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Zusammenfassung

Die für das FAIR-Projekt an der GSI Darmstadt geplante neue Be-
schleunigeranlage SIS100/300 wird Schwerionenstrahlen mit Strahl-
energien zwischen 8AGeV und 25AGeV und mehr verfügbar ma-
chen. Diese Arbeit untersucht, inwiefern in Kohlenstoff–Kohlenstoff-
Kollisionen bei diesen Energien mit dem HADES-Detektor, der erfolg-
reich in Experimenten am SIS18 mit elementare Sonden und schweren
Ionen eingesetzt wurde, Dielektronen gemessen werden können. Dazu
wurde ein auf dem relativistischen Transportmodel UrQMDv1.3p1 ba-
sierender Ereignisgenerator implementiert. Vorhersagen des UrQMD-
Modells werden geprüft und verfügbaren experimentelle Ergebnissen
gegenübergestellt. Unsere Ergebnisse für Dielektronen werden mit auf
mt-Scaling und Transportmodellen basierenden Simulation verglichen.
Es zeigt sich, dass Photon-Konversion γ → e+e− in der ρ − ω–
Massenregion ein wichtige Quelle von Untergrundpaaren ist. Unse-
re Simulationen, die eine Beschreibung des kombinatorischen Unter-
grundes mit Paaren gleicher Ladung einschließen, zeigen, dass nach
einer Woche Strahlzeit eine Bestimmung der Ausbeute an echten Paa-
ren aus Zerfällen in der ρ− ω–Massenregion möglich ist.

Abstract

In the FAIR project considerable updates of accelerator facilities
at the GSI Darmstadt are projected. The available beam energies
of the new SIS100 and SIS300 accelerators will be in the range of
8AGeV to 25AGeV and above. Experiments with both elementary
probes and heavy-ions at beam energies ≤ 3.5 AGeV have been per-
formed with the HADES detector at SIS18. This thesis examines
the dielectron detection capabilities of HADES at the new facili-
ties, focusing on carbon–carbon collisions at kinetic beam energies
T = 8 . . . 25 AGeV. An event generator based on the relativistic trans-
port code UrQMDv1.3p1 has been implemented. Predictions of the
UrQMD model are examined and compared with the available exper-
imental database. The results for our dilepton cocktail are compared
with cocktails based on mt scaling or a transport code. In the ρ − ω
mass region, photon conversion γ → e+e− is found to be an important
source of combinatorial background pairs. Nevertheless, this stage
of the simulations, including a description of the combinatorial back-
ground with like-sign pairs, points to the possibility of a determination
of the yield of true pairs from particle decays in the ρ−ω mass region
after one week of beam time.
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1 Introduction: Experiments with
Heavy Ions

The non-abelian gauge theory of the strong interaction, QCD1, has been very successful
in describing strong interactions at high energy scales (e.g. at energies

√
s � ΛQCD and

correspondingly large momentum transfers, where ΛQCD is the characteristic QCD scale
parameter in the order of a few 100MeV). It is formulated as the coupling of elementary,
strongly interacting particles, the quarks, to the respective gauge fields, the gluons. Since the
coupling strength of the strong interaction αs drops with rising momentum transfer, leading
to asymptotic freedom, in the high-energy regime a perturbative treatment is possible. On
the other hand, the strong rise of αs at lower energies up to O(αs) ≈ 1 makes the same
perturbation technique inapplicable. Here, the theory of strong interactions is built up from
at first glance totally different quantities based on the hadronic degrees of freedom. The
compositeness of hadrons as strongly interacting particles made of quarks and gluons is
encoded, e.g., in form-factors and structure functions.

Moreover, quarks do not provide appropriate objects for studying the properties of strong
interactions at low energies, since they cannot be observed as isolated particles. The more
they become separated, their coupling becomes stronger and stronger, finally causing the
production of quark–anti-quark pairs, that screen the field of the quarks being separated
and leading to bound hadronic states. The simplest particles built up from quarks, the
mesons, that are composed from a quark and an anti-quark, nevertheless, have properties
well known from many experiments [1].

The lightest quarks u (up) and d (down) have current-masses2 of about 10 MeV at a
scale of µ ≈ 2 GeV, while the lightest mesons belonging to the π meson isospin triplet (π+:
ud̄, π−: dū, π0: (uū − dd̄)/

√
2), have an averaged mass of about 137 MeV in the vacuum

[1]. The understanding of these two different scales on a fundamental level presents a key
challenge to a deeper understanding of the strong interaction from the high-energy limit to
the low-energy (vacuum) regime.

In central heavy-ion collisions at intermediate energies, i.e. SIS318 energies, nuclear den-
sities of up to 3ρ0 can be reached, where ρ0 = 0.16 fm−1 is the baryon density of nuclear
matter at ground state. The constituent quarks of a hadron are no longer left to cou-
ple to each other exclusively, but can also couple to other particles of the environment.
One expects changes of hadron properties, in particular of vector mesons. These changes
are in turn related to the high-density environment. Leptons, in particular electrons from
electromagnetic or weak decays of short-lived hadrons, provide a convenient way to probe

1Quantum-Chromo-Dynamics
2We use units where the speed of light is c ≡ 1.
3SchwerIonenSynchrotron



10 1 Introduction: Experiments with Heavy Ions

hadron properties in the high-density region. They do not suffer from strong interactions
and leave the high-density reaction zone nearly undisturbed, thus providing an insight in
hadron properties away from ground-state.

1.1 Describing heavy-ion collisions

Before being able to describe the possible changes of hadron properties in heavy-ion collision,
as a prerequisite one needs an understanding of how particles are produced there. This
includes an understanding of the final multiplicities of the specific hadron species and their
phase space distributions. Since in a heavy-ion collision many particles are involved, different
approaches exist, with different levels of complexity.

1.1.1 Thermodynamic models

Early, even before QCD was introduced, it was found that many properties of particles from
high-energy reactions can be described by statistical concepts from thermodynamics [2]. As
in classical thermodynamics, one is not troubled with understanding the subtle interactions
among all particles involved, but merely describes an ensemble. One may choose a grand-
canonical potential to account for particle production. The governing parameters of the
system are then an appropriate common temperature T and chemical potentials µi for each
particle. For hadron samples with small numbers of constituents one has to employ canonical
or micro-canonical descriptions.

Fireball models

Being the key to a statistical thermodynamic description of hadronic interactions, fireballs
are defined as states of excited hadronic matter. This may include resonances of baryons
and mesons as well as again other fireballs. “We describe by thermodynamics fire-balls which
consist of fire-balls, which consist of fire-balls, which . . . ” [2].

All particles emitted from the fireball follow Boltzmann distributions4 as one may find
e.g. from measured transverse mass spectra. With the beam oriented along the z-axis, the
transverse mass of a particle with rest mass m is

mt =
√

p2
t + m2 =

√
p2

x + p2
y + m2 , (1.1)

where pt =
√

p2
x + p2

y is the transverse momentum. mt is not affected by Lorentz boost
effects – these act on kinematic variables parallel to the beam axis. Experimentally, the mt

spectrum is found to follow a Boltzmann-like distribution, which may be written as

log

(
1

m2
t

dN

dmt

)
= amt + b , (1.2)

with parameters a and b to be adjusted to data. The slope parameter a appears as an
“inverse temperature” and so may be used to experimentally define a temperature parameter
at all.

4To be more specific, mesons follow Bose-Einstein statistics and fermions Fermi-Dirac statistics. For
low occupation numbers, both statistics merge in the Boltzmann statistics.
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Data from intermediate energy heavy-ion collisions also suggest the temperature ex-
tracted like this to be similar even for different particle species, whence the same underlying
thermodynamics is suggested [3, 4].

Although this approach has proven to be fairly successful, small deviations from this
behavior are known. For instance, the two prominent channels for pion production in
a heavy-ion collision are the direct production in the primary collision and the decays,
mostly of ∆ resonances into pions. A fit of the mt spectrum of pions shows that these two
temperatures indeed differ as one would anticipate from the two mechanisms involved [5].

Nevertheless fireball models can be used to make statements about the centrality of the
collision [6] or to calculate particle multiplicities [7].

mt scaling

The description of particle production in a grand-canonical potential has few input param-
eters, particularly the above-mentioned temperature T and the chemical potentials µi for
each particle species. The chemical potential would correspond, to some extent, to the par-
ticle’s mass µi ∼ mi in a simple approach; the temperature is extracted from the particle
abundance using eq. (1.2). The mt scaling hypothesis (cf. e.g. refs. [8, 9]) suggested in
high-energy physics assumes that the particle abundance at a given transverse mass mt may
described by a distribution being universal for various hadron species. With the mt scaling
hypothesis one gets a guidance for the transverse phase space distributions and multiplic-
ities of particles for which no experimental information is at disposal. By integrating over
all momenta pt obtains the average multiplicity of a specific particle of given mass, once one
particle distribution is known experimentally as normalization.

1.1.2 Microscopic-dynamical models

The thermodynamic models described above make predictions without an explicit knowledge
of the essential interaction among the particles, as they rely on certain equilibrium assump-
tions. However, when developing fundamental models of strong interactions, one would also
like to make predictions for certain experimental cases, which may then be tested.

The propagation of every single particle involved in the heavy-ion interaction process
may thus be implemented in a transport code. Interactions of particles are emulated with
model cross sections or fits to available experimental data with Monte-Carlo techniques
mimicking a part of quantum effects. Transport codes should be based on quantum kinetics.
While such a fundamental framework may be generically formulated, e.g. as a coupled set of
Kadanoff-Baym equations [10, 11], its numerical realization faces a series of problems. It is
therefore conceivable that different transport codes may follow rather divergent approaches
to the same problem because of the manifold aspects to consider. The same holds for model
predictions, which often depend strongly on the underlying model assumptions.

Even so, we will try to summarize some of the quantities to take into account:

• While beam–target cross sections may be known from experiments for elementary
hadron interactions, often only very sparse data for intermediate particles’ interactions
(secondary interactions) is available. Sometimes detailed balance may be used to con-
clude on cross sections. Models are needed to fill the gaps. E.g. string-fragmentation
models are used to model multi-particle production at higher energies.
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• Cascade models implement the excitation, propagation and decays of excited particle
states. Decay branching ratios and interaction cross sections of excited states are
often sparely known and models are needed, which are adjusted to “vacuum data”,
i.e. elementary interactions neglecting the influence of the ambient medium in heavy-
ion collisions.

• The propagation of particles may be implemented in a mean-field potential of the
environment or individual particle’s potentials or a mixture of both, and the re-
sults may obscure straight expectations deduced from differential cross section data.
The coupling to the surrounding matter may introduce changes e.g. to the parti-
cles’ spectral functions most visible in changed production cross rates which are be-
lieved to stem from the change of the minimal energy required for a certain reac-
tion. Attempts to explain the enhanced production of dileptons in the mass region
200 MeV < m < 600 MeV in nucleus–nucleus collision seen by the DLS experiment
[12] follow this method.

Due to the observed differences (see e.g. ref.[13]) between elementary (in vacuum)
and heavy-ion reaction at finite nuclear density, comparing elementary with heavy-ion
reaction results remains crucial for the development of a successful description.

Using transport codes allows to make predictions on a possibly more fundamental basis
than fireball models. However, since both try to describe the same physical event they
should yield comparable results. Moreover, microscopic transport calculations may be used
to study the thermodynamic properties of a collision, whereas fireball models have to make
assumptions on these properties; e.g. thermal equilibration (same temperature, not neces-
sarily same energy density) can be tested for proton-nucleus collisions, see e.g. [14], as well
as rapidity distributions from thermal models [15]. Furthermore the time evolution can be
studied with transport models as well as the influence of the available degrees of freedom
[16].

The gap between fireball models and transport models is bridged by hydrodynamic
models. These assume local thermal equilibrium in either the subcomponents of the medium
or the medium as a whole and evolve them according to local energy-momentum and current
conservation. Often, hydrodynamical models are applied for the description of a part of the
time evolution only, while transport codes are aimed to be applicable for the complete course
of a heavy-ion collision.

1.2 Experiments

Experiments with heavy ions are almost naturally concerned with a large hadronic back-
ground. Most hadrons, if produced in the dense interaction zone, suffer from strong in-
teractions on their way to the detector, leading to a major information loss. This poses a
grave obstacle for the study of the internal properties of the high density zone, e.g. via the
analysis of the hadronic decay products of vector mesons from a heavy-ion collision.

A possible solution is the use of penetrating probes that do not take part in strong
interactions at all, e.g. leptons. If these leptons stem from decays of short lived mesons that
decay inside of the fireball, they carry essentially undisturbed information about the early
stages of the interaction zone to the detector. Measuring e.g. the invariant mass spectra of
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electron–positron pairs (dielectrons, more general dileptons), one gains a valuable glimpse
on predicted changes of the vector meson spectral functions.

Here experimentalists are faced with several challenges:

High multiplicities: Depending on the actual detector geometry, there may be hundreds
of particles flying into the geometrical acceptance, each possibly producing detector
interactions to be reconstructed.

For a heavy-ion collision, already the input channel contains a plenitude of particles,
e.g. for a calcium-calcium collision 40 + 40 nucleons. Depending on the bombarding
energy this already high number will easily go up, e.g. for a gold-gold collision at
around 10 AGeV kinetic bombarding energy 197 + 197 + 600 secondaries.

High background: Leptonic decays of heavier mesons are rare processes on the order of
10−4 or below (e.g. the branching ratio for the decay ρ0 → e+e− is (4.67±0.09)×10−5

[1]). The problem is not only in identifying the true leptons from myriad of hits of a
high-multiplicity background, but also in the many ways these background processes
may create leptons, namely δ-electrons from in-target or in-detector interactions and
Dalitz decays of π mesons π → γe+e− with a branching ratio of 1.198±0.032%. Other
important dielectron sources are ∆ and η Dalitz decays.

Acceptance: Currently, heavy-ion experiments at intermediate energies operate with a fixed
target because of the available accelerator facilities. Since there is always a high
probability of no beam–target interaction, a hole in forward direction is in virtually
all experiments unavoidable to limit detector damage. With increasing beam energy,
the kinematics imposed by a fixed target will limit the accessible region to a smaller
and smaller forward cone, that is, due to the hole in forward direction, only partially
covered by detectors.

The CBM experiment at FAIR

To study properties of hadronic matter at high nuclear densities, major updates of the
accelerator facilities at the GSI5 Darmstadt are planned [17]. The projected synchrotrons
SIS100/SIS200 at the new FAIR6 facility are designed to reach high beam intensities of up to
109 U92+ ions per second at a beam energy of 22.3AGeV [18]. Actually, SIS200 is substituted
by SIS300 with higher available beam energy.

The CBM7 experiment was proposed to investigate possible in-medium effects and the
hadronic equation of state accessible in this energy range. One possible setup for the CBM
experiment is sketched in fig. 1.1. In the setup shown, the existing HADES8 detector is to
be placed in front of the CBM setup. The target is positioned at the entrance of the HADES
detector. In this way a good geometrical coverage is reached: particles emitted from the
target at large polar angles are measured with the HADES detector, while particles emitted
at small forward angles are measured with the CBM setup.

In the following we present estimates of dilepton yields from pp, CC and AuAu yields,
especially of lepton pairs emitted inside the HADES geometrical acceptance for energies

5Gesellschaft für SchwerIonenforschung
6FAcility for Ion Research
7Compressed Baryonic Matter
8High Acceptance Di-Electron Spectrometer



14 1 Introduction: Experiments with Heavy Ions

Figure 1.1: Sketch of the CBM setup (right) with the HADES detector (left) [19]. The beam
enters from the left. The HADES detector is explained in section 2.1; for the CBM setup see
[19].

between 2AGeV and 25AGeV. We will also address the amount of background to expect
from photon conversion inside the HADES detector and from combinatorial pairs.

1.3 HADES at SIS100

An interesting option for FAIR is to operate HADES at SIS100 [18], either in conjunction
with CBM or independently. Since the HADES detector has been optimized for fixed-target
heavy-ion experiments at beam energies up to T = 2 AGeV, it is not clear by itself if the
HADES setup is suitable for measurements in the energy range of SIS100. Furthermore, as
the CBM collaboration is still discussing whether to outfit the CBM detector with dedicated
dielectron or dimuon sensitive components, studies of the capabilities of the HADES detector
at higher beam energies may show if HADES may also operate at lower SIS300 energies and
CBM may, in such a case, specialize on the dimuon option. Simulations by the Rěz group
seem to indicate, that HADES may successfully operate at SIS100 energies of T ≤ 8 AGeV;
here we also extend the energy scan to higher beam energies up to T = 25 AGeV.

Owing to their small interaction probability with the environment, electromagnetic
probes (dileptons and photons) may supply information on early and high-density states
of hadronic matter in heavy-ion collisions. The emission rates for photons and dileptons are
[20]

q0
dNγ

d4xd3q
= −αem

π2
fB(q0; T )ImΠT

em(q0 = q; µB, T ) , (1.3)

dNe+e−

d4xd4q
= − αem

M2π3
fB(q0; T )ImΠem(M, q; µB, T ) , (1.4)

where local equilibrium is assumed. Here, q denotes the dilepton four-momentum; in case
of photons the energy q0 equals the magnitude of the three-momentum |~q|. µB stands
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beam energy [GeV] reaction experiment probe
Bevalac 1, 2 C(a) + C(a) DLS e+e−

SIS 1 - 2 C + C HADES e+e−

SPS 40 Pb + Au CERES e+e−

158 In + In NA60 µ+µ−

Pb + Au CERES e+e−

Pb + U NA50 µ+µ−

Pb + Pb WA98 γ
200 S + Au CERES e+e−

S + U NA38 µ+µ−

S + W HELIOS-3 µ+µ−

S + Au WA80 γ

RHIC 130 +130 Au + Au PHENIX e±, e+e−

200 +200 d, Au + Au PHENIX e±, e+e−, µ+µ−

130 +130 Au + Au STAR γ
200 +200 d, Au + Au STAR e±

Table 1.1: Heavy-ion experiments with leptons and photons [26]

for the baryon chemical potential and αem is the electromagnetic fine structure constant.
The essential quantity is the retarded photon self-energy described by Πem. Within the
Vector-Meson Dominance model the coupling of the virtual photon to strongly interacting
matter is mainly via vector mesons, that have the same quantum number as the photon,
1−. Thus, virtual photons may probe vector mesons directly. Of particular interest is the
electromagnetic decay of vector mesons in dense and hot matter. Various models predict
partially sizable modifications of the vector mesons (cf. ref. [21] for a review, ref. [22] for the
ω meson). These changes may be related to fundamental symmetries of strong interactions,
like the chiral symmetry breaking and its restoration [21], to the changes of QCD condensates
[23, 24, 25], or in a pure hadronic picture to peculiarities of interactions among hadrons.

Given such a strong motivation, the HADES detector as a second generation device was
constructed and put into operation in the energy range of T = 1 – 2 AGeV at SIS18 – the first
generation experiments were by the DLS9 collaboration [12] with partially puzzling results.
Going up in beam energy, the next heavy-ion experiments with leptons were performed by
CERES at a beam energy T = 40 AGeV at CERN10. Further experiments are surveyed in
tab. 1.1.

Evidently there is a gap in the inspected beam energies. Experiments at relativistic beam
energies were performed to search for deconfinement effects. Here the hadronic medium is
dominated by mesons, while at intermediate energies baryons (nucleons) are dominating.
The transition between baryon-dominance and meson-dominance falls just in the energy
regime of SIS100/300. Systematics of the beam energy dependence [27] of thermal freeze-
out conditions ascertain that experiments at SIS100/300 will operate in a range of maximum
baryon densities. The window opened into this region of the phase diagram is the main mo-
tivation of the CBM experiment. In this context it is worth mentioning that the experiments

9DiLepton Spectrometer
10Conseil Européen pour la Recherche Nucléaire
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at AGS11 as well as experiments taking data during the low energy runs at CERN did not
measure electromagnetic probes, so HADES and/or CBM have the capability to fill the gap in
the electromagnetic excitation function. The very low energy run at RHIC12 presently under
discussion (

√
sNN = 6 . . . 12 AGeV) is unlikely to be able to collect sufficient statistics for

sensible electromagnetic signal measurements.

1.4 Outline of this thesis

In this thesis simulations for heavy-ion collisions at typical beam energies of SIS100 up to
SIS300 energies are presented. Generic tools for event generation are implemented with
publicly available software, which are also applicable for further simulations to accompany
future experimental data analysis or to prepare experiments.

This thesis is structured as follows:

• Chapter 2 gives an outline of the HADES setup.

• Chapter 3 introduces the implementation of the event generator with the transport
code UrQMD13 and the Pluto event generator. Predictions of the UrQMD model for
particle production cross sections and phase space distributions are presented. The
phase space distributions of particles produced in heavy-ion collisions are displayed.

• Chapter 4 presents results for (di-)leptons obtained from our simulations.

• The summary is in chapter 5.

• Chapter 5 summarizes this thesis.

11Alternating Gradient Synchrotron
12Relativistic Heavy Ion Collider
13Ultra-Relativistic Quantum Molecular Dynamics
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2.1 The HADES setup

The HADES setup was explicitly designed and built for the study of dileptonic (e+e−) decays
of vector mesons in heavy-ion collisions as well as in elementary reactions [28, 29, 30, 31].
Of course, experiments with light projectiles (deuterons, protons, pions) are also feasible.
HADES is a fixed-target installation optimized for SIS18 energies (T ≤ 2 AGeV). In central
heavy-ion collisions one expects the formation of zones of high nuclear density, which hold
potential for the study of both the nuclear equation of state and the influence of the medium
on hadronic properties.

Leptonic decays of ρ, ω and φ mesons are rare processes with branching ratios on the
order of 10−5, thus several key requirements for the spectrometer have to be met:

• good and fast lepton identification for a fast selection of candidates of lepton events
on-line and thus reducing the amount of data to store and analyze off-line.

• robustness in the high-multiplicity environment of heavy-ion collisions.

• high geometrical acceptance to reconstruct dilepton pairs and possibly exclusive events.

• high mass resolution in the ρ − ω mass region for testing theoretical predictions of
in-medium modifications of spectral functions of hadrons.

The HADES detector was designed with full azimuthal coverage in φ. The polar accep-
tance in the laboratory system ranges from θ angles of 18o to 85o leading to a geometrical
acceptance for pairs of roughly 50% in both the ω mass region and the π mass region [28, 32].
Reaction products emitted in the geometrical acceptance face the following detector com-
ponents: the RICH1 detector, two inner layers of MDCs2, the toroidal magnetic field, two
outer layers of MDCs and for angles larger than 45o the TOF3 detector or for smaller an-
gles the low-granularity TOFino detector and the Pre-Shower detector. These components
are briefly described in the following sections, since detailed simulations have to take the
detector structure into account.

2.1.1 Lepton identification: The RICH detector

Because of the high multiplicity expected, HADES is equipped with a hadron blind RICH
detector for lepton identification. On passage through the radiator gas high-β particles

1Ring Imaging CHerenkov detector
2Multiwire Drift Chamber a.k.a. Mini Drift Chambers
3Time-Of-Flight
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Figure 2.1: Cross section of the HADES
detector. The beam axis runs along the z
axis. The target is positioned inside of the
RICH detector (orange dot). The picture
was created from HGeant geometry files.

emit Cherenkov radiation.4 The emitted light cone is then reflected from a spherical mirror
positioned in forward direction, to photocathodes placed behind the target. A fast, hardware
implemented pattern recognition unit (RICH-IPU5) reconstructs rings from the detector hits
providing a lepton trigger.

2.1.2 The spectrometer

The MDC detector

The HADES setup is equipped with 4 layers of MDCs, of which the third layer was constructed
at the Forschungszentrum Rossendorf. Each layer is split into 6 trapezoidal sectors. The
active area of the sectors range from 0.35 m2 up to 3.2 m2. Each MDC module has 6 layers
of parallel sense and field wires separated by cathode wire layers. The drift cells have sizes
between 5×5 mm2 for the innermost chambers up to 14×10 mm2 for the outermost ones [33].
A traversing particle ionizes the chamber’s filling gas along its path. The newly produced
ions and electrons then drift to cathode and anode wires respectively. The electrons are
strongly accelerated in the high field close to the anode wire, creating an avalanche of
charged particles. The charge multiplication leads to a measurable signal. To achieve
good spatial reconstruction of detector hits, the sense wire layers have different orientations
leading to angles of +40, −20o, −0o, +0o, +20o, +40o for each layer (the trapezoid’s parallel
sides are at 0o).

The toroidal magnet

Between the second and third MDC layer a toroidal, non-focusing magnet consisting of 6
superconducting coils is placed. Each coil is cooled with liquid helium to an operational

4β = v/c is the normalized particle velocity.
5RICH Image Processing Unit
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temperature of 4.6 K, yielding at the maximum current of 3665 A a magnetic field between
2.4 T near the coils and about 0.8T in the center of the sector [34].

2.1.3 The META detector

The TOF, TOFino and Pre-Shower subdetectors are commonly referred to as the META6

detector. The META’s subdetectors’ aptitude in measuring the event’s multiplicity is ex-
pressed in this logical grouping. Hits in every META detector can also be matched with
reconstructed MDC tracks offering the possibility for qualitative selection of reconstructed
tracks.

The TOF detector

To provide time-of-flight information the TOF detector has been placed behind the fourth
MDC layer covering angles from 44o to 88o. The TOF detector has also sixfold symmetry in
φ, each sector consisting of arrays of 8 modules of various lengths with θ. Each module is
subdivided into rows of 8 scintillation rods with square diameter, each one being read out
on both ends with fast photomultipliers and consequently allowing determination of the hit
position along the module via time differences. TOF has a time resolution of about 150 ps
and a spatial resolution along the rods axis of about 2 cm [35].

Owing to their small mass, electrons and positrons have much higher velocities than
any other particles measured in the experiment. With the good time resolution in TOF one
has thereupon another particle identification criterion at hand (along with the information
obtained from RICH and the tracking in the MDCs). Similar to the MDCs, energy loss can
be measured and used for particle identification.

The TOFino detector

A second, low granularity time-of-flight detector, TOFino, is placed behind MDCIV at polar
angles from 18o to 44o. TOFino has 6 modules in φ. These modules are divided in 4 pads.
The pads are read out on one side only; the position resolution is thus limited to the actual
pad hit. The time resolution is 500 ps [35]. Due to pure kinematic reasons, in a high-
energy collision most particles are emitted at forward angles and may necessarily produce
hits in the TOFino region. For a carbon–carbon collision experiment at 2AGeV about 20%
of the reconstructed hits in TOFino belong to two or more physical tracks. TOF’s awaited
replacement with RPCs7 will show considerable improvements.

The Pre-Shower detector

For additional electron/positron identification in the forward direction, where most particles
are fast and particle identification by time-of-flight becomes impractical, the Pre-Shower
detector has been placed behind TOFino. Following the sixfold symmetry of the whole
detector, it is divided in 6 modules, each consisting of 3 wire chambers separated by lead
converters. A particle passing through the converter radiates high energy bremsstrahlung.
The bremsstrahlung photons then predominantly convert to high-energetic electron–positron

6Multiplicity Electron Trigger Array
7Resistive Plate Chambers
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pairs mostly, which may again radiate bremsstrahlung leading to an avalanche of charged
particles. The wire chambers allow observation of the development of the avalanche and
thereby measure the energy loss of the incident particle, the latter being connected to the
particle’s mass and charge.

2.1.4 The Start and Veto detectors

The Start and Veto counters are thin detectors optimized for the specific beam used and
placed before and after the target. If both detectors are hit in an event, it is discarded and
not further processed, since beam and target particles interacted at best weakly. The Start
detector also provides a timing signal for the start of the event.

2.2 The experimental trigger

Since dileptons from vector meson decays are rare, it is crucial for the experiment to keep
the amount of background events to store and to analyze off-line under control as early
and as sufficiently as possible. Correspondingly, beam intensities of up to 108 particles per
second are needed to collect enough statistics, a rate much too high to be handled with
reasonable effort. Therefore, an efficient trigger is mandatory.

The first level trigger: A first selection of events is done based on the multiplicity mea-
sured in the META detector (TOF, TOFino and Pre-Shower).

Since the multiplicity of particles produced in a heavy-ion collision is correlated with the
centrality of the collision, the first level trigger may thus preselect events of lower impact
parameter in which higher nuclear densities are achieved. With the first level trigger a
reduction of the data rate of a factor of up to 10 is reached [35].

The second level trigger: To pre-select lepton events fastly, hardware-based pattern recog-
nition algorithms were implemented in the RICH selecting events with rings, in the TOF fur-
ther limiting the selection to events with particles of large time-of-flight and in Pre-Shower
triggering on events with electron signature.

Correlating the information of the subdetectors with respect to matching quality and
angles between different selected electron candidates provides a reduction of the data rate
by a factor of up to 10 [35]. Further restricting the selection on opposite-charge candidates
with opening angles higher than 20o the second level’s reduction rate may be as high as a
factor of 100 [35].
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To give an estimate of the analysis potential of the HADES detector setup at beam energies
between T = 8 AGeV and T = 25 AGeV at the planned SIS100/SIS300 accelerator facility
of FAIR, a full cocktail of events for carbon–carbon collisions has been calculated. The
following key questions are addressed:

Acceptance: The HADES setup covers polar angles from 15o to 85o. How does the limited
angular coverage affect the acceptance of electron–positron pairs from particle decays?

Combinatorial background: We have to expect background electrons/positrons from pho-
ton conversion γ → e+e− and from leptonic decays of abundantly produced π0 mesons:
π0 → γe+e− (branching ratio 1.2× 10−2). Since both processes may take place in the
target or in the RICH detector, we have no criterion to distinguish these leptons from
decay remnants we are interested in. What are the properties of the combinatorial
background, and do we have chances to remove it from our analysis?

3.1 An event input for a detector simulation

The first decision to be made is how to generate the physical events for the simulation.
Apparently we have two choices: either generate a particle cocktail from fireball sources or
use a publicly available transport code. We have to consider two possibly linked aspects:

• How much input from our side is needed to set up the model?

• How reliable are the results? Directly connected to this question is the number of
input parameters needed for the specific model.

Since no out-of-the-box fireball cocktail generator is available, we could define a fire-
ball cocktail ourselves. The HADES simulation software includes the Pluto event generator
[36, 37]. Pluto may generate particles from thermal sources; so by superimposing such
Boltzmann-distributed generators for different particle species weighted by their respective
multiplicity we could generate a cocktail, as it was done before [38]. Nevertheless, we would
have to supply multiplicities for every particle species and the radial expansion velocity of
the fireball (which may as well be different for every particle species).

Cross sections for π and η production in pp collisions have been measured in the region
of our interest, but data for many particle species is so scarce that we would have to rely
on strong extrapolations or apply theoretical assumptions like mt scaling (cf. page 11).
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process BR PDG enhanced BR
∆+ → pe+e− 4.0× 10−5 1
ω → e+e− 7.14× 10−5 1
ω → π0e+e− 5.9× 10−4 1
ρ0 → e+e− 4.67× 10−5 1
φ → e+e− 2.98× 10−4 1
η → 2γ 39.4% unchanged
η → 3π0 32.5% unchanged
η → π+π−π0 22.6% unchanged
η → π+π−γ 4.68% unchanged
η → e+e−γ 6.0× 10−3 unchanged
η → µ+µ−γ 3.1× 10−4 unchanged
η → e+e− < 7.7× 10−5 6.0× 10−6

η → µ+µ− 5.8× 10−6 6.0× 10−6

η → all above 99.2% 100%
π0 → 2γ 98.8% unchanged
π0 → e+e−γ 1.2% unchanged
π0 → all above 100% 100%

Table 3.1: Decay branching ratios for UrQMD post-processing. The PDG [1] values are
listed without their errors. In the upper part of the table, enhanced decays to dielectrons
are shown, in the lower part unchanged decays of background dielectron sources.

On the other hand, the widely used transport codes HSD1 [39] and UrQMD [40, 41, 42] do
not support leptonic decays in their publicly available versions.2,3 However, the Pluto event
generator is capable of calculating decay kinematics for any given process. Even anisotropies
may be included.

We will apply the following procedure (see also the schematic diagram in fig. 3.1):

1. We generate events with the microscopic transport code UrQMD (no leptons), recording
the full event history. We do not change lifetimes of particles, but let everything decay
into the implemented hadronic channels. We save the whole time evolution of the
reaction (extended output to the UrQMD output file called file16).

2. We then implement the enhanced dileptonic decays of ∆+, ω, ρ0 and φ into the UrQMD
file. The decays we process are listed in tab. 3.1 with the respective measured and
enhanced branching ratios. The decay branching ratios of these processes are of the
same order:

(a) Find instances where particles from UrQMD decayed hadronically, for which we
would like the leptonic channels included. One particle is chosen randomly.4

1Hadron String Dynamics
2At the time of writing, the current publicly available version of HSD is 2.0. Dileptons are included in

version 2.5. The code is available from the HSD website http://th.physik.uni-frankfurt.de/∼brat/
hsd.html

3Whenever mentioning UrQMD we are implicitly referring to version 1.3p1 available from the UrQMD

website http://www.physik.uni-frankfurt.de/∼urqmd/.
4In the considered energy range the dilepton sources in tab. 3.1 are rare. So are their dileptonic decays.

Multiple occurrences of the enhanced processes in the same event are unlikely.

http://th.physik.uni-frankfurt.de/~brat/hsd.html
http://th.physik.uni-frankfurt.de/~brat/hsd.html
http://www.physik.uni-frankfurt.de/~urqmd/
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This ensures a correct estimation of the lepton multiplicity in the event and the
combinatorial background to expect. The following variables of the decaying
particle are recorded: location ~r, momentum ~p, mass m and the particle species.

(b) Calculate the properties of the leptonic decay products with Pluto. Pluto is
initialized with the exact parameters delivered by UrQMD: ~r, ~p, m and particle
species.

(c) The Pluto-generated decay products are then merged with the original UrQMD
event. The weight of the event is altered, according to the process enhanced and
the event’s multiplicity of sources to enhance, see tab. 3.1. For proton–proton
collisions the now obsolete decay products from UrQMD may be removed in order
to not change the event’s multiplicity too much (e.g. typically a M = 4 trigger
is used; not removing the hadronic decay products would lead to M ≥ 6).

3. In a next step the decays of π0 and η are implemented. These particles are stable in
UrQMD.5 We do not change the decay branching ratios, since these particles are neither
extraordinarily rare, nor have small leptonic decay branching ratios. The dominant
decay π0 → 2γ is a prominent source of photons that may convert into e+e− pairs in
the target/detector material.

We initialize Pluto as before, but now with the final state π0 and η mesons, and
append the decay products to the event. The decayed particles are removed from the
event. We process all decays, since no particular one was enhanced. Furthermore, the
weight of the event is not changed.

4. To take into account photon conversion γ → e+e− in the target and in the RICH de-
tector, we process the final state photons with a macro written by Marcin Wisniowski
[43], which does the following: The probability for conversion of a photon of given
energy is known. Initialized with a photon of momentum ~p the conversion code makes
a decision whether conversion takes place with Monte-Carlo methods. If conversion
occurs, the momenta of the e+e− pair can be read out. We process every final state
photon once with the macro and, on occurrence, we append the conversion e+e− to
the event.

5. Next we remove all particles but e+ or e− from the event to save disk space.

6. The output is saved to a file suitable for analysis and as possible input for a detector
simulation with the Geant3 [44] based detector simulation software HGeant.

This method yields events with dileptonic decays strongly enhanced, thus we are able to
study the properties of rare processes, while all properties of primary particles are calculated
in a microscopic transport calculation. The strong enhancement leaves us with many rare
events of a small weight, i.e. the relatively frequent dileptonic decay π0 → γe+e− is to be
scaled down to a weight ∼ 10−5. To guarantee a realistic estimation of abundantly produced
particles with relatively large leptonic branching ratios, we skip step 2 (enhancement) in
the above scheme in a second run. This way the dileptonic decay channels from abundant
particles do not suffer from an artificial suppression that would be imposed if we would force
the enhancement of a rare decay in every event. We use the same UrQMD events there, since

5I.e., there is no decay channel for these particles in UrQMD.
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PDecayManager
enriched leptonic decays

-rho0: PDecayChannel = e+ e-

-w: PDecayChannel = e+ e-

-w: PDecayChannel = pi0 e+ e-

-Delta+: PDecayChannel = p dilepton

-phi: PDecayChannel = e+ e-

-dilepton: PDecayChannel = e+ e-

+decay(PParticle): PParticle[]

PDecayManager
all decays

-eta: PDecayChannel = Default

-pi0: PDecayChannel = Default

-dimuon: PDecayChannel = Default

-dilepton: PDecayChannel = Default

+decay(PParticle): PParticle[]

<<CC>>

conversion Macro

UrQMD file16
full event history

-...

-Particle (decaying)

-decayProduct1

-decayProduct2

-...

-finalStateParticles

UrQMD file16
final state

-finalStateParticles

UrQMD file16
final State

-finalStateParticles: e+ e- only

GEANT input file
e+ e- only

PParticle rho0, omega, phi, Delta+ (r, p, m)

-read

1

+init

decayProducts at final state (r, p, m)
-append

PParticle pi0, eta (r, p, m)

-read and remove

all

+init

decayProducts (r, p, m)
-append

PParticle photon (r, p)

-read and remove

all

+GammaConversion

conversion e+ e-

+append

final state only

e+ e- only

Figure 3.1: Calculation flow card for cocktail generation. Processing starts at the top and
exits at the bottom. Information flow is shown with arrows pointing from origin to target.
In the UrQMD file16 only one decay process is shown; omitted information is denoted with
ellipses.
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the decays and conversion are processed in an additional Pluto calculation. Both for the
enhanced and unchanged cocktail we calculate the same number of events, i.e. we implant
an enhanced decay in every second event.

The above mentioned procedure has been implemented in a C++ code. By virtue of this
scheme we can avoid working out many error-prone input parameters by ourselves. We
hand this task over to a widely used and well tested transport code. Moreover we provide
an additional estimate of HADES’s capabilities at higher energies from a different input than
[38]. Furthermore, by using a microscopic transport code as our starting point, our dileptons
are correlated to the hadronic background of the event. This may be useful for later studies
of background rejection strategies, especially for proton–proton collisions.

3.2 The UrQMD event generator

Using UrQMD as the main part of the event generation, it is noteworthy to introduce its key
features:

• UrQMD is a microscopic transport code providing a full hadronic simulation of the
reaction dynamics based on elementary reactions.

Particles are propagated for an optional time and may undergo collisions with other
particles or change their direction due to interaction with external fields.

With the coupling of particles to the fields of the environment in-medium effects can
be explored.

• Strong interactions are simulated. The included interaction cross sections are tuned
to reproduce experimental data or are motivated from theory (e.g. detailed balance).

UrQMD also includes surface terms of the interacting volume.

Electromagnetic fields are taken into account for particle propagation.

• Nucleons are modeled with Fermi motion.

• UrQMD is a cascade-like model: Apart from string excitation and string fragmentation
a big part of the reaction dynamics is modeled via the excitation, propagation and
decay of hadronic resonances.

The highly excited baryons have not been measured with high precision yet. In UrQMD
the branching ratios for these cases are always inside the experimental limits [1], but
tuned to measured production rates of secondary particles [40].

• UrQMD includes strange particles but no charmed particles.

• UrQMD does not include any leptons. Neither semi-leptonic decays nor leptonic parti-
cles are implemented.

Reference [45] summarizes predictions made with the UrQMD code. To get a feeling
for UrQMD and to confront its results with the database, we additionally compare some
predictions with available data on the following pages. Owing its concept UrQMD gives us
much more information than we can get from existing experimental data. We thus have to
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limit our comparison to few and simple processes. We choose the elementary proton–proton
reactions as input channel and calculate 100 000 events for head-on collisions (b = 0 fm) for
kinetic beam energies of 4, 6, . . . , 16 GeV.

3.2.1 Cross sections

We plot cross sections from experiments [46] together with the corresponding cross section
determined from UrQMD simulations.

For the determination of inclusive cross section it is important to pay attention to the
counting of particles in the UrQMD simulation, because even though the possibility of late
absorption of particles is negligible for pp collisions, it becomes more important for heavy-
ion reactions. Counting is different with respect to the lifetime of a particle. Particles
with lifetimes longer than a few hundred fm/c are stable in UrQMD that aims at calculating
dynamics in the hot and dense region up to times around 100 fm/c. Reference [40] gives an
overview on the decays included in UrQMD.

Stable particles in the framework of UrQMD are counted at the end of the event calculation;
this includes e.g. π, η and K mesons and Λ baryons.

Unstable particles are counted at the time UrQMD lets them decay into other particles.
This does not include absorbed particles.

We determined exclusive cross sections in a different fashion. An example illustrates the
procedure. Suppose we would like to determine the cross section for the exclusive reaction
pp −→ ppρ0π+π−. We would here set the ρ stable in UrQMD (i.e. it is not allowed to decay)
and count reactions with the required final states ppρ0π+π−. We would then calculate
the cross section with eq. (3.2) below. A problem may be that there is a non-vanishing
probability for the ρ meson to be absorbed before the end of the calculation, e.g. via ρ0p →
N∗ → pπ0, letting the ρ meson disappear. This may occur at times much larger than the ρ
meson lifetime. The ρ may also undergo elastic scattering with other particles and so change
the reaction kinematics. However, in pp collisions the probability for secondary interactions
(final state interactions) is supposed to be small, since the number of secondary particles
is considerably smaller than in nucleus–nucleus collisions They should not influence the
obtained cross sections too much.

The cross section σ is then obtained from the average multiplicity

〈M〉 = Ncounted/Nevents (3.1)

with

σ = 〈M〉 × σtot , (3.2)

where for σtot we took the total cross section as provided by the UrQMD output file16.

We first compare the total, inelastic and elastic cross sections from UrQMD with data [46]
in fig. 3.2. The total cross section is taken directly from the UrQMD output file; the elastic
is from counting pp final states. The inelastic cross section is the difference σtot − σela.
Experimental data points for total and elastic cross sections are included in UrQMD; the
calculations do indeed fit the experimental data. Compare also figures 3.1 and 3.2 in ref. [40].
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Figure 3.2: Total, inelastic and elastic cross section: Comparison of UrQMD predictions
(curves) with measured data (symbols, LB) from the Landolt-Börnstein compilation [46].
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Next we compare different π production cross sections. We display three different plots:
exclusive 1π production (fig. 3.3), inclusive 1π production (fig. 3.4) and exclusive 2π produc-
tion (fig. 3.5). UrQMD does not include parametrisations for the exclusive π cross sections,
but these are predictions of the model. One should note that this extensively measured
processes provide sufficient data of sufficient quality to tune the model. We also display ad-
ditional data for energies lower than 2GeV and above 16GeV; UrQMD reproduces the data
in the range and follows the trend of the measured data. The same holds for the inclusive π
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Figure 3.4: Inclusive π cross sections. Notation as in fig. 3.2.

cross section. However, data in the considered region is sparse; again the UrQMD predictions
and the available data are in good agreement.

Looking at the cross sections for multi-π production in fig. 3.5, data again is limited, but
we are able to derive tendencies. The order of magnitude and the drop with rising beam
energy are reasonably reproduced by simulation, but UrQMD seems to slightly overshoot
the values found in experiment.6 Maybe our requirement for central collision favours string
excitation too much, so that too many π mesons are produced. Nevertheless the simulated
result is still reasonable.

We find the predicted η meson production cross section in good agreement with the data,
cf. fig. 3.6. The data plotted is the scaled pp −→ pN(1525)+ cross section from [46]. [46]
has no distinction between the N(1520)+ and N(1535)+ resonances listed in ref. [1], but
summarizes both under N(1525)+. Nevertheless, ref. [1] gives a branching ratio of 30−55%
for N(1535) → Nη, thus scaling the tabulated cross section by a factor of 0.5 yields the
plotted result. Since we scaled with the maximum possible branching ratio, UrQMD might
overshot the pp → ppη branching ratio by 60%.

Looking at the exclusive ω cross section (fig. 3.7) we observe an excellent fit of the

6Later (cf. page 34) we shall see that ∆ production might be underestimated by UrQMD for pp systems,
so the π overshoot should not be connected to ∆s.
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Figure 3.7: Exclusive ω, ρ0 and K meson cross sections. Notation as in fig. 3.2.

simulation with the available data.

For exclusive ρ0 production (fig. 3.7) UrQMD overshoots the experimental data. This
needs to be taken into account when looking at multiplicity = 4 events (like pp −→ ppρ0 −→
ppe+e−). Looking at other exclusive ρ0 channels we again find discrepancies, cf. fig. 3.8.
However, the inclusive cross section is reproduced satisfyingly, see fig. 3.9.

For K production we plot a few data points for the exclusive channel pp −→ ppπ+π0-
K0K− in fig. 3.7 and more points for inclusive production in fig. 3.9. The prediction is in
good agreement with the measured data.

In fig. 3.9 we also plot the inclusive cross section for φ production, but unfortunately no
measured data exists in the considered region.

A major source of pions in heavy-ion collisions are ∆ baryon decays. Unfortunately
there exists no measured data on the ∆ baryon production cross section in proton–proton
collisions in the region of interest.

Conclusion

UrQMD is able to reproduce the presented experimental cross sections in the right order of
magnitude; only the calculated exclusive ρ0 meson production cross section overshoots the
measured cross section by a factor of four. Having this in mind, we will use UrQMD as event
generator and proceed with an examination of mt scaling behavior of UrQMD.

3.2.2 Transverse mass spectra

Next we present selected transverse mass spectra to compare properties predicted by fireball
models (see section 1.1.1) with values from UrQMD. From fireball models we would anticipate
similar particle abundances at a given transverse mass mt for all particles from the collision.
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Figure 3.10: Transverse mass spectrum for various mesons produced in a pp collision at
T = 8 GeV as predicted by UrQMD. The whole rapidity range is taken into account.

Moreover, if the different slope parameters of the transverse mass distributions agree, one
could ascribe the system some equilibration features.7

We present results for proton–proton collisions at T = 8 GeV calculated from 100, 000
events with an impact parameter b = 0 fm. Result for proton–neutron and neutron–neutron
collisions are comparable. As for the calculations on page 26, properties of particles stable
in UrQMD are taken from the end of the calculated event and of particles unstable in UrQMD
from the instant of the decay. The yields for the different transverse mass bins are scaled
by 1/mt at the bin center [8].

Figure 3.10 shows the transverse mass spectra of different mesons. No cuts on rapidity
are applied. For every particle we display the transverse mass as defined in eq. (1.1).
We find similar slopes for η, ω, ρ0 and K+ mesons. The φ meson yield is lower by one
order of magnitude than that of e.g. η mesons. The transverse mass distribution of π0

mesons is not purely exponential and has a smaller slope parameter than that of other
mesons, i.e. the relative number of π0 mesons emitted with large transverse mass (i.e. large
transverse momentum) is larger than for other mesons. The yields of η, ω and ρ0 mesons
at their respective pole mass is approximately the corresponding yield of π0 mesons at
the corresponding transverse mass. The yield for K+ mesons at mt = mK+ is about a
factor 7–8 lower than the corresponding π0 yield at the same transverse mass. However,
an up-shift of the K+ mass by an additional production threshold mΛ − mN , mt(K

+) =
(p2

t + (mK + mΛ − mN)2)1/2 [39], would put the distribution of the K+ on the order of
magnitude of the η distribution.

7This effect may also just reflect the energy available for particle production [47].
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Figure 3.11: Transverse mass spectra.

Comparison of different charged pion transverse mass spectra in fig. 3.11a shows that
regardless of the different charge the shapes are much alike, while the anticipated yields
do not overlap. For all charges the feature of the two slope parameters corresponding to
different production mechanisms for low and high mt pions seems to be present. High mt

pions have a lower slope parameter and thus can be considered to be produced at a higher
temperature.

In fig. 3.11b we show the transverse mass spectra for kaons. While the distributions
overlap for K+ and K0 mesons, the anticipated yields of K− and K0 mesons are lower
by a factor of about 5. Still, away from mt = mK the transverse mass distributions of
all K mesons have approximately the same slope parameter. Shifting the mass of K−

and K0 mesons by a production threshold mK due to associated production, mt(K
−, K0) =

(p2
t +(2mK)2)1/2 [39] and for K+ and K0 as described above would put all kaon distributions

on the same order of magnitude.

While in our simulation the yields of some particles at their respective pole mass show
approximate mt scaling, mt scaling in general is violated due to the differing slopes of the
mt distributions. In contrast, the assumption of mt scaling for all particles would lead to a
much higher φ yield and possibly different acceptances for some particles due to a common
slope of all transverse mass distributions, i.e. the particles would be emitted with different
angular distributions. We do not find a mt scaling behavior among the considered particle
species for pp collisions at T = 8 GeV.

3.2.3 Particle yields: Comparison with other cocktails

At this point we are able to compare the particle multiplicities determined with UrQMD with
other calculations. In the following, yields are the total yields in 4π; no detector acceptance
or efficiencies are taken into account.

The HADES group in Rěz has calculated a cocktail for 39% most central carbon–carbon
collisions at 8AGeV [38]. The cocktail was modeled with multiple fireballs in Pluto [36]. The
multiplicities of π0 and η are from experimental data measured by the TAPS8 collaboration

8Two Arms Photon Specrometer
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[48], while for other sources mt scaling was used. Note that a more recent version of the
Rěz cocktail exists [49], but we refer to the results from ref. [38] for our comparisons since
here conclusions are easier to draw.

Another calculation [50] of the anticipated dilepton yields at T = 25 AGeV has been
prepared for the CBM experiment. For this calculation, the π0 and η multiplicities are from
an UrQMD calculation for gold–gold collisions, while the ρ0, ω and φ multiplicities are from
HSDv2.4 calculations [51].

We compare these simulated data from both calculations with our UrQMD calculations,
in which yields of dilepton sources have been determined from UrQMD calculations for both
nucleon–nucleon and nucleus–nucleus (AuAu) systems. To examine possible isospin effects
the elementary reactions have been calculated for isospin symmetric proton–proton and
neutron–neutron and isospin asymmetric proton–neutron systems. All UrQMD calculations
were done for central collisions only (b = 0 fm). In central collisions all nucleons may par-
ticipate in the reaction; therefore, in central collisions particle yields will reach a maximum
value. The yields were determined by the same method as described in section 3.2.1. The
data presented was calculated from 105 UrQMD events for nucleon–nucleon systems and 103

UrQMD events for nucleus–nucleus systems.

Carbon–Carbon collisions at 8 AGeV

Rěz [38] UrQMD (this work)
particle CC pp pn nn CC, 40 fm

c
CC, 80 fm

c

factor 8.56 4.79 8.47

π0 0.82383 1.47093 0.83197
7.05 7.05 7.05 7.05 7.89 7.69

η 0.05613 0.11767 0.05485
0.34 0.48 0.56 0.47 0.53 0.47

ρ0 0.04132 0.11149 0.04252
0.36 0.35 0.53 0.36 0.74 0.71

ω 0.02247 0.09418 0.02306
1.49 0.19 0.45 0.20 0.32 0.37

∆0 0.10700 0.18799 0.17662
10.57 0.92 0.90 1.50 3.02 2.93

φ 0.00001 0.00067 0.00004
0.052 0.00009 0.003 0.00034 0.002 0.003

Table 3.2: Hadron multiplicities for CC collisions at T = 8 AGeV of the Rěz group [38] are
compared with UrQMD calculations at the same kinetic beam energy. The calculated yields
in UrQMD NN collisions have been scaled by a quantity such, that the scaled π0 yields
overlap with the Rěz prediction respectively. For CC collisions in UrQMD, two different
calculation times have been tested.

In tab. 3.2 and fig. 3.12 we compare the yields of dilepton sources of the Rěz group
calculation [38] with different UrQMD predictions. In the table the extracted yield in nucleon–
nucleon systems is shown with a scaled value to make nuclear effects visible. The individual
scaling factors given in the table were chosen such that the π0 yields overlap with the cocktail
yield of the Rěz group.
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Figure 3.12: Hadron multiplicities at T = 8 AGeV, cf. tab. 3.2. The predicted yields by the
Rěz group and from UrQMD (CC) have been scaled down by a factor of 10 to make common
trends visible.

The determined η yield for the elementary input channels approximately scales to the
order of the experimental value used by the Rěz group. Notably, the yield in the asymmetric
system is larger than that in the symmetric. As expected for an isospin symmetric nucleus,
the carbon–carbon yield is in the range of the mean of the scaled symmetric and asymmetric
elementary yields. However, the UrQMD value is ∼ 60% larger than the Rěz value. This
might be due to our selection of central collisions only, or to an overestimation of the η
multiplicity in UrQMD as mentioned on page 27 (cf. fig. 3.6).

The ρ0 meson yield in nucleon–collisions in UrQMD roughly scales to the Rěz value, too.
Again, the multiplicity is higher for the asymmetric elementary system. For carbon–carbon
collision the yield is larger than the scaled elementary yields. This is a strong indication
that ρ0 production is realized as a soft secondary interaction in the UrQMD code.

The tendency for higher yields in asymmetric elementary input channels continues for ω
mesons. However, in UrQMD the scaled values for nucleon–nucleon interactions are lower by
a factor 3 to 7 than the corresponding Rěz yield. As for η production, the carbon–carbon
value is approximately at the scaled mean value of symmetric and asymmetric reactions.

The scaled ∆0 yields from UrQMD are lower by a factor of 10 with no indication of isospin
dependencies. In UrQMD, ∆ baryon production is primarily modeled via soft secondary
interactions Nπ → ∆, so the necessary interaction rates will hardly be reached in elementary
collisions. The value predicted for carbon–carbon collisions is a factor 3 larger than the
scaled elementary, but still 3.5 times smaller than the value obtained from mt scaling in the
Rěz simulation.

The predicted values of φ meson yields from UrQMD are notably smaller than the mt

scaled values. The UrQMD prediction for carbon–carbon collisions is on the order of the
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mean multiplicity for symmetric and asymmetric nucleon–nucleon collisions. Comparing the
UrQMD value of carbon–carbon collisions with the scaled nucleon–nucleon values suggests
that the scaling with respect to the π0 yield may still hold; the striking discrepancy in the
φ meson yield may be due to the violated mt scaling in UrQMD – see also fig. 3.10 and the
discussion on page 32.

To ensure the correct freeze-out of particle yields, we calculated the yields for the carbon–
carbon system for two different time spans. A time of 80 fm

c
was chosen as a reference system

after freeze-out. Within the statistics used the yields are stable after t = 40 fm
c

.

Figure 3.12 shows a graphical overview of the values discussed. Apparent differences be-
tween UrQMD and the mt scaled cocktail can not be solved by simple scaling. The statistical
errors of the determined yields are much smaller than the differences with the Rěz cocktail.

Gold–Gold collisions at 25AGeV

CBM [50] UrQMD (this work)
particle AuAu pp pn nn CC, 40 fm

c
AuAu, 40 fm

c

factor 446.87 407.08 446.46 28.04

π0 0.81679 0.89663 0.81754 13.018
365 365 365 365 365 378.9

η 0.06911 0.07940 0.07109 1.045
36 30.9 32.3 31.7 29.3 34.4

ρ0 0.10411 0.11421 0.10405 1.452
23 46.5 46.5 46.5 40.7 67.7

ω 0.08435 0.09243 0.08290 0.984
38 37.7 37.6 37.0 27.6 26.1

∆0 2.519
70.6 93.8

φ 0.00058 0.00075 0.00059 0.015
1.28 0.26 0.31 0.26 0.42 0.90

Table 3.3: Hadron multiplicities at T = 25 AGeV of the CBM collaboration [50] are compared
with different UrQMD predictions at the same kinetic beam energy. For UrQMD NN and CC
collisions the calculated yields have been scaled by a quantity such that the π0 yields overlap
with CBM prediction, respectively.

A set of analogous calculations has been performed for gold–gold collision at a kinetic
beam energy of T = 25 AGeV. Again, we show UrQMD predictions of particle yields for
nucleon–nucleon and nucleus–nucleus reactions in tab. 3.3 and fig. 3.13. The UrQMD yields
in nucleon–nucleon and carbon–carbon collisions in the table have been scaled to the CBM
cocktail’s π0 yield; the data in the figure was now scaled down by a factor of 100 because
of the higher multiplicities of the larger system.

While for nucleus–nucleus collisions the π0 and η yields scale as before (cf. tabs. 3.3
and 3.2), the corresponding ρ0 multiplicity from UrQMD now is a factor 2 larger than the
value from the CBM calculations [50]. Again, the ρ0 multiplicity in nucleus–nucleus interac-
tions is substantially larger than that in elementary nucleon–nucleon interactions, hinting
the importance of secondary interactions for ρ0 production.
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Figure 3.13: Hadron multiplicities at T = 25 AGeV, cf. tab. 3.3. The predicted yields of the
CBM collaboration and UrQMD (AuAu) have been scaled down by a factor of 100 to make
common trends visible.

The scaled nucleon–nucleon ω multiplicities correspond to the value obtained by ref. [50].
Surprisingly, the multiplicity in nucleus–nucleus collisions is smaller. If the production
rate of the mesons per participating nucleon has been the same as in the nucleon–nucleon
reactions, ω mesons must have been absorbed noticeably.

The multiplicities of φ mesons both in nucleon–nucleon as well as in CC/AA collisions
in UrQMD are now roughly similar to multiplicities from ref.[50]. This may be expected,
since we are now reasonably far above the production threshold energy for φ mesons. Again
secondary interactions seem to be mainly responsible for the production.

3.2.4 Geometrical acceptances

Since the HADES setup has a hole in the forward direction at polar angled θ < 18o, one
expects the absolute acceptance of the spectrometer to drop with rising beam energies. The
accessible region is accordingly more and more limited to particles emitted in the backward
hemisphere in the center of momentum system.

The crucial question is then if one is able to observe particles (or their decay products)
from the mid-rapidity region. The rapidity y of a particle with energy E and longitudinal
momentum pz is defined as

y =
1

2
ln

(
E + pz

E − pz

)
= tanh−1

(pz

E

)
. (3.3)

Since under a boost in the z-direction to a frame with velocity β, the rapidity gets y →
y− tanh−1 β [1], the rapidity is a convenient way to formulate relativistic problems. Conse-
quently, mid-rapidity corresponds to the rapidity of the colliding system between projectile
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Figure 3.14: Phase space distributions of π0 mesons for various beam energies in central

CC collisions according to UrQMD calculations. On the z-axis dN
dp⊥dy

is shown. The target
rapidity is y = 0 and the projectile rapidities y = 1.8 , 2.9 , 3.5 , 4.0 for the beam energies
T = 2 , 8 , 15 , 25 AGeV, respectively. The overlaid grid is described in the text.

and target rapidity; here highest nuclear densities are reached and nucleons are excited to
hadronic resonances. Consequently, one expects secondary particles to be produced mainly
at mid-rapidity. We show transverse momentum pt versus laboratory system rapidities of
particles as predicted by the UrQMD code for central carbon–carbon collisions. Later in
section 4.1 we shall investigate rapidity distributions for the leptonic decay products and
dielectrons in order to show how pair acceptances are affected by the limited detectors cov-
erage. In case of Dalitz decays the undetected photon will always carry momentum of the
mother particle that is not available for the pair.

All variables are the “true” values from the simulation – no “smearing” to account for a
limited momentum resolution has been applied. We overlay the plots with a grid. Vertical
lines correspond to constant angles from 85o (left) to 5o (right) with steps of 12o. Horizontal
lines correspond to constant total momenta from 50MeV (lower) to 1GeV (upper) with steps
of 95MeV. Larger versions of these plots and more for other particle species can be found
in figs. B.1, B.2, B.3 and B.4.

For π0 mesons we find an almond-shaped pt-vs.-y distributions (cf. fig. 3.14). Most
of the particles are emitted from the mid-rapidity region; the ones for lower and higher
rapidities are from decays in the projectile or target nucleus, respectively. For low beam
momenta almost all particles (72%, cf. tab. 3.4) are emitted into the geometrical acceptance
of the HADES setup,i.e. the mid-rapidity region is nearly fully covered. For higher beam
momenta more and more particles are emitted at angles lower than 15o, thus being out
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Figure 3.15: Phase space distributions of ρ0 mesons. Notation as in fig. 3.14.

of the acceptance. The direct geometrical acceptance for π0 mesons at a beam energy
T = 25 AGeV is about 40%.

As secondary particles, ρ0 mesons are mostly produced at mid-rapidity, but the rapidity
distribution is narrower than for π0 mesons (cf. fig. 3.15). While for a beam energy of
T = 2 AGeV two third of all ρ0 mesons are emitted into the geometrical acceptance of the
spectrometer, this number quickly drops with increasing beam energies. For T = 8 AGeV
the mid-rapidity region is still reached, but is only marginally accessible at higher momenta.

The production threshold of φ mesons in proton–proton collisions is T ≈ 2.6 GeV. Nev-
ertheless, UrQMD predicts their production in CC collision also at sub-threshold energies
(cf. fig. 3.16a). We find that only a small part the of φ mesons phase space is directly

particle
T [GeV] 2 8 15 25

π0 0.72 0.58 0.48 0.41
η 0.73 0.45 0.35 0.29
∆+ 0.52 0.35 0.31 0.30
ω 0.65 0.37 0.30 0.24
ρ0 0.64 0.40 0.31 0.26
φ 0.45± 0.16 0.31 0.21 0.17

Table 3.4: Geometrical acceptance for different particle species according to UrQMD. A
particle is counted as accepted, if it is emitted from the target at polar angles 14 o < θ < 85 o.
Statistical errors smaller than 1% are not shown.
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Figure 3.16: Phase space distributions of φ mesons. Notation as in fig. 3.14.

accessible with HADES. From fig. 3.16b we deduce that for beam energies T > 8 AGeV the
mid-rapidity region is not directly accessible anymore.

Since HADES can not register charge-neutral particles, in a next step we have to analyze
their decays, in particular direct decays into e+e− pairs.

3.3 Additional decays with Pluto

Because UrQMD does not calculate leptonic decays, we use the Pluto event generator [36, 37]
to calculate the kinematic variables of decay products.

Pluto was designed to be fast and flexible. For hadronic decays, calculated spectral
functions are used for sampling decay product variables. Dalitz decays are modeled with
Vector-Meson Dominance. For unstable particles, Pluto calculates decay kinematics from
mass-dependent Breit-Wigner resonance functions. Angular emission anisotropies of decay
products can be set; however, we use only isotropic emission.

To enhance dileptonic decays, we scan the UrQMD output file for decays of the respective
particles (UrQMD processid -98) and store the lines of these particles. After the event is
read in, we choose from these one random particle and create a Pluto particle representation
(a PParticle according to Pluto nomenclature) with the variables mass m, momentum ~p,
energy E and location ~r in the laboratory system. We then use this PParticle to initialize a
Pluto decay manager (PDecayManager). The first Pluto decay manager is set-up to process
only the enhanced decays listed in tab. 3.1. We run one random decay set-up for this
particle. The PDecayManager returns the momenta, energies, particle species and locations
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of the decay products in the laboratory system. We add these particles to the event.
The decays of particles stable in UrQMD are calculated in with a second PDecayManager.

Here, no particular decays are enhanced; the implemented decays are listed in tab. 3.1.
Again, the decay products are appended to the event. The mother particle is removed.

Before proceeding to simulation results, we describe a schematic implementation of the
detector resolution.

3.4 Limited detector resolution and multiple scattering

To account for limited detector resolution, we additionally “smear” the momentum and
energy of all particles. The procedure we use is identical to the one used in the HAFT9

library [52]. Assuming Gaussian errors, a particle’s total momentum ptot is smeared with
a momentum dependent error. In the parametrization of the HADES momentum resolution
by R. Schicker [53], the error of the particle’s reconstructed total momentum is

σ(ptot)

ptot

[%] = 0.6 + 1.1 · ptot[GeV−1] . (3.4)

The errors of polar and azimuthal angle reconstruction [34] are

σ(θ) = σ(φ) = 0.18o = 0.0031 rad . (3.5)

An additional error caused by multiple scattering [28] is

σms = 13.6 MeV
β

ptot

√
x

X0

(
1 + 0.38 log

(
x

X0

))
, (3.6)

with β and ptot the velocity and total momentum of the particle respectively and a radiation
thickness x/X0 = 0.02. The additional logarithmic term and the value for x/X0 are taken
from the HAFT library. The total errors are then

σms(θ) =
√

σ(θ)2 + σ2
ms , σms(φ) =

√
σ(φ)2 + σ2

ms . (3.7)

Again assuming Gaussian errors, θ and φ angles are smeared with σms(θ) and σms(φ) re-
spectively.

The total energy of the particle is then changed according to the smeared momentum
and the particle’s mass.

The results of the smearing procedure are shown in figs. 3.17 and 3.17d. In fig. 3.17b
we plot a fitted mean value of the relative difference of the original, true momentum and
the smeared momentum. Apart from statistical fluctuations in high momentum bins the
distribution is flat and essentially zero in a wide momentum range. The probability to
measure a momentum higher than the real one is thus equal to that for measuring a lower
one. This behavior corresponds to a symmetric distribution around the true momentum
that we explicitly required with the Gaussian treatment of the error. For the standard
deviation of the distribution of the relative momentum shift due to our smearing we obtain
the linear momentum dependence of eq. (3.4). While in this approach, particles of small
total momentum can in principle still be determined, fig. 3.17d shows how the particle

9Hades Acceptance Filter for Theorists
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Figure 3.17: Smeared momenta of e+ or e−. Momenta ptrue > 5 GeV are not shown due to
limited statistics. (a) Distribution of momentum shift due to smearing for true momenta
ptrue. The momentum shift is normalized to the true momentum. Note the logarithmic
z-axis. (b) Fitted mean value of the relative momentum shift due to limited detector res-
olution. The value zero is denoted by a green line. (c) Fitted standard deviation of the
relative momentum shift. For a true momentum ptrue = 0 GeV we can read off σ = 0.6% as
anticipated from eq. (3.4). A first order polynomial fit to the data is shown. (d) Smeared
angles of e+ and e−: Angle between true and recovered direction due to limited detector
resolution and multiple scattering. For particle momenta smaller than 30MeV the particle
gets strongly scattered.
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becomes subject to multiple scattering with dropping absolute momentum. For the desired
extraction of invariant pair masses strong scattering of the particles will lead to fake results.

To make sure that variables calculated from (four)-momenta of particles are of high qual-
ity, particles with total momenta smaller than 50MeV are rejected in the HADES analysis.
Moreover, particles of very small momentum may bend in the magnetic field significantly,
so that the tracking algorithms may not be able to successfully combine the detector hits
of the particle to a track.10 Finally, particles of very small momenta may not even be able
to leave the magnetic field, but “curl” between the MDC layers II and III. The influence of
this cut on pair acceptances are shown in tab. 4.1. While pairs from π0 Dalitz decays are
reduced to about 50%, at maximum 30% of pairs from η and ∆+ Dalitz decays are lost.
The effect for pairs from ω Dalitz decays is even smaller. Electrons and positrons from the
two-body decays of ω and ρ0 mesons have such large momenta, that hardly any effect can be
found. An e+ or e− from these sources may be rejected only if the determined momentum,
here simulated with smearing, is far away from the true momentum (i.e. by a factor of 3 or
more).

10The HADES analysis software scheme is sketched in Appendix A.





4 Results of the simulation

After examining UrQMD predictions of particle production cross sections for prominent
dilepton sources and implementing dileptons in the UrQMD output of calculations for carbon–
carbon collisions, we here present the results for a dilepton cocktail.

We show results for the single electrons and positrons first, followed by the results for
pairs.

4.1 Rapidity distributions of single electrons and
positrons

In section 3.2.4 we presented transverse momentum versus rapidity distributions for direct
dilepton sources. The dilepton sources considered are π0, η, ω, ρ0 and φ mesons and ∆+

baryons. We also showed the angular acceptance for these particles and saw that most
particles were emitted at low angles around forward direction. However, these particles are
all unstable and the dilepton from their decays might be measured in the detector. The
larger the mass of the decaying particle, the larger transverse momentum the light e+ and
e− may acquire. Thus, they may very well be detected. We show distributions for single
electrons and positrons from these dilepton sources (cf. figs. 4.1, 4.2, 4.3 below). We plot
the true – i.e. unsmeared – variables from simulation and apply no cuts. Again we overlay
the distributions with a ptot-θ grid (cf. section 3.2.4).

For π0 mesons displayed in fig. 4.1, both the rapidity and pt distributions of the decay
products are much broader than for the π0 itself, as to be expected. For π0 mesons, the
pt vs. y distribution peak around center-of-mass rapidity and pt = 200 MeV (see fig. 3.14).
In the three-body Dalitz decay π0 → γe+e− , the e+ and e− take only a small fraction
of the meson’s transverse momentum. Again we overlay the acceptance grid explained
in section 3.2.4. Due to the vanishing electron/positron mass, electrons and positrons are
emitted into the experiment’s geometrical acceptance if they have transverse momenta larger
than a few MeV, with no noticeable dependence on the lepton’s rapidity, since for particles
with momenta much larger than the particles mass m the rapidity y may be written as the
pseudorapidity η (eq. (34.42) in ref. [1])

y ≈ − ln tan (θ/2) ≡ η (4.1)

where θ is the polar angle of the direction of the particle’s movement. However, leptons
with rapidities y > 2 can not be measured as they are emitted at angles θ < 14 o, as can be
seen from the simulated phase space distributions.

For the phase space distribution of the decay products of the ρ0 meson displayed in
fig. 4.2, we again find a broadening of the rapidity distribution. Since here the decay
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Figure 4.1: Phase space distributions of inclusive single electrons or positrons from π0 →
γe+e− decays in central CC collisions at various beam energies. The overlaid acceptance
grid is explained in section 3.2.4.
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Figure 4.2: Inclusive single e± from ρ0 → e+e− decays. Notation as in fig. 4.1.

process is not a three-body decay as for π0 mesons, but a two-body decay (ρ0 → e+e−),
we find the genuine peak of the ρ0 meson phase space distribution at mid-rapidity and
pt ≈ 300 MeV in the lepton phase space distribution (cf. fig. 3.15). While inspection of
the emission angles of the mother ρ0 meson showed that only a tiny fraction would be
emitted in the experiment’s geometrical acceptance, the decay products pick up enough
transverse momentum to be potentially detected. The experiment can also measure leptons
from mid-rapidity. In principle, the same holds for leptons from the two-body decay of the
φ meson φ → e+e− (see fig. 4.3). However, the limited statistics of the calculated reactions
allows a rough survey only. Again, the decay products take enough transverse momentum
to be detected. While in fig. 3.16 we saw that only φ mesons with small rapidities were
emitted directly into the HADES acceptance, the decay products make a wide rapidity range
accessible. Investigation of the mid-rapidity region is practicable, while the highly populated
peak-region of the phase space distribution is only cut to a small extent.

4.2 Results for pairs

In the following we present results for pairs of leptons. Unlike as in a real experiment,
in simulation electrons and positrons literally carry a tag that indicates how they were
produced. Combining pairs from the same mother particle poses no problem. Of course this
information is not available in reality. Here, one carries out all combinations of electrons
and positrons that pass the cuts. Fake pairs (wrong combinations) will contribute to the
background – called combinatorial background –, while the true combinations constitute
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Figure 4.3: Inclusive single e± from φ → e+e− decays. Notation as in fig. 4.1.

the wanted signal. The decisive question is whether the signal is sufficiently distinct from
the background for an analysis.

The amount of combinatorial background can be reduced by cuts that reduce contri-
butions of electrons and positrons from background processes. These cuts act before the
analysis. One of such cuts is examined in section 4.2.1. Another way to increase the signal-
to-background ratio is to estimate the background contribution and then subtract it from
the spectra. In section 4.2.4 the results of such a method are cross-checked with distributions
known from simulation.

4.2.1 Quality cuts

For energies up to T = 3.5 AGeVit was demonstrated that electron–positron pairs from
photon conversion in the target or the RICH detector have small opening angles [43]. Re-
moving both the electron and positron of pairs with opening angles smaller than 9 o from the
analysis (not using them for any pairing) is the central mean of reducing the combinatorial
background.

Using the same conversion code as in the above analysis of ref. [43], we show that an
opening angle cut of 9 o is also suitable for a higher energy of T = 8 AGeV.1 In section 3.4
we showed how multiple scattering and a limited detector resolution influence the measured
direction of a particle track. Accordingly, measured pair opening angles differ from the true
angles. We expect this to be important for particles of very small momenta (cf. fig. 3.17d).

1One can also show that this cut yields good results for even higher energies.
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Figure 4.4: Left: Opening angle distributions for electron–positron pairs from particle decays
(black) and photon conversion (grey) for small opening angles. The decays included are
π0 → γe+e−, η → γe+e−, ∆+ → pe+e−, ω → γe+e−, ω → e+e−, ρ0 → e+e− and φ → e+e−

(cf. tab. 3.1). The momenta of the individual particles have been smeared as described in
section 3.4. Right: Ratio of the yields of conversion pairs and pairs from decays for a given
smeared pair opening angle.

However, since in the HADES analysis particles with momenta smaller than 50MeV are
rejected, the reconstructed pair opening angles can be expected to be close to the true
angles. For the calculation of the opening angle, we use the smeared momenta only. Only
true pairs with both partners emitted inside the detector’s geometrical acceptance and
individual momenta p > 50 MeV are taken into account. In fig. 4.4a we display the opening
angle distributions for pairs from particle decays and from conversion. Notably, the opening
angle distribution of conversion pairs peaks at small angles and drops quickly. For pairs
from particle decays (cf. tab. 3.1) we also find a peak at small angles, but the distribution
does not drop to zero. For angles > 10 o the opening angle distribution stays constant in the
considered range. In fig. 4.4b we display the ratio of the yield of conversion pairs and decay
pairs for a given opening angle. For a pair opening angle of 9 o we find a ratio of conversion
pairs to decay pairs of about 1 : 10.

With applying an opening angle cut of 9 o on the reconstructed pairs and rejecting
all electrons and positrons of these pairs from the analysis, the amount of electrons and
positrons from photon conversion can clearly be reduced. They do not contribute to the
combinatorial background in our simulations. The reduction of true pairs in the ρ−ω mass
region due to this cut is smaller than 5%, cf. tab. 4.1.

4.2.2 Cocktail composition

In section 3.1 we motivated why we would implant enhanced dileptonic decays in every sec-
ond event only. The main concern at that point was to guarantee that particle multiplicities
are reproduced correctly. We now examine how our enhancement procedure and the subse-
quent scaling with respect to the correct event weight affects the invariant mass spectrum
of combinatorial background. The invariant mass m of a pair of particles is defined as

pµpµ = (E1 + E2)
2 −

3∑
i=1

(pi,1 + pi,2)
2 ≡ m2 , (4.2)
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T [GeV] 2 8 15 25
source geo. p 9 o geo. p 9 o geo. p 9 o geo. p 9 o

π0 0.66 0.38 0.05 0.56 0.33 0.05 0.48 0.29 0.04 0.41 0.25 0.04
η 0.64 0.53 0.19 0.56 0.45 0.14 0.51 0.42 0.12 0.43 0.35 0.09
∆+ 0.64 0.51 0.16 0.53 0.42 0.11 0.45 0.35 0.10 0.41 0.32 0.09
ω 0.54 0.54 0.54 0.40 0.40 0.40 0.31 0.31 0.30 0.26 0.26 0.25
ωDalitz 0.67 0.58 0.20 0.58 0.51 0.16 0.48 0.43 0.13 0.41 0.37 0.11
ρ0 0.56 0.56 0.56 0.40 0.40 0.39 0.31 0.31 0.31 0.26 0.26 0.25
φ 0.75 0.75 0.75 0.43 0.43 0.42 0.32 0.32 0.31 0.26 0.26 0.25
CB 0.59 0.28 0.04 0.43 0.23 0.02 0.32 0.17 0.02 0.24 0.13 0.01

Table 4.1: Acceptance for dielectron from particle decays in central carbon–carbon collisions
and the combinatorial background (CB) at different beam energies. We show the fraction
of implanted pairs left after cutting on (1) both particles emitted inside the detector’s
geometrical acceptance, (2) a cut on the minimal smeared momentum of the e+ and e− in
the pair and (3) after exclusion of e+ and e− that were found in pairs with opening angles
α < 9 o. Angles are calculated for smeared momenta.

where E1 and E2 are the energies of the particles and pi,1 and pi,2 are the x, y and z
components of the respective particle momenta.

In fig. 4.5 we present preliminary invariant mass spectra for the unchanged and the
enhanced cocktail separately; the final spectrum has to be combined from both. In the
enhanced cocktail we find the expected artificial suppression of dileptons from π0 and η
decays, while in the unchanged cocktail, where all events have the same weight, we obtain
realistic multiplicities. In the enhanced cocktail we artificially require π0 or η decays to
occur together with dileptonic decays of the enhanced sources (∆+, ω, ρ0, φ). These events
are rare and thus carry small weights in our simulation. In the enhanced cocktail the role
of electrons and positrons from π0 and η decays is mainly that these leptons yield more
possible pairing combinations which may contribute to the combinatorial background. We
also find fluctuations in the invariant mass spectra of pairs from π0 and η decays and the
combinatorial background for the enhanced cocktail. These fluctuations occur, because
events producing these leptons a priori have no fixed weight. Since the statistics in the
respective channels might be different, one single process with a high weight can stick out of
the smooth spectrum. All of the spikes in the π0, η and combinatorial background spectra
in fig. 4.5b are due to singular events with weight 1. There, no enhanced decays were
implanted, because none of the sources ∆+, ω, ρ0 or φ was produced in the event.

For the combinatorial background we find a peculiar step in the invariant mass distribu-
tion at m ≈ 300 MeV. This step again is an artifact of our enhancement procedure. While
the high-mass part is the combinatorial background from events with enhanced dilepton
decays (small weight), the low-mass part arises from events with no enhanced process im-
plemented (e.g. an e+ from a π0 decay and an e− from photon conversion; large weight).
Comparison between the combinatorial background in the unchanged and the enhanced
cocktail shows that for small invariant pair masses the combinatorial background is dom-
inated by the frequent sources (π0 and η decays, photon conversion). For invariant pair
masses m > 700 MeV not enough unchanged events have been calculated to obtain a spec-
trum for the full invariant mass range. However, if we assume that the invariant mass
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Figure 4.5: Preliminary invariant mass spectra of an unchanged (left) and enhanced cocktail
(right) for central CC collisions at T = 8 AGeV. A cut on minimal momenta of e+ and e−

p > 50 MeV is applied. Only e+ and e− inside the geometrical HADES acceptance and from
pairs with opening angles α > 9 o are taken into account. The cuts are explained in sec-
tions 3.4 and 4.2.1, respectively. Momenta have been smeared. The π0, η and combinatorial
background channels in the enhanced cocktail (right) are found to be artificially suppressed.

of pairs from the combinatorial background follows an exponential distribution for masses
m > 200 MeV, we can extrapolate into the high-mass region. In the following we do not
use enhanced events to estimate the combinatorial background anymore – the combinatorial
background will be estimated from the unchanged events only.

4.2.3 Rapidity distributions

In fig. 4.6 we show rapidity distributions of dielectrons, where both leptons are from the
same mother particle. An integration over the whole transverse momentum range of the
pair is applied. We show both the spectrum for pairs in 4π and in HADES’s geometrical
acceptance after a cut on a minimal momentum p > 50 MeV and with a pair opening angle
cut α > 9 o (cf. section 4.2.1). Each spectrum is shown for three invariant mass regions:
below π mass m < 150 MeV, in the η mass region 150 MeV < m < 550 MeV and above
m > 550 MeV, where the invariant mass of a pair is defined as in eq. (4.2) Accordingly, the
rapidity of a pair is

ye+e− =
1

2
ln

(
(Ee+ + Ee−) + (pz,e+ + pz,e−)

(Ee+ + Ee−)− (pz,e+ + pz,e−)

)
. (4.3)

In 4π we obtain essentially Gaussian rapidity distributions centered around center-of-
mass rapidity as expected. The widths of the rapidity distributions are smaller for smaller
invariant pair mass. However, with growing beam energy, the distributions gradually become
more similar.

In the experiment’s geometrical acceptance and after the cuts the rapidity distributions
of pairs with invariant masses m < 150 MeV can still be described by Gaussian distributions,
but we find asymmetries. For pairs with higher invariant masses the rapidity distributions
are deformed and not Gaussian any more. Notably is the shift of the centroid of the
distributions to higher rapidities. For rapidities larger than the center-of-mass rapidity the
width of the distributions is slightly larger than that for rapidities smaller than mid-rapidity.
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Figure 4.6: Rapidity distributions of dielectrons from particle decays from central CC
collisions at various energies. Three invariant mass regions are shown: π mass region
m < 150 MeV (green), η mass region 150 MeV < m < 550 MeV (yellow) and m > 550 MeV
(blue). The whole transverse momentum region of the pair is taken into account. The
distributions are normalized to unity. The left column is for 4π acceptance, while the right
column is for pairs of e+ and e− in the geometrical acceptance of HADES with momenta
p > 50 MeV and after and opening angle cut (see section 4.2.1).
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For every beam energy the distributions are still centered around a common rapidity. At a
beam energy T = 2 AGeV the mean of the distributions in acceptance and after cuts is the
center-of-mass rapidity, while for higher energy the distributions in acceptance and after
cuts are centered around a common rapidity y = 1.5, which is smaller than the respective
center-of-mass rapidity.

4.2.4 Combinatorial background and like-sign method

In tab. 4.1 we showed how cuts on the minimal momentum of the e+ and e− and selection
of pair opening angles α > 9 o can reduce the combinatorial background. For a further
estimation of the combinatorial background the like-sign method can be used [28]. Here,
one creates pairs of the same-charge sign leptons in the event, which have to pass the same
cuts as the signal pairs. The combinatorial background can then be obtained from the
geometric mean of the like-sign spectra

NCB = 2
√

N++N−− , (4.4)

where NCB is the yield from the combinatorial background in a certain invariant mass
bin and N++ ( N−−) is the number of counts from the positive (negative) charged pair
of like-sign leptons in the same invariant mass bin. Usually, the calculated combinatorial
background can then be subtracted from the measured spectra to obtain the “signal”.

In fig. 4.7 we show a comparison of the combinatorial background as obtained from the
simulated cocktail and the like-sign method. As pointed out in section 4.2.2 not enough
statistics is available for higher pair masses, so only invariant pair masses m < 400 MeV are
shown. We find the both spectra in good agreement; the difference is 10 counts or lower at
any energy. This comes as no surprise, since we assumed the same acceptance for electrons
and positrons. The like-sign method is a good estimate of the combinatorial background for
masses m < 400 MeV in our cocktail. More elaborated simulations which take into account
acceptances for particles have to be undertaken to reach more realistic results.

For a HADES analysis of carbon–carbon collisions at a beam energy T = 2 AGeV event-
mixing techniques were used to evaluate the combinatorial background for masses m >
400 MeV.

4.2.5 Invariant mass spectra

In fig. 4.8 we present invariant dilepton mass spectra for carbon–carbon collisions at different
beam energies after one week of beamtime at the FAIR facility. The number of interactions
has been calculated in the following way. The interaction rate is

dN

dt
= Lσ , (4.5)

where L is the luminosity and σ the total cross section. The luminosity can be calculated
from the average beam intensity I = 1× 108 s−1, the size of the beam spot A = 3 mm2 [18]
and the number of target nuclei n in the cylinder of length l and base area A traversed by
the beam

L = I
n

A
. (4.6)
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Figure 4.7: Comparison of the combinatorial background as obtained from the simulated
cocktail (black) and calculated with the like-sign method (green) for invariant pair masses
m < 400 MeV. Both the combinatorial background and the like-sign spectrum have been
calculated from 1 × 106 not-enhanced UrQMD events. The width of the curves correspond
to the respective errors.
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We assume 20% of the beam intensity given in ref. [19] to account for the relaxed trigger
conditions [54]. With the density of the graphite target ρC = 2.265 g

cm3 = 12mpn/Al the
luminosity gets

L = Il
ρC

12mp

, (4.7)

where mp = 1.672× 10−27 kg is the mass of the proton. The electron mass is not taken into
account here. Integration of eq. (4.5) gives the number of interactions

N = Il
ρC

12mp

σ∆t . (4.8)

For the cross section σ we take the geometric cross section σ = πb2
max = 948 mb, where

bmax = r0(A
1/3
1 + A

1/3
2 ) is a maximum impact parameter. In this context A1 = A2 = 12

is the atomic number of the target and beam particles. We take r0 = 1.2 fm. For a
target of length l = 1 mm, which corresponds to 1% interaction length we get a luminosity
L = 1.13 s−1 b

−1
, yielding N ≈ 65× 106 events after one week of beamtime.

The following cuts were applied. e+ and e− from the simulation where first checked if
they had a minimal smeared momentum p > 50 MeV and if they were emitted inside the
experiment’s geometrical acceptance. In the subsequent pairing procedure, in a first loop all
pairs were created and it was checked if they had an opening angle α > 9 o in the laboratory
system. In a second loop, the final pairs were created. If in the first loop, a particle of the
pair was found in any combination with opening angle α < 9 o, this information was stored
with the final pair and this pair is excluded from the following analysis.

For a beam energy T = 2 AGeV we find the signal in the ρ − ω mass region to be
well above the combinatorial background (cf. fig. 4.8); with increasing beam energy the
contribution from combinatorial background and conversion pairs gets more important. For
a beam energy T = 25 AGeV the signal from ω → e+e− decays is an order of magnitude
stronger than the anticipated background signal. The signal-to-background ratio is shown in
fig. 4.11. The signal from φ → e+e− decays becomes notable for beam energies T ≥ 8 AGeV.
While most conversion pairs are produced with small invariant pair masses, with more beam
energy available pairs with higher invariant pair masses will be observed. For beam energies
T > 8 AGeV conversion pairs are a dominant source for pairs with invariant masses above
the ω mass.

Combinatorial background pairs are composed mostly of electrons and positrons from
photon conversion γ → e+e− and from π0 Dalitz decays π0 → e+e−γ. The contribution of
the different sources to the combinatorial background is shown in fig. 4.10.

In section 3.2.1 (figs. 3.7 and 3.8) we compared exclusive ω and ρ0 production cross
sections in proton–proton collisions calculated with UrQMD and experimental data. While
the ω cross sections were in good agreement, we found a possible overestimation of the ρ0

cross section in UrQMD in pp collisions of at maximum a factor 5. For the beam energies
T ≥ 8 AGeV the dominating signal source in the ρ− ω mass region is the decay ω → e+e−.
While for a beam energy T = 2 AGeV the ρ0 and ω signals are approximately of the
same magnitude, for the higher energies the ω signal is more than a factor 2 higher than
the ρ0 signal, so the estimated signal-to-background ratio should not depend strongly on
uncertainties of the ρ0 cross section estimate.2 Due to the applied scaling with respect to

2The invariant pair mass distribution from ρ0 meson decays reflects the ρ0 mass distribution in UrQMD;
we find a remarkable change of its shape with increasing beam energies.
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event weights the combinatorial background spectrum is fluctuating for large invariant pair
masses. However, the exponential fit to the combinatorial background shows that with the
assumed momentum reconstruction (cf. section 3.4) the signal from ω → e+e− decays is
above the background up to beam energies T = 25 AGeV.

Finally, we estimate that after one week of beamtime at a beam energy T = 8 AGeV at
the ρ0 pole mass about 20 combinatorial background pairs, about 300 pairs from the decay
ω → e+e− and about 60 pairs from the direct ρ0 decay ρ0 → e+e−. For a beam energy of
T = 25 AGeV the respective yields are 20 (combinatorial background), 400 (ω → e+e−) and
70 (ρ0 → e+e−). Since the combinatorial background can be estimated very accurately with
the like-sign method, as demonstrated in section 4.2.4, at this state of the simulation and
with the present, not explicitly optimized cuts, a measurement of good lepton pairs from
the ρ− ω mass region looks feasible. Further simulations have to explore how the charged
particle multiplicity displayed in tab. 4.2 leads to misidentifications of hadrons as leptons
and how electron and positron track reconstruction efficiencies are affected. In our cocktail
from UrQMD events the invariant pair mass spectrum from φ → e+e− decays is allows lower
than the ρ0 spectrum at the respective masses. The expected dilepton yields from φ meson
decays are on the order of 10. Due to the limited knowledge of the ρ0 mass distribution in
seems not feasible to disentangle ρ0 and φ sources in the φ mass region and obtain the φ
meson yield.

Comparing our invariant dilepton mass spectra with the spectra by the Rěz group in
fig. 4.9, we essentially obtain the various particle multiplicities already discussed in sec-
tion 3.2.3 (cf. tab. 3.2). As a consequence, in our cocktail retrieved from UrQMD events, the
spectra from ω and φ meson decays do not stand out as in the Rěz cocktail (cf. fig. 4.9).
As seen in fig. 3.10, mt scaling in UrQMD is strongly violated for the φ meson; instead a
much lower production cross section is predicted. The ratio of pairs from ω and ∆+ Dalitz
decays at small invariant pair masses reflects the different yields as obtained from mt scaling
and the UrQMD model, respectively.3 The flat tail of our ∆+ invariant mass distribution is
compatible with the corresponding Rěz distribution.

We also display the invariant mass spectrum obtained for the CBM experiment for AuAu
collisions at T = 25 AGeV [51]. Since these calculations are performed for gold–gold colli-
sions, a direct comparison is not possible. We again find the differences among the dilepton
source multiplicities from UrQMD and of the CBM cocktail, namely for φ mesons (cf. tab. 3.3).
We find differences in the ρ0 mass distributions that are due to the different underlying trans-
port codes. The flat ρ0 mass distribution leads to a effective reduction of the pair yield from
ρ0 decays at its pole mass. The striking difference in the φ meson yields is due to the
different transport codes used. As noted before, the φ meson yield predicted in UrQMD is
lower than the yield expected from mt scaling.

To summarize this comparison, our calculations draw a comparatively not too optimistic
picture of dilepton measurements from particle decays in the ρ− ω mass region and above
for kinetic beam energies of T = 8 AGeV to T = 25 AGeV. Depending on the model used
(mt scaling, different transport codes) for the estimation of the yields and phase space
distributions of particles, results can differ substantially.

3We implant the decay ∆+ → pe+e−, whereas in the Rěz cocktail the decay ∆0 → ne+e− is considered.
However, UrQMD predicts practically the same yield for ∆+ and ∆0 baryons.
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Figure 4.8: Invariant mass spectra for central carbon–carbon collisions for different ener-
gies after one week of beamtime. Pairs are created from all e+ and e− emitted inside the
HADES acceptance with momenta p > 50 MeV. Leptons from pairs with opening angles
smaller than 9o are excluded. Momenta have been smeared (cf. section 3.4). An expo-
nential fit to the combinatorial background is shown. For large invariant pair masses the
simulated combinatorial background is strongly fluctuating due to the available statistics of
the simulation.
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Figure 4.8: Continued.
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ěz

co
ck

ta
il

is
ex

p
la

in
ed

in
se

ct
io

n
3.

2.
3;

th
er

e
n
o

co
n
ve

rs
io

n
is

in
cl

u
d
ed

.
R

ig
h
t

co
lu

m
n
:

In
va

ri
an

t
m

as
s

sp
ec

tr
a

fo
r

th
e

C
B

M
ex

p
er

im
en

t
[5

0]
fo

r
A

u
A

u
co

ll
is

io
n
s

at
T

=
25

A
G

eV
fo

r
th

e
fu

ll
p
h
as

e
sp

ac
e

(t
op

)
an

d
fo

r
ou

r
co

ck
ta

il
fo

r
C

C
co

ll
is

io
n
s

at
th

e
sa

m
e

b
ea

m
en

er
gy

w
it

h
sm

ea
ri

n
g

(b
ot

to
m

).
T

h
e

co
m

p
os

it
io

n
of

th
e

C
B

M
co

ck
ta

il
is

ex
p
la

in
ed

in
se

ct
io

n
3.

2.
3.

T
h
e

fi
gu

re
of

th
e

U
rQ

M
D

si
m

u
la

ti
on

s
al

so
in

cl
u
d
e

th
e

co
m

b
in

at
or

ia
l
b
ac

k
gr

ou
n
d
.



60 4 Results of the simulation

multiplicity (all | acc)
particle 2 AGeV 8 AGeV 15 AGeV 25 AGeV

p 11.991 5.739 11.752 4.157 11.587 3.775 11.538 3.637
π+ 1.995 1.230 6.828 2.713 9.520 2.916 11.927 2.898
π− 1.996 1.223 6.827 2.716 9.500 2.891 11.940 2.900
K− 0.074 0.016 0.217 0.033 0.416 0.043
K+ 0.010 0.006 0.328 0.099 0.615 0.137 0.917 0.164

total 15.998 8.200 25.969 9.729 31.691 9.781 37.058 9.679

Table 4.2: Charged particle multiplicities for central carbon–carbon collisions at different
beam energies. For every energy we show the total yield (left) and the yield in the detector’s
geometrical acceptance. Off-vertex decays are not included.
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Figure 4.10: Background composition of dilepton cocktails at different energies after all
cuts (cf. fig. 4.8). In the legend the mother particle of the e± is shown. γπ0 is from the
decays π0 → γγ or π0 → e+e−γ, while γη is from η → γγ, η → π+π−γ, η → e+e−γ or
η → µ+µ−γ. Other photons are from UrQMD decays, e.g. resonance decays. Fluctuations in
the distributions are of statistical nature.
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Figure 4.11: Signal-to-background ratio for the UrQMD cocktail in fig. 4.8. For calculating
the ratio, the combinatorial and conversion background as obtained from the simulation
were used for invariant pair masses m < 400 MeV. Because of the insufficient statistics
for larger masses the fit drawn in fig. 4.8 was used for m > 400 MeV. The empty bin at
T = 2 AGeV in fig. 4.11a is due to statistical fluctuations.





5 Summary

The goal of this thesis was to test and implement simulation software for experiments with
HADES. The projected FAIR facilities at the GSI Darmstadt will provide the possibility of
heavy-ion experiment at the planned two new accelerators SIS100 and SIS300. While the
CBM detector is at the center of these future heavy-ion experiments, one may also investigate
the potential of HADES in this new energy regime. The challenging questions are then if
HADES can handle the high multiplicities and cover a reasonable part of the phase space of
dielectron signals from light vector meson decays. An extension towards higher energies is
desirable to fill the gap to dilepton experiments at 40GeV and above. In this gap one expects
maximum baryon densities accessible in heavy-ion experiments. In such a way in-medium
modifications of light vector mesons determined by the baryon density can experimentally
probed.

The transport code UrQMDv1.3p1 has been chosen as the workhorse of the simulations
and tested with the experimental database and other simulations. A generic interface for
additional decays with Pluto on top of the UrQMD event has been implemented and used for
the implantation of dielectron decay channels into UrQMD events. The considered dielectron
sources are π0, η, ∆+, ω, ρ0 and φ. A serious source of background is photon conversion
γ → e+e−. Important sources of photons are the decays of π0 and η mesons, therefore
these decays have been processed independently of other sources to allow for a correct event
structure.

While the combinatorial background was found to be an important source of dielectrons,
in our simulation distributions of like-sign pairs gave a good description of the combinatorial
background. The yield of true pairs from ω → e+e− decays was found to be above the
combinatorial background in the respective invariant pair mass region. Furthermore, since
the like-sign method allows “subtraction” of the combinatorial background from spectra and
the yield of true pairs from ρ0 → e+e− is larger than the fluctuations of the combinatorial
background, at this state of the simulations a measurement of the pair yield from direct
decays of ω and ρ0 mesons looks feasible up to beam energies of T = 25 AGeV. The
φ meson yield found was too low compared to the expected ρ0 yield in the respective
invariant mass region to allow reliable studies. The simulated dilepton spectra are for
T = 2, 8, 15 and 25 AGeV carbon–carbon collisions. With increasing beam energy, the
ρ − ω peak drops below the combinatorial background for beam energies above 8AGeV
when accounting for the geometrical detector acceptance and momentum resolution.

Our simulations represent a first step towards a full simulation. They extend previous
work of the Rěz group by independent and different implementations and bridge the gap
towards energies beyond SIS100 to SIS300. Track separation in high-multiplicity events has
not yet been examined. Further investigations have to consider the whole HADES setup
(possibly with modified hardware setups); tracking of the particles through the magnetic
field and the detector material should be taken into account. The performance of the
current tracking algorithms in the high-multiplicity environment should be reviewed. After
suitable analysis parameters have been created, tracking efficiency and particle identification
capabilities can be tested.



Appendix A Analysis with HADES

For all investigations in this work we considered a detector with ideal reconstruction of
particle tracks. All particles with a certain minimal momentum emitted inside the detector’s
geometrical acceptance were assumed to get reconstructed, while the real acceptance of the
detector is made up by both geometrical acceptance and the reconstruction efficiency. The
reconstruction efficiency depends on two factors: (1) the probability that a particle of certain
species and momentum produces a measurable detector hit and (2) the probability that the
analysis software correctly reconstructs a particle from the detector hits. While the detector
response can be studied with, e.g. test beams, the efficiency of the software strongly depends
on many parameters for fitting procedures and matching windows which preselect potential
track candidates. To account for the specific environments of different collision system at
different energies, these parameters are optimized for every run of the experiment. This
way, the amount of fake tracks (tracks which correspond to no real particle) can be reduced,
while maintaining a maximum reconstruction efficiency for particles.

A typical analysis of an experimental run of the HADES detector1 involves 3 major
stages:

1. For each subdetector its individual hits are combined to a set of hits stemming from
the same physical particle. The MDC hits are combined to track candidates in several
steps.

2. The subdetectors’ information is matched with the track candidates that now propa-
gate through the whole detector.

3. Quality cuts are applied to the track candidates. Decisions on the final physical quan-
tities to assign are made leading to fully reconstructed tracks with all properties of a
physical particle.

A.1 Reconstruction of hits in subdetectors

RICH: Hardware implemented pattern recognition algorithms reconstruct rings in the
RICH and specify the center of the ring, which corresponds to the location where the track
left the detector volume.

MDC: The reconstruction in the MDC composes a key part in tracking of the particle. It
is again subdivided in 2 steps:

1The HADES detector is explained in section 2.1.
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1. Hits are identified in each module: For a hit to be successfully identified it should have
produced a measurable signal above threshold for a number of layers in the module.
The hits on the individual layer should, depending on the module’s occupancy, not be
located too far2 from the track’s other hits in the module. One may also project hits
of two neighboring modules (the two before or the two after the magnet respectively)
on a plane between to two modules and look for a hit signal above threshold there to
account for layer inefficiencies.

2. The corresponding, successfully identified hits in the two modules before and after the
magnet are then separately combined to track segments. Ignoring the residual magnet
field between the two modules the particle’s path should at this point follow a straight
line. Hits in the inner modules are combined, if they lie in a small opening angle cone
coming from the target.

In analogy to geometrical optics, the constant momentum transfer of the toroidal
magnetic field on the particle can be approximated by refraction on a plane (kick
plane) which can be calculated from the geometry of the field.

The hit point of the inner track segment on the kick plane is then again used to
combine hits lying in a small opening angle cone in the two other modules.

This way, inner and an outer track segment pairs are grouped to a track candidate.

Track segments are created from hits in one sector exclusively. Moreover, track seg-
ments are combined to track candidates from segments of the same sector. If a particle
produces hits in two different sectors it will never be reconstructed to a track candidate.

From the hits in the 4 modules and the known kick from the magnetic field a first
momentum hypothesis may be derived.

In addition, one may also fit a trajectory through the found hit points, taking into ac-
count the actual magnetic field. The errors of the hit reconstruction can be determined
from both simulation and experiment [34]. This provides much better momentum res-
olution than the approach given above [55].

TOF and TOFino: If a TOF or TOFino rod is hit by at maximum one particle within the
response time of the detector, it can deliver a measurement of the hit location. The position
determination for TOFino is limited to the pad hit, but TOF also provides information where
the rod was hit along its axis. Most importantly, the TOF and TOFino detectors provide a
time information together with the hit. This can be the time difference between the start
signal from Start detector (see below) or the time difference to the first hit (which should
correspond to the fastest particle).

Pre-Shower: The evolution of the electromagnetic shower in the lead converters is con-
nected to the particle’s velocity by the Bethe-Bloch-equation [1]. The energy deposited in
the shower per converter length can thus be used to determine the velocity by comparison
with known distributions.

2The maximum distance is an analysis parameter, which is chosen depending on the colliding system.
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Start and Veto: If used3, Start will provide a start signal for subsequent time measure-
ments in TOF and TOFino, provided Veto was not hit. Start and Veto are built and config-
ured for the actual run – heavy ion or elementary – with thresholds to trigger hits of the
target and incident particles. If both detectors are hit in an event, it is a strong indication
of events of little interaction – low centrality or even no interaction. These events can thus
be rejected early from the subsequent on-line and off-line analysis chain.

A.2 Combining subdetector information

After hits in the subdetectors have been reconstructed in the first step, one has to combine
the information given into tracks of physical particles.

The track candidates determined from MDC hits are combined with hits in the RICH,
TOF, TOFino and Pre-Shower detectors. Apart from errors in the subdetector alignment
about to each other [56] and reconstruction uncertainties, the width of the window required
to match identified MDC track candidates with other detector hits is a measure for them to
be caused by the same physical particle and thus belonging to the same track.

From the information of the subdetectors, hypotheses about the measured particle’s
properties may be gained. The RICH provides means of lepton identification, the MDCs’
different tracking algorithms multiple possible momenta, the TOF and TOFino give a velocity
measure and Pre-Shower energy and momentum assertions. The momentum reconstructed
from MDC, which, with the direction of the bending of the track in the magnetic field, holds
information on the measured particle’s charge, and the velocity from TOF/TOFino also make
particle identification via the relativistic energy-momentum relation and the particle mass
accessible.

The momentum, reconstructed from MDC, together with the bending of the track in the
magnetic field provide information on the measured particle’s charge. In combination with
the measured particle’s velocity, determined by the TOF/TOFino detectors, both measure-
ments may be used for particle information via the relativistic energy-momentum relation.
All this information is kept with the track candidate.

In the final step of the analysis, decisions are made on properties finally to be assigned to
the identified tracks. For lepton identification this includes cuts on the number of fired RICH
pads and the RICH pattern matrix [32]. To ensure high quality of the data reconstructed, one
may also require a track to have been seen in a certain minimum number of detectors (e.g.
RICH – MDC – META) or exclude tracks with hit reconstructed in low resolution detectors
like TOFino. One will have to decide how to deal with track candidates which share the
same hit with other track candidates. One may altogether drop these track candidates or
pick one from the set (e.g. the one with the best momentum fit).

A.3 Reconstructing pair variables

After track reconstruction and particle identification, tracks may be combined to e+e−

pairs. However the sample will contain a huge amount of conversion electrons, e.g. from the
decay π0 → γγ and subsequent photon conversion. In simulation, it was shown [43] that

3The Start detector has not been used in all beamtimes.
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the number of these conversion pairs can be substantially reduced by requiring the angle
between both tracks in the laboratory system, the pair’s opening angle, to be larger than 9o.

Regardless of the reduction of conversion electrons, in a heavy-ion collision a recon-
structed event may contain more than two identified leptons leaving the possibility for
multiple possible pairings. One needs to carry out all possible combinations, to create the
spectrum and to subtract the amount of wrong combinations (not from the same parent
particle) denoted as the combinatorial background. The combinatorial background may be
extrapolated from experimental data by different methods, e.g. studying pairs from different
events (event mixing), since two subsequent events are uncorrelated, or by the number of
like-sign pairs [28] (cf. section 4.2.4).



Appendix B UrQMD: Phase space
distributions of particles

Here we present distributions of transverse momentum pt versus laboratory system rapidity
y for various particles species from central carbon–carbon collisions at kinetic beam energies
of T = 2, 8, 15 and 25 AGeV. The figures are introduced in section 3.2.4.
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Figure B.1: Phase space distributions of various hadrons in CC collisions at T = 2 AGeV.
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Figure B.1: Continued.
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Figure B.1: Continued.
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Figure B.2: Phase space distributions of various hadrons in CC collisions at T = 8 AGeV.
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Figure B.2: Continued.
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Figure B.2: Continued.
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Figure B.3: Phase space distributions for various hadrons in CC collisions at T = 15 AGeV.
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Figure B.3: Continued.
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Figure B.3: Continued.
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Figure B.4: Phase space distributions for various hadrons in CC collisions at T = 25 AGeV.
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Figure B.4: Continued.
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Figure B.4: Continued.



Appendix C Technical aspects of the
Pluto event generator

In the following we briefly introduce some technical features of the C++ Pluto event generator
library [36, 37].

Heavy-ion reactions may be modeled with fireballs implemented as the PFireball class.
PFireballs can have two temperatures T1, T2 with different weights. Radial expansion is
modeled. Particle may be emitted with polar anisotropies; also flow parameters can be set.
To model different particle species from a heavy-ion collision, one would overlay multiple
PFireball objects with particular weights depend on the particle species’ multiplicity.

In the Pluto code, particles are represented as PParticle objects. Particles properties as
four-momenta, vertexes, particle species and parent particle specie are kept with the object.

Elementary decay channels are modeled with the PChannel class. Input for a channel is a
possibly composite PParticle object, output the decay products as PParticles. Different
channels are connected to a reaction chain. All desired reaction chains are added to the
overall reaction (PReaction). To set up a simulation for e.g. a pp collision, one would define
a composite PParticle object for the input channel consisting of two protons as PParticles.
One would then add decay channels for all important final states and assign proper weights
according to the channels’ cross sections. Then decay channels for all particles occurring,
with weights corresponding to the decays branching ratio, would be attached. If a decay
leads to unstable particles, another decay channel for that particle would be appended to
the channel.

Pluto provides a tool to simplify the task of connecting the many channels: the PDecay-
Manager class. With the PDecayManager one sets up all desired decay channels for all partic-
ular particle species (e.g η → π02γ and π0 → 2γ). One then initializes the PDecayManager

with a certain PParticle (e.g. an η). The PDecayManager will then set up subsequent
channels (e.g. η → π02γ → 4γ). Next PDecayManager can calculate all possible reaction,
or choose one with respect to its weight. If many decay channels are used, complex reaction
setups may be created.



Appendix D Proton–Proton collisions
with Pluto

X σ
p∆+ 2.298 mb
pN∗(1440)+ 0.6845 mb
ppπ0 2.81 mb
ppπ+π−π0 1.236 mb
pN∗(1535)+ 0.670 mb
ppω 0.119 mb
ppρ0 0.021 mb
σtot 42 mb

Table D.1: Primary channels pp → X.
The cross sections are determined from
experimental data [46], cf. fig. D.1.

As a first experience with Pluto and Pluto’s
PDecayManager in particular, we examined dilep-
ton production in proton–proton collisions at a
beam energy T = 3.5 GeV. We used the pp cock-
tail by Benjamin Sailer and Witek Przygoda [57]
as a guideline. Since we were interested in primor-
dial invariant pair mass spectra only (no simula-
tion of the detector and the reconstruction), we
used only channels which directly produce dilep-
tons. η meson production is modeled via the de-
cays N(1535)+ → pηπ0 and N(1535)+ → nηπ+

The cocktail was set-up with the primary chan-
nels listed in tab. D.1. The respective cross sections
for the different channels were determined from ex-
perimental data [46], cf. fig. D.1. Since π0 meson
production is modeled both via resonance decays

and in primary interactions, the cross section for resonance production has to be subtracted
from the direct production cross section: (σprim(pp → ppπ0) = σLB(pp → ppπ0)−σsec(pp →
p∆+ → ppπ0) = 2.8 mb − 2.298 mb × 0.66 ≈ 1.3 mb for BR(∆+ → pπ0 ≈ 0.66). Here,
the σprim denotes the cross section for direct production, while σsec is for π0 production via

particle BR channel
N∗(1440)+ 0.2 pπ0

N∗(1535)+ 0.3875 pη
0.2 pηπ0

0.2 nηπ+

0.04 pηπ+π−

0.04 pηπ0π0

∆+ 0.66 pπ0

4.01× 10−5 p(e+e−)

(a) Baryons.

particle BR channel
π0 0.98798 γγ

0.01198 γ(e+e−)
η 0.226 π+π−π0

0.006 γ(e+e−)
ω 5.9× 10−4 π0(e+e−)

7.1× 10−5 e+e−

ρ0 4.67× 10−5 e+e−

(b) Mesons.

Table D.2: Decay channels and branching ratios of unstable particles. Branching ratios are
taken from ref. [1] or calculated from these. See the text for the procedure.



resonance decays.1 For exclusive ρ0 production we also cross-checked our fit to experimental
data with theoretical models, see fig. D.2, and find them in good agreement.

The particle decay channels activated in the PDecayManager are shown in tab. D.2. The
decay branching ratios for meson decays are taken directly from ref. [1]. For the baryon
decays, in ref. [1] the different charged particles of an isospin multiplet are listed together
(e.g. not N(1440)+ → pπ0, but N(1440) → Nπ0), so we had to extrapolate the values.
Our rough estimates were e.g. BR(N(1440)+ → pπ0) ≈ 1

3
BR(N(1440)+ → pπ), since there

are three possible realizations of this reaction: N(1440)+ → pπ0, N(1440)+ → nπ+ and
N(1440)0 → nπ0. Channels not listed were estimated from known values, e.g.

BRN(1535)→pηπ0 ≈ BRN(1535)→Nη ×BRN(1535)→Nπ

≈ (30− 50%) ×(35− 55%) ≈ 10− 30% ≈ 20% ,

which also allows to estimate, e.g.

BRN(1535)→pηπ0π0 ≈ BRN(1535)→Nηπ0 ×BRN(1535)→Nπ

≈ (10− 30%)× (35− 55%) ≈ 5− 11%

(phase space, ε ≈ 610 MeV) ≈ 4% ,

where we reduced the decay branching ratio by 1% to roughly take suppression due to the
available phase space into account.2

The decay π0 → γγ was kept in the cocktail, since π0s are frequently produced together
with other dilepton source (e.g. N∗ → pηπ0). Forcing the π0 to decay dileptonic only would
lead to an overestimation of the dilepton yield.

The weight for a specific channel is determined by the possibility of the primary reaction
p = σX/σtot and the branching ratios of the decays included b =

∏
i BRi. The total weight

of a channel is w = b · p. We calculated 105 events for every possible reaction.
In a final step we analyzed the events calculated with Pluto. Electron–positron pairs

with leptons from the same mother particle were created and histograms for the invariant
mass of the pair (cf. eq. (4.2)) were filled according to the weight of the particular pair. The
resulting invariant pair mass spectra are shown in fig. D.3. No cuts are applied.

1Since the production cross sections of other resonances (N(1440), N(1535)) are comparatively small,
they only contribute about 8% to the π0 production cross section. The error in determining σ(pp → ppπ0)
from experimental data [46] (cf. fig. D.1) is of the same order of magnitude.

2ε is the energy available to all particle after the reaction.
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Figure D.1: Cross sections for pp collisions. The chosen value is denoted by a cross. Exper-
imental data is from refs. [46, 58, 59, 60].
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Figure D.2: ρ0 production cross section
in pp collisions [61]. For a beam energy
T = 3.5 GeV the available energy in the
center-of-mass system is

√
s = 3.18 GeV.

The full and dot-dashed lines correspond
to different model calculations of the ex-
clusive cross section, while the dashed
line is a parametrization of the inclusive
cross section. The full circles and the
open square are experimental data. See
ref. [61] for the full references.
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Figure D.3: Invariant dilepton mass spectrum in pp collisions at T = 3.5 GeV for different
sources: π0 → e+e−γ (dark blue), η → e+e−γ (blue), ω → e+e−γ (cyan), ∆+ → pe+e−

(grey), ω → e+e− (purple) and ρ0 → e+e− (green). The simulation is based on a Pluto
cocktail.
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Appendix E Abbreviations

AGS Alternating Gradient Synchrotron

CBM Compressed Baryonic Matter

CERN Conseil Européen pour la Recherche Nucléaire

DLS DiLepton Spectrometer

FAIR FAcility for Ion Research

FZR Forschungszentrum Rossendorf e.V.

GSI Gesellschaft für SchwerIonenforschung

HADES High Acceptance Di-Electron Spectrometer

HAFT Hades Acceptance Filter for Theorists

HSD Hadron String Dynamics

MDC Multiwire Drift Chamber a.k.a. Mini Drift Chamber

META Multiplicity Electron Trigger Array

QCD Quantum-Chromo-Dynamics

RHIC Relativistic Heavy Ion Collider

RICH Ring Imaging CHerenkov detector

RICH-IPU RICH Image Processing Unit

RPC Resistive Plate Chamber

SIS SchwerIonenSynchrotron

TAPS Two Arms Photon Specrometer

TOF Time-Of-Flight

UrQMD Ultra-Relativistic Quantum Molecular Dynamics

VMD Vector-Meson Dominance
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