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1 Introduction

The Compressed Baryonic Matter (CBM) experiment is a fixed-target experiment for
heavy-ion collisions which is expected to provide new insights into the QCD phase
diagram at high net baryon densities using high-energy nucleus-nucleus collisions.
The experiment is located at the accelerator complex Facility for Antiproton and lon
Research (FAIR), which is currently under construction at the Helmholtz Center of the
Gesellschaft fiir Schwerionenforschung (GSI) in Darmstadt. Nucleus-nucleus collisions
can produce high baryonic densities that naturally exist only in very dense objects,
such as neutron stars or in the early universe. New states of matter produced in the
laboratory can probe the transition from baryonic matter to the quark-gluon plasma
(QGP). The QGP is a state of matter in which quarks and gluons are not bound
in nucleons and is reached only at very high temperatures and/or baryon densities.
In addition to exploring the equation of state for nuclear matter at neutron star
densities, as well as searching for phase transitions, the experiment is investigating
the recovery of chiral symmetry and exotic forms of (strange) QCD matter [1]. Since
the QGP is a very short-lived state, it can almost exclusively be probed by particles
resulting from the freeze out after the expansion of the fireball created by the collision.
The CBM detector is designed to measure resulting tracks with high precision and
unprecedented statistics. It targets interaction rates of up to 10 MHz, which is two
orders of magnitude higher than comparable existing heavy ion experiments such as
BM@N or STAR [2].

“The unique combination of an accelerator delivering a high-intensity heavy ion
beam with a modern high-rate experiment based on innovative detector and computer
technology provides optimal conditions for a research program with significant discovery
potential for fundamental properties of QCD matter.” [1]

Thermal photons materializing from the collision fireball as e*e™ or p*u~ pairs will
be used to measure the time-averaged temperature of the QGP. For electron pair
analysis, electrons must be distinguished from other particles using di [erent variables
measured by the detectors. The dielectron spectrum is obtained by calculating the
invariant mass of all combinations of all electrons and positrons. With this spectrum
the time-integrated temperature of the fireball can be determined. The challenge
is to distinguish electrons from other particles such as pions, which is on one hand
the task of the CBM detector setup and on the other hand the task of a suitable
classification algorithm. In this thesis, di [erent machine learning methods are utilized
for particle identification (P1D), improving the e [ciehcy of the process. Unlike other
experiments, CBM does not have an external trigger to record an event, but utilizes
self-triggered readout system. Incoming data is, to some extent, directly reconstructed
and analyzed online to extract relevant information from the raw data stream, which



exceeds 1 TByte/s [3]. Due to the high interaction rates, the particle classification
method in CBM has to be fast, as it happens in real time.

The aim of this thesis is to use a modern machine learning method like XGBoost
or Random Forest for the electron PID at the CBM experiment to increase the
significance of dielectron spectra. For this purpose, a focus is set that the algorithm
is su Lciehtly fast. Furthermore transparency of the algorithm is required, to ensure
that the algorithm does not only produce good results in the simulation but also in
the real experiment.



2 Measurement Goal and CBM Detector
System

The strong nuclear force binds the majority of matter in the observable universe. It
ensures that the components of the nuclei of our atoms, the quarks and gluons, are in
stable bound states. The dynamics of these subparticles of a nucleon are described
by the quark-gluon interaction. This is especially complex because the exchange
particles, the gluons, themselves carry a color charge, in contrast to e.g photons in the
electromagnetic interaction . At very high temperatures and/or densities, the bound
objects “melt”, and the constituents form a new state of matter called the quark-gluon
plasma (QGP). The main feature of this state of matter is the fact that now the
interaction of quasi free quarks is observable since here the confinement of quarks and
gluons is removed. The main goal of the CBM experiment is to better understand
the di[erent states of hadronic matter. For this purpose, the CBM detector has been
developed to measure the collective behavior of hadrons together with rare diagnostic
probes such as multi-strange hyperons, charmed particles and vector mesons decaying
into lepton pairs with unprecedented statistics.

2.1 Heavy lon Collisions and the Quark-Gluon Plasma

The very short time scale of a heavy ion collision (5-10fm/c) makes it impossible
to measure eledts in real time in experiments. However, the time evolution of
the produced fireball has dilerent stages with dilerkent characteristics of particle
production, which can then be detected by the CBM detector. Figure shows the
di Lerent stages of the fireball evolution as simulated with Ultrarelativistic Quantum
Molecular Dynamics(UrQMD).

In the following, the time evolution of a heavy ion collision from Figure[2.1]is described
in 3 stages:

1. In the initial state, two Lorentz-contracted heavy ions are about to collide. In
the process, they pass through a certain overlap region, creating a high energy
density and (possibly) forming a new state of matter. This matter only survives
for a very short time. It is expected that the charm production already happens
in this very early state of the fireball. Likewise, in this state the production of
prompt photons occurs, which later decay into dilepton pairs.
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Figure 2.1: The time evolution of a heavy ion collision. The Lorentz-contracted ions (left)
collide. In the overlap region between the two ions, the first hard collisions take place with
large stopping and high energy density. This phase transitions into a hydrodynamic evolution
of quarks and gluons (center). In the final state, the particles freeze out to hadrons (right). [4]

2. The second state is a very hot and dense phase of matter, in which J/W
production starts. The thermal radiation emitted in this phase yields information
about the temperature of the fireball. The thermal photons are produced by
blackbody radiation, and decay into dileptons via electromagnetic interaction.
Since thermal radiation is one of the main research areas of this thesis, it will
be discussed in detail in section Beside the thermal radiation also the low
mass vector mesons like p, w, and @ can decay into lepton pairs. These are also
produced in this hot and dense phase of the fireball.

3. The newly formed matter expands and freezes in the final stage to hadronic
matter, which is also called chemical freezeout. The particles in this final
state are called the cocktail after the chemical freezout and form the bulk
of the particles after the collision. Multi-strange baryons, charmed particles,
hypernuclei, and dilepton pairs are measured at CBM for the first time in
the FAIR energy-range, which is why CBM is designed for a high significance
measurement of these observables.

An important parameter for heavy ion collisions is the centrality, which indicates
whether the ions collide head-on or rather just brush against each other. The centrality
directly a [edts the momentum distributions and pressure gradients within the collision
zone. Furthermore, heavy ion collisions and their final state are strongly dependent
on the particle types of the collision system and the collision energy. Depending on
these parameters, dilerent types of matter can form during the collision.



2.2 The QCD Phase Diagram

The QCD phase diagram assigns a phase to the variables temperature and bary-
ochemical potential. One of these phases is cold nuclear matter, as observed in the
core of atoms. This cold nuclear matter consists of protons and neutrons bound to
nucleons by the strong interaction. In Figure a scheme of the QCD-phase-diagram
is shown, where the hadronic phase, i.e. that of ordinary nuclei, can be found at
small temperatures and small baryon chemical potentials. More precisely, normal
nuclei are located at pg = 924 MeV at a baryon density ng = 0.17 fm™—2 and a temper-
ature slightly above 0 MeV. Since many parts of this phase diagram are still widely
unexplored, there is much e[ant to answer open questions about the phases and their
transitions. One of these open questions is the search for a potential critical point
which is shown as a red dot in Figure 2.2, For high temperatures the hadronic phase
transitions to the quark gluon plasma which has already been predicted theoretically
and shown experimentally. According to lattice QCD calculation this transition is a
smooth crossover at g, = 0 . It is expected that the quarks are unbound after the
transition and there is a restoration of the chiral symmetry such that [gij[(3= 0. At
higher baryon densities a phase transition of the 1st order is suspected, which leads
to the existence of a critical point in the prediction [6].
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Figure 2.2: Schematic drawing of the phase diagram of hadronic matter

2.3 Lepton Pairs

Lepton pairs are a key observable to measure the temperature of the fireball. Since
the thermal photons do not interact via the strong interaction, they can leave the
fireball undisturbed. Real and virtual photons are emitted throughout the evolution
of the fireball and can decay into lepton pairs I*17~. Since these decays occur with
a probability of 10 per collision, it will be a challenging measurement for the



Figure 2.3: Left: Invariant mass spectrum of € e pairs radiated from central Au+Au
collisions at 20 AGeV . The diagram includes di erent sources of dielectrons, which were
simulated by [7] and [8]. The solid red curve shows the contribution of the thermal radiation
which includes in-medium ;! , 4 spectral functions and QGP spectrum calculated using
the many-body approach of [9] . Right: Sketch of the emitting source temperature as function
of collision energy for two scenarios. The red dashed curve is the result of a calculation based
on a thermal model assuming no phase transition or a crossover (see text). The purple line
illustrates a hypothetical caloric curve re ecting a rst order phase transition. In addition,
the experiments result from NAG60 [10] are shown [2].

experiment. Figure 2.3 shows the invariant mass spectrum for dielctrons in an Au+Au
collision at 20 AGeV. The invariant mass of a lepton pair can be calculated using the
reconstructed four-momentum:

q
M = (Bis +E )% (B+ c+a 02 (2.1)

Here E|. and E; are the energies of the individual leptons which are determined
using the momentum and the mass connected by the relativistic energy momentum
relation.

The spectrum in Figure 2.3 (left) is normally divided into three mass regions:

1. The Low Mass Region (LMR) is below 1 GeV/c. The main source of dielec-
trons in this region are light vector-mesons like ;!;  and Dalitz decays like
the decay of 9 into a dielectron pair and a photon.

2. The Intermediate Mass Region (IMR) is the mass region between 1 GeV/c
and 3GeV/c , i.e. the region between the and the J= peak. Since in
the energy region of CBM the hidden charm production, which dominates
this region for larger energies, is suppressed [2] it is possible to nd out the
temperature of the reball by the slope of the curve. Since thermal photons
arise from blackbody radiation of the reball, the time-integrated temperature
of the reball can be determined using a Boltzmann t (equation 2.2) for the



invariant mass Mee [11].
f(Mee) /| MZ? @ Mee=T (2.2)

If the temperature is measured for di erent collision energies, conclusions
can be drawn about a possible phase transition and the restoration of chiral
symmetry. [2]

3. The high invariant mass range  concerns masses above about 3 GeV/c. At
energies higher than those of CBM, this region is dominated by quark-antiquark
annihilation processes. In the CBM energy regime, this is not the case, and the
other signal contributions are mainly due to the Drell-Yan process (see Figure
2.3 on the left).

Figure 2.4: Schematic representation of the process of pair analysis, all positive tracks are
paired with all negative tracks. Only a fraction of electron pairs contribute to the signal (in
green). Background pairs are shown in red.

To get the invariant mass spectra for the electrons from the nucleus collisions, the
electrons have to be Itered from the rest of the detected particles rst. Any
combinations of an electron and a particle falsely identi ed as an electron contributes
to the background (see Figure 2.4). Errors are made by the not perfect detectors
and imperfect classi cation methods and therefore a lot of e.g. pions are classi ed as
electrons. Considering an event with one correlatece™ e pair and n as the number
of positive tracks of the event andk as the number of negative tracks, the result is a
number of (n 1) (k 1) uncorrelated combinations. The background contribution
to the spectrum should therefore be kept as small as possible using reliable electron
identi cation methods, which are presented in this thesis. One of the main challenges
for the dielectron analysis is, due to the large hadronic contribution, that the CBM
detector has a su cient electron identi cation in the whole momentum region.

2.4 Facility for Anti Proton and lon Research (FAIR)

Well-known accelerator facilities such as RHIC and LHC explore the phase diagram
towards higher temperatures and near-zero net baryon densities due to their high
energy but comparably low interaction rates [12]. The CBM experiment, in contrast,
explores the regions of higher baryon chemical potential at moderate temperatures [13].
For these reason, construction of a new accelerator facility, FAIR started in 2017 next



to the GSI Helmholtzzentrum fir Schwerionenforschung in Darmstadt/Germany [14].
FAIR will expand the existing GSI complex by building a new ring accelerator, the
SIS100, and new experiment facilities. This accelerator will have a magnetic rigidity
of 100 Tm and a circumference of 1100m. In Figure 2.5 a sketch of the planned
accelerator complex can be seen. To the left of SIS 100 is the existing SIS18, which
will serve as a pre-accelerator for SIS100. SIS100 will be able to accelerate protons,
antiprotons and nuclei of all kinds up to uranium [13]. Energies of 29 GeV for protons
and, for example, 11 AGeV for gold will be achieved. [15].

Figure 2.5: lllustration of the FAIR facility with the accelerators under construction such as
the SIS 100 in red. The CBM experiment is represented by the larger black rectangle on the
right. Other planned experiments and storage rings such as the high-energy antiproton ring
are shown in red. The SIS 100 uses the already built SIS18 (in blue) as a pre-accelerator. [16]



Figure 2.6: The HADES detector (left) with its beam dump, which will be removed during
CBM operation. The CBM experimental setup comprises the following components (from left
to right 2 beam direction): the superconducting dipole magnet, the Micro-Vertex Detector
(MVD) and Silicon Tracking System (STS) located in the magnet gap, the Muon Chamber
system (MuCh) in measuring position, the Ring Imaging Cherenkov (RICH) detector in
parking position, the Transition Radiation Detector (TRD), the Time-Of-Flight (TOF)
detector and the Projectile Spectator (PSD) detector. The CBM subdetectors are described
in the text. For muon measurements, the RICH will be exchanged with the MuCh which is
shown in a parking position to the right of the beam direction. [17]

2.5 The CBM Subdetectors

At FAIR, heavy ion collisions are studied not only with the CBM experiment but
also with the HADES experiment. The two experiments are operated alternately
and are shown in Figure 2.6. The HADES detector system has a large polar angular
acceptance between 18 and 85 degrees and is therefore well suited for reference
measurements with proton and intermediate mass ion beams such as Ag at low SIS100
energies. The HADES setup will measure hadrons and electron-positron pairs. For
the measurements with the CBM setup, the beam dump shown in Figure 2.6 will
be removed. With an interaction rate of up to 10 MHz and beam energies of e.g.
11 AGeV for Au+Au collisions, 10° charged particles (hadrons, electrons and muons)
per second have to be measured. This requires fast and radiation hard detectors and
a novel data readout and acquisition system. The CBM detector system is suitable
for polar angles of 2.5 to 25 degrees, which is su cient to cover the forward velocity
range including the mean velocity.

2.5.1 Silicon Tracking System (STS)

The 8 layers of the Silicon Tracking System (STS) are used to determine the momentum
of charged patrticles. These are de ected by the magnetic eld in a momentum-
dependent manner as shown in Figure 2.7 on the left. Since the particles leave hits in
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