exchange reactions resulting in an almost isotropic
emission pattern [29].

Figure 1.1: The azimuthal anisotropy parameters R1 and R2 as a function of the
strength of KN repulsive potential. Taken from [28].

The first experimental results at both the SIS18 and AGS energies have shown
almost zero flow, that is, the kaon average in-plane transverse momentum as a
function of rapidity and its slope at mid-rapidity [30–32]. There were ideas on
how to explain this vanishing kaon flow based on the isotropic production and
canceling of the flow due to the production of kaons in the collision of hadrons
with the opposite transverse flow. The theoretical calculations using transport
models all predict that at the moment of creation, kaons have a positive initial
transverse flow (inherited from nucleons), and this is later reduced because of
the repulsive kaon potential in the nuclear medium. A quite surprising result
was observed in the case of nucleon (proton) flow at incident energy, called the
balance energy, where also vanishing flow was observed. However, it turned out
using the so-called differential flow analysis [33] (split the measured interval of
transverse momentum into smaller and investigate the flow within these intervals)
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that there are two components: nucleons with high transverse momentum show
positive flow and those with low pT have negative flow.

Therefore, the differential approach for kaon flow is able to disentangle such
effects and can bring more light to the problem of kaon properties in hot and
dense matter. After the authors of [34] suggested, such an analysis was performed
mainly in experiments with beam energies starting at several AGeV but seldom
around the kaon production threshold energy (and never below). Due to the
unprecedented statistics available in HADES gold beam time, such a measurement
is possible for the first time.

1.3.1 Current experimental status of kaon flow at low en-
ergies

Due to the scare heavy-ion program at similarly low energies, the only rele-
vant comparison is possible with experiments from GSI using SIS18 accelerator,
namely, the experiments KaoS and FOPI. Very recently, STAR collaboration
presented their results from fix-target experiment4, and although the collision en-
ergy is still significantly higher than in presented analysis, in terms of system size
(Au + Au) this is the closest measurement. Both GSI experiments are currently
retired. They have measured many different systems (from light-ion to heavy-ion
collisions) at several beam energies, which enabled them to obtain many impor-
tant results on bulk properties. The published data on the kaon anisotropy of
the azimuthal distribution w.r.t. reaction plane are usually integrated and dif-
ferential analysis was solemnly performed and mainly for K+. Flow of neutral
kaons (K0

S) is even more rare because of the need to reconstruct neutral kaons
using their decay to charge pions.

Our up-to-date experimental knowledge on kaon flow in heavy-ion collisions
is based on a very limited data set, see figures 1.2, 1.4, and 1.3. These published
results are either for smaller systems slightly above the kaon production threshold
or for the same system as presented in this thesis (Au+Au) but significantly
higher collision energy. In summary, the results on K+ show antiflow pattern at
pT < 0.4 GeV/c changing to negative directed flow for higher transverse momenta.
The results for neutral short-lived kaons reveal the same nature as positively
charged kaons, while there are only weak indications of similar behaviour for
K−. All experiments observed perpendicular elliptic flow of K+ with respect to
reaction plane, the values of v2 for K− are mostly consistent with zero within
error bars.

There has never been an analysis focusing on the subthreshold energy region,
however, the importance of different undergoing processes is very much influenced
by the energy region as well as the collision system size, e.g., probability of
rescattering, multistep processes to produce strangeness. Thus, the presented,
moreover, differential analysis of kaon flow including the comparison to different
models predictions might shed some light on the topic of KN potentials and the
properties of the equation of state of nuclear matter.

4Using a golden foil insert inside the beampipe they achieved a lower the collision energy
compared to two-beam collider mode from √sNN = 7.7 GeV to 3.0 GeV [35].
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Figure 1.2: The azimuthal distributions of π+ and charged kaons with respect
to the reaction plane. On the left side are distributions from Au + Au collisions
at 1.5A GeV, in the middle and on the right from Ni + Ni at 1.93A GeV. Two
plots on the right side show results comparison with the IQMD model with and
without KN and K̄N potentials. Figures taken from [36].

Figure 1.3: Directed and elliptic flow of protons, λ hyperons, pions, and kaons as
a function of rapidity (integrated within given range of transverse momentum)
measured by STAR collaboration in 10− 40% most central Au + Au collisions at√

sNN = 3.0 GeV. The comparison to JAM and UrQMD models (both cascade
and mean-field mode with incompressibility κ = 380 MeV) is included for selected
hadrons. Figure taken from [37].
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Directed flow of charged kaons and protons.

Elliptic flow of charged kaons and protons.

pT differential directed flow of K+.

Figure 1.4: Measurements of directed and elliptic flow from Ni + Ni collisions at
1.91A GeV beam kinetic energy for charged kaons and protons. Data are com-
pared with simulation using HSD and IQMD models, both with and without
inclusion of in-medium KN and K̄N potentials. Error bars (boxes) denote statis-
tical (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.

Figures taken from [38].
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Chapter 2

HADES
Recently, in 2019, the HADES collaboration celebrated already its 25th an-

niversary. This collaboration, consisting of 130 scientists from 20 institutes
across Europe, has its roots at a 3rd workshop on real photon/dilepton pro-
gram for SIS where the results [39] from Di-Lepton Spectrometer (DLS) located
at Bevalac accelertor in Berkeley, California USA, were discussed and new a
detector for the newly constructed accelerator SIS18 (Schwerionensynchrotron
18)1 at GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, Ger-
many, was proposed. The major improvements compared to the pioneering DLS
experiment [41] were greater acceptance (85 % in azimuth angle and interval
18◦ < θ < 85◦ in polar angle , more than 100-times larger)2 and better mass
resolution (δm/m ≈ 2%→ 10-times smaller), see figure 2.1.

Figure 2.1: Cross-section of HADES spectrometer. Taken from [42].

In this short thesis version I will only briefly describe individual parts, much
more details could be found in [43].

Target used during Au+Au experiment was segmented target to reduce the
probability of interaction of produced particles with target material. The START

1Number 18 in the name of this heavy-ion synchrotron designate the bending power of
installed magnets 18 Tm, the circumference of the accelerator is 216.72 m [40].

2From that comes the name HADES which means High-Acceptance DiElectron
Spectrometer.
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and VETO detectors were diamond-based with gold coated strips. The time reso-
lution of these detectors was around 50 ps. The Ring Imaging CHerenkov detec-
tor is used to identify relativistic e± [44] and is supposed to be hadron-blind. For
the tracking and momentum determination 4 planes of Multiwire Drift Cham-
bers (MDC) and superconductiong magnet (creating toroidal magnetic field).
The position resolution better than 150 µm is achieved resulting in the relative
momentum resolution below 2%. To improve particle identification (not to be
dependent only on energy loss and momentum from MDC) time measurement is
used. This task is carried out by TOF (scintillator based time-of-flight detector)
and RPC (resistive plate chambers) detectors. The time resolution of TOF detec-
tor is around 150 ps, in case of RPC 70 ps. In order to have good discrimination
between electrons and pion even at higher momenta, Shower detector based on
the detection of electromagnetic showers was present in HADES spectrometer.
For the reconstruction of event plane, the scintillator based Forward hodoscope
Wall is used during heavy-ion experiments. Reading out all information from
already mentioned detectors simultaneously is the job of the Data AcQuisition
system (DAQ). It consists of Front-End-Electronics boards (FEE), Trigger and
Read-out Boards (TRB) and Event Builders (EB) that takes the correct data
packages, put them together, and store them on discs and tapes.

12



Chapter 3

Event selection and
track reconstruction

3.1 Beamtime overview
During two months (April and May) of 2012, the HADES experiment measured
for the first time a heavy collision system. The kinetic energy of beam 197

79 Au69+

gold ions was Ebeam = 1.23 AGeV and the beam intensity provided by the SIS18
accelerator was Ibeam = (1.2 − 1.5) × 106 s−1. The target was segmented into 15
stripes of 25 µm thick circles with a diameter of 2.2 mm and separated by 4.5 mm.

The read-out trigger was based on the raw charged hit multiplicity in the
TOF detector. The events were registered at an average trigger rate of 8 kHz
with a duty cycle of 50 % and recorded on tape at a data rate of 200 MByte/s.
After 557 hours of data taking, 7.31× 109 events have been collected, from which
2.2×109 events were marked as good for further physics analysis (removed pile-up,
interactions outside the target region, etc.).

3.2 Event selection and Centrality determina-
tion

If one wants to provide the highest quality measurements, the first thing to do
is clean up the data sample. There are several sources which might be able to
compromise our analysis, the main ones are pile-up events and interactions with
other materials than gold target. The influence of each step of event selection on
the number of entries is displayed on figure 3.1.

Since direct observation of the impact parameter (centrality of the collision)
is impossible due to the high inelasticity of HIC at relativistic energies, indirect
observables like the number of participating nucleons in the reaction Npart are
linked to b via the Glauber model [4, 45]. Based on Glauber Monte Carlo sim-
ulations, one can calculate the averaged number of charged particles Nch (which
would in experiment transform to the number of TOF and RPC hits NTOF+RPC

hits ),
additionally to allow event-by-event fluctuation around the averaged number of
charged particles per participant nucleon is sampled by negative binomial prob-
ability distribution with mean value µ and dispersion parameter k thus we get

13



⟨Nch⟩ = µ⟨Npart⟩. To take into account the non-linear response of the detec-
tor, the obtained distribution is further folded with a phenomenological efficiency
function ε(α) = 1 − α · N2

part. The simulated spectra are then compared to the
measured one, and the intervals of NTOF+RPC for centrality classes are introduced,
see figure 3.1.

(a) (b)

Figure 3.1: (a) Histogram showing the number of events accepted after each step
of event selection. This is already after the cleaning procedure of DST-files in
which less than 5 sectors were stably operating. (b) Differential cross-section as
a function of NTOF+RPC

hits . Comparison between minimum bias (blue), PT3 trigger
(green), and weighted simulated Glauber model spectra is shown (figure taken
from [46]).

3.3 Track reconstruction
The tracking algorithm used for charged particles that pass through HADES spec-
trometer is rather complex and complicated, and thus only a short introduction
will be given here. A nice overview of the algorithm is displayed in figure 3.2. We
will try to outline the individual steps below. The underlying physical principle
of particle detection is the ionization of gas inside MDC chambers. After the
drifting electrons are registered on the sense wire, we call it the fired wire.

The starting point is to determine inside which segment of the gold target the
interaction most likely occurred. For that purpose, the Cluster Vertex Finder is
called, and the fired wires are projected to each target segment and the one with
the best projection resolution is further used as a reaction vertex. To find the
position of the tracks, we define common planes (one for two inner MDCs and
one for two outer MDCs), and all fired wires from both chambers are projected
to that plane. Then we can observe a local maxima on the crossing of the fired
wires where the particle went through. To define the inner segment of the track,
we use these true clusters and the reaction vertices connected by a straight line.
This line is prolonged to the so-called kick plane, which is located in the region
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(a) (b)

Figure 3.2: (a) Flow chart of track reconstruction with individual steps specified
in the text. (b) Sketch of META matching. Figures taken from [47, 48].

of maximum magnetic field. The intersection is then used as a starting point of a
line that goes through the true clusters of the second common plane between the
MDC III and IV. However, the number of wrongly fired wires due to the noise
and questionable cluster assignment can be very significant (about 50 %), and
removal of such false segments (ghost tracks) is necessary. A fairly new feature
of the tracking algorithm is the secondary vertex track finder. In this procedure,
the tracking algorithm takes a look at the fired wires that are not used in the
fitted inner segments, connects them with a line, and tries to find other fired
wires around this line. If at least 7 such wires are found, then the connected line
is fitted to the drift cell as described above, and such a segment is added to the
list of reconstructed inner segments with a special off-vertex flag. This procedure
increases the number of reconstructed weakly decaying particles like K0

S by more
than 10 %.

The momentum determination is achieved using the so-called Runge-Kutta
method, which is a technique used to obtain an approximate numerical solution
of differential equations (in this case the equation of motion). The resulting
momentum p and initial direction are stored in DST files together with a specific
χ2

RK value (the sum of squared differences between RK fit and the actual position
of MDC hits weighted with errors of the positions - these are in some cases rather
small causing large χ2) which is later used as the track quality criterion.

By extrapolation of the outer segments to the META detector, we get an
idealized position of the META hit, see figure 3.2. Matching to a fired META
hit is done based on the difference in the y-direction (which is preferred over x
due to the natural geometry of META cells), where the maximal difference is a
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momentum-dependent value up to 4 mm for high-momentum tracks.

3.4 Particle identification

3.4.1 Charged particle identification
Long-lived charged particles are being identified either by time-of-flight and mo-
mentum measurements or via specific energy losses.

Identification based on time-of-flight and momentum measurement

Thanks to the Runge-Kutta track fitting, we have a good understanding of the
length of the particle trajectory s and its direction of bending in the magnetic
field. During the Au + Au experiment, the magnetic field forced the positive
particles to bend in and negative out of the direction of the beam axis. Joined
with the time-of-flight ∆t = t1 − t0, using START time t0 and META hit time
t1, this provides us information about the velocity of the particle

β = v

c
= s

c∆t
. (3.1)

The measured particle’s velocity versus momentum divided by its charge is
displayed on figure 3.3. Due to the difference in time resolution, the TOF and
RPC detectors are shown separately.

Figure 3.3: Measured correlations of velocity and momenta scaled by particle’s
charge in Au + Au collisions at Ekin = 1.23A GeV, using RPC and TOF detector
for time-of-flight measurement on the left and right side, respectively.

Identification via specific energy loss

The second method used for charge particle identification uses the specific energy
loss per unit path length in MDC and TOF detectors. The mean energy loss per
unit path length is prescribed by the Bethe equation. For the range of momenta
accepted by the HADES spectrometer and the masses of charged particles created
in HIC at SIS18 energy, the Bethe equation gives proper predictions as can be
seen from figure 3.4, where the measured energy losses within MDC and TOF
from the experiment are compared with the model predictions from the Bethe
equation.
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Figure 3.4: (a) Measured correlations of energy losses within the MDC detector
and momenta scaled by particle charge. (b) Measured correlations of energy
losses within the TOF detector and momenta scaled by particle charge.

3.4.2 Decaying particle identification
When the daughter particles are identified, they can be combined, and using
the four-momentum algebra, the invariant mass of the mother particle might
be calculated (for simplicity, we will present here only the case of two particles
which is also the analysed case of K0

S in this thesis). The nominal masses mi of
the daughter particle species, taken from [6], are assigned to the reconstructed
and identified tracks and together with their momentum p⃗i from Runge-Kutta
method gives us the desired invariant mass

M2
inv = m2

1 + m2
2 + 2

√︂
m2

1 + p2
1

√︂
m2

2 + p2
2 − 2p1p2 cos ∆ω12, (3.2)

where ∆ω12 is the opening angle between the daughter particle tracks.

Background

There are usually many possible combinations of the charged decay products (in
the case of K0

S → π+π− coming from Au + Au collisions at √sNN = 2.42 GeV
on average there are 7 π− and 4 π+ [49], i.e. 28 combinations) resulting in the
so-called combinatorial background. In the spectrum of invariant mass, there are
four sources [50]:

Signal selected tracks come from one decay of the particle of our interest, their
invariant mass would be around the nominal mass of the mother (smearing
due to finite spectrometer resolution and width of the decayed particle is
expected).

Uncorrelated background selected tracks do not have a common mother par-
ticle, therefore, their invariant mass is defined by the phase space and the
HADES acceptance.

Correlated background selected tracks originate from one decay but not the
particle that we intend to study (e.g., Λ or ∆0(1232)→ pπ−).
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Misidentification one of the selected tracks was misidentified, e.g., in reality it
was a proton but due to incorrect META matching was labeled as π+.

The challenge of a perfect description of the background is of utter importance,
because if it is successful, then the pure signal would be left and the precise
results of physics analysis would be obtained. A powerful method for background
estimation is the Mixed-Event technique. As the title suggests, it combines
the daughter particles of one kind from one event with the daughter particles of
a second kind from another event, finally providing us good description of the
uncorrelated background.

3.5 Simulations
In addition to real experimental data, it is needed to analyse in the same way
also Monte Carlo (MC) simulations. The scheme of the entire analysis procedure
is shown in figure 3.5. The necessity of MC simulations comes from the inaccessi-
bility of some physical variables in the experiment, e.g., impact parameter, or the
evaluation might be too complicated due to the entanglement between different
components of the spectrometer, e.g. detection efficiency.

Figure 3.5: Flow chart of the analysis scheme showing individual steps and re-
quired tools. At each step, separate parts of the correction matrix are displayed.
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4.1 Charged kaons
Each detected charged particle and its reconstructed track obtain the calculated
mass. Since kaons are rarely produced in analysed HICs at subthreshold energy,
it is necessary to make additional selection criteria, in order to get better signal-
to-background ratio of kaon peak in the mass spectra. Due to the fact that
charged kaons are sitting on the non-Gaussian tails of surrounding particles it is
desirable to apply strong cuts on the track quality parameters χ2

RK and χ2
MM. In

addition to that, specific energy losses inside the MDC (reducing proton and pion
background) and TOF (using as veto cut, further reducing background coming
from incorrectly combined proton velocity with pion track momentum) are used.
The summary table with the selection criteria used is in table 4.1, and their
performance on background reduction is visible on figure 4.1.

variable criteria
χ2

RK < 100
χ2

MM < 2
dE/dx in MDC graphical cut
dE/dx in TOF graphical veto cut

Table 4.1: Summary of selection criteria used for charged kaon identification.

Even after careful track selection, we can observe significant background con-
tamination in the mass spectra shown in figure 4.1. Its subtraction is a decisive
step in the present analysis. The cubic polynomial function was selected as the
best candidate for background description together with the Gaussian function
for the kaon peak of the mass spectra. Because of the importance of this step for
flow analysis, careful check of the fit parameters, as well as eye inspection, was
used to avoid any obvious errors.

After the above mentioned steps are performed, we can make the charged-
kaon phase space distribution which is displayed in figure 4.3 together with the
signal-to-background ratio of the kaon mass peak.
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Figure 4.1: Measured spectra of mass scaled by particle’s charge in Au + Au
collisions at Ekin = 1.23A GeV with selection criteria applied in steps (only region
important for charged kaon identification is shown), using RPC and TOF detector
for time-of-flight measurement on the left and right sides, respectively.

4.2 Neutral kaons
As one of the weakly decaying strange hadrons, neutral kaons live sufficiently long
enough to escape from the fireball created in HIC and decay far enough from its
spatial point of origin to allow us to distinguish between these two vertices. In
the following we will try to introduce a procedure of selection of the pion pairs
with high probability to originate from the neutral kaon decay. The summary
table with the selection criteria used is in table 4.2.

variable criteria
χ2

RK for both π+ and π− < 400
χ2

MM for both π+ and π− < 3⃓⃓⃓
m
q

⃓⃓⃓
> 0 and < 300 MeV/c2

topology precuts defined in (4.1)
ΩMLP (d1, d2, d3, dver, dmin, pmother) > 0.975

Table 4.2: Summary of selection criteria used for neutral kaon identification.

Due to high number of combinatorial background of pion pairs and low pro-
duction probability of neutral kaons, we must introduce the so-called topology
cuts, i.e., a set of limitations for the variables: d1 and d2 are the minimal distances
of charged pion tracks to the event vertex (also referred to as global vertex); d3 is
the minimal distance of the combined track of the charged pion pair to the event
vertex; dver is the distance between the event vertex and point where the two
charged pion tracks are closest to each other (the so-called decay vertex); dmin is
the minimal distance between the two charged pion tracks.

The power of topology cuts can be seen from figure 4.2, where the invariant
mass spectra of charged pion pairs from the same event are displayed using differ-
ent topology selection criteria. Although it is possible to define cuts on variables
dx so-called by hand, a much better way is to use dedicated tools for such opti-
mization tasks as TMVA [51]. However, it is very difficult for the algorithm (we
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used supervised learning of MLP NN with simulated K0
S tracks embedded into

real data) to search for such a hidden signal as neutral kaons, therefore, a set
of precuts for dx variables were introduced to decrease the number of pion pair
combinations, see figure 4.2. The values implemented in the present analysis are

d1 > 6 mm, d2 > 6 mm, d3 < 12 mm, dver > 17 mm, dmin < 13 mm.
(4.1)
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Figure 4.2: Invariant mass spectrum of charged pion pairs for multiple sets of
topology cuts: the black line shows the spectra for all possible combinations (no
cuts), the blue lines correspond to the topology precuts defined in (4.1), green
line refers to cuts optimized for S/

√
S + B, red line is for a very high S/B ratio,

and the purple line spectra was obtained with MLP NN.

For remaining background (mostly from uncorrelated pairs) the Mixed-Event
technique is used with very good results.

K0
S phase space distribution, shown in figure 4.4 together with the signal-to-

background ratio of the kaon mass peak, immediately points out that due to
smaller statistics, the flow analysis of the neutral kaon would suffer from large
uncertainties. However, in comparison to K− we observe much larger S/B ratios
which give us a better chance for differential flow analysis.

4.3 Acceptance and Reconstruction Efficiencies
Using the so-called embedding technique (inserting simulated track into real data)
one has a control of the individual steps in the track reconstruction and particle
identification, and at the same time keeping the simulations as close to real data
as possible. Since we know the number of embedded tracks Ninput and their phase
space distribution, we can compare it to the number of accepted tracks Nacc (we
ask that the simulated track has at least 4 hits in each MDC plane and one META
hit)

εacc(y(0), pT, C) = Nacc

Ninput
, (4.2)

where we define the acceptance εacc(y(0), pT, C) dependent on the phase space
variables and the centrality of the event C. Similarly, the reconstruction efficiency,
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Figure 4.3: Charged kaon phase space distribution and signal-to-background ra-
tion of the kaon peak in mass spectra in 20%−30% most central collisions. Upper
row is for K+, lower for K−.

which covers all effects originating from the tracking algorithm and selection
criteria (track quality, energy loss, topology cut, etc.), is determined as

εreco(y(0), pT, C) = Nreco

Nacc
, (4.3)

where Nreco is the number of reconstructed and selected kaon tracks (the same
analysis code is used for simulations as for the measured data). In the case of
20%−30% the most central collisions, the acceptance and reconstruction efficien-
cies for charged and neutral kaons are depicted in figures 4.5,4.6 and 4.7.
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Figure 4.4: Neutral kaon phase space distribution and signal-to-background ra-
tion of the kaon peak in mass spectra in 20%− 30% most central collisions.
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Figure 4.5: K+ acceptance in (a) and reconstruction efficiency in (b) for 20−30 %
centrality class.
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Figure 4.6: K− acceptance in (a) and reconstruction efficiency in (b) for 20−30 %
centrality class.

0

0.05

0.1

0.15

0.2

0.25

a
c
c

ε

0
.0

2
8

0
.0

5
9

0
.0

8
9

0
.1

2
0

0
.1

3
9

0
.1

7
4

0
.1

9
2

0
.2

1
1

0
.2

2
3

0
.2

2
6

0
.2

2
1

0
.2

0
0

0
.1

9
2

0
.1

7
5

0
.1

5
9

0
.1

3
5

0
.1

1
7

0
.0

9
9

0
.0

6
9

0
.0

2
7

0
.0

5
7

0
.0

8
7

0
.1

1
2

0
.1

3
3

0
.1

5
8

0
.1

7
1

0
.1

8
4

0
.1

9
1

0
.1

9
3

0
.1

8
6

0
.1

7
6

0
.1

6
1

0
.1

4
7

0
.1

2
9

0
.1

1
0

0
.0

9
1

0
.0

7
6

0
.0

5
4

0
.0

2
6

0
.0

5
8

0
.0

8
8

0
.1

0
8

0
.1

3
4

0
.1

5
0

0
.1

6
9

0
.1

7
7

0
.1

8
0

0
.1

7
8

0
.1

7
5

0
.1

6
3

0
.1

5
1

0
.1

3
6

0
.1

2
2

0
.1

0
1

0
.0

8
3

0
.0

6
4

0
.0

4
8

0
.0

2
7

0
.0

5
9

0
.0

8
9

0
.1

1
4

0
.1

3
5

0
.1

5
5

0
.1

7
1

0
.1

7
7

0
.1

8
2

0
.1

8
5

0
.1

8
0

0
.1

7
0

0
.1

5
9

0
.1

4
8

0
.1

3
1

0
.1

1
5

0
.0

9
6

0
.0

7
4

0
.0

5
7

0
.0

2
9

0
.0

6
3

0
.0

9
1

0
.1

2
2

0
.1

4
7

0
.1

6
5

0
.1

7
7

0
.1

8
3

0
.1

8
9

0
.1

8
9

0
.1

8
7

0
.1

8
0

0
.1

7
2

0
.1

6
0

0
.1

4
7

0
.1

3
3

0
.1

1
4

0
.0

9
2

0
.0

7
1

0
.0

2
9

0
.0

6
4

0
.0

9
7

0
.1

1
9

0
.1

4
0

0
.1

5
9

0
.1

6
9

0
.1

7
5

0
.1

8
1

0
.1

7
8

0
.1

7
4

0
.1

7
0

0
.1

6
5

0
.1

5
2

0
.1

3
9

0
.1

2
0

0
.1

0
5

0
.0

8
9

0
.0

7
3

0
.0

2
9

0
.0

6
0

0
.0

9
4

0
.1

2
0

0
.1

3
6

0
.1

5
1

0
.1

6
1

0
.1

7
0

0
.1

7
2

0
.1

7
1

0
.1

7
2

0
.1

6
6

0
.1

5
3

0
.1

4
5

0
.1

2
8

0
.1

1
2

0
.0

9
7

0
.0

7
9

0
.0

6
1

0
.0

3
0

0
.0

6
4

0
.0

9
5

0
.1

1
7

0
.1

3
7

0
.1

4
9

0
.1

6
0

0
.1

6
8

0
.1

7
5

0
.1

7
4

0
.1

7
2

0
.1

6
8

0
.1

5
9

0
.1

4
5

0
.1

3
1

0
.1

1
5

0
.0

9
8

0
.0

7
7

0
.0

5
6

0
.0

2
8

0
.0

6
0

0
.0

9
2

0
.1

1
5

0
.1

3
6

0
.1

5
3

0
.1

6
5

0
.1

7
5

0
.1

8
1

0
.1

8
4

0
.1

8
1

0
.1

8
1

0
.1

6
9

0
.1

5
8

0
.1

4
3

0
.1

2
2

0
.1

1
1

0
.0

8
9

0
.0

6
9

0
.0

2
8

0
.0

6
5

0
.0

9
2

0
.1

1
6

0
.1

3
8

0
.1

5
8

0
.1

7
1

0
.1

8
5

0
.1

9
6

0
.1

9
6

0
.2

0
0

0
.1

9
3

0
.1

8
2

0
.1

7
0

0
.1

5
6

0
.1

4
0

0
.1

2
2

0
.1

0
6

0
.0

9
1

0
.0

2
9

0
.0

6
6

0
.0

9
4

0
.1

2
2

0
.1

4
9

0
.1

7
1

0
.1

8
6

0
.1

9
7

0
.2

1
0

0
.2

1
3

0
.2

1
7

0
.2

0
5

0
.2

0
2

0
.1

8
9

0
.1

7
7

0
.1

5
8

0
.1

4
5

0
.1

2
6

0
.1

0
7

0
.0

3
0

0
.0

6
4

0
.1

0
1

0
.1

3
1

0
.1

6
2

0
.1

8
6

0
.2

0
2

0
.2

1
6

0
.2

2
5

0
.2

3
0

0
.2

3
0

0
.2

3
1

0
.2

2
1

0
.2

1
1

0
.1

9
6

0
.1

8
4

0
.1

6
3

0
.1

4
8

0
.1

1
4

0
.0

3
3

0
.0

7
4

0
.1

1
4

0
.1

5
0

0
.1

7
9

0
.2

0
2

0
.2

2
5

0
.2

3
6

0
.2

4
6

0
.2

4
3

0
.2

4
3

0
.2

4
4

0
.2

3
9

0
.2

2
0

0
.2

1
0

0
.1

8
9

0
.1

8
3

0
.1

5
5

0
.1

3
9

0
.0

3
2

0
.0

7
9

0
.1

2
4

0
.1

5
7

0
.1

9
3

0
.2

2
3

0
.2

3
8

0
.2

5
4

0
.2

6
0

0
.2

6
7

0
.2

6
4

0
.2

5
4

0
.2

3
7

0
.2

3
0

0
.2

1
0

0
.2

0
7

0
.1

8
9

0
.1

6
0

0
.1

3
6

0
.0

4
3

0
.0

9
1

0
.1

2
5

0
.1

8
0

0
.2

0
5

0
.2

2
5

0
.2

4
9

0
.2

6
8

0
.2

6
5

0
.2

6
7

0
.2

6
3

0
.2

6
4

0
.2

5
0

0
.2

3
5

0
.2

1
9

0
.2

1
3

0
.2

0
7

0
.1

7
1

0
.1

5
6

0
.0

4
4

0
.1

0
3

0
.1

3
9

0
.1

8
8

0
.2

1
0

0
.2

4
2

0
.2

6
2

0
.2

6
1

0
.2

7
9

0
.2

8
6

0
.2

7
4

0
.2

6
3

0
.2

3
8

0
.2

5
0

0
.2

1
7

0
.2

1
4

0
.2

1
5

0
.1

8
0

0
.1

5
6

0
.0

3
2

0
.1

0
0

0
.1

3
6

0
.1

9
0

0
.2

2
4

0
.2

5
5

0
.2

5
0

0
.2

6
2

0
.2

8
5

0
.2

7
8

0
.2

8
5

0
.2

7
0

0
.2

6
5

0
.2

2
8

0
.2

0
0

0
.2

0
7

0
.1

7
7

0
.1

7
7

0
.1

5
9

0
.0

4
2

0
.0

9
4

0
.1

3
9

0
.2

0
7

0
.2

2
2

0
.2

4
6

0
.2

9
3

0
.2

7
5

0
.2

9
3

0
.2

9
9

0
.2

8
3

0
.2

6
2

0
.2

2
2

0
.2

3
1

0
.2

2
2

0
.2

0
7

0
.1

9
5

0
.1

6
4

0
.1

1
4

1− 0.5− 0 0.5 1

(0)
y

0

100

200

300

400

500

600

700

800

900

 [
M

e
V

/c
]

T
p

(a)

0

0.05

0.1

0.15

0.2

0.25

0.3 re
c
o

ε

0
.0

1
8

0
.0

3
6

0
.0

4
5

0
.0

6
0

0
.0

6
5

0
.0

8
5

0
.0

9
3

0
.0

9
2

0
.0

8
9

0
.0

9
7

0
.0

8
5

0
.0

8
6

0
.0

7
2

0
.0

8
6

0
.0

6
5

0
.0

1
2

0
.0

2
3

0
.0

3
6

0
.0

5
1

0
.0

6
5

0
.0

7
5

0
.0

8
2

0
.0

8
4

0
.0

9
1

0
.0

9
2

0
.0

9
3

0
.0

8
1

0
.0

8
2

0
.0

7
7

0
.0

6
9

0
.0

6
5

0
.0

1
3

0
.0

1
8

0
.0

3
1

0
.0

4
6

0
.0

6
3

0
.0

7
0

0
.0

8
5

0
.0

9
0

0
.0

9
1

0
.0

9
0

0
.0

9
4

0
.0

9
0

0
.0

8
4

0
.0

8
1

0
.0

7
3

0
.0

6
8

0
.0

5
3

0
.0

1
6

0
.0

1
9

0
.0

3
3

0
.0

4
6

0
.0

6
0

0
.0

7
6

0
.0

9
0

0
.0

9
7

0
.1

0
0

0
.0

9
9

0
.1

0
1

0
.0

9
9

0
.0

8
8

0
.0

9
1

0
.0

8
1

0
.0

8
2

0
.0

8
3

0
.0

6
1

0
.0

2
0

0
.0

3
0

0
.0

3
8

0
.0

5
2

0
.0

7
0

0
.0

8
1

0
.1

0
1

0
.1

0
3

0
.1

0
7

0
.1

1
2

0
.1

0
8

0
.1

0
5

0
.1

0
5

0
.0

9
7

0
.0

9
0

0
.0

9
1

0
.0

8
2

0
.0

6
6

0
.0

6
0

0
.0

4
5

0
.0

3
0

0
.0

5
0

0
.0

6
3

0
.0

7
5

0
.0

9
3

0
.1

0
3

0
.1

0
4

0
.1

1
5

0
.1

1
4

0
.1

1
5

0
.1

1
2

0
.1

0
9

0
.1

0
6

0
.0

9
9

0
.0

9
0

0
.0

8
2

0
.0

8
1

0
.0

6
7

0
.0

5
9

0
.0

4
0

0
.0

5
6

0
.0

7
9

0
.0

8
3

0
.1

0
1

0
.1

1
8

0
.1

2
6

0
.1

2
5

0
.1

3
0

0
.1

3
4

0
.1

3
0

0
.1

2
6

0
.1

1
7

0
.1

1
3

0
.1

0
7

0
.0

9
6

0
.0

8
5

0
.0

7
1

0
.0

6
9

0
.0

5
2

0
.0

1
9

0
.0

8
4

0
.1

0
3

0
.1

1
7

0
.1

3
2

0
.1

4
0

0
.1

3
9

0
.1

5
0

0
.1

4
9

0
.1

4
7

0
.1

4
6

0
.1

3
6

0
.1

3
1

0
.1

2
5

0
.1

1
5

0
.1

0
4

0
.0

9
2

0
.0

8
3

0
.0

5
1

0
.0

4
6

0
.1

4
6

0
.1

2
9

0
.1

4
7

0
.1

5
8

0
.1

6
0

0
.1

6
3

0
.1

6
3

0
.1

6
7

0
.1

6
3

0
.1

5
1

0
.1

5
0

0
.1

3
8

0
.1

3
4

0
.1

2
0

0
.1

1
0

0
.0

9
5

0
.0

8
0

0
.0

6
0

0
.0

5
4

0
.1

4
9

0
.1

8
1

0
.1

8
2

0
.1

6
7

0
.1

8
4

0
.1

7
6

0
.1

8
0

0
.1

7
8

0
.1

8
0

0
.1

7
0

0
.1

5
8

0
.1

4
0

0
.1

3
4

0
.1

3
1

0
.1

2
2

0
.1

0
5

0
.0

7
3

0
.0

7
5

0
.0

7
6

0
.2

1
5

0
.1

6
8

0
.2

1
9

0
.1

9
3

0
.2

0
7

0
.1

9
1

0
.1

8
6

0
.1

8
9

0
.1

8
2

0
.1

6
7

0
.1

6
5

0
.1

5
0

0
.1

3
9

0
.1

3
5

0
.1

1
8

0
.0

9
2

0
.0

7
0

0
.0

6
7

0
.1

7
2

0
.1

8
7

0
.1

9
9

0
.2

2
0

0
.2

1
1

0
.2

1
2

0
.1

8
5

0
.1

8
3

0
.1

8
2

0
.1

6
2

0
.1

6
5

0
.1

4
2

0
.1

3
7

0
.1

0
9

0
.1

0
7

0
.0

7
3

0
.0

5
3

0
.0

4
1

0
.2

7
3

0
.2

2
7

0
.2

1
2

0
.2

2
1

0
.2

2
0

0
.2

2
4

0
.2

0
2

0
.2

0
1

0
.1

7
7

0
.1

6
6

0
.1

5
1

0
.1

5
3

0
.1

3
1

0
.1

1
7

0
.0

8
2

0
.0

6
8

0
.3

1
7

0
.1

9
9

0
.2

4
0

0
.2

2
6

0
.2

3
7

0
.2

0
1

0
.2

0
2

0
.1

8
5

0
.1

8
8

0
.1

7
5

0
.1

5
6

0
.1

4
3

0
.1

1
2

0
.0

9
6

0
.0

6
6

0
.0

3
3

0
.1

8
9

0
.2

0
5

0
.2

8
8

0
.2

3
9

0
.1

9
6

0
.2

0
0

0
.1

9
9

0
.1

7
7

0
.1

7
0

0
.1

6
5

0
.1

4
2

0
.1

1
9

0
.1

0
1

0
.0

7
3

0
.2

0
0

0
.2

4
1

0
.1

8
1

0
.1

9
9

0
.2

2
1

0
.1

9
1

0
.1

9
5

0
.1

7
9

0
.1

5
9

0
.1

1
4

0
.1

0
3

0
.0

8
5

0
.0

7
3

0
.2

2
5

0
.2

0
6

0
.2

2
1

0
.2

1
4

0
.1

9
0

0
.1

4
6

0
.1

5
7

0
.1

3
7

0
.1

0
7

0
.0

7
2

0
.0

6
5

0
.0

4
3

0
.2

1
7

0
.2

1
6

0
.2

4
5

0
.1

8
8

0
.1

2
5

0
.1

5
3

0
.1

3
4

0
.0

9
3

0
.1

0
3

1− 0.5− 0 0.5 1

(0)
y

0

100

200

300

400

500

600

700

800

900

 [
M

e
V

/c
]

T
p

(b)

Figure 4.7: K0
S acceptance in (a) and reconstruction efficiency in (b) for 20−30 %

centrality class.
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Chapter 5

Measurement of
collective flow

5.1 Standard flow method
The method published in the article of Poskanzer and Voloshin [52] would be
summarised, and its actual application for HADES will be given in detail. The
method presented is divided into several steps: the first is reaction plane estima-
tion (so-called event plane), evaluation of Fourier coefficients in the expansion of
the azimuthal distribution of particles with respect to the event plane, correction
of these coefficients for the finite number of detected particles (division by the
event plane resolution, which is estimated using the sub-event method).

5.1.1 Estimation of reaction plane
In case of differential flow analysis we study triple differential distribution

E
d3N

dp3 = 1
2π

d2N

pTdpTdy

(︄
1 +

∞∑︂
n=1

2vn (pT, y) cos [n(ϕ−ΨRP)]
)︄

, (5.1)

where ΨRP is the azimuthal angle of the reaction plane, and the Fourier coef-
ficients vn are easy to interpret as vn = ⟨cos [n(ϕ−ΨRP)]⟩ where the brackets
represent averaging over all particles in all events. As the reaction plane is not
accessible in the experiment (since the actual vector of impact parameter is un-
known), we must use only estimates of ΨRP. These estimates are usually called
event planes, and for their determination the anisotropic flow is used. The event
flow vector Qn and the event plane angle Ψn is calculated for each harmonic
independently using a set of equations

Qn cos(nΨn) = Xn =
∑︂

i

ωi cos(nϕi), (5.2)

Qn sin(nΨn) = Yn =
∑︂

i

ωi sin(nϕi), (5.3)

where we might select only some particles i with weights ωi for the event plane
determination. The selection of particles, which we use to determine the event
plane, and particles whose anisotropic flow is under study, might lead to autocor-
relations. In most of the experiments this effect is avoided with (pseudo-)rapidity

24



100 200 300 400 500 600 700 800
charge [arb.unit]

10

210

3
10

410

5
10

6
10

c
o

u
n

ts

inner small size cell

outer small size cell

medium size cell

large size cell

Figure 5.1: (a) Sketch of event plane determination used by HADES collabo-
ration [42] (Credit: B. Kardan). (b) Fragment charge distribution in different
Forward Wall cells.

separation of these sets of particles. In case of HADES the Forward-Wall (FW)
detector is used for event plane determination. It detects projectile spectators,
mostly protons and light ions, and their charge is used as weight ωi = |Zi|.

5.1.2 Fourier decomposition with respect to Ψn

One can study the Fourier coefficients vn using any harmonic m of the reaction
plane estimation if n ≥ m, and n must be a multiple of m, e.g. Ψ1 can be used
for any vn, Ψ2 only for even n, Ψ3 for v3,6,..., etc. The Fourier decomposition
from (5.1) thus changes to

d(wN)
d(ϕ−Ψm) = ⟨wN⟩

2π

(︄
1 +

∞∑︂
k=1

2vobs
km cos [km(ϕ−Ψm)]

)︄
, (5.4)

where the general weights w are equal to pT in the case of transverse momentum
flow analysis, but could also be unity for the study of flow of a number of particles.
In HADES case we are using only the first harmonic Ψ1 as event plane for all
vn because at rather low energy HIC the multiplicity of particles is much smaller
compared to experiments at RHIC and LHC, and the Fourier coefficients for
higher harmonics are small too, see [53, 54].

The coefficients vobs
n = ⟨cos [n(ϕ−Ψm)] are always smaller than the true vn,

implying the necessity of the so-called event plane resolution correction

vn = vobs
n

⟨cos [km(Ψm −ΨRP)]⟩ . (5.5)

5.1.3 Event plane resolution
The event plane resolution ⟨cos [km(Ψm −ΨRP)]⟩ depends on the harmonic m
used for event plane determination as well as on the order n of Fourier coefficients.
In [55] the authors derived a formula for EP resolution

⟨cos [km(Ψm −ΨRP)]⟩ =
√

π

2
√

2
χm exp(−χ2

m/4)
[︂
I k−1

2
(χ2

m/4) + I k+1
2

(χ2
m/4)

]︂
,

(5.6)
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Figure 5.2: Event plane resolution ⟨cos [n(Ψ1 −ΨRP)]⟩ for different harmonics of
Fourier decomposition as a function of centrality. Full circles are for 5% and open
squares for 10% centrality classes, lines are only to guide the eyes.

where χm ≡ vm/σ (where σ2 = 1
2M

(⟨w2⟩/⟨w⟩2) and M is the number of particles
used for event plane determination) and Iν is the modified Bessel function of
order ν.

To overcome the inaccessibility of the reaction plane in experiments, two inde-
pendent sets a, b of particles (either from different phase space windows or a ran-
dom distribution of the so-called sub-events introduced in [56]). From trigonom-
etry one easily deduces

⟨cos
[︂
n(Ψa

m −Ψb
m)
]︂
⟩ = ⟨cos [n(Ψa

m −ΨRP)]⟩ × ⟨cos
[︂
n(Ψb

m −ΨRP)
]︂
⟩ ⇒

⇒ ⟨cos [km(Ψm −ΨRP)]⟩ =
√︂

2⟨cos [km(Ψa
m −Ψb

m)]⟩,
(5.7)

where the factor of 2 under the square root comes from the fact that the number
of particles in sub-events is M/2 and the χm is proportional to

√
M .

If χm < 2.5 the approximate equation N
(︂
m
⃓⃓⃓
Ψa

m −Ψb
m

⃓⃓⃓
> π/2

)︂
/Ntotal =

exp(−χ2
m/4)/2 introduced in [57] can be used for evaluation of χm, which is

afterwards inserted into (5.6), and the EP resolution is obtained, see figure 5.2
for the actual values calculated for analyzed data set.

5.1.4 Occupancy corrections
The actual efficiency of track reconstruction in central collisions is decreasing with
the impact on flow measurement due to the higher concentration of tracks around
the reaction plane1. The density of tracks per event and 1 cm2 at a distance of 2 m
from the target is displayed on figure 5.3 separately for each centrality class but
keeping the same scale of the color axis. It is obvious from the figures that due to

1The origin of the loss of tracks lies in the ambiguity of the assignment of firing drift cells to
a given track. Within a certain cut window, the tracking algorithm is not able to distinguish
between two tracks within a very small space-time window.
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(a) 0-10% (b) 10-20%

(c) 20-30% (d) 30-40%

Figure 5.3: Distribution of track density for each analysed centrality class as a
function of polar angle θ and azimuthal angle difference with respect to event
plane angle ϕ−Ψ1.

the higher density of tracks close to the azimuthal angle of the event plane (which
we use as an approximation to the true inaccessible reaction plane angle), and
for lower polar angles the effect on the measured tracks will differ significantly.
It should be mentioned that this is not a problem of HADES spectrometer alone,
but similar corrections were implemented in other experiments too, e.g. FOPI [58]
and PHOBOS [59].

The effect of track density around a particular track of interest was studied
using the HGeant simulations, however, the obtained corrections were not able
to fully compensate the observed effect. Thus, a data-driven approach was devel-
oped using an assumption of a linear or quadratic dependency of the track recon-
struction efficiency on the track density ⟨ρtrack⟩ = Ntrack/(1 event × 1 cm2|r=2m)

εoccup(⟨ρtrack⟩) = εmax − C(⟨ρtrack⟩ − ρ0)1 or 2, (5.8)
where we know from the simulations that for ⟨ρtrack⟩ < ρ0 there is no decrease
of efficiency due to track density and therefore εoccup = εmax. The values ρ0 =
7.×10−4 and εmax = 0.98 were obtained from simulations. Due to different dynam-
ics of each particle species, these corrections have to be also particle dependent
and thus the value of constant C has to adjusted respectively (pions [42, 60], elec-
trons [61], protons [42] and Lambda hyperons [62]). The functional dependence
of the applied corrections for selected particle species is shown on figure 5.4. For
decaying particles like K0

S and Λ the efficiency is calculated as a multiple of the
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Figure 5.4: Functional dependence εoccup(⟨ρtrack⟩) for selected particle species.

(a) 0-10% (b) 20-30%

Figure 5.5: Positively charged kaon azimuthal angle distribution w.r.t. event
plane with and without the occupancy corrections for the midrapidity bin (y(0) ∈
(−0.14; 0.14)) and low transverse momenta (pT ∈ (200; 300) MeV/c). These val-
ues correspond to θ ≈ 30◦ through an equation tan2 θ = p2

T/
[︂
sinh2 y (p2

T + m2)
]︂
.

efficiencies of the decay products.
The requirement given for the determination of a constant C is the symmetry

of directed flow expressed in the form of v1(C, pT, y(0) = 0) = 0. This ideal
state is, however, difficult to achieve with just one parameter, thus we actually
want to obtain a smaller directed flow after the correction than it was before⃓⃓⃓
vcorr

1 (y(0) = 0)
⃓⃓⃓

<
⃓⃓⃓
vraw

1 (y(0) = 0)
⃓⃓⃓
. Different values of coefficient and also linear

dependence were tested as a part of systematical uncertainty evaluation. Each
track is finally weighted with the inverse of the efficiency woccup = 1/εoccup. The
comparison of directed flow measurements before and after correction is presented
on figure 5.5.
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Chapter 6

Results on
kaon flow

6.1 Application in differential kaon flow analysis
In this section, I will briefly summarize steps how the coefficients vn(C, pT, y(0))
are obtained from the analysis of data collected from Au+Au collisions at√sNN =
2.42 GeV.

The first step is the data cleaning procedure followed by the event selection
detailed in 3.2. For each selected event, the centrality C is determined using the
comparison with Glauber model simulations [46]. Using the detected projectile
fragments in the Forward Wall, the azimuthal angle of the event plane is estimated
and its resolution is calculated as described above in sections 5.1.1 and 5.1.3.

All reconstructed particle tracks are examined and kaon candidates are se-
lected via the methods depicted in chapter 4. Candidates are classified based on
their transverse momentum pT, normalized rapidity y(0), difference in azimuthal
angle with respect to the event plane ∆ϕ = ϕK − Ψ1, and the centrality of the
event C. For each group of kaon candidates, the background tracks are subtracted
and the cleaned number of kaons is used for dN(C, pT, y(0))/d∆ϕ distribution, see
figure 6.1. These spectra are then fitted with Fourier decomposition (5.4) with
m = 1 and k ≤ 4, and the obtained values vobs

1−4 are corrected for the event
plane resolution (5.5). To get the final results for vn(C, pT, y(0)) one must do the
systematic uncertainty study.

6.2 Systematic uncertainty evaluation
To evaluate the systematic uncertainty of the flow coefficients vn(C, pT, y(0)) I
made several changes in the analysis procedure or varied the values of some
parameters and observed how they affect the coefficients. Due to rather large
statistical fluctuations, I averaged the differences δvn =

⃓⃓⃓
vn − vvaried

n

⃓⃓⃓
over all

phase space bins (NPSB = Nbins
pT
·Nbins

y(0)
) in one centrality class

σsys(variation) = 1
NPSB

NPSB∑︂
i=1

⃓⃓⃓
vn − vvaried

n

⃓⃓⃓
√︂

σ2
stat(vn) + σ2

stat(vvaried
n )

. (6.1)
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Figure 6.1: K+ normalized azimuthal angle distributions w.r.t. event plane for
centrality class 20− 30% and each phase space bin fitted with function (5.4) up
to fourth order. For better readability, the enlarged axes are displayed on the
side.
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The total systematic error is then calculated as the square root of the sum of
squares over all variations

σtotal sys =
√︄ ∑︂

variations
σ2

sys(variation). (6.2)

The obtained values for K+ are summarized in table 6.1.

6.3 Results of differential kaon flow analysis
The final results of the differential kaon flow analysis obtained via the proce-
dures described in the previous sections and chapters would be presented only for
K+ and K0

S. The negatively charged kaon production is too low for differential
analysis, which is impeded because of background contamination. The obtained
results for K− and the integrated phase space will be mentioned at the end of
this section.

The most compact representations of directed and elliptic flow analysis find-
ings are the slope dependence of the directed flow dv1

dy(0)

⃓⃓⃓⃓
y(0)=0

plotted on figure 6.2,

and rapidity integrated elliptic flow shown on figure 6.3 (both as a function of
transverse momenta pT for different centrality classes). The slope values of v1 at
midrapidity are obtained by fitting the individual directed flow spectra v1(y(0))
with a linear function in y(0) in the range −0.4 < y(0) < 0.4. As the central-
ity of the collision decreases the magnitude of the slope increases. Except the
agreement between K+ and K0

S one can observe that for low transverse momenta
the slope is negative and with higher pT it is rising and changes its sign always
around pT ≈ 480 MeV/c. The significant dependence observed for kaon flow on
transverse momentum pT was the original motivation for the differential analy-
sis. From the flow symmetry requirement for the symmetrical collision system
v1(y(0) = 0) = 0 and the observed rising trend of the directed flow slope, one can
conclude that kaons (K+ and K0

S) exhibits positive directed flow for low pT, the
so-called antiflow. This opens the possibility of interpreting our results with the
repulsive kaon-nucleon potential VKN. The same outcome can be derived from the
measured negative rapidity integrated elliptic flow, i.e. kaons are squeezed out of
the collision zone. The absolute value of the potential is possible to deduce from
the comparison with dedicated simulations using microscopic kinetic transport
models. The parameter v2 is slightly decreasing (or in absolute value increasing)
with increasing transverse momenta. This behaviour is more pronounced with
decreasing centrality, i.e. the slope of v2(pT) is larger in semiperipheral collisions
compared to most central collisions.

Unfortunately, the results on the differential flow of K− were impossible to
obtain. Although the absolute yield is not too distant from the yield of neutral
kaons, the very low signal-to-background ratio makes this analysis futile. The
remaining possibility was to integrate over the variables. Therefore, I select the
centrality window 10− 40% (to omit the most central collisions where the event
plane determination is problematic) and in the case of directed flow, the integra-
tion goes also over the transverse momentum and the elliptic flow is integrated
over the rapidity, see figure 6.4. On that figure is also presented a comparison
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(a) K+ (b) K0
S

Figure 6.2: Dependence of the slope of the directed flow at midrapidity on the
transverse momentum for different centrality classes.

Figure 6.3: Comparison of rapidity integrated elliptic flow of K+ for various
collision centrality. The error bars displayed with lines indicate statistical uncer-
tainties, and the boxes are for systematic uncertainties.
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Figure 6.4: Measured pT-integrated directed and rapidity integrated elliptic flow
for K− (black) and K+ (red) in 10 − 40% most central Au + Au collisions at√

sNN = 2.42 GeV. Rectangles represent systematic uncertainty.

with the same integrated flow coefficients for K+. However, it is difficult to make
a strong statement on this comparison between charged kaons due to the size of
uncertainties, the general trend is suggestive of being the same for both particle
species. This finding is rather unexpected as the potentials VKN and VK̄N are
predicted to be of opposite sign.

6.4 Comparison with models
In figure 6.5 the comparison of measured directed flow and the model predictions
is presented. One can observe that most of the models predict, in agreement
with HADES measurements, a rising trend of v1 for high transverse momentum
around mid-rapidity. On the other hand, only two models (GiBUU and PHSD)
predict for low pT the opposite, i.e., a decreasing trend which is observed in the
experiment. Particularly good agreement in v1(y(0)) between data and model is
achieved for PHSD with kaon-nucleon potential, which can be also seen in the
comparison of slope of directed flow at midrapity displayed on figure 6.6. Pure
cascade simulations, which do not contain this type of potential, are not able
to reproduce the directed flow at low pT. The addition of Skyrme potentials
through the equation of state does not fundamentally change the outcome of the
simulations. The UrQMD and SMASH models use high-mass nucleon resonances
for the strangeness production, and kaon propagation is then governed only by the
scattering of other particles [63]. These observations lead us to the conclusion that
the incorporation of additional kaon-nucleon potentials into the model improves
agreement with the directed flow measured by HADES.

The elliptic flow predictions are set side by side with the HADES measure-
ment on figure 6.7. Similar findings to directed flow can be derived. The UrQMD
model predicts zero v2 independent of the simulation type. The SMASH cascade
again agrees with UrQMD cascade, however, the inclusion of EoS squeezes the
kaons slightly out of the dense environment resulting in a small negative elliptic
flow especially at high transverse momentum. The GiBUU model with Skyrme
type potentials follows well the trend of experimental data but significantly un-
dershoots the elliptic flow at the quantitative level. On the other hand, when
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Figure 6.5: Close comparison of the results of the data analysis and the predictions
of the directed flow for selected models. Upper row is for pT ∈ (200, 300) MeV/c,
middle row pT ∈ (400, 500) MeV/c and lower row pT ∈ (700, 800) MeV/c. The
gray box indicates the size of the systematic uncertainty of the data points.
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(a) experimental data (b) PHSD with KN pot.

Figure 6.6: The transverse momentum dependence of the slope of directed flow
at midrapidity for different centrality classes. The experimental measurements
on the left side and the prediction of the PHSD model on the right.

the RMF mode of simulation is used (which also includes the KN potential), the
best agreement with the experimental data is achieved. In the case of the PHSD
model, the inclusion of the KN potential does not play as an important role as
it did in the directed flow. The qualitative agreement between the data and the
PHSD is very good, but the experimental data suggest a slightly stronger kaon
squeeze-out. The centrality dependence of the rapidity integrated elliptic flow is
the subject of the figure 6.8 where the GiBUU RMF model was selected as it was
found to best describe the experimental data.

The analysis of the flow of antikaons, as was mentioned earlier, was much
more complicated for experimental data, and thus the integration over centrality
and transverse momentum for v1, respective rapidity for v2 was unavoidable. The
model prediction with the same assumptions is shown on figure 6.9. Although
the statistical and systematic uncertainties of the experimental data points are
significant, one can make an interesting observation: contrary to the case of K+

directed flow where SMASH and UrQMD curves were quite distant from the
HADES measurement (see figure 6.10), the antikaons are well described by these
models even in the cascade mode where no potentials are included. The same
holds true for PHSD models where the option without the KN potential is in
better agreement with the data points than the PHSD with the KN potential.
The elliptic flow is very close to zero in almost all transport models, where the
data points suggest a small squeeze-out of antikaons (negative v2). The case of
negative kaons is very intricate not only due to limited statistics and thus large
uncertainty, but also due to the fact that a considerable fraction (≈ 1

2) of K−

originates from ϕ meson decay [64].
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Figure 6.7: Elliptic flow of positively charged kaons measured in 20− 30% most
central Au + Au collisions at beam energy 1.23A GeV confronted with selected
transport model simulations. The gray box indicates the size of the systematic
uncertainty of the data points.

(a) experimental data (b) GiBUU RMF

Figure 6.8: The transverse momentum dependence of the rapidity integrated
elliptic flow for different centrality classes. The experimental measurements on
the left side and the prediction of the GiBUU model on the right.
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Figure 6.9: Measurements of directed and elliptic flow for K− are set side by side
to simulations obtained from selected models. The gray box indicates the size of
the systematic uncertainty of the data points.

Figure 6.10: K+ measured and model predicted directed and elliptic flow within
the range of integration of flow measurement for K−. The red box indicates the
size of the systematic uncertainty of the data points.

38



Conclusion
In this thesis, I focused on the analysis of kaon flow in Au + Au collisions at
kinetic beam energy 1.23A GeV measured with the HADES spectrometer during
April and May 2012.

The study of strangeness around the NN threshold energy is one of the pil-
lars of the HADES collaboration physics program, since the strange hadrons are
considered a good probe of the processes taking place inside the hot and dense
nuclear matter. Thanks to the nowadays solitary investigation of heavy-ion colli-
sions at √sNN ≈ 2.5 GeV (apart from experiments with SIS18 at GSI, there were
pioneering experiments at Bevalac/LBL in the 1980s and 1990s), it gives HADES
a unique opportunity to study very rare probes for the first time or at least signif-
icantly improve the existing results. The spectrometer is continuously upgraded
to provide further insight on the interesting state of strongly interacting matter,
which can also be observed not only in our laboratory but in the Universe as well,
e.g., in the neutron star merge.

During the mentioned gold beam time, HADES has recorded over 7 billion
events from which 2.2 billions were selected for physics analysis. This remarkable
data set allowed one to study very sensitive observables such as differential trans-
verse flow even for subthreshold-produced kaons. After careful cleaning of the
recorded events and sorting of the identified tracks, the kaons were identified. The
charged kaon candidates were chosen on the basis of the track quality parameters
and specific energy losses in the MDC and TOF detectors. The neutral kaon can-
didates were reconstructed using their decay products (the charged pion channel
is the most convenient from an experimental point of view), and for the pion pair
selection, machine learning algorithms were trained and applied. The background
tracks were subtracted with the fitting procedure and the mixed event technique
for charged and neutral kaons, respectively. The azimuthal angle distributions of
kaons with respect to the first harmonic of the reaction plane were later fitted
with Fourier decomposition and the obtained coefficients vobs

n were corrected for
the event plane resolution. Systematic uncertainties were determined from the
variation of several values of the analysis parameters.

From the results on the directed and elliptic flow of (anti)kaons, I made the
following observations:

• directed flow of K+ is strongly dependent on transverse momentum,

• both |v1| and |v2| of K+ is decreasing with increasing collision centrality,

• elliptic flow of K+ is approximately constant as a function of rapidity and
decreases towards higher transverse momentum,

• there is no significant difference in flow of K+ and K0
S,

• directed flow of K− integrated over transverse momentum exhibits antiflow
pattern,

• elliptic flow of K− is not significantly different from zero (probably is slightly
negative).
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Although it is not appropriate to compare these results directly with other
measurements done by KaoS, FOPI, and STAR collaborations (due to slightly
different kinetic beam energy and/or due to different collision system sizes), they
can be viewed as useful guidelines. The results of kaon flow presented in this
thesis are in good qualitative agreement with the published data reviewed in sec-
tion 1.3.1. In particular, there is agreement with all experiments that the elliptic
flow of K+ is negative and approximately constant function of rapidity. One can
also see a correspondence with FOPI that the directed flow of K+ is positive
for low transverse momentum and drops to negative values for pT

m
> 1, available

results from STAR are for higher pT where a similarity can be found in the rising
trend of v1(y) of kaons. The identical observed flow patterns of K+ and K0

S are
confirmed with the STAR measurements, together with qualitatively very similar
tendencies of K− flow. The decreasing trend of the absolute value of transverse
flow for more central collisions was also found by the FOPI collaboration, as well
as the observation of antiflow for K−.

Additionally, I made a comparison with the selected kinetic transport models:
SMASH, UrQMD, PHSD, and GiBUU. For the positively charged kaons, the best
agreement with the presented experimental data belongs to PHSD with the KN
potential switched on. On the opposite side are models which do not use any
potentials (the simulations were performed in the so-called cascade mode). A
surprise was to find that for K− these models (where no potentials were used)
predict the closest values to the HADES measurements. More detailed under-
standing of why some models work better for K+ and not so well for K− and vice
versa is desirable.

Finally, the HADES collaboration recorded during March 2019 about two
times more collisions of Ag + Ag at √sNN = 2.55 GeV which exactly corresponds
to K+ production threshold energy. The analysis of these data might be thus very
interesting and can provide even more precise and differential results on kaon flow
in heavy-ion collisions.
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