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1 Motivation

One of the main benefits of an educated and cultural society is the freedom
to ask the questions, to which humankind has no answer. The fact that we
actually do search for answers that may not even influence our daily life at all
shows, that humanity is not only functioning and focused on the individual
gain, but also trying to understand the universe we live in.
The field of high energy and heavy-ion physics is dedicated to improving our
understanding of the fundamental forces and the phase structures of strongly
interacting matter itself. With better knowledge in these areas, we can pos-
sibly understand why our universe does look like it does and what happened
after the big bang.
Investigations of the phase diagram of strongly interacting matter and the
description of the underlying laws of Quantum Chromo Dynamics (QCD)
are made with the creation of new states of matter in the laboratory through
the usage of powerful accelerators and precise measurement systems. There
have already been a lot of experiments and measurements that explored large
portions of the phase diagram, but there are several topics, which could not
be addressed in these existing facilities so far. Such as a measurement of pen-
etrating electromagnetic probes in a dense regime or a larger measurement
of hypernuclei. Therefore, one of the newest experiments is the Compressed
Baryonic Matter (CBM) experiment, which is now being built in Darmstadt
at the upcoming Facility for Antiproton and Ion Research (FAIR). The ex-
periment will be able to measure with rate capabilities that exceed any other
experiment by several orders of magnitude, and it will also measure elec-
tromagnetic probes in an energy and density region, which has not been
explored at all by other experiments.
Especially the study of electromagnetic probes could prove to be of essen-
tial value for our understanding since these penetrating probes can carry
information out of the fireball relatively uninfluenced, and they also provide
insights from the very early stages of the fireball, where other probes are not
even produced yet. The reason why this was not investigated more closely by
other experiments before is that these are also very rare probes. Therefore,
a high statistics precision measurement is needed, which could then provide
hints to a potential first-order phase transition from the hadron gas to the
quark-gluon plasma. It could also show signs of a critical point in the phase
diagram, and it is even possible that CBM could be in the right regime to
find exotic new states of matter like the potential ”quarkyonic matter”.
The downside of these electromagnetic probes is the fact that the rare charac-
ter of the decays and the comparably large amount of hadronic contributions
makes it very di�cult to achieve signal access. Therefore, the hadronic con-
tributions have to be very well identified. In the lower momentum region,
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this can already be achieved with the usage of a Ring Imaging CHerenkov
(RICH) detector, but this detector design does not work at higher particle
momenta. For this purpose, the CBM experiment will also feature a Transi-
tion Radiation Detector (TRD), which is able to provide additional particle
identification for the RICH detector at lower momenta and which is able to
perform the whole electron ID at higher momenta.
Overall, the CBM experiment has very large discovery potential, but espe-
cially since such rate capabilities were not realized before and the rare probes
will be very hard to measure, it is crucial to have a very good understanding
of the system and the best possible description of the challenges one might
be facing. Therefore, it is necessary to simulate the physics case as precisely
as possible. This work is supposed to describe some of the steps, which were
made to create the best possible description of the TRD and the results and
implications that were possible to be concluded from this.
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2 Introduction

In chapter 1, the general idea, and purpose of the CBM experiment were ex-
plained. This chapter will introduce in a bit more detail the concept behind
this work and the working steps that took place.
As mentioned before, the TRD is a sub-detector system in the upcoming
CBM experiment and its purpose is mainly the additional electron identifi-
cation it can provide. In principle, a TRD is a simple gas detector that can
measure the energy deposition of a charged particle passing through the gas.
While the majority of the workforce in the last years was dedicated to the
development of the electronics and the hardware itself, it is still of essential
importance to develop and test the corresponding software and algorithms
to actually extract the physics information from the detector response and
also to simulate the proposed systems and search for all sources of potential
pitfalls. Some people even said about CBM that it is ”a computing exper-
iment with some attached detectors”, because of the incredible challenges
which are presented by the high interaction rates in terms of data streams
and the necessity for fast algorithms and software.
For this reason, this work will go from the background information of dielec-
tron physics in chapter 3 over to the description of the general FAIR facility
and the CBM experiment itself (chapter 4.1). Afterwards, the working princi-
ple of the TRD itself will be explained in more detail and what considerations
and design parameters were crucial for the actual CBM-TRD (chapter 4.3).
Then there will be the explanation of the way and the precision in which the
CBM experiment is simulated, together with the necessary steps that had to
be taken and the simulation improvements that could be made for the TRD
(chapter 5). Followed by the actual dielectron simulations, the analysis of
the decay channel of thermal photons into dielectron pairs and background
estimations (chapter 6). Furthermore, in the end, there will be some newly
deployed machine learning techniques that were able to drastically improve
some of the results (chapter 6.6).
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3 Theory

Most of the matter in our visible universe is bound together by the strong
force. Simple bound objects, like the nuclei in our atoms, consist of their
constituents, which are the quarks and gluons. In simple models, the con-
stituents of a proton, for example, are described as three valence quarks (in
this case up-up-down), but in fact, these are very complex objects, which
possess their own dynamic of quark-gluon interactions.
The exchange particle of the strong interaction is the gluon, which carries a
color charge. The underlying theory is Quantum Chromo Dynamics (QCD)
with the fundamental symmetry of SU(3)color [1]. One of the essential as-
pects of this theory and the strong interaction, in general, is the fact that we
can not observe free quarks and gluons. The reason for this is that the gluon
carries the charge of its own interaction, in contrast to, for example, the pho-
ton, which has no electrical charge. Therefore, the gluon can interact with
itself and, in theory, even build bound states of multiple gluons. Because of
this, we can only observe bound states of quarks and gluons, which then are
seen as colorless objects. These bound objects are called hadrons and are
usually the combination of three quarks (so-called baryons) or a quark and
an anti-quark, which is then called a meson. In both cases, the color charge
adds up to a colorless object. This phenomenon is called confinement.
At very high temperatures and/or densities, the bound objects melt, and the
constituents form a new state of matter, the so-called Quark-Gluon Plasma
(QGP). The primary characteristic of this state of matter is the fact that
now quasi-free quarks are observable.

3.1 Exploring the phase diagram of strongly interact-
ing matter

The first topic that is always discussed in heavy-ion physics is the phase
diagram of strongly interacting matter. Not only experiments but also theo-
retical e↵ort is devoted worldwide to the explanation of all the regions in the
diagram in Fig. 3.1. What is shown is the temperature drawn as a function
of the baryon chemical potential of the system. Normal nuclei are called
cold nuclear matter. This cold nuclear matter consists of protons and neu-
trons, which are bound to nucleons via the strong interaction. At moderate
temperatures and densities, the nucleons are excited to short-lived baryon
resonances that decay via meson or photon emission. With slightly more en-
ergy in the system, also baryons and anti-baryons are created. This general
combination of baryons and mesons consists of confined, strongly interact-
ing matter and is therefore mostly called hadronic matter or hadron gas.
If we heat nuclear matter to very high temperatures and compress to high
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Figure 3.1: Phase diagram of strongly interacting matter. Together with
the crossover to the QGP at low baryon chemical potentials, the potential
critical end point and the expected first order phase transition and the chiral
symmetry restoration in the regime of CBM energies.

densities, the hadrons melt, and the constituents, which are the quarks and
gluons, form the QGP phase. Additionally, Fig. 3.1 shows exotic phases
like the predicted phase of the so-called quarkyonic matter, which would be
a state of matter, that is not deconfined, but does already possess restored
chiral symmetry (see chapter 3.3). Other potential phases are color super-
conducting, which would be a phase where quarks near the fermi surface
form Cooper pairs and become correlated in a condensate, which would then
drastically change transport properties. Even though exotic physics like this
is not measured yet, it is of importance for theory and experiment to explore
all the possible phenomena of strongly interacting matter.

Directly after the big bang, the matter of the system was extremely hot
(1016 GeV), and in the time span of a few microseconds, the matter cooled
down (⇡ 100 MeV), crossed over to a hadron gas, and finally formed nuclei,
which is indicated by the white line in Fig. 3.2.
The current theoretical expectation for the transition from a hadron gas to
a QGP is that we see a crossover for small baryo-chemical potentials, as it is
predicted by lattice QCD calculations [2]. For large baryo-chemical poten-
tials, it is expected to be a first-order phase transition, which has still to be
verified by experiments. If this is the case, then we would also expect a re-
gion of coexisting phases of matter, which terminate in a critical point [2] [3].

All these phenomena have very distinct system properties and a very

5



Figure 3.2: Phase diagram of strongly interacting matter with data points
in the T and µB plane. The hadrochemical freeze-out points are determined
from a thermal model analysis of heavy-ion collision data at SIS, AGS, SPS
and RHIC energies. The quark condensate ratio

<qq̄>T,µB
<qq̄>T=0,µB=0

is the color

coded third dimension. The chiral condensate is reduced to full chiral sym-
metry restoration at high temperatures and µB as predicted by the Nambu
Jona Lasinio model [4] [5].

large scale di↵erence in required energy and density to be created in the
laboratory. These di↵erent regions can be studied with the usage of proper
collisions systems and the variation of collision energy at di↵erent accelera-
tors. The experiments at the Large Hadron Collider (LHC) at Conseil Eu-
ropeen pour la Recherché Nucleaire (CERN) and the Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory address physics in the
temperature regime of 150 - 200 MeV and very low baryo-chemical potentials
(µB < 50 MeV). So basically, more the physics of the very early universe di-
rectly after the big bang. On the other hand, the SchwerIonenSynchrotron18
(SIS18) at the Gesellschaft für SchwerIonenforschung (GSI) allows the inves-
tigation of much lower chemical freeze-out temperatures of about 60 MeV,
but with a wide range of densities between the ground state matter densities
⇢0 and 3 · ⇢0 [6]. For these two extremes, the necessary experimental setups
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are entirely di↵erent, and it is the combined task of physicists worldwide to
research on the whole phase diagram for a complete understanding of the
matter in our universe.
For this reason, it is also vital to research in the intermediate regime of mod-
erate temperatures and high baryo-chemical potentials, which is not explored
to the same extend up-to-now. Facilities like the Nuclotron-based Ion Col-
lider fAcility (NICA) plan to measure with ion beams at energies of about
4.5 A GeV and proton beams at about 12.6 GeV in a collider experiment
to search for the coexistence of di↵erent matter phases and the critical end-
point [7] [8]. However, they are also restricted by the luminosity of their
beam and, therefore, by the achievable interaction rates. This can make it
very di�cult to get access to rare probes and su�ciently small errors.
The CBM experiment, on the other hand, will be a fixed target experiment
with access to the highest interaction rates so far and will, therefore, measure
multi-dimensional observables and very rare probes in this unexplored regime
of the phase diagram. Predicted by e↵ective field theories, the spontaneously
broken chiral symmetry should be almost completely recovered, and it could
be possible to access direct signs for a first-order phase transition with a
precision measurement of dileptons.

3.2 Diagnostic probes in a heavy-ion collision

The very short time scale of a heavy-ion collision makes it impossible to
measure medium e↵ects in realtime by the experiment. However, the time
evolution of the produced fireball has di↵erent stages with distinct particle
production characteristics. Figure 3.3 shows stages of a fireball develop-
ment as calculated with the Ultrarelativistic Quantum Moleculare Dynamics
(UrQMD) [9]. It is expected that the charm production starts at the very
early stages of the fireball when the two Lorentz-contracted nuclei overlap.
Furthermore, this stage already has the production of prompt photons, which
can later decay into dielectron pairs. Then there is the very hot and dense
phase, where J/ production starts, which could be a potential probe for
the degrees of freedom for the fireball. Low mass vector mesons, such as
the ⇢, !, and �, are produced throughout the evolution of the fireball and
decay either again into mesons or directly into dilepton pairs. The thermal
radiation, which will be one of the main topics in chapter 3.4, is created by
the black body radiation of the fireball and also decays via the electromag-
netic interaction into dileptons. The particles in the final stage, basically the
cocktail after the chemical freeze-out, are building the bulk of the collision.

Currently, there are no measurements of multi-strange baryons, charmed
particles, hypernuclei, and dilepton pairs in the FAIR energy regime. There-
fore CBM is designed to make precision measurements of these observables
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Figure 3.3: The development of a heavy-ion collision calculated with UrQMD
model [9] and depicted over time for a U+U at 23 A GeV. On the left is
the initial stage, where the two Lorentz-contracted heavy-ions collide and
overlap. In the middle is the very hot and dense phase and on the right the
final chemical freeze-out stage.

for the very first time. Especially the dilepton channel does promise new
insights into the fireball evolution since leptons do not interact strongly and
carry the information from the early stages out of the fireball to a spectrom-
eter. Dilepton pairs are produced throughout the complete evolution of the
system. Also, the ⇢ meson has a unique role, since it is very short-lived and
has a very low hadronic cross section. Besides that, the ⇢ has its chiral part-
ner the a1 meson, which provides sensitivity to chiral symmetry restoration
e↵ects (this is further discussed in chapter 3.3).
The actual di�culty is the fact that all these probes are extremely rare,
which is the reason why they could not be measured by other experiments
yet. The yield of dilepton pairs, for example, is correlated with the square
if the electromagnetic coupling constant ↵. This results in a suppression
of dilepton channels in comparison to the pion production in the order of
(1/1372). In total, there is a di↵erence of six orders of magnitude in the
production probability between dileptons and pions. This, combined with
the necessary high sensitivity to measure e↵ects like the yield di↵erence for
the ⇢ meson introduced by chiral symmetry restoration, creates the need for
very high statistics.
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3.3 Chiral symmetry and chiral symmetry restoration

Symmetries play an important role in quantum field theory. They create
limitations for the possible interactions for certain particles and, therefore,
significantly influence the behavior of matter in general. There are two types
of symmetries, local ones, where the parameters of the transformation are
spacetime dependent and global ones, in which they are independent. Global
symmetries classify particles according to quantum numbers, and local sym-
metries normally lead to gauge interactions. The theory of strong interaction,
the QCD, is a gauge theory with the local symmetry group SUNc , where Nc

corresponds to the degrees of freedom of the theory, which in case of the
QCD is the number of colors. The fundamental fields are the quarks (matter
fields) and the gluons (gauge fields). The quark fields with the mass param-
eter mi belong to the color group and are Nc dimensional, while the gluon
fields, which are massless, are N2

c � 1 dimensional [10].

The mass of the matter in our visible universe is mostly contained in the
nucleus of atoms. To be precise, 99.9 % of the mass is located in the nucleus,
which is then the sum of its protons and neutrons. Nevertheless, the masses
of their constituents do not add up to the mass of the nucleon. For exam-
ple, the proton, which consists of two up and a down quark has a mass of
about 1 GeV/c2, but the sum of its quarks masses only accounts for about
9.4 MeV/c2 (with mu=2.3 MeV/c2 and md= 4.8 MeV/c2). Therefore, the
source of the remaining mass is in the ”binding energy” of the nucleon.
The question of the origin of masses is an ongoing topic for theoreticians and
experimentalists alike. The current explanation is working with the so-called
chiral symmetry and the so-called gluon trace anomaly. Chiral symmetry is
broken down to decoupled left-handed and right-handed charges. Each of
them generates their own SU(Nc) group of transformations. Together they
form the whole chiral group as:

Chiral group = SU(Nc)L ⌦ SU(Nc)R (3.1)

To simplify this, with only one flavor, this would mean that the indepen-
dent rotation by an angle �L of one component makes no di↵erence to the
theory:

 L ! ei�L L and  R !  R (3.2)

Now this symmetry is exactly realized with zero mass quarks, but it is ex-
plicitly broken by the mass term in the Lagrangian [10].
In nature, the chiral symmetry is, in addition, spontaneously broken, which
can be visualized with the so-called ”Mexican hat” potential (see Fig. 3.4).
With a state at the top of the potential, the symmetry is realized, but the
vacuum state (the ground state) breaks the symmetry of the system.
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Figure 3.4: Graph of Goldstone’s ”Mexican hat” potential function V(�).
The vacuum state (the ground state) is not invariant under the symmetry
group of transformations. It is not a symmetric state. [11]

This ground state of QCD is populated by scalar quark-antiquark pairs,
the hq̄qi condensate. The interaction of a quark with this condensate can
convert a left-handed quark into a right-handed quark. Therefore, the pres-
ence of the hq̄qi condensate is of essential importance for the understanding
of the mass di↵erence between chiral partners and the spontaneous chiral
symmetry breaking. With this in mind, it is possible to imagine mass gen-
eration in the nucleus as valence quarks, which are surrounded by a cloud
of virtual quark-antiquark pairs. Depending on the probing distance, the
observer sees di↵erent amounts of shielding by the chiral condensate for each
valence quark. With higher energy transitions Q2, it is possible to probe the
finer structure of the nucleus and its valence- and sea quarks.

It is expected that at finite temperatures and densities, there will be a
restoration of the spontaneously broken chiral symmetry, which would be
realized by the absence of the chiral condensate (see Fig. 3.2). This is
not directly accessible by itself but could manifest by the mixing of chiral
partners, which have di↵erent mass states in nature due to the broken chiral
symmetry. If there is a chiral symmetry restoration, the spectral functions
of these states could merge, which would be directly accessible in heavy-ion
collisions.
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Figure 3.5: Visualisation of the structure of a nucleus and its mass generation.
The three colored constituent valence quarks are surrounded by a cloud of
virtual quark-antiquark pairs (the chiral condensate). [12]

Figure 3.6: Two possible scenarios for the impact of chiral symmetry restora-
tion on the mass distribution of the axialvector spectral functions of the chiral
partners, the ⇢ and the a1 meson. [13]

3.3.1 Chiral symmetry restoration and ⇢ melting

As it was already mentioned in section 3.2, the ⇢ and the a1 meson are
of particular interest for the study of electromagnetic decays in heavy-ion
collisions. Since their di↵erent masses in nature are a consequence of the
broken chiral symmetry, it is expected that in the chirally restored phase,
the partners must become degenerate [13] [14].
The two historical scenarios are either the ”dropping mass” or the ”melting”
of the meson. In the first case, the ⇢ changes its mass without a↵ecting
the width of the state, because it was suggested that the mass of the light
hadrons scale with some power of the chiral condensate [15]. This approach
goes back to Hatsuda and Lee, as well as Brown and Rho and is referred
to as ”Brown-Rho scaling”. In the second case of the ”melting” scenario, it
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is expected that the meson mass does not change at all, while the shape of
the spectral functions changes dramatically. This is also investigated with
hadronic many-body calculations, and the result is a strong broadening of
the resonance [13] [16]. The two scenarios are shown in Fig. 3.6.

The high precision experimental data from the NA60 experiment at SPS
favor the melting scenario of the ⇢ meson [17]. Theoretical calculations con-
cerning this scenario of the ⇢ result in a strong temperature dependence and
a melting into a continuum at su�ciently high temperatures [14]. This is
shown on the left panel of Fig. 3.7. On the other hand, there were also
older calculations with a hadronic many-body approach, which studied the
medium modifications of the ⇢ spectral function as a function of the baryon
density (see the right panel of Fig. 3.7). The temperature is assumed to be
constant at 170 MeV, and the baryon densities range from vacuum to FAIR
conditions [16]. This result also supports a broadening scenario of the ⇢ and
suggests the accessibility of these in-medium e↵ects at both SPS and FAIR
conditions.

Figure 3.7: Left: Broadening scenario of the chiral pair of the ⇢ and the
a1 mesons from vacuum to complete chiral symmetry restoration at higher
temperatures [14]. Right: ⇢ meson spectral functions in vacuum as green
line and for SPS and FAIR conditions in red and blue. This was calculated
with a hadronic many-body approach [16].

3.4 Dileptons in heavy- collisions

As it was shortly addressed in section3.2, dileptons are of particular interest
for the understanding of matter, since they do not interact strongly and de-
liver information from the very early stages of the fireball. It is possible to
use these electromagnetic observables for the measurement of the lifetime of
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the fireball, its temperature, its chiral symmetry, and more [18]. Especially
dielectrons have a very large phase space available due to their low mass. On
the other hand, dimuon signals have the advantage that they are relatively
easy to identify. Additionally, the ⇢ meson, which was discussed in section
3.3 can decay in either a µ+µ� pair or a e+e� pair besides its hadronic decays.

The dilepton rates are calculated as [19]:

dN

d4qd4x
= �↵

2L(M2)

⇡3M2
· fBE(q0, T ) · Im ⇧em(M, q, T, µB) (3.3)

, where fBE(q0, T ) is the temperature and Im ⇧em(M, q, T, µB) is the spec-
tral function. The connection to the parent state can be made with the in-
variant mass of the final state lepton pair Ml+l� , their transverse momentum
pt and their rapidity y.
The invariant mass of the pair is directly linked to the transferred energy
and can be calculated together with the reconstructed 4-momentum:

Ml+l� =
p

(El+ + El�)2 � ( ~pl+ · c+ ~pl� · c)2 (3.4)

, where the El+ and El� is the total energy of l+ or l� respectively and
the respective momenta in the laboratory system are pl+ and pl� .
The transverse momentum is calculated with:

pt =
q

(p+x + p�x )
2 + (p+y + p�y )

2 (3.5)

, where pt is the momentum on the plane perpendicular to the beam axis
and p+x ,p

�
x ,p

+
y ,p

�
y are the respective daughter particles momenta on the x and

y axis.
Finally the rapidity is calculated with:

y =
1

2
· ln (p+ + p�) + (p+z + p�z )

(p+ + p�)� (p+z + p�z )
(3.6)

, where p+/p� again refers to the respective positively or negatively charged
daughter particle [4].

Figure 3.8 shows an illustration of an invariant mass spectrum in a heavy-
ion collision at 20 A GeV. Typically such spectra are roughly categorized into
three mass regions, which show di↵erent contributions.
Invariant masses below 1 GeV/c2 are called the Low Mass Region (LMR).
There the primary source for dielectrons are light vector mesons like the ⇢, !,
and the � and also dalitz decays like the decay of ⇡0 into a pair of dielectrons
and a photon. Here especially the specific yields from the di↵erent vector
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Figure 3.8: Invariant-mass spectrum of e+e� pairs radiated from a central
Au+Au collision at 20 A GeV beam energy. The solid red curve shows the
contribution of the thermal radiation which includes in-medium ⇢,! spectral
functions and the QGP spectrum calculated using the many-body approach
of [20]. The freeze-out hadron cocktail (solid grey curve) is calculated using
the Pluto event generator [21] and includes two-body and Dalitz decays of
⇡0, ⌘,! and �. Contributions of Drell-Yan (green solid curve) and correlated
open charm (solid violet curve) have been simulated based on [22] [23].

mesons can be studied in comparison to pp collisions to search for di↵erences
that can be traced back to hadronic in-medium modifications.

The Intermediate Mass Region (IMR) is normally described by the mass
region between 1 GeV/c2 and 3 GeV/c2, basically the region between the �
and the J/ . This region is of particular interest for investigations with di-
electrons in the CBM energy range, since the center-of-mass energy is below
the point where hidden charm production becomes the dominant contribu-
tion. Especially in the case of CBM, there might be access to the thermal
radiation contribution, since the system is also below the level where Drell-
Yan processes become dominant. Therefore, it could be possible to precisely
measure an enhancement or suppression of the thermal signal in comparison
to the expected yields without chiral symmetry restoration or a phase tran-
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sition.

The high invariant mass range is then above about 3 GeV/c2. At higher
energies, this is dominated by quark-antiquark annihilation processes, but in
the CBM energy regime, this is not the case, and the other signal contribu-
tions are mainly Drell-Yan (see 3.8).

Most relevant for the CBM physics case is the measurement of the low and
intermediate mass range, where CBM has unique discovery potential since it
will be the first experiment in this energy range that will be able to acquire
su�cient statistical accuracy. One of the main challenges for the dielectron
case will be to provide a su�cient electron identification in the whole mo-
mentum region due to the large number of hadronic contributions. Figure 3.9
shows two possible scenarios for the development of the excitation function
towards smaller collision energies. The red dots are the calculated inverse
slope parameters of the thermal radiation in the IMR at higher collision en-
ergies. The violet diamonds are the initial system temperatures. The blue
region on the left of both figures indicates the extrapolated, possible behavior
at the CBM energy regime. With su�cient precision, it could be possible
to distinguish these two cases, which would directly lead to hints for the
presence of a first-order phase transition or the absence of it.

Figure 3.9: Excitation function of the inverse slope parameter for IMR dilep-
tons (here denoted as Ts) extracted in the intermediate mass range taken
from [18]. Ti is the initial temperature of the system and Tpc is the pseudo-
critical temperature. The blue regions on the left side of both figures are
extrapolations down to lower collision energies. The left side shows a smooth
decreasing temperature and the right side shows a plateau with a quick de-
crease afterwards, which would indicate the presence of a first order phase
transition.

On the other hand, the chiral symmetry restoration, which would be in-
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Figure 3.10: Left: Illustration of the impact on the dilepton yield resulting
from the chiral mixing. The black line is the expected mass spectrum as-
suming there is chiral mixing. The red line shows the slightly lower yields
around 1 GeV/c2 in the absence of chiral mixing [26]. Right: Excess yield
of dilepton pairs as measured by various experiments [27].

dicated by the chiral mixing of the ⇢ and the a1, should also be visible in
the yield of dilepton pairs in the intermediate mass range (see left side from
Fig. 3.10) [24] [25]. The e↵ect of the mixing amounts to about 20-30% of
the yield. Therefore, this measurement, as well as all e+e� measurements, is
heavily dependent on an excellent electron identification due to the necessary
subtraction of the combinatorial background, because the remaining errors
are directly correlated to the yield of misidentified hadronic contributions.

CBM will investigate the enhancements of dileptons in the mass range
between 0.3 GeV/c2 and 0.7 GeV/c2, which were observed by various exper-
iments (see right side of Fig. 3.10). These low mass dileptons can also be
used as a tool to measure the lifetime of the fireball at it was shown by [18]
(see Fig. 3.11).

In conclusion, there is a lot of entirely unexplored terrain in the spe-
cific region, where the CBM experiment will be measuring dileptons. CBM’s
capability to measure dimuon and dielectron signals might contribute signif-
icantly to world data. Especially for the dielectron case, it will be crucial
to have a very powerful electron identification, which will be mainly realized
by the combination of a RICH detector and a TRD. The performance of the
latter one will be the focus in this work, and the working principle will be
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Figure 3.11: Excitation function of the low mass thermal radiation signal
integrated over the mass region between 0.3 GeV/c2 and 0.7 GeV/c2 by [18].
The orange line is the QGP contribution, red are the hadronic in-medium
contributions and the sum is the violet line. The underlying fireball lifetime
is then shown as dashed blue line and its scale is on the right side.

addressed in more detail in chapter 4.3.
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Figure 4.1: Overview of the planned accelerator area at FAIR together with
the existing facilities of the GSI. [28].

4 The experiment

4.1 The FAIR and the accelerator

The Helmholtzzentrum für Schwerionenforschung was founded in 1969, and
the first beam was delivered by the ”UNIversal Linear ACcelerator” (UNI-
LAC) in 1975. Already in the 1980ties, the GSI was able to synthesize mul-
tiple super heavy elements. Later the ”SchwerIonenSynchrotron” (SIS18)
was added, as well as the heavy-ion storage ring, names ”Experimentier-
SpeicherRing” (ESR). The newest development is the Facility for Antiproton
and Ion Research (FAIR), which is currently being planned, prepared, and
build and should be operational in 2025. Figure 4.1 shows an overview of the
planned area.

Initially, FAIR was planned with two additional accelerators. The so-called

18



Figure 4.2: Interaction rates achieved by existing and planned heavy-ion
experiments as a function of center-of-mass energy [29]. The STAR points
at the lower collision energies refer to the experiments at the RHIC.

SIS100 and SIS300 were named after their respective electromagnetic rigidity
of 100 Tm and 300 Tm. This parameter is very crucial for the characteri-
zation of an accelerator, because it limits the energies to which the charged
particles can be accelerated, due to the corresponding bending capabilities
in the ring. Due to financial support, the original plans were reduced to
only build the SIS100 for now, which would lead to a lower collision energies
range, but the preparations of CBM are mostly done taking into account a
possible addition of the SIS300 in the further future. Nevertheless, even with
SIS100 most of the physics cases can already be addressed reasonably well.
The key feature of the whole FAIR complex will be the high luminosities

that are supposed to be reached. The luminosity can be defined as the prod-
uct of the number of arriving ions per time dNi

dt , the density of the target ⇢T
and the thickness of the target l:

L =
dNi

dt
· ⇢T · l (4.1)
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The product of the luminosity and the cross section leads to the expected
interaction rates:

R = L · � (4.2)

Mean interaction rates of up to 10 MHz are foreseen, which is an outstanding
value and will allow CBM to perform high statistics measurements [23]. A
comparison of di↵erent mean interaction rates of di↵erent accelerators around
the world is presented in Fig. 4.2. The CBM experiment is two orders of
magnitude above the next largest mean interaction rates from BM@N 2.
The energy range of the SIS100 will be about 3 - 12 A GeV for Au+Au
collisions and up to 29 GeV for proton-induced collisions [30].

4.2 The CBM experiment

The CBM experiment is designed to perform systematic investigations of
a large spectrum of particles and observables. This includes dielectrons,
dimuons, nuclei, strangeness and multi-strange particles, correlations, and
fluctuations as well as collective flow. These measurements will be performed
in nucleus-nucleus, and proton-nucleus collisions, where the latter will deliver
a comparison baseline. Combined with the very high interaction rates, this
means that the detectors have to be very fast and radiation hard. The setup
needs to provide e↵ective identification over a wide momentum range and for
all the di↵erent particles. The experimental setup is shown in Fig. 4.3. The
existing HADES experiment will be located in front of the CBM experiment
to provide reference measurements. In the case of HADES operation, a beam
dump will be located between the HADES and the CBM experiment. CBM
itself will feature:

• a superconducting dipole magnet
• a Micro Vertex Detector (MVD) consisting of four layers of silicon
monolithic active pixel sensors

• a Silicon Tracking System (STS) based on double-sided silicon micro-
strip sensors arranged in eight stations inside the dipole magnet

• a Ring Imaging CHerenkov (RICH) detector comprising a CO2 radiator
and a UV photon detector realized with multi-anode photomultipliers
for electron identification

• a Muon Chamber (MuCh) system for muon identification consisting
of a set of gaseous GEMs sandwiched between hadron absorber plates
made of graphite and iron
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• a Transition Radiation Detector (TRD) for pion suppression, particle
tracking, and identification using specific energy loss and transition
radiation

• a Time-of-Flight wall (TOF) based on Multi-Gap Resistive Plate Cham-
bers (MRPC) with low-resistivity glass

• an Electromagnetic Calorimeter (ECAL) for the measurement of pho-
tons

• a Projectile Spectator Detector (PSD) for event characterization.

The RICH detector and the MuCH system will be interchangeable depending
on the measurement setup. Also, the MVD is designed for lower rates than
10 MHz in nucleus-nucleus collisions and will be used depending on the needs
of the respective measurement [ [23], [31]].

STS+MVD
RICH

MUCH
TRD

TOF ECAL

PSD

Figure 4.3: The HADES and the CBM experiment setup planned for SIS100
at FAIR. For the muon identification setup, the RICH detector will be re-
placed by the MUCH detector [23].

One direct result of the high interaction rates will also be the computational
challenges since heavy-ion collisions in this environment will mean that there
will be an extremely high data rate. Therefore, the CBM experiment will
not run with a global trigger system but will perform online reconstruction
of each collision and directly afterwards online event selection, since it will
not be possible to store the complete, incoming data stream. The general
infrastructure of the dataflow is illustrated in Fig. 4.4. The actual event
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selection will be performed on a high-performance computing farm equipped
with multi-core CPUs and graphics cards, the ”GreenIT” cube. The data
storage speed will be in the order of about one or two GByte/s. With this
premise of one GByte/s and assuming an average event data size of about 10
kByte for a minimum bias Au+Au collision, the necessary event rejection can
easily be calculated as Rej(fE)=105/fE (where fE is the event frequency in
Hz). This means that it would be possible to store all the events at 100 kHz
and only every 100th event at 10 MHz. To achieve this kind of online selec-
tion, it is essential that besides fast hardware, there are also high-performance
algorithms used. Some of the improvements concerning reconstruction speed
for the TRD will be discussed in chapter 5. In general, the most costly com-
puting contribution is the track reconstruction since it does scale with the
number of tracks in each event. Here a parallel implementation of a Kalman
filter is used.

Figure 4.4: Sketch of the CBM and the HADES cave (underground), the
CBM control room and be calculated, where online event building and selec-
tion will be performed [32].

4.2.1 Dipole magnet

The dipole magnet is built with two cylindrical superconducting coils, as it
can be seen on the left side of Fig. 4.5. The design is based on the FAIR
Super-FRS [33]. The coil has 1749 turns organized in 53 layers with 33 turns.
It will provide a field integral within the STS detector of 1 Tm along straight
lines. The current in the coil is 686 A, and the maximal field is 3.9 T [31].
The right side of Fig. 4.5 shows the magnetic saturation of the magnet. The
field integral variations are foreseen to be below 20%, and the fringe field
downstream along the beam axis in the gas volume of the RICH detector
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Figure 4.5: Left: Design of the superconducting dipole magnet of the CBM
experiment. It is build with two cylindrical superconducting coils. The
STS and the MVD will be located inside the magnet. [31] Right: Magnetic
saturation of the CBM dipole magnet [31].

is in the order of a few 10 mT, which is according to the planned design
parameters. Nevertheless, this level of remaining fringe field will be enough
to slightly influence electron tracks, due to their low mass. The result could
be some extra di�culties in the correct ring matching, especially in high
load scenarios, [34]. The total 3D magnetic flux is shown in Fig. 4.6 with
the maximum value here at 3.921 T. The magnet has a length of 1.5 m. The
magnetic field component perpendicular to the beam axis is shown on the
right side of Fig. 4.6 and it is reasonably homogeneous for tracking with the
MVD and the STS.

4.2.2 Micro vertex detector

The investigation of open charm requires a very precise measurement of the
decay vertex, since c⌧ is only, e.g., 123 µm for D0 mesons and 312 µm for
D+ and D�. This means that a detector with excellent position resolution
is required very close to the target. Also, the detector needs to have a very
small material budget because multiple scattering can drastically a↵ect the
position resolution. The MVD will consist of four layers of Monolithic Active
Pixel Sensors (MAPS). The pixel size will be about 27 · 30 µm2 [31] and will
be located 5 cm to 20 cm downstream of the target and in a vacuum. It is
designed to operate at 105 Hz in Au+Au collisions and at 107 Hz in p+Au
collisions. It will provide the determination of secondary vertices with a
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Figure 4.6: Left: Total magnetic flux density of the CBM dipole magnet
using the 2019 default magnet design. 3D calculations were made with
ANSYS. [31] Right: By component of the magnetic field along the beam
axis [31].

precision of about 50-100 µm along the beam axis. The design is shown in
Fig. 4.7.

4.2.3 Silicon tracking system

The STS will be the main detector for track reconstruction in CBM. It is
located between 30 cm and 100 cm downstream from the target inside the
dipole magnet, and will consist of eight tracking stations. Each station will be
constructed from 300 µm double-sided silicon micro-strip sensors with outer
dimensions of 6.2⇥2.2 cm2, 6.2⇥4.2 cm2, 6.2⇥6.2 cm2 and 6.2⇥12.2 cm2. The
provided momentum resolution is in the order of �p/p = 1 %. The expected
hit rates per cm2 in the innermost region are in the order of 10 MHz. The
ones in the outer regions are expected to be two orders of magnitude lower.
The strip pitch was designed to fulfill the required momentum resolution
and was calculated to provide a single-hit resolution of 25 µm (this is mainly
influenced by material budget and multiple scattering) [35]. Additionally, the
goal was that the track reconstruction algorithms should be able to find the
particle trajectories with an e�ciency exceeding 95 % for particle momenta
larger than 1 GeV/c. In total, the subsystem will consist of 896 detector
modules. It covers a polar angle of 2.5 to 25 degrees. The geometry is shown
on the left side of Fig. 4.8 and the track multiplicity is illustrated with a
GEANT simulation on the right side of Fig. [35].
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Figure 4.7: Design of the CBM-MVD [31].

Figure 4.8: Left: Geometry of the CBM-STS with 8 tracking stations [35].
Right: GEANT simulation of a 10% most central Au+Au collision at 25 A
GeV with the tracks in the STS [35].
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4.2.4 Ring imaging Cherenkov detector

Figure 4.9: Technical drawing of the CBM-RICH detector. The two mirror
arrays are shown in blue. The photomultipliers are shown in yellow. In grey
is the aluminum support structure [36].

The RICH detector is located 1.6 m to 3.6 m downstream of the target. The
general design can be seen in Fig. 4.9 .The subsystem is primarily designed to
identify electrons in the momentum region below about 5 to 6 GeV/c. This
is especially important for the dielectron physics case since a large fraction
of these electron’s sources are low-mass vector mesons. This is done via the
measurement of their Cherenkov radiation. When a charged particle passes
through a dielectric medium, it emits Cherenkov radiation if the particles’
velocity in this medium is above the speed of light. This is achievable with
the corresponding gases that have a suitable refraction index. The general
condition is:

c > vp >
c

n
(4.3)

, where vp is the velocity of the particle, c is the speed of light in the vacuum,
and n is the refraction index. The radiation is then focused by two arrays
of mirrors and read-out via a photon detection plane based on Multi Anode
Photomultiplier Tubes (MAPMTs). These provide a high geometrical ac-
ceptance and a high detection e�ciency, if they placed together in su�cient
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numbers. The mirrors focus the Cherenkov photons in a way that they create
rings on the MAPMTs. These rings are then matched to the respective tracks
found in the STS. Since the production of Cherenkov radiation depends on
the � value of the particle, the presence of a Cherenkov ring indicates that
a particle with a large � value has passed the detector gas. Thus, electrons
produce these rings already at lower momenta, while lighter hadrons like the
⇡-meson do not produce them yet. However, pions do also produce these
rings at su�ciently large momenta. Therefore the RICH loses its electron
identification when it surpasses the Cherenkov threshold for pions. A sketch
of the ring finding routines is shown in Fig. 4.10 [36]. More details about the
usage of the PID capabilities of the RICH detector are explained in chapter
6.

Figure 4.10: a: Schematic view STS track extrapolation onto the photon
detection plane. b: Photon detection plane and ring building out of multiple
photon hit clusters. c: Schematic view of global track building between the
STS and the RICH detector [36].

4.2.5 Muon chamber

The MUCH will be used to measure leptonic decays into dimuons. These also
come mainly from low-mass vector mesons and from charmonia decaying into
dimuon pairs. The MUCH and the RICH detector will be interchangeable
depending on the performed measurement. Fig. 4.11 shows the technical
drawing of the MUCH on the left and a GEANT simulation on the right
side. The basic concept is to absorb all hadronic particles and to detect the
penetrating muons between the absorbers. It is placed downstream of the
target behind the STS and is built as compact as possible to minimize losses.
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Figure 4.11: Left: Technical drawing of the muon chamber. It consists of 18
detector layers and 6 hadron absorbers [31] [37]. Right: GEANT simulation
of a central Au+Au collision at 25 A GeV and the tracks in the MUCH [37].

Beyond a thickness of 1.5 m iron absorbers, it was shown that the signal-
to-background ratio for the decay channel of ! ! µ+µ� does not further
improve. Even though this is not also the case for the muons from J/ , it
is still expected that the background reduction with 1.5 m iron absorbers is
su�cient for the dimuon physics case [37].

4.2.6 Time-of-flight detector

The TOF is mainly used for hadron identification. It consists of an array
of Multi-gap Resistive Plate Chambers (MRPC). It covers an active area of
about 120 m2 and is located 6m behind the target for SIS100 measurements
and at 10m at the SIS300. Its particle identification is done by combining the
momentum and velocity of the particle, where the latter can be calculated
via its time-of-flight from the target to the detector wall:

m =
p

��c
=

p
p
1� �2

�c
(4.4)

, where p is the momentum of the particle and � is v/c. A simulation of
the corresponding momentum and mass distribution for pions, protons and
kaons is shown on the right side of Fig. 4.12. The design of the TOF is on
the left side of the same Fig. The necessary time resolution is in the order
of 80 ps and the expected hit rate in the inner region of the detector is 100
kHz/cm2.
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Figure 4.12: Left: Technical drawing of the TOF wall. [31]. Right: CBM-
root simulation of light, positively charged hadrons. The lowest mass cone
comes from ⇡+, the cone in the middle are K+ and the last one with the
highest mass are protons [38].

4.2.7 Electromagnetic calorimeter

The ECAL is foreseen to be included in the electron setup of CBM. It will
measure the daughter particles from the decay of neutral mesons (e.g. ⇡0 !
� + � and ⌘ ! ⇡+ + ⇡� + �) and direct photons. The subsystem will be
composed of 140 layers of lead and scintillator sheets. The individual modules
will either be arranged as a wall or in a tower formation.

4.2.8 Projectile spectator detector

The last detector is the PSD, which can be seen in Fig. 4.13. Its main pur-
poses will be to determine collision centrality and event plane orientation,
which are necessary for di↵erential investigations in di↵erent centrality classes
and which are also crucial for flow measurements. It is designed to achieve an
event plane determination with an accuracy better than 40 degrees and col-
lision centrality measurement better than 10%. For this purpose the require-
ments were calculated as an energy resolution of �E/E < 60%/

p
E(GeV )

and a granularity of 20 ⇥ 20 cm2 [39]. It is built out of 44 individual mod-
ules, each consisting of 60 lead/scintillator layers. The improvements to the
centrality determination with multiple PSD hits in comparison to the STS
alone are shown on the right side of Fig. 4.13.
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Figure 4.13: Left: Technical drawing of the PSD detector. [39]. Right:
CBMroot simulation of minimum bias Au+Au collisions at 2 and 10 A
GeV with di↵erent detector combinations. The right side of this subplot
shows the di↵erence in centrality resolution for the di↵erent setups [39].

4.3 Transition radiation detector

The CBM-TRD in the SIS100 configuration consists of four detector layers
in one station. For SIS300 it would be three stations with ten detector layers
in total. The four layer station will be located approximately between 4m
and 6m downstream of the target. The purpose of this detector is mainly
its contribution to the electron identification. Especially at larger momenta
(p ⇠ 5GeV/c) it becomes absolutely crucial since the energy of pions be-
comes large enough to produce su�cient Cherenkov radiation to create rings
on the photomultiplier wall of the RICH detector (as it was shortly discussed
in 4.2.4). The TRD will also contribute to the electron identification at lower
momenta. However, the probability for the production of TR photons de-
pends on the � value of the particle and is much lower at smaller momenta.
Therefore, the TRD increases the contribution to the electron identification
with the momentum up to about 3 GeV/c, where the probability saturates.
Additionally, the TRD will contribute to the tracking, such that it will mostly
compensate for any introduced multiple scattering due to extra material.
The general concept of the detector is the combination of the energy loss
measurement in a Multi-Wire Proportional Chamber (MWPC) with an ad-
ditional energy deposition for electrons, created by the absorption of transi-
tion radiation in the gas volume. The transition radiation is produced in the
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radiator in front of the actual Read-Out Chamber (ROC). An illustration
of the working principle can be seen in Fig. 4.14. The radiator is placed in
front of the gas volume and produces TR for electrons and no TR for pions.
The ROC measures the specific energy loss of the charged particles, which is
also important for the study of light nuclei and hadrons.

Figure 4.14: Illustration of the working principle of a TRD. A radiator is lo-
cated in front of the entrance window to the detector gas. Electrons produce
an additional TR photon, that is absorbed in the gas volume. Ionized elec-
trons drift to the anode wires and induce a voltage on the read-out plane [40].

4.3.1 Energy loss of a charged particle in a gas volume

The specific energy loss for all charged particles in a gas volume can be
described in a good approximation by the ”Bethe-Bloch formula” [41]:

�
⌧
dE

dx

�
= Kz2

Z

A

1

�2


1

2
ln
2mec2�2�2Tmax

I2
� �2 � �(��)

2

�
(4.5)

with:

• NA = 6.023 · 1023 mol�1 (Avogadro’s number)
• re = 2.8118 fm (electron radius)
• mec2 = 511 keV/c (electron mass)
• K = 4⇡NAr2emec2
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Figure 4.15: Stopping power of positive muons in copper as a function of
�� = p/Mc over nine orders of magnitude. The solid lines show the total
stopping power. [41].

• I = mean excitation energy in eV
• �(��) = density e↵ect correction to ionization energy loss

It describes the region between about 0.1 �� and 1000 �� with an accuracy
of a few %. Above this limit, radiative e↵ects begin to be of increasing
importance. The exact range for such e↵ects is Z dependent. Here Tmax

is the maximum kinetic energy that can be transmitted to a free electron
in a single collision. Tmax also introduces a small mass dependence [41].
The calculated energy loss behavior of positively charged muons in copper
over a large scale of kinetic energies is shown in Fig. 4.15. The e↵ect of
di↵erent traversing materials is shown in Fig. 4.16. The minimal energy
loss for charged particles is normally found at kinetic energies between about
3 and 4 ��. Particles with this momentum are called Minimum Ionizing
Particles (MIPs). These are of special importance for the adjustment of the
gas gain via the high voltage applied to the detector, since they produce the
lowest signal deposition and should be as low as possible, though still clearly
separated from random electrical noise.

4.3.2 The radiator and transition radiation

TR production is a essential statistical process. It occurs when a charged
particle crosses the boundary between two media with di↵erent dielectric
constants ✏. The charged particle develops a dipole with the mirror charge
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Figure 4.16: Mean energy loss rate in liquid hydrogen, helium gas, carbon,
aluminum, iron, tin and lead. Radiative e↵ects are not included [41].

while approaching the second medium. Upon reaching the boundary, the
dipole collapses and the energy of the dipole is emitted as a photon.
The basic idea of a radiator is to maximize the probability for TR produc-
tion while keeping the traveling distance of the photon as short as possible
to prevent re-absorption in the material. This is realized by a su�ciently
large amount of boundary crossings, which are normally constructed either
as a ”regular radiator” or ”irregular radiator”.

A regular radiator is a stack of material layers with a specific, fixed dis-
tance to each other and usually air in between. These radiators produce
excellent TR yields for each electron but have the disadvantage that they are
comparably di�cult to construct in large quantities. An irregular radiator
is usually built of some sort of foam or fiber material. The interfaces are
created by small air bubbles inside the foam material. This kind of radiator
generally produces a smaller TR yield but is much easier to construct and
can still easily produce a su�cient amount of TR for a good electron identi-
fication.

Regular Radiators
To understand TR production better, it is most useful to study the theoret-
ical description of a regular radiator. For highly relativistic particles (� �

33



1) the dielectric constant is given by:

✏2 =
!2
P

!2
(4.6)

, where !2
P is the plasma frequency of the medium and ! is the frequency of

the emitted photon. The plasma frequency is calculated as:

!P =

r
4⇡↵ne

me
⇡ 28.8

r
⇢
Z

A
eV (4.7)

, where Z/A is the average charge to mass ratio of the materials. With the
electron density ne and the approximate average atomic number Z (for i
materials) [40]:

ne =
⇢ ·NA · Z

A
and Z =

X

i

wi · Zi (4.8)

The integrated photon spectrum can then be calculated as:
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But since TR is generally emitted under very small polar angles ⇥, due to
an inverse �-factor scaling (⇥ '

p
��2 + ✏22 ⇡ 1

� ), and since each foil has
two surfaces, this means that the total photon yield per foil can be expressed
as a combination of the single interface spectrum and an interference factor
4sin2(l1/2z1) [40] [42]:
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, where z1 is the respective formation length for the media:
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2�c
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(4.11)

The formation length is the distance the emitted photon travels before it
decoheres from the field of the parent particle. The photon yield is suppressed
if the layer thickness is significantly lower than the formation length in the
respective medium [42]. The absorption in the radiator itself is the reason
why mostly photons with relatively large energies enter the gas volume (see
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Figure 4.17: Left: Analytical calculation of the photon yield spectrum from
a regular radiator with multiple coherent foils and in comparison to the
single interface yield. This also show the e↵ect of the absorbtion of the
emitted light in the radiator [43]. Right: Energy dependence of the TR
yield for di↵erent electron momenta (upper panel), foil thickness (middle
panel) and foil spacing (lower panel) [42].
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Figure 4.18: Left: Schematic view of the bubble structure. Films are thin
sheets that separate two bubbles. Channels form at the connection of three
adjacent bubbles [44]. Right: Picture of a cell-air polyethylene foam struc-
ture.

left side from Fig. 4.17) [41]. What is also visible is that the TR yield per
interface does not increase in comparison to a single foil calculation. The
description of the total TR yield can be approximated by:
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d!d⌦

◆

foil

·Nf (4.12)

Where Nf is the number of foils [42]. The corresponding TR yield for dif-
ferent radiator configurations is shown on the right side of Fig. 4.17. The
gamma dependence illustrates the wide momentum range in which electrons
are the only production source of TR. In the CBM energy range, there are
no pion momenta expected where the pions would also produce TR in the
radiator.

Irregular Radiators
An irregular radiator uses the same basic principles. The main di↵erence is
that the medium distribution is not regular, but results from a statistical
process as, e.g., foam production. Figure 4.18 shows a model of such a foam
on the left and an example picture on the right. The microscopical descrip-
tion of the foam and the resulting TR is very complex [44] [45]. The radia-
tor optimization was done with a Monte-Carlo model that approximates TR
production via a regular radiator [46]. This calculation was used for the com-
parison with di↵erent radiator configurations and materials for the TRD. As
shown in Fig. 4.19 there were a variety of radiator materials, which fulfilled
the requirements for TR yield and electron identification. The best yields
were achieved with a regular radiator made of PE-foils (”FFM0.7⇥350”), but
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Figure 4.19: Simulations (grey) and measurements of di↵erent radiator types
based on [46] done for particles at momenta of 3 GeV/c and with four detector
layers. On the y-axis is the respective pion e�ciency at an electron e�ciency
of 90%. The dotted line shows the pion suppression capabilities of the CBM-
TRD for the dielectron physics case at the SIS300 [40].

even multiple irregular radiators showed very good results. The radiator of
choice was, in the end, a PE-foam (the label in Fig. 4.19 as ”H”), which had
a good performance and was also in the right price regime to be produced in
large quantity. The final radiator design can be seen in Fig. 4.20.

4.3.3 Multi-wire proportional chamber

The read-out chamber is usually designed as a gas detector since it is light in
material and can easily be built for larger areas. One of the most common
designs is the Multi-Wire Proportional Chamber (MWPC). It can measure
the specific energy loss of a charged particle and absorbs the TR photons,
which create an additional energy deposition.

In the most simple case, an MWPC consists of two parallel cathode planes
with a layer of thin parallel and equally spaced anode wires in between. The
cathode planes are on ground potential while the anode wires are supplied
with a positive potential. If a traversing charged particle ionizes the gas, the
generated electrons will be attracted by the positive potential and travel to
the anode wires. The supplied potential significantly influences the number of
collected ions, as can be seen in Fig. 4.21. If there was no potential applied,
the ions and electrons would recombine under their own electric attraction.
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Figure 4.20: Left: Picture of the front-view on a full size ROC for the CBM-
TRD. The white rectangles are small polyethylene foam radiator layers with
a thickness of 2 mm each (totaling the height of the carbon grid). The black
lines in between are the carbon support structure of the entrance window [40].
Right: Full size polyethylene foam radiator in the size of a large 1m ⇥ 1m
CBM-TRD module. It consists of 146 foam foils per detector layer [40].

Figure 4.21: Number of collected ions on the anode wire of a MWPC de-
pending on the applied potential [47].
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Figure 4.22: Time development of a primary ionization in a MWPC. A single
electron travels to the anode wire. With increasing fields, it creates secondary
ionizations. In the final stage it creates a negatively charged cloud surround-
ing the anode wire, which is quickly collected (about 1 ns [49]), while the
ions slowly drift to the cathode plane [47].

With su�cient voltage, the detector can be operated as an ”ionization cham-
ber”. The electrons and ions get separated by the electric field and travel to
the anode/cathode plane, respectively, and a current can be measured. Until
the voltage reaches the threshold for a ”proportional counter”, the measur-
able current does not increase further. In the proportional operation, the
electrons have enough kinetic energy to create secondary ionizations in the
gas, which allows the generation of an electron avalanche. The number of
collected electron-ion pairs in the avalanche is proportional to the number of
primary ionizations.
Above the upper voltage limit of the proportional operation, the detector
loses its correlation between the number of primary ionizations and the gen-
erated signal, because the electrons can create a chain reaction of avalanches.
The output saturates and always gives the same amplitude [48]. For the usage
in a TRD the potential is chosen such, that the amplification is in the region
of a proportional counter. The electrons will drift on field lines until they
reach the amplification region. They create a drop-like electron avalanche
around the wires (see Fig. 4.22). The electron signal is generated very fast,
while the ions drift much slower to the cathode plane and generate the so-
called ”ion-tail” [47].

It is also possible to place an additional drift region in front of the first
cathode plane. This approach can be used to decouple the generated signal
from the size of the gas volume and it increases the TR absorption as well as
reducing gas gain instabilities. For CBM a large drift region is not feasible,
because of an increase in the total signal collection time, and thus a higher
probability of signal pile-ups in a high rate environment. The chosen design
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Figure 4.23: Schematic view of the anode wire and cathode wire grid positions
for the CBM-TRD, as well as the size of the drift region [40].

parameters for the CBM-TRD are optimized for these high rates and can be
seen in Fig. 4.23. A small drift region is added in front of the first cathode
plane, but the ROCs are still relatively small. The signal can be collected
fast enough for 10 MHz operation.

Gas mixture
The e�ciency of the electron-pion separation is directly connected to the
absorption characteristics of the gas mixture used in the detector. Especially
for thin TRD configurations, it is important that the TR absorption length
is su�ciently short. The employed gas should, therefore, have a high atomic
number. Noble gases have the advantage, in comparison to other larger
molecules, that a large fraction of the energy deposited by the incident par-
ticle leads to ionization, while molecules can convert the deposited energy
to excitation states. Xenon is the heaviest of the noble gases, that is not
radioactive. Its absorption length is the shortest in comparison to the other
noble gases (see Fig. 4.24). Typical TR photons have a photon energy below
10 keV, which means that the corresponding absorption length of xenon is
in the order of 10 mm. This is small enough to absorb the majority of TR
photons within the design parameters of the ROCs.

Not all ionized gas atoms directly return to their ground state. The xenon
can return to the ground state via an intermediate stage with the emission
of a photon. The energy deposition of this photon can produce ionizations in
the gas, which are not located near the particle trajectory and it can create
additional discharges. This can drastically influence the position resolution
of the detector. To minimize this e↵ect, CO2 is added to the gas mixture
as ”quenching gas”. It is supposed to absorb these photons via intermediate
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Figure 4.24: Absorption length of di↵erent gases as a function of the energy
for X-rays. The data is from the NIST database [50] and the picture is taken
from [42].

excitation states.
The gas amplification is determined by the electric field, the first Townsend
coe�cient, which expresses the number of electron-ion pairs generated per
unit length, the excitation and ionization cross sections of, as well as the
density of the ionizing gas. The Townsend coe�cient ↵(E(s)) has to be
measured since it can not be calculated easily analytically. The increase of
the number of electrons after a distance sa in the gas volume in comparison
to the number of electrons before the amplification N0 is defined as:

G =
N(sa)

N0
= exp

✓Z sa

s0

↵(E(s))ds

◆
(4.13)

For a cylindrical geometry the gain factor can be expressed as:

G = exp
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Z Ea
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E2
dE

◆
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, where Emin is the minimal electric field required to generate secondary
ionizations, a is the wire radius and b is the distance to the cathode.
With the usage of the approximation ↵(E) = kE, where k is a parameter,
the gas gain can be expressed as:
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The value of k can be calculated with the total potential di↵erence in the
amplification region ��:
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and, since the number of ionizations nI can be expressed as nI = �U/��,
with the potential �U necessary to accelerate an electron up to the ioniza-
tion energy of the gas.
Using the assumption that the number of electrons doubles with every gen-
eration (G = 2nI ) the gain factor can also be expressed as:

ln(G) = m · ln(2) = U · ln(2)
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and via comparison of equation 4.15 and 4.17, the value of k can be deter-
mined as:

k =
ln(2)

�U
(4.18)

Together with the replacement of E(a) for a given voltage this leads to the
”Diethorn-formula” [51] [49]:
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A good understanding of the gas gain of each module is important for later
calibration and a good stability and tension of the wires can minimize am-
plification variations.
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Figure 4.25: CBM-TRD geometry for sis100 consisting of one station with
four detector layers. Left: Front view of the ROCs with the radiator boxes.
Right: Backpanels with the front-end electronics. [40].

4.3.4 Overview of the CBM-TRD layout

The CBM-TRD for SIS100 will consist of one station with four detector
layers. The geometry can be seen in Fig. 4.25. The TRD is designed with
four di↵erent module types in two sizes. The modules are quadratic with
dimensions of 57⇥57 cm2 and 99⇥99 cm2 respectively. The smaller modules
are numbered as type 1 and 3, while the larger modules are type 5 and 7 (a
more detailed discussion of the implications of the di↵erent pad sizes and the
layout follows in section 5.1.4). The number of modules and read-out pads
per layer is distributed as seen in the following table [40]:

Module type Modules/plane Pads/plane Active pad area (cm2)

1 10 25600 1.2
3 24 15360 4.6
5 8 27648 2.7
7 12 13824 8.0
Total per layer 54 82432

A given module of the CBM-TRD consists of the radiator, the ROC, and
the Front-End Electronics (FEE). The modules are arranged with a vertical
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separation between the smaller modules in the center and the larger mod-
ules in the outer region. The radiator and the ROC were introduced in the
previous section. The FEE will use the ”Self-triggered Pulse Amplification
and Digitization ASIC” (SPADIC) chip, which is a readout ASIC with 32
input channels. It was specifically developed or the CBM-TRD and has a
continuously running ADC sampling the amplifier output. Additionally, it
features a programmable digital filter and a hit detection logic.
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Figure 5.1: Overview of the di↵erent steps in the simulation process.

5 Simulations

The following chapter will present the infrastructure and the developments
for the software side of the project. Precise simulations of the detector re-
sponse are a crucial instrument for the optimization of the detector design
and the creation of correct and fast algorithms. Additionally, it is essential
to prepare for possible challenges in the extraction of di↵erent physics ob-
servables, which might occur with design decisions of the subsystems and
which could a↵ect several observables to a di↵erent degree and have to be
considered in the decision process of the project.

Figure 5.1 shows an overview of the calculation steps in a regular CBM sim-
ulation. The framework for these calculations is ”CBMROOT”. It is based
on a common interface for all the FAIR experiments, which is named ”FAIR-
ROOT” [52]. Both of these are again adaptations of the initial ”CERN-
ROOT”, which was created by the CERN collaboration and which is freely
accessible and commonly used in any form of data analysis [53]. The frame-
work provides general event and data handling mechanisms and is written in
C++, which allows e�cient object oriented programming and the encapsu-
lation of di↵erent tasks.

Event generation
The first step is the event generation, which is the model-based calculation
of particle properties for the respective collision system. The most com-
monly used model for heavy-ion collisions in the CBM energy regime is the
UltraRelativistic-Quantum-Molecular-Dynamics (UrQMD) approach. This
microscopic transport model describes the phenomenology of hadronic inter-
actions at low and intermediate energies (

p
s < 5 GeV) in terms of inter-

45



actions between hadrons and resonances [54] at larger energies there is the
addition of strings. The model shows good agreement with many experimen-
tal data and over a wide range of center-of-mass energies. In comparison to
macroscopic models, which are based on statistical and hydrodynamical cal-
culations, UrQMD calculates the cross sections and classical trajectories of
the particles in combination with stochastic binary scatterings, color string
formation and resonance decay. Interactions of baryons at low energies are
considered with the exchange of electric and baryonic charge, strangeness and
four momentum in the t-channel. Baryon-meson and meson-meson interac-
tions are only treated via the formation and decay of resonances (s-channel
reactions). Additionally, Yukawa and Coulomb potentials are implemented
in the model, which allows calculating the equation-of-state of the interacting
many-body system. However, these potentials are only used for small mo-
menta [54]. More detailed results of the UrQMD calculations will be shown
in chapter 6.

The second important event generator, especially for the dielectron case,
is the ”Pluto” framework. This framework is not a full event generation as
it is the case for UrQMD, since it does not have an underlying model to
calculate particle production for the event. Instead, it is based on adjustable
parametrizations of particle distributions for the study of hadronic interac-
tions at SIS and FAIR energies. The main advantage of this generator is the
possibility to inject additional particles in the simulation data stream and to
change or add decay patterns and resonances. It was originally developed for
the HADES experiment but is now successfully used by other collaboration
including CBM. Pluto is a collection of C++ classes, that is not dependant
on any additional packages and depends on ROOT only. In general, the pack-
age consists of a user interface, which steers the desired event production, a
physics package and an event loop interface. Figure 5.2 shows the design of
the code structure [55].
The database o↵ers the possibility to connect particles and decays to certain
models, which are then used to describe the respective mass shape (usually
calculated by a mass-dependent Breit-Wigner approach in a recursive way)
and the decay width. The addition of LMVM and the creation of thermal
signals with Pluto is of essential importance for a quantitative study as de-
scribed in chapter 6.

Transport
The transport step from Fig. 5.1 describes the propagation of the created
particles through the detector setup with Monte-Carlo (MC) methods. The
most commonly used framework for this task is ”GEANT”, which is an
acronym for ”GEometry ANd Tracking”. The very first iteration of this
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Figure 5.2: Structure and design of the Pluto generator. The user classes
are shown on the upper left in orange. The yellow box accesses the particle
stream in the event loop. The blue boxes in the lower right corner show the
particle and decay data base and the violet boxes above contain the included
physics models [55].

software dates back to 1974 and was developed at CERN. The newer ver-
sions GEANT3 and GEANT4 still receive updates and are used by various
experiments. The idea of this framework is to provide the layout and the
used materials of the experiment together with the particle properties from
the event generation. Afterwards, GEANT calculates the trajectory of each
particle and propagates it through space, while calculating any interaction
with the material in the path including multiple scattering, energy deposi-
tion in the detectors and secondary particle production [56]. The trajectory
of the particle and all the major interactions with the detector systems are
stored in a binary ”root” file and can be accessed and evaluated. These are
also used for the calculation of the respective detector responses. Figure 5.3
shows an illustration of the transport process. Each particle possesses an
initial set of kinematical properties (e.g. location = (x,y,z), momentum =
(px, py, pz), mass and particle identity) that allow the propagation. Each red
dot represents a physical interaction of the propagated particle with a de-
tector material. They all refer to the original MC track that produced them
as well as, in case of a daughter particle, to the respective producing mother
track. This is crucial for quality assurance of the simulation and to improve
the understanding of the detector behavior. Additionally, this can be used to
quantify e�ciencies in algorithms and in reconstruction for later corrections.
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Figure 5.3: Sketch of the available information that can be used and traced
back for the simulation and evaluation process of the detector design. The
black arrows represent the reference on each daughter track to the mother.

With detailed descriptions of the planned detector systems, including any
support material and electronics and cooling, it is possible to get a precise
description of particle trajectories through the experiment.

Fig. 5.4 illustrates the information flow for an exemplary simulation
chain. The particles from the event generation are grouped together frame-
workwise into events and are propagated with the external transport code.
Afterwards, the physical information of the original particle is self-contained
in the combination of the MC track and all of its respective interaction points,
which refer to their creating MC track.

5.1 TRD detector response

The information about the interaction of the particles with the detectors
is used by each sub-system. The individual MC points by themselves are
completely independent of each other and the sub-systems deliver their own
set of self-contained detector response objects. This step represents some
sort of encapsulation, in the way that the individual methods are hidden for
the user and do not require additional steering. This chapter will focus on
the procedures for the TRD simulation.
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Figure 5.4: Data flow for an exemplary event generation and transport step
with a full SIS100 electron configuration.

5.1.1 Specific energy loss and TR handling

The incoming MC information for the TRD contains the entrance and exit
position in the active detector volume, the corresponding momenta at these
positions, and the specific energy loss of the particle in the gas volume. The
transition radiation by itself is not calculated by GEANT and has to be
simulated manually, as explained in chapter 4.3.2. The self-absorption of
TR-photons by the radiator is taken into account as well as the absorption
by the entrance window and the active gas volume. Figure 5.5 shows the con-
tribution from TR-photons to the energy deposition on top of the one by the
specific energy loss of electrons passing through the active detector volume
(left) and the number of absorbed TR-photons in the gas (right) as a func-
tion of the momentum. The TR production starts at about 1 GeV/c, which
can also be seen on the right side of Fig. 5.6. Between 3 and 5 GeV/c the
TR probability saturates because the electrons reach the plateau at large ��.

The calculation of the specific energy loss by GEANT3, including the
production of �-electrons was already evaluated by the ALICE collaboration
in the context of the ALICE-TRD development [57]. The left side of Fig. 5.6
shows the comparison between the GEANT3 calculation of minimum ionizing
particles in Xe/CO2 (85/15) and the expected Rutherford spectrum, which is
shown in its integral form. Both distributions correctly start at the energy of
about 12 eV, which is the ionization potential of xenon. At very high energy
depositions the particles are treated as �-electrons and handled separately
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by GEANT. The corresponding threshold was chosen as 10 keV.

5.1.2 Charge distribution in the gas volume

In CBMROOT, GEANT does not calculate single ionization processes in
the gas volume of the TRD along the particle trajectory but instead de-
livers one single integrated energy loss. The reason for this is a stepwise
calculation by GEANT, whose steps are not small enough to distinguish in-
dividual gas ionizations inside the very small drift and amplification regions
of the CBM-TRD design. A finer calculation would technically be possible,
but drastically increase CPU consumption for all systems. To preserve total
CPU consumption this charge distribution in the gas is done instead in the
TRD digitization class. The calculation is based on the electromagnetic in-
teraction and the integrated probability for a charged particle to release an
electron from the atoms of the TRD gas after traveling a certain distance s
inside the gas volume. This probability is then defined as:

P (s) =
1

D
exp

✓
�s

D

◆
(5.1)

, whereD is the mean distance between primary ionizations and is defined
as:

D =
1

hNprimif(��)
(5.2)

Here hNprimi is the average number of primary electrons per cm created by
a minimum ionizing particle and f(��) are the values of the Bethe-Bloch
curve as shown in Fig. 5.6. The value of hNprimi is chosen as 20.5, which
is taken from GEANT3 because its’ results are in a good agreement with
the expected energy loss behavior for charged particles, but there are large
di↵erences in the literature concerning this value [58]. The left side of Fig.
5.7 shows the integrated distribution of primary ionizations for all particles,
while the right side of Fig. 5.7 represents checks of the expected dependence
on the distance traveled in the gas volume. Additionally, it is visible that
there are some trajectories, which do not traverse the whole gas volume, and
therefore, produce smaller numbers of primary ionizations. The discontinu-
ity on the right side of Fig. 5.7 can be explained by secondary particles that
are produced in the frame material of the read-out chambers, and therefore,
do not travel the full distance through the chambers along the z-axis. This
implementation takes fluctuations in the number of interactions into account
and allows charge clusters to form realistically. Also, it does create an angle
dependence in the position, time and energy resolution as it is expected in
a realistic measurement. This angle dependence is also depicted in Fig. 5.8

51



0 10 20 30 40 50
primary ionizations

0

500

1000

1500

2000

2500

3000

310×

(n
or

m
.)

4−10

3−10

2−10

0 10 20 30 40 50

primary ionizations
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

di
st

an
ce

 in
 g

as
 (c

m
)

Yi
el

d 
[n

or
m

.]
C

ou
nt

s 
[n

or
m

.]

Figure 5.7: Left: Integrated number of primary ionizations distributed along
the trajectory of the charged particle. The distribution is normalized to
unity. Right: Number of primary ionizations as a function of the distance
traveled in the gas volume.

with the distance traveled in the X- and Y-direction (with the bending plane
of the magnetic field on the X-axis) from the entry position into the gas vol-
ume to the respective primary ionization (left side) and the distance on the
XY-plane as a function of the distance in beam direction (right side).

With the 3D position of each primary ionization, it would be possible to
calculate the exact electron amplification and the gas gain with the formulas
presented in chapter 4.3.3. However, this would again be very CPU intensive
and does not intrinsically increase the precision of the simulation as long
as there are no strong fluctuations of the gas gain expected. Otherwise, it
would just be an encoding and decoding of the information with the same
mathematical function. The smearing that could be done to account for
fluctuations of the gathered electrons on the anode wire can also be done on
another information level, as it will be explained later in this chapter.

5.1.3 Garfield simulation and drift time

”Garfield” is another simulation framework that was created at CERN it
calculates and plots the electrostatic field, the drift-lines of electrons and
ions and the currents on the sense wires resulting from the passage of a
charged particle through the chamber. It is very precise in modeling the
behavior of drift chambers under the assumption of thin anode wires and
infinite equipotential planes. For the simulation of induced signal on the sense
wires, it takes e↵ects like cluster-formation, longitudinal di↵usion, avalanche
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Figure 5.8: Left: Distance traveled in the XY-plane for all particles that
completely traverse the gas volume in the beam direction. The z-axis shows
the yield normalized to unity. Right: Number of primary ionizations as a
function of the distance traveled in the gas volume. The z-axis shows the
yield normalized to unity.

near the wire-surface, electron-pulse and the ion-induced current into account
[59]. For the CBM-TRD digitization, it is very important to have a precise
estimation of the expected drift time of the electrones to the sensing wires,
because of the high rates and the potential signal pile-up. The left side of Fig.
5.9 shows the drift-time for the electrons in the gas volume as a function of
their respective position in between two sensing wires calculated by Garfield.
The time scale is logarithmic and ranges from a few ns to about 300 ns.

This is a comparably large time frame regarding 10 MHz interaction rates,
but it has to be considered that the expected variance of minimal drift time is
not very large, which allows for a correction of the systematic time o↵set due
to the delay between the ionization and the start of the measured signal. This
minimal drift time for each charged particle is depicted on the right side of
Fig. 5.9, which shows that the systematic o↵set is around 15 ns. Nevertheless,
the di↵erences in time a↵ect the shape of the measured signal since the charge
on the sensing wires is distributed over time, which a↵ects the reconstruction
of the physical energy deposition in the gas from the analog signal. Therefore,
it is necessary to understand the timing distribution of released electrons from
one charged particle. The electric field lines and respectively the drift seen
in Fig. 5.9 is symmetrical around the field lines (in the amplification region),
which is reflected by increased probability for these values on the left side
of Fig. 5.10. The drift increases with distance traveled in the drift region.
The right side of Fig. 5.10 shows the corresponding time delay between
the initial signal induction and the last energy contribution from the same
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Figure 5.9: Left: Garfield simulation of the drift time of electrons created
in primary ionizations. The x-axis shows the beam direction in mm and y
is perpendicular to the anode wire direction. The gas is Xe/CO2 (85/15)
and the anode voltage is at 1800 V [60]. Right: Simulated smallest drift
time for each physical particle passing through the active detector volume.

Figure 5.10: Left: Distribution of all occurring drift times for the electrons
released via ionization of the gas. Right: Time distance between the electron
closest to the sensing wire and the one with the maximal drift time.
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particle, which describes the time frame of signal collection with the CBM-
TRD design, which is directly connected to the information contained at each
point in time after signal generation. Also, this distribution has to be taken
into account for the applied voltages to optimally use the dynamic range of
the electronics (further discussion about this from simulation side will be
done in chapter 5.1.5).

5.1.4 Charge distribution on the read-out plane

The single ionization clusters move along the electric field lines towards the
closest anode wire, while inducing a mirror charge on the read-out plane
which is segmented into a multitude of read-out pads. These read-out pads
localize the position of the energy deposition depending on their measure-
ments. Their size has to be adjusted to the expected hit density in the
respective region. Figure 5.11 shows the di↵erent pad plane designs. Figure
5.12 shows the arrangement of these pad planes in the final design. The
numbers on each module indicate the covered area by one read-out pad, as
shown and mentioned in Fig. 5.11. Further discussion about the expected
hit density and necessary granularity will be presented in chapter 5.3.
Additionally, Fig. 5.11 shows that the width of the pads is always chosen
the same and only the height is changed. This is done to ensure a su�cient
position reconstruction in one dimension while adjusting the granularity via
the height variation. Due to the symmetric design of the CBM-TRD mod-
ules, it is possible to rotate all modules by 90 degrees for every other detector
layer, which provides a good position resolution in x and y in an alternating
position measurement for the di↵erent detector layers. The position in the
height direction is also measured, but the error is much larger and not precise
enough to significantly contribute to any tracking attempts.

The charge induced on the pad-plane is distributed in space around the
position of the primary ionization. The induced charge distribution on the
cathode plane ⇢(d/h) can be described by the empirical formula proposed by
Mathieson as a function of the track’s relative position to the center of the
pad d and the distance between anode wire and pad plane h. It is defined
as:

⇢(d/h) = qa ·
⇡
2 ·
⇣
1�

p
K3

2

⌘p
K3

4 arctan(
p
K3)

·
1� tanh2

⇣
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2 ·
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1�

p
K3

2

⌘
d
h

⌘

1 +K3 · tanh2
⇣

⇡
2 ·
⇣
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p
K3

2

⌘
d
h

⌘ (5.3)

, where K3 is a chamber geometry parameter, which depends on the anode

55



Figure 5.11: Layout of segments of the TRD read-out plane for di↵erent mod-
ule types. Each of the segment will be read-out by one SPADIC chip. Left:
High hit density pads used in the innermost location of the TRD (width=0.68
cm, height=1.75 cm, 1.2 cm2 area) Middle: Moderate hit density pads used
for the upper and lower central TRD chambers (width=0.68 cm, height=6.75
cm, 4.6 cm2 area). Right: Regular hit density pads used for the outer TRD
region (width=0.68 cm, height=12 cm, 8 cm2 area). This layout also exists
with a height of 4 cm (2.7 cm2) [40].

Figure 5.12: Arrangement of the pads sizes for the di↵erent detector modules.
Shown are the pad areas in cm2 [40].

56



Figure 5.13: K3 as a function of h/s for di↵erent ratios ra/s parallel (left)
and perpendicular (right) to the anode wire direction [61] [62].

wire radius ra, the anode-cathode distance h and the anode wire pitch s.
Values of K3 are presented in Fig. 5.13 for di↵erent values of the ratio h/s.
For all detector designs the values are: h= 3.5 mm, h/s= 1.4 and ra = 20 µm,
which leads to a K3 value in parallel direction of 0.35 and in perpendicular
direction of 0.38. Assuming a qa value of 1, the charge fraction on each
individual pad along a certain direction can be defined, which is called the
Pad Response Function (PRF):

PRF (d/h) =

Z d/h+W/2

d/h�W/2

⇢(d0/h)d(d0/h) (5.4)

, which evaluates to:
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K3 � 2) · W+2d

8h

��

2 arctan(
p
K3)

(5.5)

, where W is the width of the pad in the considered direction. Since this
equation describes the charge distribution as a function of the detector design
and the relative position of the track to the pad center, it can be used for
a more precise position reconstruction of measured signals or to realistically
distribute a known energy deposition over several read-out pads, as it is
necessary for the TRD simulation. The comparison of theoretical expectation
and measured data can be seen on the left side of Fig. 5.14.
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Figure 5.14: Left: Pad response function calculated from measurements
at CERN-SPS in 2015. The measured averaged charge as a function of
the distance to the pad center is shown with black circles and the fit of
Eq. 5.5 is shown as black line. The extracted K3 parameter from the
measurement was at 0.388 ± 0.008 which is in good agreement with the
expected theoretical values [40]. Right: Illustration of charge distribution
for each calculated ionization point using Eq. 5.5.

The right side of Fig. 5.14 illustrates the usage of the PRF for the dis-
tribution of the MC charge on each read-out pad. The CBM-TRD features
a self-triggered chip that starts message building when it measures a signal
that fulfills either an absolute or a di↵erential threshold. Additionally, the
respective pad forces the read-out of its two adjacent pads in the position
sensitive direction, which is called forced neighbor (FN) read-out. This is
done to prevent information loss or information bias due to threshold e↵ects.
It is important to note, that the PRF does decrease rapidly with distance
to the original pad center d (as seen in Fig. 5.14), but it does not vanish.
A pre-processing on each pad can reject extremely small energy depositions
in the calculation and prevent unnecessary usage of computation time and
memory. Additionally, this prevents misleading overlaps in the MC infor-
mation vector for each pad due to references on TRD points, which barely
contributed to the generated signal. Therefore, an empirical threshold of
th = 0.5 keV/NIonization is used, where NIonization is the number of primary
ionizations created by this charged particle with its trajectory in the gas vol-
ume. It was chosen in a way, that it does not reject reconstructable signals,
but minimizes the necessary calculations in the further steps. The signal
was compared to an older implementation of the simulation, which did not
further process this energy information and therefore acts as an unfiltered
baseline. This threshold is iteratively checked for the charge deposition in
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Figure 5.15: Illustration of the energy preprocessing with iterative calculation
of the pad charge based on Eq. 5.5. A threshold th is set to 0.5 keV /
NIonization. Physical hits in between rows are handled with the respective
PRF along the wires and the same filters.

each pad, as calculated with Eq. 5.5. The iteration starts from the pad,
which has the closest distance to the ionization point and then checks each
neighbor in the sensitive direction first and the respective neighboring rows
afterwards (see Fig. 5.15).

This procedure produces a matrix for each TRD point, which has a di-
mensionality of about Nch ⇥ (2 · NIonization + 1), where Nch ist number of
read-out pads and NIonization is the number of primary ionizations. The ad-
ditional factor 2 comes from the additional time information that is relevant
for the time evolution of the signal, and the one is the address of the posi-
tion, which encodes the 3D position in the context of the detector geometry.
These features also show a scaling for the complexity of the algorithm, since
all further steps have to be done Nch ⇥NIonization times.

5.1.5 Time evolution of the signal

The analogue front-end consists of an arrangement of a charge sensitive am-
plifier, a pole-zero compensation network and a shaping amplifier. This gen-
erates a signal pulse with a shape that follows, in case of a first order shaper,
the function f(t) defined as [40]:
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f(t, e) = A · t
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· e · exp
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� t

⌧

◆
(for t � 0) (5.6)

, where A is a calibration factor that follows out from supplied voltage to
the anode wires, and the resulting gas gain, e is the deposited energy and ⌧
is the peaking time, which is nominally at 120 ns. The gain and, therefore,
the calibration A in the simulation is chosen in a way that minimum ionizing
particles are peaking with an amplitude of about 7% of the dynamic range in
the central pad. The pulses are digitized with the internal ADC at a sampling
rate of 20 MHz and a time distance between samples of 62.5 ns. Additionally,
there are two ”presamples” implemented, which means that the continuous
analog read-out stores two ADC samples before the internal trigger. These
two samples are assumed to be signal free as long as there is no remaining
signal seen on the pad from a previous particle. This kind of signal overlap
is called a ”signal pile-up”. Either it can occur for di↵erent particles from
the same event (”in-event pile-up”), for example from secondaries that in-
duce a signal on the same pad as the collision particle, or it can occur for
particles from di↵erent events that happen very close in time to each other
(”inter-event pile-up”). If there is no pile-up, then the presamples can act as
a reference for the base level without signal.

In reality, the most practical way to fully use the dynamical range of the
electronics is to apply a reference voltage to the read-out ASIC, which syn-
thetically decreases the ADC samples without any energy deposition to neg-
ative values. The Fig. 5.16 shows a test injection in the SPADIC 2.1 (left)
and the theoretical description of the pulse with Eq. 5.6 (right). The black
crosses on the calculated pulses indicate the ADC values, which are measured
as ADC samples. These calculations include the assumption that the incom-
ing signal starts perfectly at the same time as the sampling of the electronics
(timebin two is at zero ADCs). In reality, this will mostly not be the case,
and the di↵erence between the actual start of the signal and the sampling
can range between 0 and 62.5 ns (the intrinsic time di↵erence between two
samples). Figure 5.17 shows the influence of such time di↵erences. The de-
posited energy for these calculations is chosen with 15 keV, which is relatively
high for specific energy loss, but in the expected measurement range (see Fig.
5.5). Also, any time shifts will produce a relative and not an absolute error
ranging between about 100% (timebin=3) and 6.7% (timebin=5). While the
error on the ADC sample at the expected maximum position (timebin=5)
is lowest, it could still be possible to lower the average error on the energy
deposition reconstruction by the usage of multiple samples around the max-
imum of the pulse. A more detailed discussion about the energy resolution
will follow in chapter 5.1.8.
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Figure 5.16: Left: Digitized pulses generated by test injection. The flat
blue lines are the residuals of fits to the predicted pulse shape. [40] Right:
Calculation of the expected signal pulse for di↵erent deposited energies and
with ideal starting time. The black crosses show the sampling points and
therefore, the measured ADC values.

In the simulation, the time is defined by the collision time of the event
(the ”event-time”), the time-of-flight from particle creation to the detector
and the minimal drift time (see Fig. 5.9). The event-time is simulated with a
Poisson-distribution around the simulations’ mean interaction rate, and the
drift is evaluated following the distribution shown in Fig. 5.9. Therefore,
after the procedures described in chapter 5.1.4 the information available in
each channel is described by:

0

BB@

t1 e1
t2 e2
...

...
tNIonizations eNIonization

1

CCA

, which can be used to adapt Eq. 5.6 to describe the time evolution from
di↵erent contributions at di↵erent times:

f(t, e) =
i=NionizationsX

i=0

A · ei ·
ti
⌧
· exp

✓
�ti
⌧

◆
(for t � 0) (5.7)
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Figure 5.17: Calculation of the expected signal pulse with Eq. 5.6 for di↵er-
ent systematic shifts between the time of the incoming signal and the inter-
nal sampling (left) and a close up on the most significant samples around
the maximum value of the pulse (right). The deposited energy for these
calculation is fixed at 15 keV.

0 5 10 15 20 25 30 35
 timebin

0

20

40

60

80

100

120

140

160

180

200

 A
D

C

 

single contribution

total signal

 

Figure 5.18: Exemplary time evolution of multiple single electron clusters
and their convolution to the total measured pulse shape. The time distances
are taken from the drift time reference distribution.
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The respective time evolution of a pulse with realistic distribution of primary
ionizations in time is shown in Fig. 5.18, where the energy is distributed
evenly on each ionization point. The delay between the first induced voltage
from the closest ionization and the latest is broadening the total signal. This
e↵ect decreases the expected amplitude of the pulse and could a↵ect the
energy reconstruction resolution depending on the method and potential pile-
up.

5.1.6 Time based simulation and information bu↵ering

In general, there are two primary operating modes for simulations in CBM-
ROOT. The first is the ”event-based” mode, which is a slightly simplified ver-
sion of simulation in the way that it uses the infrastructure of the FAIRROOT
framework to process one single event at a time. The events themselves do
not have information about their relative distance in time and therefore,
can not interact or influence each other. The reconstruction algorithms also
do not take time information into account for tracking. Additionally, the
amount of data that has to be handled at once is limited by the number of
particles in the respective event. This approach is comparably simpel and
delivers a good approximation of the behavior of the detector ensemble and
the respective event generator model and physics cases. It was the first oper-
ational simulation and was used for various studies (including the dielectron
case presented in chapter 6).
The second operating mode is the fully ”time-based” simulation. It uses a
Poisson distribution to determine the time position of each event respective
to the simulated mean interaction rate. Afterwards, all physical information
in the detectors are calculated, corresponding to the expected handling of hit
rates and possible occupancy e↵ects. The development of this more detailed
simulation was started at the end of 2017, when it was added to the agenda
of the CBMROOT software group and it was one of the major topics of this
work. This also includes the methods described in the chapters 5.1.4, 5.1.3
and 5.1.5. The ”time-based” operation does not only include changes for
the detector simulations but also larger adaptations for the infrastructure
of the digitization process in general and especially the reconstruction and
tracking algorithms. The reason behind this larger refocus is the high rate
environment, which can not be compared to the data load and hit rates of
any other experiment and, therefore, also needs to be evaluated systemati-
cally from the algorithm side. The code has to be fast and e�cient, and the
data containers have to be optimized to be as compact as possible. A unified
interface from hit reconstruction onwards (see Fig. 5.1) allows the prepara-
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tion of final algorithms and a smooth transition to the running experiment.
The reconstruction algorithms for the TRD are further discussed in chapter
5.2.

The general approach for the handling of all the necessary bu↵ers is based
on the implementation of multiple C++ dictionaries. In this case, std::map
was used, which is a sorted dictionary. The access complexity scales loga-
rithmically with the number of entries in the dictionary, which is why it is
advisable only to initialise each channel when it is storing information of a
hit at this moment. Therefore, the container should also be scanned and re-
duced in complexity as soon as the time di↵erence between events allows it.
The key to access the information in each channel is a unique integer, which
uses the module and pad plane information from the binary geometry file.
The information from the geometry file is also used to calculate the nearest
anode wire and corresponding pad from the global coordinate system that
uses the nominal beam position as origin for the X- and Y -directions and a
position a few cm in front of the target as Z = 0.

Figure 5.19 shows a flowchart of the general structure of the digitization
process. The grey boxes represent packages of sub-procedures, which are re-
peated for each sub-information level (TRD points and single electron clus-
ters with di↵erent positions and drifts in the gas volume). The specific meth-
ods for TR calculation and charge distribution were discussed in the chapters
5.1.1 and 5.1.4.
The output of the detector in a measurement is a so-called ”raw message”.
It contains the time of the signal start, the trigger type (self-triggered/FN),
the position of the channel, and 32 ADC samples. These 32 ADC samples
also define the time frame in which any two particles can interact on the
message level. Therefore, the map is checked for time-distance dt between
the incoming signal and the stored signal pulse. If dt is larger than 32 ⇥ 62.5
ns the message is assumed to be finished, and the respective channel can
be read-out and be processed and transformed into <CbmTrdDigi>. The
digis are the final detector response objects. They are self-contained and
supposed to possess all relevant information for hit reconstruction. In case
dt is larger than 32 ⇥ 62.5 ns, this also suggests that the time di↵erence
between the corresponding events is in that order. Therefore, a successful
end of the message calls a routine that checks all the stored pulses for their
relative dt to the current iteration. It is possible for variations in minimal
drift to produce storage time di↵erences respective to the producing event
times. This would lead to a small discrepancy in the dt value between the
current iteration and the stored time information, and therefore, the fulfill-
ment of the message processing criterion. However, since the very last ADC
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Figure 5.19: Flowchart of the TRD digitisation procedure. Transition radia-
tion calculation and charge distribution in the gas volume follow the proce-
dures explained in chapter 5.1.1 and 5.1.4. The grey boxes represent packages
of sub-procedures, which are repeated for each sub-information level (TRD
points and single electron clusters with di↵erent positions and drifts in the
gas volume). Containers are di↵erent instances of std::map and std::vector
filled with multiple std::tuple, which all are referred to by a unique CbmTr-
dAddress, which uses the geometry information of the provided geometry
binary.
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Figure 5.20: Sketch of a possible re-trigger (left) and multi-hit (right) sce-
nario in the SPADIC. The red line shows the start of the second incoming
message. The green line below the second pulse represents the remaining
charge of the first signal, which creates an amplification of the measured
ADC samples that does not correspond to the energy deposition e2.

samples typically contain less information about the physical hit, this e↵ect
can be neglected.

Afterwards, the channel is checked for its content and potential multi-hit
scenarios. If the map is empty, the incoming signal is treated as message
initialization. The current iteration time is filled into the time storage, and
the pulse is created based on Eq. 5.6. The MC information is filled in the
respective reference object in CBMROOT (the class <CbmMatch>). The
second electron cluster adds to the respective stored pulse shape, as seen in
Fig. 5.18. If there is a none zero but minimal charge in the channel (e.g., a
low charge FN trigger), it is possible to ”re-trigger” the channel. In this case,
the previous message is stopped at t = dt, processed as a shorter message,
and the storage is overwritten with the new self-triggered message (see left
side of Fig. 5.20). The multi-hit scenario is comparable to this procedure.
In this case, it is the re-trigger of a channel via a second particle passing
through the gas volume before the complete message is finished and pro-
cessed. The right side of Fig. 5.20 shows a sketch of a multi-hit scenario. In
contrast to most of the ”re-trigger” cases, both messages contain significant
information about the measured particles. The second message is flagged as
a multi-hit and is amplified by the remaining charge of the previous signal
on the pad (green line below the second signal). In general, the green line
should be subtracted from the second pulse, but it is not clear yet if this can
be done within the online reconstruction of CBMs read-out chain, because
of the potentially large CPU consumption. For simulation, it is important to
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Figure 5.21: Comparison of simulated self-triggered signal shapes and mea-
sured signal shapes from the DESY testbeam campaign 2019. The mea-
surements were made with an electron beam at a momentum of 3 GeV/c
and no inclination angle.

also reference all the MC contributions to each signal, which is slightly more
di�cult in this case, because the two signals in multi-hit scenarios usually
appear in two distinct events. A channel-specific ring bu↵er was used to store
the last energy contribution and MC information.

The left sides of Fig. 5.21 and 5.22 show the resulting simulated pulse
shapes for self-triggered (see Fig. 5.21) and FN-triggered (see Fig. 5.22)
messages in direct comparison to the measurements with the modules at the
DESY testbeam campaign in 2019. The measurements were made with an
electron beam at a momentum of 3 GeV/c. A Gauss-distributed noise with
a sigma of 4 ADC channels is added to each sample to account for stochastic
noise, as well as crosstalk between adjacent channels that is in the order
of 5% of the induced charge on the pad at the given sampling time. The
limited dynamical range of the ADC causes clipping e↵ects, which are also
implemented in the simulation. The baseline is assumed to be set to 12 ADC
channels above the lower end of the dynamical range and is subtracted using
the two presamples. The simulation seems to mimic the general behavior of
the electronics very well. The setting for the stochastic noise seems to be
on the defensive side. The measurements observed an unusual behavior that
can be seen as samples with ADC values around 200. This e↵ect will be fixed
with an improvement of the chip. In the simulation, the FN-messages have
very small amplitudes due to the fast decrease of the PRF. In an ideal hit at
the center of a pad, the adjacent pads measure about 10% of the deposited
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Figure 5.22: Comparison of simulated FN-triggered signal shapes (left) and
measured signal shapes from the DESY testbeam campaign (right) 2019.
The measurements were made with an electron beam at a momentum of 3
GeV/c and no inclination angle.

charge. With respect to the expected amplitude of a MIP of 35 ADC channels
in the center, this amounts to about 3 ADC channels, which is smaller than
the sigma of the noise. The small amplitudes cause a very large relative error
with respect to the initial energy deposition, in case of ADC fluctuations. The
stochastic noise should, in principle, average out and not be a significant error
source. On the other side, any crosstalk e↵ects would systematically increase
the ADC values for all samples and therefore increase systematic errors on the
measurement. A better understanding and comparison of crosstalk has to be
checked in measurements to potentially correct for any crosstalk e↵ects. The
self-triggered channels in the measurement show larger amplitudes but this
can be explained by the electron beam at a momentum of 3 GeV/c, which
is expected to deposit more energy in the gas than the larger momentum
range of the simulation. On the other hand, the FN-triggered channels in
the measurement show a larger discrepancy from what would be expected.
This is under further investigation since the electronics showed unexpected
behavior, which is not yet completely understood at this point.

5.1.7 Channel processing and feature extraction

Feature extraction in this context means the reconstruction of the features
that describe the traversing particle and, therefore, the relevant information
to be stored in the TrdDigi, which is supposed to contain all necessary infor-
mation for hit reconstruction. For the TRD, these features are primarily the
position, the time, and the deposited energy in the read-out channel.
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The TrdDigi is constructed in a way, to minimize storage space and neces-
sary bandwidth. It uses two machine words, which correspond to 2 ⇥ 64
bits, where one machine word is used to store the time, and the other one is
divided into two groups of 32 bits. One of these groups can store the energy
deposition, and the other one is a bit map that encodes the exact channel
position and additional information as compact as possible. The bitmap is
defined as:

ATTf.↵nn.nLLL.LMMM.MMMM.pppp.pppp.pppp

with:

• A = Asic type (SPADIC or FASP)
• T = trigger type (self-triggered / FN-trigger / multi-hit)
• f = flags (these are usable for di↵erent purposes)
• n = error classification
• L = layer ID in the TRD setup
• M = module ID in the layer
• p = pad address within the module

It uses 12 bits for the address of the channel, which amounts to 4096 address-
able channels, 7 bits for the module (128 modules per detector layer) and
4 bits for the layer (16 detector layers in preparation for a potential SIS300
upgrade). The ASIC type has to be defined for the usage of TRD mod-
ules with triangular pads build by the Bucharest group, which will employ
a di↵erent kind od readout electronics (FASP), but which are not covered
in more detail in this work. The combined 23 bits of the layer, the mod-
ule, and the channel describe the position with the precision of the pad size.
A more precise position reconstruction is later done in the hit reconstruction.

Since the TrdDigi is the standard interface between detector response and
reconstruction, it should be the same for simulation and measurement. To
ensure the same data handling for both instances, it is advisable to unify
the packing procedures of the raw message level. The most precise method
to calculate the deposited energy from the final pulse shape would be to fit
the measured ADC samples with Eq. 5.6 and extract the charge variable.
However, complex procedures like this would be far too slow for the final
read-out chain. One of the fastest and most practical ways is the usage of
look-up tables since their speed is only limited by the access complexity of
the container. These have to be prepared with either analytical or statisti-
cal methods, and their precision can e�ciently be evaluated with simulations.

In the ideal case, the energy deposition information is completely encoded
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Figure 5.23: Analytical calculation of time shift reconstruction look-up table
showing the maximum amplitude of in time bin 2 (left) and the first ADC
sample (time bin 0) (right) as a function of the time shift between sampling
position and clock and of the deposited energy in the gas.

in every ADC sample. However, its’ resolution is limited by quantization
e↵ects through the number of available ADC channels. It is also smeared by
statistical noise, as well as crosstalk and the time shift that was described
in chapter 5.1.5. The statistical noise has to be minimized on the hardware
side. The crosstalk can maybe be corrected if its behavior is understood
in test measurements. Nevertheless, the information about the time shift is
theoretically encoded in the modification of the pulse shape with respect to
the expected behavior without shift (see Fig. 5.17). If it is possible to extract
this shift, this would also reduce the error in time from the intrinsic distance
between individual timebins of 62.5 ns to a smaller value. Therefore, the
look-up table is designed in a two-step procedure. The first look-up table
compares the relative height of the first ADC sample and the ADC sample
at the timebin where the maximum is supposed to be since the time shift
modifies their relative position to each other.

Figure 5.23 shows ADC sample values for timebin 0 and timebin 2 after
the pre-samples with di↵erent assumed time shifts. The left side shows the
amplitude of the signal shape, which decreases with an increasing shift, while
the very first ADC sample drastically increases (right). These calculated
ADC samples can be filled in a dictionary defined as:

map<Int,map<Int, Float>>

, where the two integers represent the ADC samples that are used for the
look-up table, and the float contains the corresponding time shift. The same
approach can be used for the correlation between the amplitude and the
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Figure 5.24: Stochastic look-up table approach with the reconstruction of
the time shift information as a function of the ADC samples on time bin 4
and time bin 2 (left) and the energy as a function of the time shift and the
ADC sample on time bin 4 (right). The respective extracted information
(left: time shift ; right: energy) is color coded on the z-axis.

deposited energy. This correlation is also depicted on the left side of Fig.
5.23. There are only two problems with this analytical procedure. On the one
hand, there are quantization problems at smaller energy depositions, where
two separate charge and time-shift states can not be distinguished in look-
up table, and on the other hand, it is not e�ciently doable to factor in the
possible fluctuations on di↵erent levels of the message generation. Therefore,
it is much more advisable to use a statistical Monte-Carlo approach. The
simulation can be used the create a profile that averages the created pulse
shape with the relative occurrence, the influence of the implemented noise
and fluctuation behavior. Figure 5.24 shows the look-up table for the time
information on the left and the energy on the right. Especially the right
side looks as expected for the behavior of the electronics, but the left side
shows no real structure, and thus would not be able to deliver reliable time
information.

The energies, as reconstructed in each channel with these references, can
be compared to the total reconstructable energy that can be seen by each
channel. Figure 5.25 shows the energy resolution with respect to the MC
energy on the left side and the resolution in comparison to the number of
contributing MC points on the right side. Both results are normalized to 1
for each bin on the y-axis. It can be seen that the resolution decreases in the
case of multiple particles from the same event hitting the same channel in a
short timeframe (from about 10% energy resolution for a single particle to
about 16% for four particles). The multiple particles can not be separated,
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Figure 5.25: Energy resolution of self-triggered channels, with its energy
calculated via a look-up table, shown in relation to their deposited energy
in the gas volume (left) and the number of contributing MC points from the
same event (right). Both results show the yields on the z-axis normalized
to unity for each bin on the y-axis individually.

and the di↵erence in time broadens the pulse. Important to note is also the
decrease in resolution on the left side of this figure at small energy depo-
sitions. This e↵ect can be explained by the more significant relative error
introduced by any fluctuation due to the smaller amplitude of the signal.
The influence of di↵erent noise levels and mean interaction rates of the beam
is further discussed in the next section.

The time reconstruction on the digi level can be compared between the
signal start time, which is stored in the digi, and the event time, which
is calculated with a Poisson distribution taking the mean interaction rate
of the beam into account. The reconstructed time contains the systematic
correction for the time-of-flight, calculated as an approximation using the
speed of light and the straight distance between the target and the respective
detector layer. Additionally, it is corrected for the expected average minimal
drift time of the closest electron cluster to the anode wire (see Fig. 5.9).
Figure 5.26 shows the resulting time resolution on the digi level. In the
reconstruction step, the time of the particle hit is further averaged over all
pads of the cluster, which could additionally decrease stochastic fluctuations
of the drift time. The time stored in the digis is important for the correct
handling of the timeslices, which are used for the reconstruction algorithms,
and which contain a specific time window of simulated messages.
The most important settings for the simulation, which define the results and
the expected ranges can be seen in the following table:
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Figure 5.26: Distribution of the di↵erence between the reconstructed times
for each channel and the event time, including drift to the closest anode wire
and corrected for the expected time-of-flight from the target to the detector
layer.

parameter [name] this simu-
lation

expected
range

comments

Nionizations [fepoints] dynamic 10-40 can reduce CPU
consumption

stoch-noise
[fAdcNoise]

4 0-8 sigma of the
noise (in ADC)

crosstalk-level
[fCrosstalkLevel]

5% 1-10%

shaping-order
[fShapingOrder]

1 1 or 2 changes time
evolution

presamples
[fPresamples]

2 0 - 2

reconstruction-
samples
[fMaxBin/fMinBin]

2 and 4 0-10 ADC samples
for energy

di↵erential-trigger
[fTriggerSlope]

10 5-30 di↵erential TH
for a self-trigger
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5.1.8 Rate dependency of the simulation

One of the essential features of the CBM experiment will be its high rate
capabilities, as it was mentioned and discussed in chapter 3. Therefore, it is
also important to validate the behavior of the simulation in high rate scenar-
ios and with inter-event pile-up. The estimated energy relative to the actual
MC energy is shown on the left side of Fig. 5.27 and the resolution on the
right side, both as a function of the interaction rate. The self-triggered and
forced messages are evaluated independently of each other since it can be
expected that the forced message posess a larger relative error, as discussed
in section 5.1.6. The self-triggered messages show a relatively stable mean
value, with a slight decrease in their energy resolution towards the highest
interaction rate. The resolution is still in the order of 10%, which is a an
acceptable value. The forced messages show larger instabilities in the form of
systematic underestimations of the deposited energy and a strong increase in
their relative resolution. Still, the relative resolution of the forced messages
has a lower impact on the final resolution of the reconstructed hit due to the
smaller charge fraction it sees.
To properly evaluate the pile-up scenario, it is crucial to verify that the sim-
ulation is producing the expected behavior on the message level. Figure 5.28
shows a profile of the pulse shape of FN-triggered messages that contain
the MC information from two simulated particles originating from di↵erent
events. The time di↵erence between the electrons closest to the anode wire
from both particles is on the y-axis. It is evident that the signals from the
two particles can not be separated below a time threshold of about 300 ns.
Afterwards, the second particle creates a second maximum, which can be
clearly separated, and which position moves corresponding to the time dif-
ference as it is expected from the electronics. Additionally, it can be seen
that the second maxima are small enough not to retrigger the forced pad and
that the messages are intact.

The inter-event pile-up itself should increase with the mean interaction
rate because of the higher hit density on each channel. Since signals inside a
time interval of about 300 ns can not be separated, this could create a larger
overprediction of the original energy deposition for the first particle. The
second particle would be lost entirely. Figure 5.29 shows the mean energy
estimation relative to the deposited energy for self-triggered messages with
an inter-event pile-up of two particles on the left side. As expected, the
resolution decreases for messages that contain inter-event pile-up. The in-
event pile-up is also shown as reference and as verification for the correct
behavior since this should not change with di↵erent interaction rates. The
right side of Fig. 5.29 shows the corresponding relative energy estimation for
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Figure 5.27: Comparison of mean reconstructed energy relative to the de-
posited MC energy for self- and FN-triggered messages (left) and their re-
spective energy resolution � in % (right) as a function of mean interaction
rate.
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Figure 5.28: Averaged pulse shape in an inter-event pile-up scenario with
precisely two di↵erent particles contributing. The time di↵erence t2 � t1
represents the time di↵erence between arrival of the two closest electron
clusters to the anode wire after drift.
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energy for di↵erent interaction rates shown for in-event and inter-event pile-
up. Right: Mean energy reconstruction relative to the deposited MC energy
for the lowest and the highest investigated interaction rate.

the two investigated extreme cases of highest and lowest interaction rate. It
depicts the occurrence of inter-event pile-ups for the respective interaction
rates.

The more detailed influence of the pile-up can be studied and quantified
on the pulse level respective to the time di↵erence of the incoming signals.
The left side of Fig. 5.30 shows the averaged pulse shape for self-triggered
messages with an inter-event pile-up in two di↵erent time windows and with-
out pile-up as a reference in black. The red markers show a time window of
100 ns < dt < 200 ns, which contains the maximum of the pulse, and the
green markers show the time window above 200 ns, which is supposed to
be behind the actual maximum of the pulse, and which is used for energy
reconstruction and could therefore also be retriggered as multi-hit. The red
markers represent a significant increase of the amplitude of the pulse, which
would result in a larger reconstructed energy. The green markers are roughly
on the same level as the black reference, which indicates that the pile-up in
this time window is correctly flagged as multi-hit and does not influence the
self-trigger resolution. This can also be seen on the right side of Fig. 5.30,
which shows the energy reconstruction as a function of the time di↵erence
between the signals. The resolution around a dt of 200 ns is the lowest be-
cause these hits can not be separated, and the second particle does not fully
contribute all its energy to the maximum due to the time delay. Instead, it
broadens the pulse to a wider signal shape. Overall, the behavior produced by
the simulation corresponds to the expected e↵ects in a high rate environment.

76



0 5 10 15 20 25 30
timebin

0

10

20

30

40

50

60

70

<A
D

C
>

1 Link

2 Link (100 ns < dt < 200 ns)

2 Link (200 ns < dt < 2000 ns)

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

MC / EMC - ErecE
0

200

400

600

800

1000

1200

1400

 (n
s)

1
 - 

t
2t

C
ou

nt
s 

[n
or

m
. a

lo
ng

 X
]

Figure 5.30: Left: Averaged pulse of self triggered messages in an inter-
event pile-up scenario with two separate time windows and without mes-
sages flagged as multi-hits. The black ”1 link” markers show a reference
for the non pile-up case. The number of contributing particles in the pile-
up case is always two. Right: The reconstructed energy deposition for
self-triggered messages relative to the reconstructable MC information as a
function of the dt between the electron clusters closest to the anode wires.
The z-axis shows the yield normalized to unity for each bin on the y-axis.

In general, the energy reconstruction via the usage of the maximum am-
plitude of the signal is an established method since the ”MAX ADC” is the
ADC sample least a↵ected by quantization e↵ects, and therefore has the
highest sensitivity to the induced charge on the pad. However, it is not pos-
sible with a single sample to compensate for stochastic or correlated noise.
Figure 5.31 shows the influence of large correlated (right) and uncorrelated
(left) noise on the pulse shape of a specific energy deposition. The influence
of the stochastic noise could be reduced by the usage of multiple ADC sam-
ples around the maximum of the pulse. The correlated noise, on the other
hand, has to be understood precisely to be able to correct for it. Figure 5.32
shows the energy resolution for di↵erent ADC samples as a function of the
noise level in sigmas of the Gaussian distribution (left) and as function of
the crosstalk between adjacent pads in % (right). The ”MAX ADC” method
shows the smallest error in case of small quantities of stochastic noise, but
with increasing fluctuations, it seems to be more e�cient to average the mea-
surement with the usage of multiple samples around the maximum. Overall,
it is essential to control fluctuations as well as possible. The resolution for
di↵erent levels of fluctuations range between 8 and 15%.
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Figure 5.31: Distribution of simulated signal pulses with precisely 20 keV
energy deposition in the gas and Gaussian distributed uncorrelated noise
with a sigma of 8 ADC channels (left) and correlated in form of a sine
function with an amplitude of 10 ADC channels (right).

5.2 Hit reconstruction

After the simulation of the detector response, the next step is the hit re-
construction, as it was shown in Fig. 5.1. The process of hit reconstruction
includes the calculation of the particles’ properties with the usage of the mea-
sured detector objects (the digis) and the known behavior of the detector and
the electronics. The data stream is packaged in so-called ”timeslices”, which
represent the measured detector objects of all subsystems in a certain time
window. It can be expected that each timeslice will contain something in the
order of 10 000 digis. The reconstruction step is planned to be done online
since there will be an event filter for data storage at high interaction rates.
Therefore, fast reconstruction algorithms are crucial. This section will focus
on the developments and performance of the CBM-TRD hit reconstruction.

5.2.1 TRD hit reconstruction

The hit reconstruction algorithm of the CBM-TRD with rectangular readout
pads was completely redone in this work, because of the implementation of a
fully time-based simulation chain into CBMROOT (as discussed in chapter
5.1.6). On the one hand, the time-based simulation requires additional con-
sideration of the timing information and all the potential interactions, and
on the other hand, the data load increases drastically with the treatment
of a large number of events at once. This can lead to a drastic increase in
computation time due to the complexity of the data-set and a potentially
non-linear scaling of the algorithm .
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Figure 5.32: Left:Comparison of three energy reconstruction methods using
a di↵erent amount of ADC samples around the expected maximum. The
x-axis shows the sigma value in ADC channels for the Gaussian distributed
noise on each ADC sample. No crosstalk e↵ects are included [63]. Right:
The energy reconstruction as a function of the crosstalk level. The stochastic
noise is stable at 3 ADC channels. The x-axis shows the crosstalk between
adjacent pads in % of their respective induced voltage at a given time.
Energy reconstruction uses the ”max ADC”.

The incoming data in each timeslice is already time sorted and has only
to be sorted for individual modules. The software infrastructure of the TRD
subsystem in CBMROOT uses an abstract module class, from which ded-
icated simulation and reconstruction modules are derived. These derived
classes feature the respective algorithms for detector response and hit recon-
struction algorithms for the TRD modules with triangular and rectangular
pads (see Fig. 5.33). This design ensures some encapsulation between the
instances of individual modules and prevents illogical interactions between
di↵erent modules. All modules are read from the corresponding geometry
file, and afterwards, the digis inside the incoming timeslices from the ”Data
AQuisition” (DAQ) are sorted into their respective modules. The individual
instances of modules also allow for potential parallelization of the reconstruc-
tion process, which could become crucial in the later online reconstruction.

The digis in each module contain in principle, the same information,
which was processed in the detector response step (see chapter 5.1.5). The
task is to reverse-engineer the trigger behavior, which was used to distribute
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Figure 5.33: Overview of the inheritance hierarchy for the di↵erent module
instances. The modules for the chambers with rectangular pads are marked
with a capital ”R” and the ones describing the triangular pad plane are
named with a capital ”T”. The classes CbmTrdModuleSimR and CbmTrd-
ModuleRecR contain the respective detector simulation and hit reconstruc-
tion algorithms.

the MC information in the simulation process and to identify which channels
are located position- and timewise in a way that would be produced by one
charged particle passing through the detector volume. The front-end elec-
tronics are designed with a self-trigger, which forces the additional read-out
of the adjacent channels (”forced-neighbor” or ”FN” trigger). Therefore, it
is most likely that each traversing particle produces a measured signal in at
least three di↵erent adjacent channels (with the exception of a few special
cases) since the thresholds for the self-triggered signals are optimized accord-
ing to the pad response function (as it was shown and discussed in chapter
5.1.4 and Fig. 5.14). However, exceptionally large energy depositions are
expected to create multiple self-triggered digis, which themselves create a
forced read-out of their adjacent channel. The collection of these digis cor-
responding to the same particle is called a cluster, and the respective object
in CBMROOT is the ”CbmTrdCluster”. Figure 5.34 illustrates the expected
most common cluster formations on the pad plane for one given moment in
time. The trigger types of the digis are color-coded, and the numbers refer to
their correspondence into one cluster. Clustertype one is supposed to be the
standard case of this detector design. Clustertype two can either be created
by a particle that traverses through the detector exactly in between to pads
in the sensitive direction or by a larger energy deposition due to transition
radiation or a large specific energy loss (for example, from nuclei). Cluster-
type three should only appear if the traversing particle is located in between
two pad rows since the length of the pads in the non-sensitive direction is
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between 1.75 and 12 cm, which creates a vanishing signal contribution if it
is not spacially in between two rows. Furthermore, clustertype four is cre-
ated if a particle is measured next to the edge of the module. In this case,
there is a missing energy contribution due to the cut-o↵ at the edge, but
it is expected that the occurrence of this is not frequent enough to influ-
ence the particle identification drastically. Additionally, the figure shows the
numbering scheme of the channels, which is essential for adjacency checks.
The channels are simply numbered in ascending order along each row. The
columns are always defined as the position-sensitive direction. Therefore, the
channel number is defined as Ch = column +Ncols · row, where Ncols is the
number of columns in each row.

The digis in each timeslice are stored in a std::vector. They are sorted
for their corresponding module and packed into a std::map that contains a
std::tuple of three pieces of information: the digi itself, a reference ID to the
digi’s index position in the original container and a boolean switch which is
always initialized as False and indicates if the digi was already processed.
This boolean switch is there to prevent multiple processing/checking of the
same digi without the necessity to erase and restructure the container in each
loop iteration. Therefore, the data structured for each module is defined as:

0

BB@

d1 ID1 flag1
d2 ID2 flag2
...

...
...

dN IDN flagN

1

CCA

The digis contain the time information, and since the time resolution in
the digis has a defined, finite value, and it can be used to construct certain
timing windows in which digis can be considered as cluster objects. Itera-
tions and calculations outside this timing window can be skipped to preserve
computation time. The digis coming from the timeslices are time sorted,
but not channel sorted. This channel sorting could be done after the module
sorting step, but this did not result in an improvement. Additionally, regular
sorting has an average complexity of O(N · log(N)), and this would not even
ensure the direct adjacency of corresponding channels in the container.
The algorithm searches for digis that fulfill the expected trigger behavior in
the sensitive direction first. Since FN-triggers are not supposed to appear
without an adjacent self-trigger, it is possible to iterate over the map in the
module with the usage of self triggers as anchor-points (”main” loop). The
first unflagged self-trigger is used as a cluster candidate and is flagged as
processed. Afterwards, a second (”search”) loop is started, which iterates
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Figure 5.34: Illustration of the expected cluster formations on the pad plane
on one module for one given moment in time. The triggers are shown as
color code and the numbers on the pads refer to the cluster/particle they are
corresponding to. 1: regular three pad cluster 2: larger energy deposition by
one particle 3: traversing particle was located in between two pad rows 4:
two pad cluster due to module edge.
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Figure 5.35: Illustration of an exemplary data iteration for the cluster finding
procedure in one module. The shown information are the channel number
extracted from the digi, the reference ID and the skipping flag. The trigger
type is added as color code. The grey box illustrates the constructed time
window, which limits the necessary searching area and prevents mismatches
between di↵erent time stamps.

over the constructed time window and searches for adjacent channels in the
position sensitive direction, while also checking self-triggered digis that are
on the same column on adjacent rows. The cluster is built and expanded
around the original candidate from the first main loop. If an FN trigger is
added to the current cluster, the cluster is assumed to be finished in this
direction. If the cluster is finished in both directions and no multi-row can-
didate was found, the search loop breaks, and the cluster is finished. If the
search loop reaches the end of the time window without the expansion of
the current cluster, the search loop is also broken. Since it is expected that
the most common cluster formation is a single row, three pad cluster, this
approach would find the majority of formations with a minimal amount of
checks. Figure 5.35 shows an illustration of this procedure for an exemplary
data stream. The digis contain the shown channel information, while ID and
flag are the tuple contents of the algorithm. The grey box illustrates the
constructed time window, which limits the computation steps and prevents
the consideration of the self-trigger with ID=22, and its neighbors.

The row merging is done after the construction of the cluster in the sensi-
tive direction. It is based on the assumption that the charge distribution over
the pad plane is approximately symmetrical in the X and Y direction. The
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Figure 5.36: Schematic view of the calculation of a Neighbor-Charge-Ratio
for the row merging procedure of the cluster reconstruction. Left: Example
of two potential charge distributions from one and two particles Right: Cal-
culation of a Neighbor-Charge-Ratio for a shared read-out channel from two
di↵erent particles.

Figure 5.37: Illustration of the row merging procedure for the cluster finding
algorithm. The grey box shows a predefined error margin for the position in
which the di↵erent sub-clusters are assumed to be connected.
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center-of-gravity (CoG) of the charge describes the charge-position based on
the measurements on the individual pads and can be defined as:

CoG =

Pi=N
i=1 xi · ciPi=N

i=1 ci
(5.8)

, where N is the number of pads in the cluster, and xi/ci are the respective
positions and charges of the pads. However, since this equation can not
distinguish between a symmetric charge distribution around the central pad
and an actual charge maximum on the central pad, it proved to be more
e�cient to define the Neighbor-Charge-Ratio (NCR):

NCRi =
ci�1

ci
� ci+1

ci
(5.9)

, where i is the pad in question, and ci are the respective charges (Figure 5.36
illustrates this case and the calculation). This calculation shows di↵erences
in the relative charge deposition in one direction. Since the X component
of the PRF is decoupled from the Y component, this relative charge ratio
should, within errors, be the same in both rows. The row merging selection
and rejection are depicted in Fig. 5.37. The left side shows the relevant clus-
ter formation, and the grey boxes represent the selected error margin for row
merging. Afterwards, the clusters are stored in the output. It is important
to note that the ”CbmTrdCluster” objects do not carry the physics relevant
information themselves, but serve as a connection between the digis and the
reconstructed hits. Additionally, they can be used for quality assurance, but
they are mainly not relevant for the final physics analysis.

The hit reconstruction itself is very straight forward. The necessary infor-
mation are the total deposited energy in the cluster, its position, time, and
the errors in position and time. The total energy deposition is just the sum
of the individual contributions in each channel. The position is calculated
with Eq. 5.8 and could, therefore, show an polar angle and clustersize depen-
dence. This possible dependence will be reflected in the respective position
error. The errors are evaluated through comparison to the MC information
in the next sub-section. The time variable is just an average of all time data
members in the digis of the cluster. This average should, in principle, reduce
stochastic noise, which is introduced through di↵erent drift times to the an-
ode wire since the exact position of the electron ionization is a stochastic
process. The systematic o↵set for the average drift time and the time-of-
flight from the target to the detector can be corrected for in this step as well.

The new algorithm completely replaced the previous implementation, and
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the di↵erences in performance of the event-based and the time-based run
chain can be seen in the following table:

Old implementation New implementation

EB 10 ms/event 0.5 ms/event
TB (50) 400 ms/event 0.74 ms/event
TB (200) 9000 ms/event 0.84 ms/event
TB (1000) NaN 0.943 ms/event

In the brackets the number of events in each timeslice is given, which thus
corresponds to the data complexity. The comparison was made with a stan-
dard set of minimum bias Au+Au collisions generated with UrQMD at an
energy of 12 A GeV. The old implementation was not able to handle 1000
digis in a timeslice due to memory limitations. The new algorithm shows
very good performance and can be completely parallelized. The di↵erence
between the event-based, and the time-based operation is minimal, and the
scaling with data complexity in the time-based case seems to be negligible.

5.2.2 Evaluation of hit reconstruction

The accuracy of the reconstruction is evaluated by a comparison of the re-
constructed variables with the initial MC information. Additionally, the
simulation is compared to a controlled measurement of the prototypes in a
test beam environment.

Position reconstruction
The reconstructed position of all TrdHits in the four detector layers is shown
in Fig. 5.38. The occurrence is shown in arbitrary units as a color code on
the z-axis. The particles are mostly emitted under small angles due to the
Lorentz-boost in the laboratory frame. The modules around the central hole
for the beam pipe are measuring the highest hit rates. The x-component
of the polar angle shows a larger variance than the y-component due to the
influence of the magnetic field. The larger angles for the outer modules
and the di↵erences in hit rates can be accounted for with the definition of
di↵erent error classes, as foreseen in the data structure of the TrdDigi object.

Since the material from the TRD itself introduces additional secondary
particles, it is instructive to evaluate the position resolution for the di↵erent
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Figure 5.38: Reconstructed position of all simulated TrdHits in the standard
SIS100 electron setup geometry. Shown are the 10% most central Au+Au
collisions, as calculated with UrQMD at an energy of 12 A GeV. The hits are
integrated over all detector layers. The z-axis shows the hit multiplicities on
an arbitrary scale.

detector layers individually. Fig. 5.39 shows the residuals of the recon-
structed position in x and y for the di↵erent detector layers as a function of
x and y. Important to note here is that the reconstructed position is cal-
culated with the center-of-gravity of the charge deposition, and due to the
approximately regular charge distribution along the particle trajectory, the
reconstructed position is located at z = (zout + zin)/2, where zin and zout
are the entrance and exit positions to the gas volume. The residuals show
the alternating sensitive direction of the detector design. Additionally, these
residuals show a position dependence, which can be explained by the larger
angles of the particle trajectories in the outer modules. These larger angles
produce a less concentrated charge distribution and will trigger on average a
larger number of channels. Therefore, they are more prone to threshold ef-
fects due to the triggering, and we see a larger charge fraction in the channel
with the largest distance to the center, which leads to an overprediction of the
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Figure 5.39: Uncorrected residuals in the sensitive direction of simulated
TrdHits in the standard SIS100 electron setup geometry (10% most central
UrQMD at 12 A GeV). The z-axis shows a yield on an arbitrary scale.

actual x coordinate. This is a systematic e↵ect, which should be stable for a
certain parameter set, and can be corrected. A linear fit (f(x) = p0 + p1 · x)
delivers the correction parameters as:

p0 p1
X 0.00214788 0.00019539
Y 0.00370566 0.000213235

Figure 5.40 shows the resulting corrected position residuals in the sensitive
direction of the di↵erent detector layers.

This angle dependence is an important detail of the detector behavior
and can be verified by the resulting cluster sizes and the angle dependent
residuals, as shown in Fig. 5.41. The left side shows the correlation between
the position and the created cluster formation, which is increasing with larger
angles, as it would be expected. Therefore, the residuals broaden for larger
angles, as it can be seen on the right side, which leads to a decrease in posi-
tion resolution.
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Figure 5.40: Corrected residuals in x and y direction for the sensitive di-
mension in the standard SIS100 electron setup (10% most central UrQMD
collisions at 12 A GeV). The z-axis shows a yield on an arbitrary scale.

To account for this e↵ect on the assigned position errors, the di↵erent
module types can be evaluated individually for di↵erences in their respective
position resolution. The hits can then be constructed with a specific error
flag in mind, which could influence the performance of the track reconstruc-
tion algorithms.

The integrated corrected position residuals for x and y are shown in Fig.
5.42. A Gaussian fit was applied to extract the position resolution, which is
in the order of about 400 µm. The residuals for the y coordinate are slightly
sharper, which is again caused by the bending of the magnetic field in the
x-direction and the thus resulting larger x component of the angle. A cal-
culation of the errors for the di↵erent module types delivers the following
resolutions. The modules are characterized by their pad height in the non-
sensitive direction (see chapter 5.1.4 and Fig. 5.11):
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Figure 5.41: Left: Number of channels, which are triggered by one particle
as a function of the reconstructed position in x-direction. The simulation
uses the standard SIS100 electron setup (10% most central UrQMD colli-
sions at 12 A GeV). The z-axis shows the distribution normalized to unity
for each xrec bin individually. Right: Position residuals as a function of
the polar angle in radians from the same simulation. The z-axis shows the
distribution normalized to unity for each polar angle bin individually.

pad X error Y error

1.75 cm 389.1 µm 407.5 µm
4 cm 503.5 µm 397.2 µm
6.75 cm 426.1 µm 520.4 µm
12 cm 520.2 µm 504.6 µm

The resolution is in the order of 400 - 500 µm. The outer modules show
a worse accuracy compared to the inner modules, which is in general accor-
dance with the e↵ects shown before. The position resolution is not good
enough to use the TRD as a primary tracking detector, but it is su�cient
to contribute to the track matching between the STS and the TOF detector
and to compensate for the multiple scattering introduced through additional
material.

Time reconstruction
The time information, on the other hand, is comparably simple, since it is
not a↵ected by any position or threshold e↵ects. The time in the TrdHit is
the average time from all digis in the corresponding cluster (which include a
correction for the time-of-flight from the target, and the average drift time),
and can be compared with the Poisson distributed event time from the simu-
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Figure 5.42: Corrected integrated residuals in x and y direction for the
standard SIS100 electron setup (10% most central UrQMD collisions at 12
A GeV). A standard Gaussian fit is applied.

lation chain. Figure 5.43 shows the respective residuals. The time resolution
is in the order of 60 ns, which could potentially be improved by a more de-
tailed analysis of the pulse shape before the digi creation. The small second
maximum, which can be seen at larger values, is created by the pile-up situ-
ation.

Energy reconstruction
The reconstruction of the energy deposition is essential since the TRD is pri-
marily a PID detector that uses the energy deposition to distinguish particles,
and has thus to be understood precisely.

The reconstructed energy depositions, which are shown here, contain all
the previously described detector noise and reconstruction uncertainties and
use the same algorithmic infrastructure as a real measurement from the raw
message level onwards. The energy information in the CbmTrdHit is com-
pared with the reconstructable energy information in the CbmMatches, which
refer to the original MC energy deposition calculated by GEANT, but con-
tain the additional TR energy deposition, in case of electrons and positrons,
which is not included in the original TrdPoint object. The momentum inte-
grated energy deposition spectrum for electrons, pions, and protons is shown
on the left side of Fig. 5.44. The distributions are normalized to unity to
compare the probabilities for the di↵erent particles. The electron distribution
shows a significant shift towards higher energy depositions, which is expected
due to the TR contribution. This shift increases further with a closer look
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Figure 5.43: Time residual of the CbmTrdHit in comparison to the simulated
event time in a standard SIS100 electron setup at 10MHz (10% most central
UrQMD at 12 A GeV).
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Figure 5.44: Total reconstructed energy deposition in the CbmTrdHit after
the full simulation and reconstruction chain with all noise and reconstruc-
tion e↵ects included (left) and the respective residuals in comparison to
the reconstructable MC energy (right). The simulation was done with the
SIS100 electron setup and 0-10% most central UrQMD events at 12 A GeV.
The mean interaction rate in the simulation was set to 100 kHz.
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Figure 5.45: Residuals of the total reconstructed energy deposition in the
CbmTrdHit as a function of the MC energy deposition (left) and with the
sigma widths of the respective Gaussian fits in the individual y-axis bins
(right). The z-axis on the left shows the distribution normalized to unity
for each individual bin on the y-axis.

into higher momenta due to the � dependence of the TR production (di↵er-
ent momenta and PID implications will be further discussed in chapter 6).
The right side of Fig. 5.44 shows the corresponding residuals of the energy
deposition in relative values to the deposited energy. The distributions are
correctly positioned around a mean value of zero and have a Gaussian-like
structure. A Gaussian fit delivers a sigma width of 9.3% for the pions and
11.1% for the electrons, which is in good agreement with the expectations
for such a detector system. The precision for electrons, on the other hand, is
worse in comparison to the other particles. This is an unexpected behavior
since they have a larger average energy deposition, which should decrease
the influence of stochastic noise and threshold e↵ects.
Therefore, it is investigated if the energy resolution has a dependence on the
deposited energy and if the resolution decreases for either very large or very
small energy depositions. Fig. 5.45 shows the energy deposition resolution
as a function of the MC energy on the left side and the corresponding sigma
width of the Gaussian fit for the individual y-axis bins on the right side. The
distributions show a decrease in precision towards smaller energy depositions,
which was already observed on the digi level evaluation and can be explained
via threshold and ADC e↵ects. This also means that the di↵erences in the
momentum integrated energy resolution primarily come from the specific en-
ergy loss of electrons with no TR contribution. Thus, it does not create a
reason for concern regarding the electron pion separation at higher momenta
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Figure 5.46: Residuals of the total reconstructed energy deposition in the
CbmTrdHit as a function of the polar angle (left) and with the sigma widths
of the respective Gaussian fits in the individual y-axis bins (right). The
z-axis on the left shows the distribution normalized to unity for each indi-
vidual bin on the y-axis.

since the e↵ective energy resolution from electrons with larger energy deposi-
tions is in the order of 8-9%. For very large energy depositions, the resolution
decreases again due to clipping e↵ects.

Since the position resolution shows an explicit dependence on the polar
angle of the trajectory and Fig. 5.41 also shows an increasing average cluster
size towards the outer modules of the CBM-TRD design, it is likely to ob-
serve an angle dependence for the energy reconstruction as well. Figure 5.46
shows the energy residuals as a function of the polar angle on the left side,
and the sigma widths of the Gaussian fit on the right side. The reconstructed
energy resolution shows a very stable behavior inside the acceptance of the
TRD (between ✓ ⇡ 0.044 and 0.44 rad.). There are also many particles with
larger angles, which are secondary particles and have a worse energy resolu-
tion, but their influence should be negligible due to the selection of tracks
originating from the primary vertex.

The cluster size dependence, on the other hand, is shown in Fig. 5.47.
The residuals are again shown on the left, and the fit results on the right
side of the plot. The residuals show a broadening of the resolution for two
pad clusters, which is expected due to the information which is cut o↵ by
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Figure 5.47: Residuals of the total reconstructed energy deposition in the
CbmTrdHit as a function of the clustersize (left) and with the sigma widths
of the respective Gaussian fits in the individual y-axis bins (right). The
z-axis on the left shows the distribution normalized to unity for each indi-
vidual bin on the y-axis.

the module edge. Five and six pad clusters are also shown but are of less
importance due to their rare occurrence. The most crucial e↵ect is the dif-
ference seen for three and four pad clusters. The width of the residuals does
not significantly change (see the right side of the figure), but the mean value
shows a small o↵set. This o↵set can only be explained by a trigger threshold
e↵ect, which would mean that a small part of the incoming signal is lost
due to a missing second self-trigger, that in turn does not force the read-out
of the next adjacent pad. However, the observed o↵set is comparably small
and does not drastically influence the performance. Additionally, it has to
be investigated how significant this e↵ect is with respect to its occurrence.
This behavior is also in agreement with the previously observed increase in
clustersize in the outer modules.

Finally, the energy reconstruction can be checked for instabilities intro-
duced by an increase of the mean interaction rate. Figure 5.48 shows the
mean value of the reconstructed energy deposition in comparison to the re-
constructable MC information as a function of the mean interaction rate.
The number of links corresponds to the number of particles that contributed
to the final raw message (i.e. particles in a time window of 2000 ns). The
one-link case should be independent of the mean interaction rate since it does
not measure any pile-up, which is in fact the case. The two-link calculations
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Figure 5.48: Mean value for the reconstructed energy in comparison to the
reconstructable MC information as a function of the mean interaction rate,
calculated for di↵erent pile-up scenarios separately.

represent the most probable pile-up case and show an underprediction of the
actual deposited signal. This e↵ect can be explained by the expected increase
in inter-event pile-up, as it was discussed in chapter 5.1.8. This has a larger
influence on the ADC values around the amplitude of the pulse, while the
pile-up/two-link scenarios at lower interaction rates are mainly produced by
in-event pile-up through secondaries, which do not influence the pulse in the
same amount. The three- and four-link cases further decrease the precision
but are very unlikely to occur and therefore do not represent a concern for
the overall performance of the detector.

As the last verification step, the simulation infrastructure was used to
cross-check the results obtained by a testbeam campaign with the CBM-TRD
modules in 2017. For this purpose, a detector geometry was created for the
simulations to mimic the exact setup at the DESY testbeam campaign. A box
generator was used to create an electron beam with perpendicular incident
angle and a fixed momentum of 3 GeV/c, which was located at the exact
same read-out pad as in the measurement setup. Afterwards, the resulting
digi data stream was used with the same reconstruction algorithms to check
if the results are comparable. Figure 5.49 shows the clustersize comparison
on the left side. The entries are normalized to unity, and the general cluster
structure seems to match very well. A small caveat in connection with these
results is the usage of the SPADIC 2.1 in the measurements in 2017. This
chip version created problems with the triggering scheme of the messages.
Therefore, the results had to be strictly filtered in the o✏ine analysis, which

96



Pads

N
or

m
al

iz
ed

 E
nt

rie
s

0

0.1

0.2

0.3

0.4

0.5

0.6
DESY-Daten

Simulation

0 1 2 3 4 5 6 7 8 9 ADC integral

C
ou

nt
s

� � 12.7 %

Figure 5.49: Left: The comparison of the cluster sizes measured at the
DESY 2017 beamtime with the SPADIC version 2.1 and the ones obtained
from simulation [64]. Both results used the same reconstruction procedures
described in this work. Right: 55Fe spectrum measured with the CBM-TRD
modules and the SPADIC version 2.2 at the 2019 DESY testbeam campaign
and fitted with a Gaussian function.

could create a bias in the selected messages and cluster shapes, because
only very healthy pulse shapes were processed after the filtering. Further
studies with the data from the DESY 2019 testbeam campaign are ongoing.
Nevertheless, the reconstruction algorithms proved to be usable and robust,
and well-understood messages did produce results comparable to the ones
obtained by the simulation. Additionally, the right side of the figure shows
the measurement of an 55Fe source at the DESY 2019 testbeam campaign,
measured with the SPADIC version 2.2. The Gaussian fit delivers a resolution
of 12.7%, which is in the same order as the results of the simulation.

5.2.3 Trd track matching

The reconstructed TrdHits represent the final state of the measurement or
simulation from the detector perspective. The combination of all detector
hits encodes the complete information about the particle and has to be con-
nected, since the hits themselves are self-contained, unconnected objects.
Therefore, the individual TrdHits are connected to so-called TrdTracks. The
tracks in the STS detector are reconstructed with a cellular automaton algo-
rithm and are used to provide starting points and parameters for the track
propagation. The StsHits function as seeds for the general track reconstruc-
tion due to the precise position measurement of the STS detector [65]. The
track propagation itself is based on an implementation of a Kalman-filter
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method. It includes an accurate calculation of multiple scattering and energy
loss due to the detector material and estimates the possible track trajectory
in smaller steps corresponding to the track parameters and covariance ma-
trices (see Fig. 5.50).

Figure 5.50: Sketch of the track propagation algorithm. Dotted lines show
the straight line geometrical propagation through the detector material; solid
lines show the extrapolation including magnetic field and material e↵ects.
Track parameters are calculated at each dot. [65]

The ratio of reconstructed hits to available MC points can be used to vali-
date the input to the track reconstruction and to check the hit reconstruction
performance. The momentum and angle dependent ratios can be seen in Fig.
5.51. The number of hits is taken from the MC-track, which is referenced
by the TrdPoint. The e�ciency is calculated by the comparison of existing
TrdPoints and hits that are correctly referencing their creating TrdPoint. If a
hit can not be found for the respective TrdPoint or if no hit does refer to the
point as generating source, it is assumed to be not reconstructed correctly.
This can be the case in pile-up scenarios, where hits are merged for two sepa-
rate TrdPoints, or if the TrdPoint does not contain a su�ciently large energy
deposition to fulfill the trigger conditions of the front-end electronics. Both
calculations show that the reconstruction e�ciency increases with the num-
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Figure 5.51: Reconstruction e�ciency of TrdHits in comparison to the num-
ber of MC points as a function of the momentum (left) and of the polar angle
(right). The e�ciency represents the ratio between potential hit generators
(TrdPoints) and TrdHits.

ber of hits in the TRD, which indicates that the loss in e�ciency is partially
connected to the trajectory of the particle. However, even MC-tracks with
four hits in the TRD show only a reconstruction e�ciency of about 80-90%,
which could limit the overall track reconstruction and particle identification.

The fully reconstructed tracks can be evaluated in terms of their match-
ing to the reconstructed hits and their matching to the MC track. Every
reconstructed TrdHit should be matched to one or multiple contributing Trd-
Points. If it is correctly assigned to the generating particle, it is defined as
a ”true” hit. If it has multiple contributing TrdPoints but is not correctly
matched to the first particle, it is defined as ”distorted” hit, and if it does
not contain the respective connection at all, it is a ”fake” hit (see left side of
Fig. 5.52). The right side of Fig. 5.52 shows the number of TrdHits assigned
to the reconstructed track on the y-axis and the corresponding number of
true hits on the x-axis. In case of a perfect reconstruction all entries would
be on the diagonal. It can be seen that completely wrong matches are not
present, which would indicate a missing reference or mishandling of the data.
The most interesting case, namely TrdTracks with four connected hits, does
not show a perfect matching to the original points. This can be caused by
hit merging due to cluster overlaps. However, it also shows that it is most
unlikely that more than one hit is mismatched. This result indicates that the
observed ine�ciency is caused by the crossing of two tracks, which creates
an intersection point in one of the layers. There the two tracks can not be
securely separated, while the remaining hits are correctly matched due to the
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distancing of the two tracks after the crossing.
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Figure 5.52: Left: Sketch of the matching classification for the references
in the reconstructed TrdHits. Green hits are correctly matched ”true” hits,
blue are influenced by multiple MC points (”distorted” hits) and red are not
correctly matched ”fake” hits. Right: Comparison of assigned TrdHits in
the reconstructed TrdTrack and correctly matched ”true” hits. The z-axis
shows the distribution normalized to unity for each y-axis bin individually.

Additionally, it is important that the TrdTracks not only contain and
match the correct MC information but also that the reconstructed tracks
can be matched to the correct tracks in the STS detector since the STS is
the main tracking detector and provides the track seeds. Figure 5.53 shows
the matching e�ciency to the STS detector as a function of the position in
the global coordinate system. Overall, the matching e�ciency is very high.
Only the region around the beampipe hole in the innermost modules shows
a systematic drop of e�ciency. This region will measure the highest hit den-
sity, which is an explanation for this decrease. This matching can also be
expressed again as a function of the momentum and the polar angle, sepa-
rated for di↵erent numbers of TrdHits in the TrdTrack (see Fig. 5.54). The
matching e�ciency drastically improves with the number of reconstructed
TrdHits, as it would be expected. The di↵erence between three and four hits
is much lower than the di↵erence between two and three hits. This can be
explained by the alternating position resolution of the CBM-TRD design.
Two Hits are unlikely to contain two independent measurements in the same
dimension, which could mean that the track separation is less e�cient. The
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Figure 5.53: Matching e�ciency of the TrdTrack to the StsTrack as a function
of the global coordinates in x and y. The two tracks are assumed to be
correctly matched, if they refer to the same source MC track. The z-axis
shows the matching e�ciency.

low momentum region shows a sharp decrease in matching e�ciency, while
there is no visible angle dependence in the expected polar angles of the TRD
acceptance (0.04 - 0.4 rad.). The matching e�ciency for the four-hit case is
well above 95%, which is an excellent value.

5.3 TRD design simulations

This section will shortly discuss some of TRD design decisions and other de-
tector relevant considerations, which were done with the help of simulations
that were based on an earlier implementation of the detector simulation as
the one described in the previous section.

5.3.1 Geometry comparison

In 2017 the read-out plane design was not finalized yet. The upper limit of
hit density, which was expected under CBM conditions, was roughly esti-
mated to be around 100 kHz/cm2 in the innermost detector regions. This
hit density decreases with increasing distance to the beam axis. Therefore,
the innermost modules are designed with a pad plane of smaller pad sizes
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Figure 5.54: Matching e�ciency of the TrdTrack to the StsTrack as a func-
tion of the momentum (left) and thepolar angle (right). The two tracks
are assumed to be correctly matched, if they refer to the same source MC
track. The number of TrdHits refers to the number of TrdHits assigned to
the TrdTrack by the reconstruction algorithm.

to distinguish between di↵erent particles and avoid signal pile-up. Addition-
ally, some older geometries were designed with a smaller hole in the center.
However, it was estimated that the proximity to the beampipe and a poten-
tial beam dislocation could create problems with the detector stability. The
two most promising candidates were investigated in a larger systematic com-
parison, which will not be included in this work in detail but with some of
the main results. The original default geometry (”v17c”) has a smaller hole
in the center and uses six di↵erent module types. The number of di↵erent
module types was reduced to four for the updated candidates (”v17n” and
”v17l”), as well as the increased beam hole. The smaller number of module
types simplifies the production and parametrization of the modules. The
geometries ”v17n” and ”v17l” have di↵erent pad height in the non-sensitive
direction. A larger area on each pad decreases the necessary number of
read-out electronics but also increases the capacity and potential sources of
electronic noise. The older geometry was also checked as a baseline. One of
the essential studies was the influence of the pad size on the hit matching.
The three geometries and their corresponding module distribution can be
seen in Fig. 5.55.

The respective simulation was done with a simple event-based simulation.
It did not include any detailed description of pulse shapes, trigger behavior,
or signal pile-up, as outlined in Sect. 5.1.6. The TR contribution was already
calculated as described in section 5.1.1, and the MC energy deposition was
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Figure 5.55: Overview of the 2017 geometry design candidates. The upper
row shows the geometries including the implemented electronics material and
services. The lower row shows the module type distribution with the di↵erent
pad sizes on the respective pad-planes in cm2 as numbers in each module.

Figure 5.56: Reconstruction e�ciency of primary electrons (left) and pions
(right) for the simulation of the two new TRD design candidates (”17l”
and ”17n”) in 2017. The software release was CBMROOT JUN16. The
e�ciencies were calculated relative to the MC information.
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Figure 5.57: Probability of TrdHits mismatches as a function of the po-
lar angle at the surface of the TRD for the two 2017 design candidates
(”v17l” and ”v17n”) and the old baseline geometry (”v17c”). Shown are
fake matches of primary pions (left) and the fraction of distorted hits (right).

directly distributed without any drift e↵ects. The resulting reconstruction
e�ciencies for primary electrons and pions can be seen in Fig. 5.56. The
reconstruction e�ciency is comparable to the one obtained with the new
version of the detector simulation. There, however, is a stronger momen-
tum dependence visible in comparison to the new algorithms. The general
reconstruction e�ciency was not sensitive to the di↵erences in the pad sizes.
The di↵erence to the ”v17c” baseline can be explained by the di↵erent de-
tector acceptance due to the smaller beampipe hole in the center. The final
CBM-TRD design was chosen due to di↵erences in the matching quality (see
Fig. 5.57). The final design corresponds to the ”v17n” geometry, because
of the systematically better performance for the outer modules. The pad
sizes of the inner modules were the same for both new candidates (”v17n”
and ”v17l”). However, the actual values on the y-axis of Fig. 5.57 are out-
dated since they were drastically enhanced by the absence of a real front-end
simulation.

5.3.2 Material budget

In general, the TRD is designed in a way that minimizes the necessary ma-
terial in the active area of the detector geometry. This is done to limit the
amount of multiple scattering and secondary particle production that is in-
troduced through the detector. Both of these e↵ects increase the complexity
of the particle propagation in the tracking algorithm and also decrease the
matching e�ciency between the TRD and the TOF detector. Additionally,
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Figure 5.58: The material budget distribution in y-z-direction, where the z-
axis is the beam direction, and the y-axis is perpendicular to z and horizontal.
The x-dimension is averaged over an area of ±1m around the respective
point in y and z. Shown are the averaged percentages of radiation length
X/X0 calculated by following straight trajectories from the target through
the CBMROOT geometries. The calculation is done with the GEANT3
framework.

the production of secondary particles can drastically influence the resolution
of the TRD itself due to increases of in-event pile-up and occupancy e↵ects
on the read-out pads. Therefore, the MWPCs are designed in a very thin and
lightweight manner. However, it is still essential to know the precise amount
of material introduced to the experiment to account for its e↵ects correctly.

It is possible to use the CBMROOT infrastructure and the respective
geometry files to calculate the material budget via the generation of ”in-
teraction particles” in the GEANT3 framework. The particles are created
uniformly over all polar- and azimuthal angles, and the interactions with the
material is calculated from GEANT in small steps in space. The procedure
is repeated multiple times to get an average distribution for the stochastic
processes. This procedure allows for a systematic mapping of the material
components included in the used geometries. Figure 5.58 shows the mate-
rial budget distribution in y and z direction, where the z-axis is the beam
direction, and the y-axis is perpendicular to z and horizontal. Along the
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Figure 5.59: The material budget distribution in x-y-direction for all four
TRD detector layers integrated. Shown are the averaged percentages of ra-
diation length X/X0 calculated by following straight trajectories from the
target through the CBMROOT geometries. The calculation is done with the
GEANT3 framework.

x-dimension an average of ± 1 m around the respective position in z and
y is displayed. Shown are the detectors from the target to the TRD in the
electron setup. The STS detector can be seen on the far left side with mul-
tiple tracking layers of very small material budget to ensure a good position
and momentum resolution. The largest material contribution in front of the
TRD is represented by the RICH detector (”V16a”), which can be seen in
green in the middle of the plot. The material budget of the RICH averages
to X/X0 ⇡ 10%, which can be necessary for the dielectron analysis concern-
ing the probability of conversion production in the material. The material
budget for all four detector layers of the TDR can also be seen in Fig. 5.59.
The active area of the TRD contributes with about X/X0 = 10%, while
the frames of the ROCs have a much larger localized material profile. Not
included in this calculation is the support structure, which is planned to be
build of aluminum and is estimated to contribute about X/X0 = 40% in total
in a in localized areas behind the frames of the ROCs. The total integrated
material budget contribution for all four detector layers is estimated as a
total of X/X0 = 19.4%.

5.3.3 Hit rates in the TRD

The results in chapter 5 were all obtained using an UrQMD simulation of the
10% most central Au+Au collisions with an energy of 12 A GeV. This was
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Figure 5.60: Average hit rates in each TRD detector layer as a function of
the position in x and y. The simulation is done with UrQMD at 4 A GeV
for minimum bias collisions (left) and at 12 A GeV for the 10% most central
collisions (right). The z-axis shows the hit rate/cm2 as a function of x and
y.

done to cover all potential challenges that can occur under the foreseen con-
ditions of the CBM experiment since 12 A GeV represents the upper limit of
the energy range, and central events produce the highest multiplicities. The
rough estimate of the hit rate capabilities for which the TRD was designed
was a density of 100 kHz/cm2. It is expected that the highest hit rates can
be found near the z-axis (i.e. beam-axis) due to the forward boost of the pro-
duced particles. Figure 5.60 shows the average hit rate per layer as a function
of the x-y position for 4 A GeV minimum bias and 12 A GeV central colli-
sions. These simulations cover low multiplicities with 4 A GeV minimum bias
collisions and the highest multiplicities with 12 A GeV central collisions, to
quantify the expected multiplicity range of the CBM experiment. The right
side of Fig. 5.60 shows that the design value of 100 kHz/cm2 is appropriate.
The smaller hit densities at lower energies will drastically reduce complexity
for the algorithms and potentially even increase some of the e�ciencies. Ad-
ditionally, it can be seen that the variance in the x-dimension is larger due
to the bending of the tracks from the magnetic field, which was considered
in the module type distribution of the TRD design.

5.3.4 Simulations of the entrance window support grid

The radiators of the CBM-TRD were discussed in chapter 4.3.2. One of the
features of the current design is the usage of a carbon support grid, as can be
seen on the left side of Fig. 4.20 as black lines. GARFIELD simulations sug-
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gested that an over- or under-pressure in the detector volume of 1 mbar could
create mechanical deformations of the entrance window of up to ± 1 mm.
Thus, it would drastically influence the electric field in the chamber and,
therefore, change the resulting gas gain. Measurements with di↵erent gas
gains would not be directly comparable, which would cause relatively large
systematic errors on the energy deposition measurement. However, the car-
bon support grid subdivides the larger entrance window surface into smaller
areas, which then limit the individual deflections to well below 1 mm. The
grid strips have a height of 10 mm, a thickness of 0.8 mm, and a spacing dis-
tance of 108 mm for the smaller modules. The larger modules have a height
of 15 mm, a thickness of 0.8 mm, and a spacing of 120 mm. Nevertheless, this
approach comes with a potential pitfall, which is the photon absorption in
the carbon. Since the support grid would be located in front of the entrance
window, but at the end of the radiator, it could be possible that the carbon
absorbs a significant amount of the TR photons produced in the radiator. On
the other hand, it could also be possible that the comparably small volume of
the grid create comparably low amounts of grid interactions and, therefore,
do not a↵ect the PID performance of the detector significantly.
The largest potential problem is the shadow, which is created due to the
carbon grid, and which is strongly dependent on the incident angle of the
particles. The TR photons are assumed to be emitted under very small angles
and, therefore, approximately follow the trajectory of the traversing particle.
The potential crossing of a trajectory through a carbon strip can easily be
calculated geometrically with the entrance and exit position of the track in
the gas volume, as it is provided by the MC points. For this calculation,
a photon is assumed to be absorbed with a probability of 100% as soon as
it hits the carbon grid to cover the worst possible scenario. A regular sim-
ulation of the 10% most central UrQMD events at 12 A GeV delivers the
average number of tracks per event, which pass through the carbon grid as
a function of the reconstructed hit position in x and y (see Fig. 5.61). The
plot shows the position of the grid very clearly. The grid position is more
smeared towards the outer modules due to the larger polar angles for tracks
originating from the target.

The angle dependence can be quantified by the integrated interaction
probability as a function of the polar angle, as it can be seen on the left side of
Fig. 5.62. The average probability in the acceptance region of the TRD (0.04
- 0.4 rad.) is in the order of 2-8% and further increases for particles with larger
polar angles, which mainly correspond to smaller momenta. The right side
of Fig. 5.62 shows the absorption probability as a function of the momentum
and the polar angle. This can then be translated to the respective changes
in the energy measurement. Due to the momentum dependence of the TR
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Figure 5.61: Average number of tracks per event that cross the carbon sup-
port grid as a function of the reconstructed hit position. The four detector
layers are integrated. The calculation uses the entrance and exit position of
the MC point to calculate a linear trajectory of the particle. TR absorption
is assumed to happen in the carbon with 100% probability. The z-axis shows
the yield per event as a function of x and y.

production, this is done in three momentum intervals. Figure 5.63 shows the
measured energy distribution of primary electrons with (black) and without
(red) carbon grid. The comparison of the di↵erent momenta confirms that the
carbon grid has a much larger impact for larger momenta. The distributions
are scaled to their maximum value, which shows the suppression of large
energy deposition values. This suppression directly translates to the PID
capabilities of the detector. The probability for TR absorption increases for
the modules in the outer region since these measure particles with a larger
polar angle. The stability of the gas flow and the pressure variations are under
further investigation. The carbon grid will be reduced as far as possible to
minimize these absorption e↵ects.
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Figure 5.62: Left: Average photon absorption probability as a function of
the polar angle. Right: The photon absorption probability for the combi-
nation of a certain angle and momentum. The z-axis shows the absorption
probability as a function of the momentum and the polar angle.

0 5 10 15 20 25 30 35 40 45 50
 (keV)depe

0

0.2

0.4

0.6

0.8

1

C
ou

nt
s 

[s
ca

le
d 

to
 m

ax
] 0 < p < 1 GeV/c

Grid

No Grid

0 5 10 15 20 25 30 35 40 45 50
 (keV)depe

0

0.2

0.4

0.6

0.8

1

C
ou

nt
s 

[s
ca

le
d 

to
 m

ax
] 1 < p < 3 GeV/c

Grid

No Grid

0 5 10 15 20 25 30 35 40 45 50
 (keV)depe

0

0.2

0.4

0.6

0.8

1

C
ou

nt
s 

[s
ca

le
d 

to
 m

ax
] 3 < p < 10 GeV/c

Grid

No Grid

Figure 5.63: Energy deposition spectrum scaled to their maximum in three
di↵erent momentum intervals. The black curve shows a spectrum for a
TRD with a carbon grid and the red curve shows a design without carbon
absorption. The TR contribution is assumed to be zero if the particle
trajectory crosses the carbon grid.
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6 Dielectrons

The following chapter will present the methods and results of a full dielec-
tron analysis, using the improved TRD simulation, which was introduced in
the previous chapter. Inter-event pile-up e↵ects can not be included due to
the lack of a four-dimensional reconstruction algorithm in the CBMROOT
framework. This chapter will explain the used analysis framework and proce-
dures, the investigated particle cocktail, the particle identification methods,
and the creation of corrected spectra and extraction of fireball parameters
in the Intermediate Mass Range (IMR). Additionally, it will highlight the
influence of the TRD detector for the topic of dielectron studies with the
CBM experiment.

6.1 The PAPA framework

The so-called ”PairAnalysisPAckage” or ”PAPA” framework is a C++ anal-
ysis framework, which is initially based on a dielectron framework of the
ALICE collaboration and was adapted and ported for the implementation
in CBMROOT by Julian Book [66]. Afterwards, it was further developed
and expanded in this work. It is highly object-oriented and flexible, which
allows very e�cient processing of di↵erent analysis specifications at once.
Additionally, it is possible to access MC information from the simulation to
evaluate e�ciencies e↵ectively, while the respective procedures are automat-
ically switched o↵ for experimental data.

Figure 6.1 (left panel) shows the general structure of the analysis framework.
The core functionalities are implemented as compiled code into CBMROOT,
while the steering of the respective analysis can be done in a script that
is interpreted at runtime. This allows the quick and flexible usage of the
framework, while also helping with the reproducibility and transparency of a
specific analysis by gathering all the necessary configurations of the analysis
in a single interface (the config file). Additionally, it is possible to create
multiple analysis configurations in a single analysis run, which minimizes the
necessary CPU and memory consumption considerably. A specific task iden-
tifier references the individual analysis configuration and is handled by the
steering instance, the ”AnalysisTaskMultiPairAnalysis”. This steering class
configures individual instances of ”PairAnalysis”, which contain the actual
pair construction and data handling of the analysis. The respective output
histograms for each configuration can also be changed individually in the
config script and are automatically handled by the framework with unique
access keys, which are merged into the binary output in a distinct directory
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Figure 6.1: Left: Simplified structural overview of the PAPA analysis struc-
ture. The config script is a macro, which is interpreted at runtime. The
grey box indicates the compiled code in CBMROOT. Right: Overview of
the data handling and the possible connection between MC information
and the reconstructed track info. The grey box indicates the content of the
individual analysis object, which is used as main container.

structure. The right panel of Fig. 6.1 shows the data handling for each
event iteration, which is based on the connection between the reconstructed
global tracks in the experiment and the individual track objects, for each
subsystem, that are attached to it (the global tracks act as container to cre-
ate these connections). The MC information is optional for the evaluation
of simulated data, and the connection between the reconstructed object and
the MC information is created via the matching object of one subsystem. In
this analysis, the MC reference is always pointing to the MC match in the
STS detector, because of the fine track granularity of the detector. The main
processing object is then called the ”PairAnalysisTrack”, which contains the
reference to the respective detector objects.

The procedure of pair building is relatively straight forward. The frame-
work receives a stream of event objects, which contain the individual analysis
tracks as a basis. The respective containers are then filtered iteratively for
the tracks with the desired parameter configuration, as defined in the config
script. Figure 6.2 shows an illustration of the single steps and their order
in the algorithm. The grey boxes represent a specific group of cuts, which
are realized by a bitmask in the compiled code of the PAPA framework.
The orange boxes represent a container, which holds tracks with a particular
parameter configuration. The order in which the di↵erent cuts are applied
drastically influences the necessary CPU consumption of the analysis since
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Figure 6.2: Illustration of the individual calculation steps and the track
handling in the PAPA framework. The grey boxes represent di↵erent groups
of cuts, which are realized with a bitmask. Each track container iteration
is stored for evaluation purposes (dark blue boxes) and the di↵erent track
containers are shown in orange.

the complexity of the pair building process grows quadratically with the num-
ber of considered tracks. Additionally, each reduction of the track containers
can be stored for the evaluation of their e�ciency, as it is indicated by the
dark blue boxes connected to the cuts. The final pair building is done by the
combination of all positive and negative pair candidates. Another critical
aspect of the analysis is the correct handling of the signals in the simulation
and the evaluation of the simulated particles. Therefore, the MC informa-
tion in each analysis track is linked to the detector information. The decay
channel, which is encoded in the PDG and GEANT codes, as well as the
references to the respective MC objects, can be used to identify the di↵erent
decays. Since it is often necessary to synthetically increase the abundance
of specific particles in the generated events, it is required to rescale these
embedded signals in the later analysis according to their realistic multiplic-
ities in a measurement scenario. This can be done with the MC links and
is called an ”MC weighting”. This weighting becomes exceptionally crucial
for the correct calculation of uncorrelated particle combinations. If n is de-
fined as the number of positively charged pair candidates and k as negatively
charged pair candidates, then a typical decay of ! ! e+e� precisely creates
one pair from the decay and (n � 1) + (k � 1) uncorrelated combinations
of particles as additional combinatorial contributions, which will always be
present as background. The enhancement of specific observables does not
create a fundamental problem in the precision of the calculations but has
to be handled and understood correctly. This is under the assumption that
the addition of particles is not large enough to decrease the precision of the
underlying detector simulations or systematically decrease the performance
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of the tracking algorithm.

6.2 Signal input

The event generation and transport procedures were already mentioned at the
start of chapter 5. A standard tool for event modeling, in the field of heavy-
ion physics is the UrQMD model [54]. It provides good and well-understood
particle production, which is calculated in a microscopic transport approach.
Therefore, it is most useful to generate a realistic image of the general bulk of
particles produced in a heavy-ion collision. The left panel of Fig. 6.3 shows
the particle abundance per event extracted from the MC tracks after particle
transport. 10000 Au+Au collisions at 12 A GeV (0-10% most central) were
calculated with the UrQMD model and transported through the CBM exper-
iment with GEANT3. The right panel of Fig. 6.3 shows the corresponding
production mechanisms, which are assigned to the tracks by the transport
engine. The particle abundance clearly shows the bulk of the particles as
charged and light particles, as well as neutral pions and photons. Heavier
particles are also included but have a drastically decreased production prob-
ability. Therefore, it is necessary to increase the amount of rarer probes in
the events artificially to get a useful estimate of reconstruction e�ciencies in
the experiment.

The necessary input for rare probes is provided as ROOT file that con-
tains the required properties of the particle, which are used by the transport
engine. The Pluto framework [55] is a very e�cient way to produce these
inputs since it is a lightweight package with no external dependencies besides
the ROOT functionalities. It is fast and uses a physics database to extract
the necessary information about certain particles and allows the manual de-
scription of certain decay channels. With a given energy and temperature, it
can calculate the kinematics of the mother and daughter particles and cre-
ates the secondary vertex point for the MC track in the transport engine.
The database also provides a mass and a width for certain decays and reso-
nances, which delivers a realistic invariant mass distribution for the particles.
Finally, the particles are distributed over the phase space and stored in a bi-
nary file. Figure 6.4 shows the kinematic properties of an ! ! e+e� decay
for three di↵erent energies simulated using a fireball model. The lowest and
the highest energy represent both extremes of the CBM energy range. The
mid-rapidity value increases alongside the width of the rapidity distribution.
The transverse momentum shows a similar shift towards larger transverse
momenta due to the higher energy.
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Figure 6.3: Left: Particle abundances per event extracted from the MC
tracks after particle transport. 10000 Au+Au collisions at 12 A GeV (0-
10% most central) were calculated with the UrQMD model and transported
through the CBM experiment with GEANT3. Right: Production mecha-
nism of the di↵erent MC tracks as assigned by GEANT3.

Figure 6.4: Kinematic properties of an ! ! e+e� decay for three di↵erent
energies in the CBM energy range with the rapidity distribution (left) and
the corresponding transverse momentum distribution (right).
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Figure 6.5: Phase space distribution of ! ! e+e� decays calculated with
UrQMD Au+Au collisions at 12 A GeV. The z-axis shows the yield per
event. Left: The properties of all MC tracks in the full 4⇡ phase space.
Right: The MC tracks, which are in the acceptance of the CBM experiment
without any reconstruction e↵ects.

The CBM experiment is optimized for the measurement of particles at
mid-rapidity at collision energies of about 25 A GeV (SIS300). However, at
SIS100 energies only forwards rapidities could be measured, which creates a
strong limitation in the total phase space coverage of the produced particles.
The total acceptance for the phase space can be seen for the ! ! e+e� decay
in Fig. 6.5, where the kinematic properties are taken from the MC tracks,
thus excluding any e�ciency e↵ects from the reconstruction algorithms. The
acceptance is in the general order of 30%, which is later further reduced
by the e�ciencies of the reconstruction itself and the Particle IDentification
(PID).

The resulting mass distributions of the complete spectrum of relevant
Pluto inputs for the dielectron case can be seen in Fig. 6.6. The sum of
all the contributions is called the ”cocktail” and is represented by the black
markers above the individual signals. Shown are again the lowest (left panel)
and the highest energies (right panel) in the CBM energy range. The very
low mass region is mainly dominated by the Dalitz decay of ⇡0 ! �e+e�

and ⌘0 ! �e+e�. A variety of di↵erent signal contributions populates the
mass region above the ⇡0. The ! and � show significantly larger expected
multiplicities than the remaining contributions in their mass range, which
should be clearly visible as peak structures after background subtraction in
the final analysis. However, the medium modified ⇢-meson could create a
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Figure 6.6: Invariant mass distribution of the relevant PLUTO inputs for
the dielectron case of CBM. The input was created for an energy of 4.5 A
GeV and a temperature of 0.1 GeV (left) and an energy of 12 A GeV and
a temperature of 0.13 GeV (right). The yields on the y-axis per mass bin
are scaled to expected yield per event.

significant contribution and will be discussed in the next section.

6.2.1 Preparation of the thermal input

The main goal of this work is the extraction of the fireball parameters from
the thermal contribution in the early stages of the fireball evolution (as dis-
cussed in chapter 3.3.1 and 3.4). The calculations of the thermal radiation
are based on a coarse-grained approach [68] and the fireball model by [18].
The kinematic properties for the respective calculations at 12 A GeV are
shown in Fig. 6.7. The rapidity distribution is shown in the center-of-mass
system and is symmetrical around zero. The z-axis is normalized to unity
and shows the probability distribution for the corresponding phase space el-
ement (integrated over all mass values). The right panel of Fig. 6.7 shows
the expected invariant mass distribution per event for the in-medium mod-
ifications of the ⇢ and the thermal QGP radiation. Especially in the IMR,
the expected yields per event go down to very small values ranging between
10�8 � 10�6. These theoretical calculations can be used to create particle
information with the Pluto framework again. The kinematical and mass
properties create a three-dimensional space, which can be randomly sampled
according to the occurrence probability of the combination. This procedure
then creates a subset of particles, which can be boosted and distributed over
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Figure 6.7: Left: Phase space distribution of the ⇢ produced in a thermal
medium. The z-axis is normalized to unity and shows the relative occurrence
inside the calculation results. The rapidity is shown in the center-of-mass
system. Right: Invariant mass distribution of the in-medium ⇢ and the
thermal QGP radiation itself. The y-axis shows the expected yield per
event. The theoretical calculations were taken from [67].

the geometrical phase space for the embedding into the CBMROOT simula-
tion. This approach intrinsically accounts for the probability distribution of
the invariant mass spectrum, which simplifies the weighting method in the
final analysis. The reconstructed particles only have to be weighted with the
ratio between the embedded particles and the expected total multiplicity of
thermal signals in the respective collision. Figure 6.8 shows the compari-
son between the kinematical properties of MC tracks in the full phase space
(left) and the ones in the acceptance of the CBM experiment (right). The
tracks in the acceptance show a shift towards forward rapidities, as it would
be expected for CBM. However, mid-rapidity has a su�cient coverage. The
actual acceptance is shown in Fig. 6.9 with the transverse momentum (left)
and the rapidity (right) dependence. This also gives a good estimation of
the general acceptance limitations for the measurement, which will be in the
order of about 30%.

The general problem with this method for thermal particle embedding
is the large di↵erence between the production probabilities in di↵erent mass
regions. For the extraction of the fireball parameters, it will be necessary
to simulate a significant amount of statistics in the IMR, which is strongly
dependent on the mass distribution of the embedded thermal particles. The
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Figure 6.8: Phase space distribution of in-medium ⇢ at 12 A GeV. The
results contain a total of about 200 million embedded thermal particles.
The z-axis shows the yield per event. Left: The distribution of all MC
tracks in the full 4⇡ phase space. Right: The MC tracks, which are in the
acceptance of the CBM experiment without any reconstruction e↵ects.
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Figure 6.9: Acceptance of the thermal contribution for the in-medium ⇢ and
the direct QGP radiation calculated as the ratio of the MC tracks in the
full phase space and within the acceptance of the CBM experiment. The
acceptance is shown as a function of the transverse momentum (left) and
as a function of the rapidity (right).
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mass dependence of the expected yields creates the necessity for huge num-
bers of embedded particles, which either leads to substantial amounts of
computing time or to problems with the pairing and reconstruction com-
plexity if a huge number of thermal pairs are embedded in a single UrQMD
event. The number of particles, which are necessary to get su�cient coverage
of the properties in the IMR, can easily be estimated by the average yield per
event in that region (⇡ 10�7) multiplied with the expected signal detection
probability (the product of the acceptance e�ciency and the reconstruction
e�ciency). Under the assumption of an optimistic detection e�ciency of
about 10% (this value will be addressed in the further analysis in this chap-
ter), this delivers one pair in each mass segment in the IMR per 100 million
embedded particles. Su�cient statistical coverage will most likely demand
about 100 - 10000 particles per mass segment, which totals the required par-
ticle embedded to something between 10�10 � 10�12 particles, being beyond
any doubt not feasible on any current computing cluster.

To circumvent this issue, it is possible to use the theoretical calculations
of the mass dependent yields di↵erently. As mentioned before, the transverse
momentum, the rapidity, and the mass build a three-dimensional probability
space, which is mainly dominated by the mass dependence. This three-
dimensional space can be divided into individual mass subsets. Therefore,
creating mass-independent pT and y probability spaces, which maintain the
intrinsic pT and y distribution of the calculations, but drastically enhance the
particle production for higher masses. The mass dependence has to be man-
ually considered in the evaluation of the reconstructed pairs in the analysis
framework and can be coupled to the existing MC weighting in the pairing
step of PAPA (see Fig. 6.2). The necessary value of reweighting can be cal-
culated by the division of the created mass distribution in the Pluto output
and the theoretically expected mass distribution (see Fig. 6.6). Both distri-
butions have to be normalized to unity since the results in Fig. 6.6 do not
represent a probability distribution. The inverse of the resulting weighting
factor describes a CPU enhancement, in terms of necessary calculation time,
in comparison to the regular method, which is shown in Fig. 6.10. The gen-
eral enhancement in the IMR is in the order of 103 � 109, while there is an
obvious decrease in statistics for very low masses.

6.3 Influence of the target thickness

The question of the exact target geometry is of special importance for the di-
electron physics case due to the photon conversion probability in the target.
The larger the thickness of the target, the larger the combinatorial back-
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Figure 6.10: Thermal simulation CPU enhancement for the in-medium ⇢ and
the direct QGP radiation through the separation of the theoretical input into
probability subspaces with a uniform mass distribution.

ground. The total number of unlike-sign pairs from the same event can be
calculated with:

SE+�(c+, c�) = c+ · c� (6.1)

, where c+ and c� are the numbers of positive and negative pair candi-
dates after the initial set of track cuts and pre-pairing cuts (see Fig. 6.2).
Therefore, the number of unlike-sign pairs from the same event with one
additional electron-positron pair is:

SE+�(c+ + 1, c� + 1) = (c+ + 1) · (c� + 1)

= c+c� + c+ + c� + 1
(6.2)

Thereby, the increase in total unlike-sign pairs from the same event is
defined as:

SE+�(c+ + 1, c� + 1)� SE+�(c+, c�) = c+ + c� + 1 (6.3)

And for a number of n additional pairs per event it increases to:
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SE+�(c+ + n, c� + n)� SE+�(c+, c�) = n · c+ + n · c� + n2 (6.4)

This equation illustrates the sensitivity of any pair analysis to the pro-
duced track multiplicity. The special importance of the target thickness for
the dielectron analysis is the number of � ����!

material
e+e� conversions inside

the target since their multiplicity is directly correlated to the amount of
material in the target. The standard target for a hadron analysis in the
CBM experiment has a thickness of 250 µm. The suggested target thick-
ness for electron measurements is 25 µm, which would lead to a significant
decrease of electron-positron pairs generated by �-conversion in the target.
Figure 6.11 shows the transverse momentum distribution of the reconstructed
� ����!

material
e+e� pairs with at least three hits in the STS detector, six hits in

the RICH detector and three hits in the TRD detector (left) and their respec-
tive rapidity in the laboratory system (right) for both target thicknesses. The
y-axis shows the yield of electron-positron pairs from �-conversion per event.
The thicker target increases the number of positively and negatively charged
tracks by a factor of 10 at the maximum. This increases the total amount of
combinatorial unlike-sign pairs via the combination of an electron from a �-
conversion and another electron from any source. Combinatorial background
pairs do not have the same mother particle and represent the background
in the analysis. The invariant mass spectrum of these background contribu-
tions can be seen in Fig. 6.12. The increase of background pairs due to the
thicker target amounts to about a factor of 30 in the mass region between
0.2 and 0.5 GeV/c2 and does not yet include any additional combinations
with misidentified pions. Additionally, since these pairs do not contain any
hadronic combinations, it is di�cult to decrease this background contribu-
tion via the information of the RICH detector, and the TRD. Therefore, a
thicker target would produce significantly larger errors after the background
subtraction, which is especially relevant in the IMR, where the signal spec-
trum is expected to be multiple orders of magnitude below the background
contributions.

6.4 Particle identification

The Particle IDentification (PID) for the dielectron analysis is primarily done
with the usage of the RICH detector and the TRD. The TOF detector can,
in theory, also contribute to the PID at small particle momenta. It has to be
checked, however, if the contribution is worth the additional e�ciency loss
due to another cut. This chapter will discuss the identification procedures
for the di↵erent detectors with the example of electron-pion separation since
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Figure 6.11: Comparison of dielectron pairs created by �-conversions for a
250 µm and a 25 µm Au target. The transverse momentum distribution
is shown on the left side and the distribution in rapidity in the laboratory
system is on the right side. The y-axis in both panels shows the yield per
event. The simulation was done for central Au+Au collisions at 12 A GeV,
as calculated with UrQMD.
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pions are by far the most substantial hadronic contribution that has to be
suppressed to get proper access to the electron signals. The detector setup
used in this chapter is the standard SIS100 electron setup with a full scale
magnetic field. GEANT3 was used as transport engine.

6.4.1 PID with the RICH detector

As discussed in chapter 4.2.4, the working principle of the RICH detector is
based on the production of Cherenkov light due to the velocity of the particle
in being above the the speed of light in the medium. This Cherenkov light is
focused with mirrors and creates rings on photomultipliers. The individual
photomultipliers measure photon hits, which result in a complex structure
on the read-out. The ring finding algorithm for the RICH detector recon-
structs rings from the photon clusters, which can be described by a set of
”ring parameters”. The parameters can be used to define the quality of the
reconstructed rings. They are defined as follows:

• Axis a - Distance to the center on the ”major semi-axis”
• Axis b - Distance to the center on the ”minor semi-axis”
• � - Rotation of the ring on the azimuthal angle
• RadialAngle - (0||1||2) ⇤ ⇡± atan(abs((±100� y)/� x)) (with x and y
as center of the ring)

• �2 - Parameter of a ring fit
• Radial position -

p
x2 + abs(y � 110)2

• Number of hits - Number of photon hits in the reconstructed ring
• Ring distance - Distance between ring center and track

It is expected that pions do not create rings on the photon detection
plane until they reach a su�cient � threshold, which would not be reached
below a momentum of about 5-6 GeV/c. Above this momentum, it becomes
impossible to distinguish between electron and pion rings, and the RICH
detector can not contribute to the electron ID anymore. However, even below
this threshold, it is possible that pion tracks are matched to a ring, which was
created by an electron due to the proximity of the particles. Nevertheless,
these mismatched rings should possess less ideal ring parameters, which can
be used to distinguish a large quantity of the fake pion rings.

Figure 6.13 and 6.14 show a selection of the previously mentioned param-
eters. All distributions are normalized to unity to compare the probabilities
for these parameters for electrons and pions. The eight parameters and the
momentum constitute a nine-dimensional probability space, which can be
evaluated with di↵erent methods for maximum e�ciency. The RICH group
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Figure 6.13: Fit parameter �2/NDF (left) and � angle of the ring (right)
for electron and pion tracks (identified with MC information). Both distri-
butions are normalized to unity.
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Figure 6.14: RICH radial angle (left) and radial position (right) for electron
and pion tracks (identified with MC information). Both distributions are
normalized to unity.
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Figure 6.15: Electron identification value assigned to electron (left) and
pion tracks (right) by the ANN of the RICH group as a function of the
momentum. The assigned rings for both distributions require at least 6 hits
on the photon plane. Both distributions are normalized to unity for each
momentum bin individually.

uses an Artificial Neural Network (ANN), which can easily be trained with
simulation data, to distinguish between electrons and pions. After the prepa-
ration of the algorithm by the detector experts, the RICH-PID class uses the
reference to the global track to extract all the ring parameters and delivers
a single probability output, which corresponds to the likelihood to be an
electron. Figure 6.15 shows the ANN-ID output for electrons (left) and pion
(right) as a function of the momentum. Both distributions are normalized
to unity for each momentum bin individually to show the probability distri-
bution for the respective momentum. The output values range between -1
and 1, which can be seen as arbitrary values since an ANN implementation
like this is mainly influenced by the activation function of the output neuron
(a more detailed discussion about ANNs will follow in chapter 6.6). It can
be seen that the ID output for electrons is constant at high values. Only
very small momenta show a smearing of the probability due to insu�cient
Cherenkov-light production. The pion ID is very well located at -1 for small
momenta. They start to get matched with rings of better quality at a mo-
mentum of about 5 GeV/c and above, which is where the pion suppression
capabilities of the RICH detector start to decrease rapidly. The probability
distribution of the electron tracks is used to produce a RICH-PID cut, which
is a function of the momentum and is chosen with an electron e�ciency of
90%.
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Figure 6.16: Simulated energy deposition spectra for TRD hits as recon-
structed with the full simulation chain described in this work. The spectra
are divided in di↵erent momentum classes and are normalized to unity.

6.4.2 PID with the TRD

The electron identification of the TRD is based on the energy deposition
of electron and pions due to ionization energy loss and the additional con-
tribution from Transition Radiation (TR) photons, which are produced by
the electrons but not by the pions (see chapter 4.3). The production of
TR photons is proportional to the � factor of the particle and, therefore,
is highly momentum dependent. Figure 6.16 shows the simulated energy
deposition distributions for electron and pion hits in the TRD in three mo-
mentum classes. The distributions are normalized to unity to represent the
probability spectrum of the particles. The additional TR contributions shift
the average energy deposition towards higher values for the electron hits.
This is especially present for momenta above 3 GeV/c, where a large dif-
ference is visible between both particles for energy depositions of 15 keV or
larger. A small second maximum is visible for larger momenta, which can be
explained by clipping e↵ects of the front-end electronics as implemented in
the simulation.

The electron probability is defined by the combination of 1-4 hits in the
di↵erent TRD layers. For the analysis of the TRD also modern machine
learning techniques were used in the past, but since the problem itself is of
comparably low complexity, it is more advisable to use a more transparent
method than, for example, the usage of an ANN. Therefore, the TRD-PID
uses an implementation of a simple likelihood-ratio test. The mathematical
definition of a specific probability distribution f that depends on a variable
� for a number of n individual observations is:

f(x1, x2, ..., xn|�) =
nY

i=1

f(xi|�) = L(�, x1, ..., xn) (6.5)
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, where x1, ..., xn are the individual observations. This means that the pro-
jection to a probability in [0:1] can be made with a simple realization of a
hypothesis test:

L =
L(H0|x)
L(H1|x)

(6.6)

, where H0/H1 are the null- and the alternative hypothesis. Practically, this
means that the electron likelihood is described by the electrons’ fraction of
the total probability space. For the separation of electrons and pions with a
single measurement in one TRD layer this defines the electron ID as:

Le =
pe

pe + p⇡
(6.7)

This can be expanded to n TRD hits with:

Le =

Qn
i=1 peiQn

i=1 pei +
Qn

i=1 p⇡i

(6.8)

The high transparency of this method makes it much easier to understand
the PID of the detector microscopically and performs identical to older ma-
chine learning implementations. Figure 6.17 shows the electron likelihood
in the TRD from electron and pion tracks as a function of the momentum.
For very small momenta, the PID contribution of the TRD is non-zero, but
comparably low, since the energy spectra of the particles are not distinct
enough. For larger momenta, there is a very large gap between the electron
likelihoods of electrons and pions, which directly translates to the electron-
pion separation. The TRD-PID cut as a function of the momentum is chosen
with an electron e�ciency of 80%.

6.4.3 Pion suppression

The ”pion suppression” is describing the capabilities of the di↵erent PID de-
tectors to reject pion tracks before the actual pairing of the pair-candidates is
done. It is a direct consequence of the electron-pion separation of the RICH
detector and the TRD and is defined as the inverse of the misidentification
probability for the given PID cuts. The general goal of the PID cuts is to
decrease the pion contribution to the final pairs as much as possible, but
due to the finite misidentification probability, it is not possible to reject all
pion tracks before the pairing step. Since a significant combinatorial dielec-
tron background contribution will always populate the final pair spectrum,
it should be achieved that the pion contribution is at least below the intrin-
sic dielectron contribution. Figure 6.18 shows the amount of reconstructed
electron (left) and pion (right) tracks per event for each step in the cutmasks
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Figure 6.17: Simulated electron likelihood from the energy deposition mea-
surements in the TRD for electron tracks (left) and pion tracks (right) as
a function of the momentum. All tracks are required to have at least three
hits in the four detector layers. Both distributions are normalized to unity
for each momentum bin individually.

individually. Both distributions are shown on the same range on the y-axis.
The comparison of the black lines delivers the general di↵erence in particle
abundance before PID cuts are applied. The pion yield exceeds the electron
yield by about a factor of 30-50, which is the approximate minimum pion
suppression that should be achieved over the whole momentum space. The
pre-pair track cuts that have to be fulfilled are a transverse momentum above
50 keV, a �2/NDF (from the fit to the primary vertex) below three, and at
least three hits in the STS.

Figure 6.18 also encodes the electron e�ciency of the reconstruction and
PID cuts for the RICH detector and the TRD, as well as the respective pion
suppression. The reconstruction cut for the RICH requires at least six hits
corresponding to the assigned ring, and the reconstruction cut for the TRD
requires at least three hits in the detector layers. Important to note is that
the reconstruction cuts in the RICH detector also contribute to the PID
since pions are not expected to create rings on the photon plane. It can be
seen that this e↵ect decreases for momenta of 5 GeV/c and above, as the
pions start to produce their own rings. Strict PID cuts on the ring quality
allow further pion suppression with the RICH detector up to about 5 GeV/c.
Afterwards, the PID is increasingly reliant on the TRD. The resulting pion
suppression distribution is calculated by the ratio between the dN⇡/dp yields
before and after the PID cuts (see Fig. 6.19). The distribution shows that the
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Figure 6.18: Distribution of electron (left) and pion (right) yields per event
as a function of the momentum. The track distributions are taken from
di↵erent steps of the cut procedure after the cut is applied.
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expected minimum value is achieved over the whole momentum region and
that the TRD contribution is also significant for momenta below 1 GeV/c
via the additional energy loss information. TR production is not significant
yet at such low momenta. The momentum region between 1 and 7 GeV/c
is dominated by the identification capabilities of the RICH detector (shown
in black), which reaches suppression factors of up to 600. The TRD is con-
tributing over the whole momentum range as is the only identification source
for momenta above 7 GeV/c.

6.5 Invariant mass spectra

The following section focuses on the analysis of the invariant mass spectra for
Au+Au collisions at 12 A GeV. For the correct display of the signal spectra
as well as the combinatorics, it is essential to scale the reconstructed invari-
ant mass pairs correctly, since there are far more particles in each simulated
event than it would be expected in a realistic Au+Au collision. Therefore, the
reconstructed pairs are rescaled with the usage of their MC track reference
(see Fig. 6.2). The expected particle yields per event can be calculated with
the Statistical Hadronization Model (SHM) [69]. Afterwards, the particle
multiplicity is multiplied with the Branching Ratio (BR) of the respective
decay channel to calculate the necessary signal weighting factor. The ex-
pected yields per event and BRs are:

Yield per event decay channel branching ratio
(PDG)

! 5.821 ! ! e+e� 7.28·10�4

! 5.821 ! ! ⇡0e+e� 7.7 ·10�4

� 1.018 �! e+e� 2.97 ·10�4

⌘ 14.877 ⌘ ! �e+e� 6.9 ·10�3

⌘
0

0.803 ⌘
0 ! �+e� 4.73 ·10�4

⇢0 19.032 ⇢0 ! e+e�(vac.) 4.72 ·10�5

�+ 229.5 �! pe+e� 4.2 ·10�5

The invariant mass itself is calculated with the usage of Eq. 3.4. The in-
medium ⇢ is weighted with a factor of 4.2·10�2 for Au+Au collisions at 12
A GeV and the QGP radiation is weighted with a factor of 6.2·10�4, as
calculated in coarse- grained transport approach.

6.5.1 Background rejection

As is was mentioned in the previous sections, it is essential to keep the contri-
bution of combinatorial background pairs as low as possible due to the very
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low expected yields of the thermal signal in the IMR. The invariant mass
distribution of the combinatorial background contributions is shown in Fig.
6.20. The left panel shows the di↵erence between combinatorial hadronic
(⇡⇡) background and dielectron (ee) background. The hadronic contribu-
tions are suppressed by about one order of magnitude below the electron
contributions. This is a direct reflection of the pion suppression shown in
Fig. 6.19. However, the pion contribution is still considerably large, and also
the dielectron and electron-pion contributions are especially high in the IMR,
which could lead to problems with the access of the thermal signal in this
region. The right panel of Fig. 6.20 shows a comparison of some background
pairings, where the source of one of the daughter particles is identified with
the MC information. All the distributions fulfill the complete cutmask of
reconstruction and PID, as described in the previous sections, as well as an
additional cut on the fit quality of the corresponding track to the main in-
teraction vertex (�2/NDF < 3). The red curve shows the combination of
electrons created in a �-conversion with another electron, which is by far
the most significant background contribution. This indicates a considerably
large number of �-conversions in the final spectrum. It is expected that the
daughter particles in a �-conversion have a very small opening angle ⇥ (the
angle between momentum vectors of the daughter particles) and should have
a significant maximum towards an invariant mass of zero, which is limited by
the momentum resolution of the experiment. Figure 6.21 shows the distri-
bution of these two variables for �-conversions in comparison to other signal
sources. Both the distributions show the expected maximum for the correct
pairing of �-conversion daughter particles. Therefore, it is possible to reject
the majority of daughter tracks via a rejection of opening angles below two
degrees (0.034 radiant) and an invariant mass below 25 keV in the pre-pairing
step of the pairing procedure in the PAPA framework without loosing any
significant amount of daughter tracks from other signal contributions.

The resulting invariant mass spectrum of the background contributions
with the additional rejection pre-pairing cuts can be seen in Fig. 6.22 (left)
and the impact of the conversion rejection on the combinatorial ee and e⇡
contribution (right). The total yield of background contributions decreases
by about a factor of 10 for all combinations. Above an invariant mass of
about 1.5 GeV/c2, the statistics is very low which makes it hard to evaluate
the single background contributions correctly. The semi-hadronic e⇡ contri-
butions are of comparable height to the ee contributions and also become
more significant than the ee contributions at about 1.7 GeV/c2, which is an
indication for insu�cient pion suppression.
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Figure 6.20: Invariant mass distribution of combinatorial background distri-
butions as a comparison of dielectron to semi- and hadronic channels (left)
and as a comparison of conversion combinations to other signal electrons
(right). The results include 5 million central (0-10%) Au+Au collisions
at 12 A GeV as calculated with UrQMD and additional vector mesons as
calculated with Pluto.

6.5.2 Extraction of signal spectra and access to the thermal radi-
ation

The reconstructed invariant mass distribution of the final pairs can be seen
in Fig. 6.23. The vector mesons and thermal signals were identified using
MC information, while the black dots represent the total amount of unlike-
sign pairs in the same event. Dalitz decays mainly dominate the mass region
below 0.5 GeV/c2, while ⇡0 ! �e+e� is the most dominant contribution.
Additional ⇡0 ! �e+e� decays are even rejected by the � rejection mass
cut. The ! and the � meson are significantly above the other signals in their
respective mass regions around 0.8 and 1 GeV/c2, respectively. However,
they are not significant enough to create a visible signal peak in the black
unlike-sign pair distribution before background subtraction. The two ther-
mal signal contributions are the only signal pairs in the IMR above the �
meson. They are about three orders of magnitude below the total amount of
unidentified unlike-sign pairs, which thus constitutes a very significant back-
ground contribution. The respective ratio of all signals in comparison to the
total combinatorial background can be seen in Fig. 6.24 (left). The signal-
to-background ratio shows the error sensitivity of the invariant mass spectra
after background subtraction. The subtraction transfers the absolute errors
on the unlike-sign pairs to the resulting signal spectrum. Therefore, the rel-
ative error on each mass bin is increased by the inverse signal-to-background
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Figure 6.21: Comparison of the invariant mass (left) and opening angle
(right) distribution for �-conversion pairs, ! ! e+e�, � ! e+e� and the
in-medium ⇢. All distributions are scaled to the corresponding BR and the
yield per event.
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Figure 6.22: Left: Invariant mass distribution of combinatorial background
distributions for dielectron, hadronic and semi-hadronic channels including
conversion rejection cuts in the pre-pairing step. Right: Comparison of the
combinatorial ee and the semi-hadronic e⇡ contributions with and without
the additional conversion rejection cuts. The open circles in brighter colors
show the distributions without the cuts and the full circles show the spectra
with conversion rejection. The results include 5 million central (0-10%)
Au+Au collisions at 12 A GeV as calculated with UrQMD and additional
vector mesons as calculated with Pluto.

134



0 0.5 1 1.5 2 2.5
)2 (GeV/ceeM

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1)2
 [1

/e
ve

nt
s]

 (1
/G

eV
/c

ee
dN

/d
M

SE+-
-e+ eγ → 0π

-e+ eγ → η
-e+ e0π → ω

-e+ e→ ω
-e+ e→ φ

-e+ eγ → 'η
-e+ e→ 0ρ

-e+ p e→ Δ
ρin-medium 

thermal radiation (Rapp)

Figure 6.23: Invariant mass distribution of all signal pairs generated with
Pluto and added to UrQMD events. The yields of the injected particles
are weighted with respect to the expected multiplicity per event and the
branching ratios of the decays. The black dots show all unlike-sign electron
pairs from the same event. The results include 5 million central (0-10%)
Au+Au collisions at 12 A GeV as calculated with UrQMD and additional
vector mesons as calculated with Pluto and thermal radiation as calculated
by [20].

ratio. The signal-to-background ratios for the ! and the � meson are com-
parably good in the order of about 0.1. The ratio in the IMR starts at 10�3

and is further decreasing towards higher masses, which corresponds to the
observed background behavior in Fig. 6.22.

The right panel of Fig. 6.24 shows the invariant mass distributions for
all thermal MC signal pairs in 4⇡ (black and red) and the fully identified
pairs (green and blue). The shape is reproduced correctly, which indicates
that there are no large mass dependencies in the reconstruction e�ciencies.
The product of acceptance and e�ciency as a function of the transverse mo-
mentum and the rapidity can be seen in Fig. 6.25. The right panel of this
Fig. shows a strong rapidity dependence, which can be explained by the
rapidity dependence of the acceptance of the CBM experiment. There is a
total detection e�ciency of about 1-2 % for these signals at higher transverse
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Figure 6.24: Left: Signal-to-background distribution for the simulation of 5
million central (0-10%) Au+Au collisions at 12 A GeV as calculated with
UrQMD and additional vector mesons as calculated with Pluto. Right:
Comparison of the MC pairs, as they were injected to the UrQMD event,
with the final pairs after full reconstruction and identification in the CBM-
ROOT simulation. Shown are pairs of the in-medium ⇢ and the QGP radi-
ation.
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momenta. To acquire a su�cient statistics in the IMR of about 200 pairs
in each mass bin (as estimated via Pluto calculations), it will be necessary
to measure about 2·1010 central Au+Au collisions. This calculation uses the
average yield per event at Mee = 2 GeV/c2 (see the right panel of Fig. 6.24).
With a mean interaction rate of 300 kHz, as it would be expected for the day
one scenario of CBM this requires about 8 days of measurement. Once the
experiment is running at 10 MHz, this will be achievable in less than 6 hours.
A full two-week runtime will drastically reduce the stochastical fluctuations
on the combinatorial background further.

6.5.3 E�ciency and acceptance correction of the spectra

The acceptance and e�ciency correction would ideally be done with a three-
dimensional correction matrix that uses the transverse momentum, the ra-
pidity, and the invariant mass of the pairs. Due to statistical limitations,
this is very di�cult to achieve in a simulation. Therefore, the correction is
done as a function of pT and ylab, only. Figure 6.26 shows the phase space
distribution of thermal signal pairs (left) and the ratio between the embed-
ded MC pairs and the fully identified pairs (right), which is used to correct
the spectra. Figure 6.27 shows the corrected invariant mass spectra. The
unlike-sign pairs without MC identification are shown as black dots. Be-
low masses of about 0.4 GeV/c2, there is a small change in the shape of
the spectrum, which can be associated with a di↵erent e�ciency behavior of
the Dalitz decays. This can be taken care of with a three-dimensional, i.e.
also invariant mass dependent, correction matrix. However, the black dots
show an exponential decline in the IMR, which is the expected behavior and
reflects the underlying mass distribution of the thermal pairs.

6.5.4 Background subtraction and extraction of the inverse slope
parameter of the fireball

There are di↵erent methods for background estimation. Two of the most
common methods are the so-called ”same-event like-sign technique” and the
”mixed event technique”. The idea of the event-mixing approach is the cre-
ation of a large set of uncorrelated pairs through the combination of multiple
events. This means that the analysis uses positively and negatively charged
track arrays which are taken from di↵erent events. These containers of tracks
are used in a regular pairing procedure, and since every pair is per definition
a non-correlated combination, this means that the resulting unlike-sign pair
distribution is a high statistics combinatorial spectrum. The tracks from the
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Figure 6.26: Left: Phase space distribution of fully identified electron-
positron pairs in the same event from the injected particles as calculated
with Pluto. Shown are the yields per event as color code on the z-axis.
Right: Correction factors as calculated as the ratio of fully identified pairs
and all injected pairs in the respective transverse momentum and rapidity
bin (interval).

di↵erent events are mixed in di↵erent sub-classes depending on the impact
parameter and the track multiplicity in the event. This improves the back-
ground description.
The Mixed-Event (ME) invariant mass spectrum has a significantly larger
number of total unlike-sign combinations compared to the same-event like
sign method. Therefore, it is scaled to the expected background level, which
can be calculated as the mean value of the like-sign combinations. The geo-
metric mean can also be used directly for background estimation. However,
the ME spectrum has better statistics. Therefore, the geometric mean is used
to scale the ME spectrum. Figure 6.28 (left panel) shows the distribution of
the like-sign pairs from the same event in comparison to the total background
contributions, as identified with MC information. The right panel shows the
comparison between the actual background contribution and the scaled ME
spectrum. The ME spectrum has much fewer fluctuations than the actual
background from the same event. These fluctuations on the black dots and
the four orders of magnitude between the unlike-sign pairs and the thermal
pairs make it impossible to recreate a realistic background subtraction with
the limited statistics available in the simulation data, but it is already visible
that the event mixing technique can deliver an excellent approximation to
the background. In the measurements of CBM, this will not be a problem
because there will be about six orders of magnitude more events to analyze
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Figure 6.27: Acceptance and reconstruction e�ciency corrected invariant
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all unlike-sign electron candidate pairs from the same event (black dots).
The results include 5 million central (0-10%) Au+Au collisions at 12 A GeV
as calculated with UrQMD and additional vector mesons as calculated with
Pluto and thermal radiation as calculated by [20].

(assuming two weeks of runtime and 10 MHz interaction rate), which will
drastically reduce the stochastic fluctuations on the underlying unlike-sign
pair spectrum.

The calculation of the fireball temperature is done with an exponential
fit to the invariant mass spectrum in the IMR, as it was introduced by [70].
The idea is that under the assumption of mass independent spectral func-
tions, the momentum integrated yield is given by dN/dMee ⇡ M3/2

ee ·e�Mee/T .
Here, hT i describes an average over the whole system evolution temperature.
The mass spectrum is immune to motion of the emitting source, and hT i,
therefore, represents a purely thermal parameter. Figure 6.29 shows the com-
parison of the inverse slope parameters calculated for the theoretical mass
distribution (black), the reconstructable MC information (green), and the
reconstructed and corrected mass spectrum (blue). The results of the fit for
the parameter T can be seen below the legend. The three values agree very
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Figure 6.28: Left: Invariant mass distribution of the total amount of com-
binatorial background (black), as identified by MC information, and the
positive (red) and negative (green) like-sign track combinations from the
same event. Right: Invariant mass spectrum of the total combinatorial
background (black), as identified by MC information, and the approximated
background distribution estimated with an event mixing technique (green).
The green line calculated and scaled to the like sign-mean in certain mass
windows. The red line illustrates the resulting distribution after ideal back-
ground subtraction.

well, which shows that the simulation process produces realistic behavior
and that the reconstruction and identification procedures work reasonably
well. The error estimation for the reconstructed mass distribution can not
be taken as a realistic estimation due to the lack of statistics for realistic
background subtraction. Nevertheless, a precise measurement of the inverse
slope parameter of the thermal dielectron pairs seems very reasonable with
the large statistics of a CBM measurement.

6.6 Application of machine learning for the dielectron
analysis

Modern machine learning techniques are used in a variety of fields. However,
these methods are not always able to fulfill use cases that are not su�ciently
mathematical. The field of heavy-ion physics, and physics in general, is
mostly mathematical and, therefore, a prime candidate for the usage of ma-
chine learning techniques. In fact, they are already widely used in the field
and are also applied for the ring evaluation in the RICH detector. The us-
age of an Artificial Neural Network (ANN) was also implemented and tested
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for the electron identification in the TRD, but it was later exchanged by
a likelihood method because the ANN was not able to improve the elec-
tron ID above the capabilities of other methods. The most likely reason for
this is the relative simplicity of the electron ID in the TRD. A likelihood
method can evaluate the energy loss measurements with the same e�ciency
and completeness as a neural network but with more transparency. However,
for drastically more complex problems, it can be complicated to develop a
sophisticated mathematical model to maximize the outcome. Here, it can be
worthwhile to apply machine learning methods with their ability to under-
stand complex multi-dimensional correlations, which are not directly visible
for the human analyst.
There is a variety of machine learning techniques, which could be used for
this purpose, but this section will focus on the implementation of an ANN
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as a proof of principle. This section will not be able to cover all possible
methods and possibilities with the work of machine learning techniques, due
to the complexity of the field and the developments in the research. The idea
for this work was the implementation of a global track evaluation to improve
pion suppression and/or electron e�ciency in the analysis chain by combin-
ing all the track information in the input for the ANN. This approach could
potentially be able to evaluate correlations between, for example, kinemati-
cal properties and the measured ring matching in the RICH and the electron
ID in the TRD.

6.6.1 Working principle of artificial neural networks

There are two very distinct categories of neural networks and their work-
ing principle. There are so-called ”supervised” and ”unsupervised” learning
techniques. The former describes a procedure where the algorithm is given a
specific set of information to produce an output. Afterwards, the algorithm
is evaluated based on the output it produced in comparison to the expected
output. In case of a wrong answer, the algorithm is adjusted to modify the
output, which would be obtained from the same input. This is iteratively
done until the performance does not change anymore or fulfills the desired
behavior. The ”unsupervised” learning does not use any directly controlled
output expectation. The algorithm is confronted with a specific set of infor-
mation and searches for systematics. An example would be clustering, where
an unsupervised learning algorithm can detect and separate local groups in
a larger dataset.
This work will focus on the implementation of supervised learning to a physics
analysis since it is a more transparent method and can describe known data
structures. On the other hand, this can also be a limitation for the applica-
tion of supervised learning since it can only understand known behavior in
the way that it needs a user-defined expected output. However, this is also
true for electron identification with a likelihood method, which uses a user-
defined reference spectrum. In the case of electron pion separation, there is
ideally only small di↵erences between simulation and measurement, which
would make a realistic simulation a good source for the learning data.

The fundamental idea behind the approach of neural networks is to em-
ulate a decision-making process as it is working in the human brain. The
brain has a vast number of neurons, which are connected and produce a bio-
chemical response to specific stimuli. The software equivalent to this is the
so-called ”perceptron” (see the left panel of Fig. 6.30). There is a certain
number of inputs distributed overN input neurons. The connections between
the input and output neurons contain a weight that scales the importance
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Figure 6.30: Left: Illustration of a the working principle of a perceptron in
a fully connected configuration. Right: Distribution of a sigmoid function.
The range on the y-axis is between zero and one and the derivative is always
finite.

of the respective information for the correct calculation of the output. The
output in a binary network architecture would then be described by:

output =

8
>>>><

>>>>:

0
nX

j=1

wjxj  th

1
nX

j=1

wjxj > th

(6.9)

The output directly corresponds to the individual weights and the values
of the input. After a wrong prediction of the perceptron, the weights are
adjusted slightly. The assumption here is that a minimal adjustment of the
weights �w introduces a minimal change in the output. However, this is not
necessarily true for the binary network structure. Since the implementation
in Eq. 6.9 represents a step function, the derivative at

Pn
j=1 wjxj = th is

infinite. This means that a small modification of the weights can cause the
network to collapse. The input of the connections can be evaluated with
an ”activation function” in each neuron to circumvent this behavior. The
activation function works as a non-linear scaler. It’s derivative determines the
so-called ”learning rate”, which describes the speed with which the produced
outputs in the respective neuron can change due to weight adjustments. The
”sigmoid” function (f(x) = 1

1+e�x ) is one of the most common activation
functions for binary classification problems since it has a range between zero
and one (see the right panel of Fig. 6.9). With this activation function, the
output calculation is defined as:

output =
1

1 + exp(�
PN

j=1 wjxj)
(6.10)

An architecture like this is stable for small modifications of the weights.

143



Figure 6.31: Visualization of a loss function in a two dimensional weight
parameter space. The distribution is an ideal example with a single global
minimum.

The adjustments themselves are defined by the ”loss function”, which projects
the k-dimensional ”prediction” (y) and ”ground-truth”(ŷ) tensors to a single
value C (Loss(y,ŷ) = C). Figure 6.31 illustrates this projection for a two-
dimensional weight-parameter space. The training is done as a numerical
minimization procedure of this projection value. The plot shows an ideal
loss distribution. In practice, the loss distribution can have multiple local
and only one global minimum, which can not necessarily be found without
a very good understanding of the problem and the behavior of the network.
In fact, it can be possible that the optimization finds an insignificant local
minimum and can not find a parameter set that improves the performance
because the weight adjustments are not su�ciently large to move away from
the local minimum.

Fully connected networks
The previous explanations assume an extremely simple network architecture,
which would not be able to learn complex correlations. Figure 6.32 shows
an illustration of a more complex ”fully connected” network architecture.
The neuron layers between the input and the output layer are called ”hid-
den” layers since there is no direct interaction of the user with the hidden
layers. The usage of multiple neuron layers allows the calculation of more
complex interpretations of the input data, which is not possible with a single
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Figure 6.32: Illustration of a fully connected artificial neural network. The
hidden layers describe the neuron layers without direct connection to the
user interfaces. The output in this example is n dimensional, but can also
be zero and one in a simple classification problem. The picture was taken
from [71]

neuron layer since the additional layers process the output from the previous
neurons. However, additional layers introduce the so-called ”vanishing gradi-
ent” problem. The learning rate of each neuron is described by its’ gradient.
Since the gradient of neurons behind multiple hidden layers is a↵ected by
the chain-rule, this means that the gradient can become vanishingly small,
which e↵ectively stops the network from learning. The simple solution for
this problem is the so-called ”Rectified Linear Units (ReLU)” function. It
is defined as f(x) = max(0, x) and its’ derivative is either 0 or 1. This has
two implications. The first is that the gradient can not vanish. Instead,
it has a steady learning rate. And the second implication is that it can
produce a true zero value, which allows the modification of certain neurons
without adjustments in every single weight parameter. However, the func-
tion can also produce ”dead” neurons, which always create an output of zero.

Convolutional networks
Convolutional networks are mostly used for picture recognition, but in fact,
they can be useful for any problem with localized correlations. In contrast
to fully connected networks, they just evaluate a certain number of input
variables from the data set at once (see Fig. 6.33). This can be used as
feature extraction from the initial data set. For example in a picture, the
subset of 3⇥3 pixels can be used to see edges, while additional layers are
then able to evaluate where the edges are placed and therefore, distinguish
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Figure 6.33: Illustration of a convolutional artificial neural network with the
example of picture recognition. The left panel shows two convolutional neu-
ron layers and the right panel represents a classification with a fully connected
network. The picture was taken from [72].

Figure 6.34: Visualization of procedures in a convolutional neural network.
Left: Filter mask for the calculation of sub-groups in the n⇥ k-dimensional
input data set. Right: Complexity reduction and feature extraction via the
extraction of the most significant information from the sub-groups. The
pictures were taken from [73]
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numbers/animals/etc. Since the feature extraction itself is less useful for a
classification problem, the convolutional network can be combined with a
fully connected network. For the problem of a dielectron analysis, it could
be possible that a convolutional network can improve the evaluation of small
correlations between single variables. Figure 6.34 shows two characteristics
of convolutional networks, which are not present in fully connected networks.
The left panel shows the filter of the neuron layer, which determines a sub-
group of the dataset that is evaluated in the neuron. The right panel shows
a procedure, which is called ”pooling”. In this case it is a maximum pooling.
The idea behind this is the reduction of the dimensions and the extraction
of the most significant information.

6.6.2 Artificial Neural Network configurations

This section will focus on the evaluation and comparison of some network
configurations. Since the development of a machine learning procedure was
only a small addition to the original topic of this work and due to the in-
finite number of parameter combinations, it will not be possible to cover
the full potential of this approach. Additionally, the ANN was trained on
a CPU server, which is not optimally suited for the training of such a net-
work. The usage of a GPU can improve the speed of the training algorithm
by a factor of about 10-100. Some of the key features that can be altered are:

• The number of hidden layers
• The number of neurons in each layer
• The activation functions
• The loss function
• The optimizer algorithm
• The usage of convolutional layers
• The training batches
• Pre-processing of the data-set

To decrease the total training load, there was no extensive comparison done
for di↵erent layers and neuron configurations for the fully connected and con-
volutional networks, respectively. The actual architectures were chosen with
smaller training sets and the variation of the number of layers and neurons
alone, while the other features were kept the same. The network architecture
and the training procedure were done in Python 3.6 with the ”Keras” pack-
age [74] and the ”Tensorflow” package [75] as backend, while the evaluation
plots of the training procedure were done with ”Matplotlib” [76]. Figure
6.35 shows the network architecture of the fully-connected networks (left)
and the combination of convolutional layers and classification in a dense net-
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work (right). The fully connected network has five hidden layers, with an
increase of neurons up to the third layer and a decrease of neurons afterwards.
The hidden layers are separated with dropout layers that have a connection
dropout of 20% to prevent overfitting. The convolutional layers do drasti-
cally increase the complexity of the network, which decreases the training
speed. Therefore, there are only two convolutional layers used, while the
fully connected network in this configuration is also kept very simple. The
networks have 1889 and 3579 trainable parameters, respectively. This is not
necessarily a very complex model in comparison to some sophisticated mod-
ern technologies, but it is su�ciently complex to evaluate the variable space
that is relevant for electron-pion separation.

Figure 6.35: Summary of the two used model architectures with fully con-
nected networks (left) and the combination of convolutional layers and fully
connected layers (right). The output shape describes the number of neurons
in each layer. The parameters are the total number of adjustable parame-
ters between each layer. Dropouts have a fixed value of 20%. The summary
is taken from the Keras output.

It is essential to train any machine learning algorithm with a precise set
of data that is comparable to the data it will be confronted with in its’ later
usage. Therefore, the training data was obtained using the PAPA framework
after the application of reconstruction cuts (HitsSTS > 2, HitsRICH > 6,
HitsTRD > 2) in the analysis of the 10% most central events from Au+Au
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UrQMD collisions at 12 A GeV. For each track that fulfills the cutmask, a
vector of 21 variables was created that contained:

p pT Ylab HitsTRD HitsRICH

e1 e2 e3 e4 etrunc
rring distring axisA axisB radialring
anglering �ring massTOF � �
✓

where ei are the energy measurements in the TRD and etrunc is a truncated
energy integral from the TRD measurement, which rejects the two lowest
energy values from the available measurements. If there are only three TRD
measurements, then the fourth variable is set to zero, and the truncation is
done for only one energy measurement.

A first evaluation of the general training procedure was done with the fully
connected architecture. The activation function on the hidden layers were
ReLU functions, and the output was activated with a sigmoid function. The
loss function was chosen as ”binary cross-entropy”, which is defined by:

� 1

N

NX

n=1

[ynlog(ŷn) + (1� yn)log(1� ŷn)] (6.11)

,where ŷn are the ground-truth information (the correct answer assigned
to the data) of the batch and yn are the predictions. The monitoring results
can be seen in Fig. 6.36. The loss values of the model show a sharp drop after
the start of training, followed by another decrease and a plateau phase. It
does not start to recognize electrons before about 350 training epochs, which
is when there is a sharp increase in electron e�ciency (see middle panel in
Fig. 6.36). The training and the test set match very well (see Fig. 6.36),
which indicates that there is no overfitting to the training set. Afterwards,
the hadron suppression and electron e�ciency slowly increase until the end
of the training. Additional training could even improve the performance
slightly more since there is no clear convergence visible yet. The electron
e�ciency is very high (about 95%), while the hadron suppression would not
be su�cient for a dielectron analysis. However, the suppression is calculated
as an average over the whole momentum region, which includes low-e�ciency
regions of the detectors. The classification was done with the thresholds of
the output neuron. Alternatively, it is possible to extract the probability
from the output neuron itself, which allows the usage of user-defined iden-
tification cuts. Through the application of the model in the analysis run
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chain of the PAPA framework, the performance can be compared for MC
identified electron and pion tracks after reconstruction cuts. The necessary
variables are taken from the global track, at the same interface point, where
the original training data was obtained. After evaluation in the model, the
probability from the output neuron is written as a global PID parameter to
the global track. Figure 6.37 shows the distribution of this PID for electron
and pion tracks. The pion tracks have a clear peak towards very low electron
probabilities (hence a small number pions are misidentified as electrons), as
expected, while the electron tracks are clearly identified. However, there is a
small second maximum for the pion tracks at very large electron probabili-
ties. This is a major concern since they can not be rejected through stricter
electron cuts. The resulting pion suppression amounts to a factor of 38 at
an electron e�ciency of 92%, which is consistent with the evaluation of the
classification matrix in the training procedure. It can be assumed that the
pion maximum at large probabilities is created by pion tracks, which have
”electron-like” properties. Since this pion suppression is worse than with the
usage of traditional methods, it can be assumed that the model optimized
its’ general classification accuracy instead of the pion suppression. Therefore,
there are two possibilities to decrease the false positives in the classification.
The first one is the implementation of additional punishment for the predic-
tion of a false positive. This can easily be done with a factor to the loss
function according to the ground-truth values of the tensor. Alternatively, it
is possible to use an asymmetric loss function that punishes false positives
harder.

Figure 6.38 shows the monitoring results with the application of addi-
tional punishment (increased loss in the training process) for misidentified
pion tracks (the loss is increased by a factor of 5). The results of the loss val-
ues show a comparable behavior to the training without modifications. The
identification of electrons starts about 100 epochs later but reaches electron
e�ciencies in the same order of magnitude. The hadron suppression shows
a steady increase until the end of the training, where a clear convergence
of the suppression is visible. The overall suppression values nearly doubled,
while there are clear instabilities visible in the large fluctuations of the sup-
pression (see right panel of Fig. 6.38). The updated probability distribution
in the analysis chain of the simulation can be seen in Fig. 6.39. The new
results do not show a second maximum of the pion tracks anymore, and the
pion suppression at an electron e�ciency of 90% increased to a factor of 50.
Additionally, it is possible to increase the pion suppression further by modi-
fication of the probability cut, which results in a suppression of 120 at 80%
electron e�ciency. Together with the intrinsic suppression of the RICH re-
construction cuts, this can be assumed to be an improvement to the regular
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Figure 6.36: Evaluation of the relevant training observables for the elec-
tron pion separation with the value of the loss function (left), the electron
e�ciency (middle) and the hadron suppression (right). The results are cal-
culated from a binary confusion matrix, which compares the predictions
and the ground-truth information after each training epoch. The data-set
is split in 66% training data and 33% test data. The loss function is a
standard binary cross-entropy function (see Eq. 6.11).
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Figure 6.37: Distribution of the identification values of the fully connected
ANN without loss amplification. Shown are the MC identified tracks from
primary electrons and pions after reconstruction cuts. The ANN input is
extracted from the global tracks and the connected detector hits.
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Figure 6.38: Evaluation of the relevant training observables for the elec-
tron pion separation with the value of the loss function (left), the electron
e�ciency (middle) and the hadron suppression (right). The results are cal-
culated from a binary confusion matrix, which compares the predictions and
the ground-truth information after each training epoch. The data-set is split
in 66% training data and 33% test data. The loss function is a standard
binary crossentropy modified with an amplified loss value for misidentified
hadrons of a factor of 5.

cut methods in terms of total suppression and e�ciency.

The last step in this analysis is the comparison between the momentum
dependent pion suppression capabilities of di↵erent model configurations.
Figure 6.40 shows the comparison of di↵erent activation functions on the
output neuron in the combination of convolutional layers with a dense clas-
sification solution (left panel) and the same comparison for deeper fully con-
nected networks (right panel). The activation function on the output neuron
is essential to the analysis, since it influences the probability output the most
and therefore, the ability to adjust electron e�ciencies of the identification
value. The ”softmax” function here is defined as:

f(x)i =
exi

PK
i=1 e

xi
(6.12)

, where K is the number of input connections. The softmax function is typ-
ically used over a sigmoid function for classification problems with multiple
label predictions, but it can be used for a binary classification as well since it
describes the relative probability for a label in comparison to the rest. The
last comparison candidate is a simple linear function defined as f(x) = wx,
where w is the weight parameter. The potential advantage of this approach is
the linear probability output, which can increase the options for user defined
cuts to the output based on the electron e�ciency.
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Figure 6.39: Distribution of the identification values of the fully connected
ANN with loss amplification. Shown are the MC identified tracks from pri-
mary electrons and pions after reconstruction cuts. The ANN input is ex-
tracted from the global tracks and the connected detector hits.

All pion suppressions in this comparison are calculated for an electron e�-
ciency of 80% in each individual momentum bin. The results do not include
the suppression contribution of the RICH reconstruction cuts. Interestingly,
the models show a drastically di↵erent behavior, which varies in momentum
dependence and pion suppression capabilities (6.40). Therefore, there is a lot
of potential for additional investigation of this approach beyond the contribu-
tion of this work. There are far more methods and approaches that could be
useful for this type of analysis. From the results presented, it seems that the
usage of a softmax function in a fully connected classification network could
drastically outperform regular identification methods with a better electron
identification e�ciency. The result of the convolutional network with a sig-
moid function as activation was unstable concerning the momentum coverage
of the parameters.

6.6.3 Dilepton results using machine learning for the electron
identification

This section covers the comparison between the best performing model con-
figurations, which were explained previously. The fully connected model with
the softmax function in the output neuron showed excellent pion suppression
at small momenta. In contrast, the convolutional model with the linear ac-
tivation has a broader momentum coverage with a good overall suppression
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Figure 6.40: Comparison of di↵erent activation functions on the output neu-
ron for the combination of convolutional and fully connected layers (left)
and fully connected classification networks (right). All models use a bi-
nary cross-entropy loss function with a loss amplification of a factor of 5
for misidentified pions. The pion suppression is calculated with the proba-
bility output of the output neuron and an electron e�ciency of 80% for all
configurations.

factor and good adjustability in the probability distribution. Additionally,
it is possible to use the models as suppression enhancement for the regular
identification cuts, which provides more transparency to the identification
procedure and can act as a good comparison baseline. Since the electron
e�ciency was kept stable as a function of the momentum, it is not expected
that the signal distributions change, but the focus is on the reduction of the
combinatorial pion contributions. Figure 6.41 shows the comparison of the
combinatorial dielectron (left panel) and electron-pion (right panel) contri-
butions for the three approaches, in comparison to the regular identification
cuts. The combinatorial dielectron distributions do not change significantly,
as it would be expected due to the momentum dependent identification cuts
based on the electron e�ciency. The electron-pion contribution, on the other
hand, shows a very drastic decrease of pion contributions with the addition
of the ANN. In the invariant mass region between 0 and 0.5 GeV/c2, the
additional pair suppression is between a factor of 5 and 10. Interestingly,
the identification from the models without regular identification cuts show a
worse result than the combination of regular cuts and ANN. An explanation
for this behavior would be an insu�cient momentum weighting in the model
evaluation. Under this assumption, it could be possible that the model con-
siders the TRD information to much in the low momentum region and/or the
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Figure 6.41: Comparison of the invariant mass distribution of combinatorial
dielectron contributions (left) and combinatorial electron-pion contributions
(right). The regular identification cuts are shown as a baseline in black. The
electron e�ciencies for all distributions were at about 70% over the whole
momentum range. The simulation contains 5 million of the 10%most central
UrQMD Au+Au collision at 12 A GeV.

RICH information to much at larger momenta. A solution for this behavior
could be the training of individual models for specific momentum regions. In
the region of larger invariant masses, the models seem to lose some of their
edge over the baseline comparison. Only the combination of cuts shows a
significant decrease of pion contributions.

The actual advantage of this method can be quantified by the comparison
of the signal-to-background ratios and the significance of the methods. An
improvement in the signal-to-background ratio decreases the relative errors
on the invariant mass distribution after background subtraction, which ul-
timately leads to a better inverse slope parameter calculation. Figure 6.42
shows the comparison of the three new approaches in comparison to the reg-
ular signal-to-background distribution. All the ANN-based methods show a
significant improvement from invariant masses of 0.2 GeV/c2 and upwards.
Especially the IMR shows an increase of up to one order of magnitude towards
2 GeV/c2 for the combination of the regular identification cuts and the ANN.

Overall, the best performance is achieved by the combination of the reg-
ular cuts and the ANN. There can be various reasons for this. In general,
it can be assumed that the regular identification misses correlations in the
available parameter space, which could be used for further pion suppression.
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Figure 6.42: Comparison of the signal-to-background ratios for di↵erent ma-
chine learning approaches. The regular identification cuts are shown as a
baseline in black. The electron e�ciencies for all distributions were at about
70% over the whole momentum range. The simulation contains 5 million of
the 10% most central UrQMD Au+Au collision at 12 A GeV.

On the other hand, the models seem to have some wrong weighting over the
full parameter space. The invariant mass distribution for the combination
approach, corrected for reconstruction e�ciency in pT and Ylab, can be seen
in Fig. 6.43 and 6.44. The combinatorial background (see Fig. 6.43) shows a
dominance of combinatorial dielectron contributions over the whole invariant
mass range, which indicates a su�cient pion suppression. The signal distri-
bution (see Fig. 6.44) shows no real di↵erence to the results shown in section
6.5.4 besides the reduction of the total unlike-sign pair distribution from the
same event (shown as black dots).
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Figure 6.43: Invariant mass distribution of the combinatorial background
corrected for their reconstruction e�ciency in pT and Ylab. The simulation
contains 5 million of the 10% most central UrQMD Au+Au collision at 12
A GeV. The identification used regular momentum dependent cuts in the
RICH and TRD identification and the application of an ANN on top.
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Figure 6.44: Invariant mass distribution of the embedded signal spectra cor-
rected for their reconstruction e�ciency in pT and Ylab. The simulation con-
tains 5 million of the 10% most central UrQMD Au+Au collision at 12 A
GeV. The identification used regular momentum dependent cuts in the RICH
and TRD identification and the application of an ANN on top.
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7 Summary and conclusion

The high interaction rates accessible with the CBM experiment will allow to
measure some of the most challenging observables in heavy-ion collisions. No-
tably, the measurement of dileptons in the intermediate-mass range is nearly
impossible for many experiments due to the extremely small cross-sections of
the production channels. Especially in the energy range of the CBM experi-
ment, there is no data available at all on this observable even though there
are various indications from theory and measurements at higher collision en-
ergies that there could be significant discovery potential. The measurement
of this observable could provide direct access to a potential phase transition
from hadronic matter to the QGP phase, as well as e↵ects of chiral symmetry
restoration.

The CBM experiment itself is being built with the goal of unprecedented
interaction rates of up to 10 MHz. This is not only challenging for the design
of detector systems, which have to be extremely fast. It is also an extreme
challenge to provide su�ciently fast and robust software and algorithms, as
well as computational infrastructure. The experiment will run without a
global trigger system, but with an online reconstruction procedure and di-
rect event selection to avoid the storage of the complete data stream. The
experiment will measure forward rapidities (with still su�cient coverage of
mid-rapidity) with a polar angle between 2.5 and 25 degrees, and it will fea-
ture two di↵erent measurement setups, which either include a RICH detector
or a muon chamber depending on the goal of the measurement.

The electron identification will be made with the combination of a RICH
detector, a TOF detector and a TRD. The combination of all detectors is an
essential aspect of the electron identification concept of the experiment since
i.e. the RICH&TRD detector systems complement the momentum range of
each other and achieve an excellent electron identification over the whole ex-
pected momentum range. The TRD delivers a good electron identification
for momenta above 2 GeV/c but it also delivers a significant contribution for
the identification below these momenta. It is based on the �-factor dependent
production probability of charged particles to create transition radiation. In
contrast to all other particles, electrons are light enough to have a significant
probability of producing transition radiation. A precise understanding of the
energy deposition of TR photons and due to the energy loss of charged par-
ticles is necessary to optimize the electron identification capabilities of this
detector. This work covered software developments for the simulation of a
realistic detector response of the TRD, as well as significant improvements to
the reconstruction algorithms. Precise simulations of the expected detector
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behavior is an essential tool for the preparations towards measured data, as
well as a source of comparison data to the observed results in prototype tests
to quantify certain e↵ects. However, the main purpose of the simulations is
the calculation of e�ciencies for corrections in the future.

The simulation of the TRD was expanded to a completely four-dimensional
simulation procedure that includes a sophisticated description of the charge
distribution in the gas volume, the drift of the electrons to the anode wires,
the charge distribution on the read-out plane and the response of the front-
end electronics. The extraction of the raw message data was adapted to a
common interface for simulation and prototype measurement alike. Some
of the detector specific properties were systematically quantified, such as
sensitivity to stochastic noise and crosstalk e↵ects, threshold e↵ects of the
triggering scheme, energy deposition resolution as a function of the geomet-
rical parameters and trigger conditions, as well as time e↵ects, such as in-
and inter-event pile-up scenarios. A complex bu↵ering structure was intro-
duced to take realistic time structures and triggering e↵ects into account.
Additionally, the simulated data was compared to the measurement of the
prototypes. The simulation reproduced the measurement considerably well.

The reconstruction algorithm was restructured in a way that allows flexible
usage in event- and time-based simulation procedures in a su�ciently fast
manner. Additionally, it was tested on the measurements of the prototypes
in multiple instances. The total energy reconstruction resolution is compa-
rable to the resolution from the prototype measurements obtained with an
55Fe source. The position resolution of the detector is precise enough for
the matching between the previous and following detector systems, as well
as compensating for the introduced multiple scattering in the detector mate-
rial. The track matching for fully reconstructed tracks in all detector layers
with the STS detector works very well.

The analysis of dielectrons was done for the 10% most central Au+Au colli-
sions for the highest energy that will be measurable in the CBM experiment
at SIS100. Therefore, the presented results of the analysis represent the most
challenging measurements with the highest track multiplicities. The analy-
sis highlighted a critical dependence on the length of the collision target,
which introduced a significant contribution of additional background sources
in case of a thick gold target. Additionally, the analysis showed computa-
tional challenges which could be circumvented by an artificial enhancement
of the thermal source at higher invariant masses. These artificial enhance-
ments were corrected in the later analysis steps to acquire a realistic mass
distribution for all expected signal spectra.
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The electron identification of the RICH detector and the TRD proved to pro-
vide good results over the whole momentum region. However, the achieved
pion suppression was not su�cient to achieve dominance of the combinatorial
dielectron contribution over the combination of electron and pions in central
Au+Au collisions at the highest energies planned for the CBM physics pro-
gram, as it would be expected. The detection probabilities of the thermal
signals were extracted from the simulation. A two-dimensional correction
of the acceptance and reconstruction e�ciency was created as a function
of the transverse momentum and the rapidity. The e�ciency corrected in-
variant mass spectra were created and the background subtraction with an
event mixing method and a scaling to like-sign pairs was investigated. The
comparison of this event-mixing approach with an MC-identified background
distribution also showed a good description of the general background shape.
However, the actual subtraction of the background with this approach proved
to be unstable due to large fluctuations of the underlying invariant mass dis-
tribution of the unlike sign-pairs. An alternative background subtraction
was made with the usage of MC information. These results can not neces-
sarily describe realistic stochastical errors of the combinatorial background
distribution, but they indicate the general feasibility of the analysis under
the assumption of su�cient background statistics, which is very realistic con-
sidering that the simulation represents only a measurement time of about 3
minutes at 300 kHz and 5 seconds at 10 MHz interaction rate. The invari-
ant mass spectra with this ideal background subtraction were fitted with a
function defined as:

f(Mee) = c ·M3/2
ee · e�Mee/T (7.1)

, and the inverse slope parameter T was extracted and compared to the
original information that was transported through the simulation. The re-
construction of this information was reasonably well and acted as a proof of
principle for the general analysis approach.

In the end, this work added the modern approach of machine learning al-
gorithms to the identification methods of electrons. It was not nearly possi-
ble to cover the wide and complex field of methods, but a few variations of
model architectures were developed and successfully ported to the dielectron
analysis. All tested approaches improved the general pion suppression of the
analysis without any losses in electron e�ciency and, therefore, increased the
signal-to-background ratio significantly (about a factor 3 in LMR and about
a factor 10 in IMR), which ultimately reduces the errors on the desired ob-
servables. The complete exchange of traditional PID cuts on the observables
of the RICH detector and the TRD did provide an increase in pion sup-
pression but were outperformed by the combination of traditional cuts and
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machine learning evaluation. The models were not trained with this specific
use case in mind, which could indicate that this approach could be improved
even further by a dedicated optimization for this usage. Additionally, the
usage of machine learning without traditional cuts could also potentially be
improved further by the separated training of multiple models in individual
phase space regions. This approach, however, needs a drastically increased
training data-set and additional computation time, which would not neces-
sarily improve the overall performance.
In general, the application showed promising results and could be worthy
of additional investigation in the future. One aspect that is often discussed
with regard to ANNs in physics analysis is the evaluation of systematic er-
rors. But one aspect that is sometimes forgotten is the fact that the model
will not necessarily be used for the final analysis, but instead can function
as an intermediate approach to study correlations. It can be very challeng-
ing and prone to errors to create a highly multi-dimensional evaluation of a
parameter space. A machine learning algorithm, however, can be able to un-
derstand these correlations. Afterwards, the selected tracks can be compared
for their parameter space in comparison to the incoming track stream. The
correlations which can be extracted from this comparison can then be used
to evaluate systematic errors or go back to a traditional cut system. This
usage of machine learning algorithms could potentially be called ”machine-
teaching”.
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8 Zusammenfassung

Die extrem hohen Interaktionsraten, die mit dem CBM Experiment verfügbar
sein werden, erlauben die Messung von einigen der herausfordensten Obser-
vablen im Feld der Schwerionenphysik. Im besonderen die Messung von Di-
leptonen im mittleren Massenbereich ist nahezu unmöglich für eine Vielzahl
anderer Experimente, da die extrem kleinen Wirkungsquerschnitte der Pro-
duktionskanäle das Auftreten eines messbaren Ereignisses so selten machen,
so dass es nicht möglich ist eine ausreichende Anzahl dieser Ereignisse zu
messen. Hinzu kommt, dass speziell im Energiebereich des CBM Experiments
bisher absolut keine Messdaten verfügbar sind, obwohl es zahlreiche Hinweise
von theoretischer Seite und von Messungen bei größeren Kollisionsenergien
darauf gibt, dass wir im Energiebereich des CBM Experiments bedeuten-
de Entdeckungen machen könnten. Eine solche Messung dieser Observable
könnte einen direkten Zugang zu Informationen bezüglich eines potentiel-
len Phasenübergangs von hadronischer Materie (bzw. dem Hadronengas) in
den Zustand eines Quark-Gluonen Plasmas liefern. Zusätzlich bieten Dilepto-
nen noch die Möglichkeit Indikatoren für eine Wiederherstellung der chiralen
Symmetrie zu messen.

Eines der Vorhaben beim Bau des CBM Experiments ist das Erzielen von
bisher unerreichbaren Interkationsraten von bis zu 10 MHz. Ein solcher Wert
liegt mehrere Größenordnungen über dem, was andere Experimente erreichen
können und damit bildet es den Schlüssel zur Messung der extrem seltenen
Observablen, die vorgesehen sind. Allerdings ist eine solche Rate nicht bloß ei-
ne Herausforderung für den Entwurf der Detektorsysteme, die mit einer enor-
men Menge an Teilchen konfrontiert sein werden und deshalb extrem schnell
sein müssen. Sondern es ist auch eine große Herausforderung auf der Softwa-
reseite des Experiments, da auch alle Algorithmen extrem schnell und robust
sein müssen. Außerdem wird es notwendig sein eine komplexe Infrastruktur
bereit zu stellen um die entstehenden Datenströme handhaben zu können.
Das Experiment wird ohne einen globalen Auslöser betrieben werden. Aus
diesem Grund sollen die Daten aus den Kollisionen bereits in einer mitlaufen-
den Rekonstruktionsprozedur verwertet werden, wodurch es möglich ist eine
gezielte Selektion der interessanten Kollisionen vorzunehmen und nur solche
von Interesse auf den Festplatten zu speichern. Das CBM Experiment wird
vorwärts Rapiditäten messen, wobei der mittlere Rapidiätsbereich noch aus-
reichend stark mit abgedeckt wird. Der Polarwinkelbereich, in dem gemessen
wird, reicht von 2.5 bis 25 Winkelgrad. Dabei ist es möglich den RICH De-
tektor und die Muonkammer gegeneinander zu ersetzen, je nachdem welche
Messung gemacht wird.
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Die Elektronenidentifikation wird mit der Kombination aus dem RICH De-
tektor, dem TOF Detektor und dem TRD gemacht. Die Kombination dieser
Subsysteme ist ein essentieller Bestandteil des Identifikationskonzepts des
Experiments, da im speziellen der RICH Detektor und der TRD ihren ge-
genseitigen Impulsbereich - indem sie e�zient Teilchen identifizieren können
- komplementär vervollständigen. Zusammen erreichen die verschiedenen De-
tektorsysteme eine exzellente Elektronenidentifikation über den gesamten
Impulsbereich. Der TRD liefert, im besonderen, für Impulse größer als 2
GeV/c eine gute Elektronenidentifikation, aber er ist ebenso dazu im Stan-
de einen signifikanten Beitrag zur Identifikation bei kleineren Impulsen zu
leisten. Die Basis dafür ist die Erzeugung von Übergangsstrahlung durch
geladene Teilchen, die das Medium wechseln, welche dann im Detektorgas
absorbiert werden und dadurch einen zusätzlichen Beitrag zur gemessenen
deponierten Energie leisten. Die Wahrscheinlichkeit für die Erzeugung dieser
Strahlung skaliert mit dem �-Faktor der Teilchen. Ein genaues Verständnis
der Strahlung und der damit verbundenen Energiedeposition ist elementar
für die Optimierung der Identifikationsverfahren. Diese Arbeit behandelte die
Softwareentwicklungen zur Simulation eines möglichst realistischen Detektor-
verhaltens, sowie der kompletten Restrukturierung des Rekonstruktionsver-
fahrens für den TRD. Präzise Simulationen sind ein essentieller Bestandteil
der Vorbereitungen auf die Messungen im finalen Experiment. Außerdem
dienen die Simulationen später als Vergleichsgrundlage und als Basis für die
Berechnung von E�zienzkorrekturen.

Die Simulation des TRD wurde so erweitert, dass sie vier-dimensional (x,y,z,t)
durchgeführt werden kann. Eine genaue Beschreibung der Ionisationen im
Gas wurde eingebaut, welche die natürlichen Fluktuationen korrekt beschreibt.
Die Driftzeit der Elektronen wurde berechnet basierend auf der Position der
primären Ionisationen, sowie die Ladungsverteilung im Raum und auf der
Ausleseebene. Das tatsächliche Verhalten der Elektronik wird auf dem Le-
vel der einzelnen ADC-Kanäle beschrieben, was einer Simulation der rohen
Nachrichten im Datenstrom entspricht. Die Verwertung dieser Nachrichten,
sowie die Extraktion von deren Information wurde so vereinheitlicht, dass ei-
ne gemeinsame Schnittstelle und ein einheitliches Vorgehen für simulierte und
gemessene Daten ermöglicht wird. Einige detektorspezifische Eigenschaften
wurden systematisch untersucht und quantifiziert. Darunter waren die Sensi-
bilität gegenüber stochastischem Rauschen, sowie E↵ekte zwischen benach-
barten Kanälen. Außerdem wurden Implikationen des Auslösungsschemas
der Kanäle untersucht, sowie die Auflösung der Energierekonstruktion in
Abhängigkeit von geometrischen Parametern, sowie zeitlichen E↵ekten und
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in Szenarien in denen sich mehrere Teilchen in der Messung aufstauen. Ei-
ne komplexe Zwischenspeicherstruktur wurde eingebaut um solche zeitlichen
Verteilungen richtig zu berücksichtigen und gleichzeitig deren ursprüngliche
Informationen zu Untersuchungszwecken zu erhalten. Zuletzt wurden die si-
mulierten Daten mit gemessenen Daten aus Prototypentest verglichen und
die Simulationen reproduzierten das beobachtete Verhalten relativ genau.

Die Rekonstruktionsalgorithmen wurden so umgebaut, dass sie flexibel in
Zeit- und Eventbasierten Simulationen gleichermaßen einsetzbar sind. Au-
ßerdem wurde deren Ausführungsgeschwindigkeit drastisch verbessert. Ih-
re Nutzbarkeit wurde ebenso mehrfach mit Daten aus Prototypmessungen
bestätigt und sie sind inzwischen als einzige Rekonstruktionsverfahren für
den TRD im Einsatz. Die Energieauflösung der Simulation wurde mit Mes-
sungen einer 55Fe Quelle verglichen und zeigte sehr gute Übereinstimmung.
Die Positionsauflösung ist hinreichend genau um die Zuordnung zwischen
den vorherigen und den nachfolgenden Detektoren zu verbessern und den
Einfluss der Mehrfachstreuung zu kompensieren, die durch das Material des
TRDs selbst hinzugefügt wurde. Die Zuordnung von vollständig rekonstru-
ierten Spuren in allen vier Lagen des Detektors zu den Spuren des STS De-
tektors funktioniert sehr gut und erzielt sehr hohe E�zienzen.

Die Analyse von Dielektronen wurde für die zentralsten 10% der Au+Au
Kollisionen bei der höchsten für CBM verfügbaren Energie durchgeführt.
Diese Parameter wurden gewählt um den herausfordernsten Fall für CBM
Messungen mit der größten Zahl an Teilchen pro Kollision abzudecken. Die
Analyse zeigte eine kritische Abhängigkeit bezüglich der Länge der Goldfolie.
Eine dickere Goldfolie erzeugt einen sehr signifikanten zusätzlichen Beitrag
zum Hintergrund des Signals. Außerdem o↵enbarte die Analyse signifikan-
te Schwierigkeiten bei den Computerberechnungen, welche durch eine neue
methode für das Hinzufügen des thermischen Signals gelöst werden konnten.
Eine künstliche Verstärkung des thermischen Signals wurde genutzt, welche
später wieder heraus korrigiert werden konnten um realistische Massenver-
teilungen für alle erwarteten Signale zu erhalten.
Die Elektronenidentifikation des RICH Detektors und des TRDs erwiesen sich
als sehr gut im gesamten Impulsbereich. Allerdings war die Unterdrückung
der Pionen nicht genug um eine Dominanz der kombinatorischen Dielektro-
nen gegenüber Kombinationen aus Elektronen und Pion zu erreichen, was
eigentlich erwartet wurde. Die totalen Messwahrscheinlichkeiten (sprich: die
totale Wahrscheinlichkeit ein erzeugtes Signal komplett zu rekonstruieren
und zu messen) der thermischen Dielektronen wurden aus der Simulation
extrahiert. Eine zwei-dimensionale Korrekturmatrix als Funktion des Trans-
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versalimpulses und der Rapidität wurde berechnet um die Akzeptanz und
die Rekonstruktionse�zienz zu korrigieren. Die korrigierten Massenvertei-
lungen wurden erzeugt und die Subtraktion des Hintergrunds mithilfe einer
Methode auf Basis gemischter Kollisionen wurden getestet und deren Mach-
barkeit validiert. Der Vergleich dieser Methode mit einer ideal identifizierten
Hintergrundverteilung zeigte sehr gute Übereinstimmung, was für eine gute
Beschreibung der kombinatorischen Paare durch diese Methode spricht. Al-
lerdings stellte sich heraus, dass die tatächliche Subtraktion des Hintergrunds
in diesen Simulationen nicht zu zufriedenstellenden Ergebnissen führte, da es
zu sehr großen statistischen Fluktuationen kam, die durch die Fluktuationen
der zugrundeliegenden kombinatorischen Paare hervorgerufen wurden. Als
Alternative wurde eine ideale Hintergrundsubtraktion vorgenommen. Diese
Ergebnisse können keine realistischen Fehler beschreiben, aber sie sind aus-
reichend um die generelle Machbarkeit der folgenden Schritte zu überprüfen
und zu validieren unter der Annahme, dass die viel bessere Statistik im fina-
len Experiment ausreichend sein wird um die stochastischen Fluktuationen
zu reduzieren. Diese Annahme kann relativ sicher getro↵en werden, da die
Simulation lediglich eine Statistik zur Verfügung stellt, die 3 Minuten an
Messung bei einer Interaktionsrate von 300 kHz (wahrscheinliche Rate zu
Beginn der Messungen mit CBM) und 5 Sekunden bei einer Interaktionsrate
von 10 MHz entspricht. Mithilfe der Spektren der invarianten Massen, welche
durch diese Form der idealen Hintergrundsubtraktion erzeugt werden konnte,
wurden die Parameter der folgender Funktion angepasst:

f(Mee) = c ·M3/2
ee · e�Mee/T . (8.1)

Aus dieser Funktion wurde der inverse Steigungsparameter T extrahiert und
mit den urspünglichen Informationen der Simulation und der Theorie ver-
glichen. Die Ergebnisse der verschiedenen Steigungsparameter zeigten inner-
halb ihrer Fehler eine sehr gute Übereinstimmung, was dafür spricht, dass
zum einen die theoretischen Informationen in der Simulation gut gehandhabt
werden und zum anderen dass die allgemeine Vorgehensweise sehr vielverspre-
chend scheint für die Extraktion dieser Observable im finalen Experiment.

Im letzten Schritt wurde versucht moderne Methoden des maschinellen Ler-
nens für die Identifikation und Selektion von Elektronen zu verwenden. Es
war nicht ansatzweise möglich dieses breite Thema in seiner Gänze abzu-
decken, sodass die untersuchten Methoden keinerlei Anspruch darauf erheben
können die optimale Lösung zu sein. Stattdessen wurden ein paar selektierte
Methoden im Bereich der künstlichen neuronalen Netze getestet und erfolg-
reich in Python entwickelt und für die Anwendung in Dielektonanalysen in
CBMROOT portiert. Die Mehrheit der getesteten Ansätze waren in der Lage
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die Unterdrückung der Pionen zu verbessern ohne dabei signifikante Verlu-
ste der Elektronspuren einzuführen, wodurch das Verhältnis zwischen Signa-
len und dem Hintergrund signifikant verbessert werden konnte (ungefähr ein
Faktor 3 im Bereich geringer Massen und ungefähr ein Faktor 10 im Bereich
mittlerer Massen). Diese Verbesserungen sind in der Lage die Fehler auf den
finalen Observablen zu reduzieren. Der komplette Austausch traditioneller
Identifikationsverfahren durch ein künstliches neuronales Netz war bereits in
der Lage eine Verbesserung zu liefern. Allerdings produzierte die Kombina-
tion aus klassischen und neuen Verfahren ein noch besseres Ergebnis als die
Nutzungen der Netze allein. Die verwendeten Netze wurden nicht mit dieser
vorgesehenen Nutzung trainiert, weshalb es vorstellbar ist, dass ein solch ge-
zieltes Training die Ergebnisse sogar noch weiter verbessern könnte. Hinzu
kommt noch, dass auch die alleinige Verwendung der Netze noch weiter ver-
bessert werden könnte, wenn sie gezielt für kleine Impulsbereiche trainiert
werden würden und multiple Netze für die einzelnen Bereiche genutzt wer-
den. Diese Vorgehensweise würde allerdings einen weit größeren Datensatz
zum Training benötigen und würde aus demselben Grund auch weit mehr
Berechnungszeitraum verwenden.
Grundsätzlich zeigten die verwendeten Verfahren sehr vielversprechende Er-
gebnisse und es könnte sich als lohnenswert erweisen weitere Untersuchun-
gen zu diesem Thema in der Zukunft vorzunehmen. Ein Thema, dass bei der
Verwendung von künstlichen neuronalen Netzen in der Physik regelmäßig
diskutiert wird ist die Berechnung von systematischen Fehlern. Was dabei
allerdings manchmal vergessen wird ist der Fakt, dass das Netz nicht einmal
zwingend in der finalen Analyse verwendet werden muss, sondern stattdes-
sen auch dazu benutzt werden kann um hoch dimensionale Korrelationen
zu untersuchen und anschließend die gelernten Zusammenhänge wieder in
klassische Filter und mehr transparente Verfahren zurückzuführen.
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CBM-Physics Book. pages 863–878, Sep 2009.

[31] CBM Progress Report 2018. Technical Report CBM Progress Report
2018, Darmstadt, 2019.

[32] D. Emschermann. Datastream from the cbm experiment to the green
cube. Presentation at the 34th CBM collaboration meeting, 2019.

[33] L. Z. Ma, X. Y. Zhang, D. S. Ni, W. Wu, S. F. Han, Q. G. Yao, P. Yu-
an, H. Leibrock, Y. Xiang, and E. Floch. The cold test of super-frs
superconducting dipole prototype for fair project. IEEE Transactions
on Applied Superconductivity, 22(3):9502104–9502104, June 2012.

[34] Alexander Malakhov and Alexey Shabunov, editors. Technical Design
Report for the CBM Superconducting Dipole Magnet. GSI, Darmstadt,
2013.

[35] V. Pugatsch et al. J.M. Heuser, W.F.J. Mueller, editor. Technical Design
Report for the CBM Silicon Tracking System. GSI, Darmstadt, 2013.

[36] Technical Design Report for the CBM Ring Imaging Cherenkov Detec-
tor. Technical report, 2013.

[37] Subhasis Chattopadhyay, Yogendra Pathak Viyogi, Peter Senger, Walter
F. J. MÃ1
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