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The PANDA experiment at FAIR offers unique possibilities for performing hyperon physics.
The detector will enable the reconstruction of both hyperon and antihyperon, which will
be created together in proton-antiproton collisions. This enables investigations of the strong
interaction in the non-perturbative regime. Due to their relatively long-lived nature, the hyperons
impose a particular challenge on the track reconstruction and event building. In order to
exploit the large expected reaction rates to the fullest, PANDA will utilize a fully software-
based event filtering. Therefore, reconstructing hyperons for such a filter requires online track
reconstruction that can handle particles created a measurable distance away from the interaction
point and, at the same time, operate on free streaming data is needed. Until antiprotons are
available at PANDA, a part of the hyperon program can be carried out with the predecessor,
PANDA@HADES using a proton beam.

In this thesis, investigations of the detector signatures from the decay channels A — pz, E—
Arx and @ — A K~ produced in pp— YY reactions are presented. The detector signatures guide
the subsequent track reconstruction algorithms. A candidate for online track reconstruction
algorithms on free streaming data based on a 4D Cellular Automaton has been developed and is
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point of origin of the particle. The track reconstruction quality assurance procedure and results
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for including hit information from additional detectors in the tracks are outlined.

In order to maximize the potential of the predecessor experiment PANDA@HADES, a
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1. Introduction

One major part of the physics program of PANDA is the investigation of hy-
perons, i.e. three-quark systems containing at least one strange (s) or charm (c)
quark. The production of hyperons with strange quarks serves as a probe for
testing current models in the energy regions where the strong interaction binds
quarks into hadrons, i.e. at Agcp ~ 200 MeV. This is because the minimum
energy scale of strange hyperon production in pp collisions is governed by
the energy difference 2mp —2m,, ~ 350 MeV. Spin observables, such as the
polarization, are sensitive to the production mechanism and can be accessed
for hyperons through their weak, parity-violating decay. By measuring spin
observables, it is possible to discriminate between different production mod-
els.

Hyperons are difficult to reconstruct in detectors due to their relatively long
lifetime; it is typically of the order of 10~!%s. This means that hyperons, with
momenta at the GeV scale, decay a measurable distance from the interaction
point. At PANDA, this distance is between a few centimeters up to several
meters. However, the displaced decay vertex implies a characteristic topol-
ogy which makes hyperons straight-forward to separate from background [2].
In addition, to correctly reconstruct the decay products of a hyperon can be
challenging since many track reconstruction algorithms assume that all tracks
originate from the interaction point. Another challenge is that the hyperons
might decay outside the range of the dedicated vertex detectors.

At PANDA, no hardware trigger will be employed; instead, PANDA will
be one of the first experiments to utilize a fully software-based trigger. Here,
online track reconstruction must be performed on free-streaming data to be
used for the trigger decisions at very high data rates. A challenge for the online
track reconstruction at high event rates is event-mixing: since the detector hits
are not pre-sorted into events, the online track reconstruction algorithms need
to be able to cope with time-sorted data instead of event-sorted. This means
that there is a possibility that events occur simultaneously in the detector. In
this thesis, I investigate which detectors can be used for the reconstruction
of hyperons at PANDA. In addition, I have developed track reconstruction
algorithms that can be used for hyperons on time-sorted data.

PANDA is planned to start taking data with antiprotons in 2027. Before the
data taking starts, parts of the physics program will be explored at predecessor
experiments that have been upgraded with detectors from PANDA. One ex-
ample is the HADES experiment, where tracking stations from PANDA have
been installed.

15



In order to be able to reconstruct some of the hyperons in the channels
of interest, sophisticated analysis tools are needed. In particular, kinematic
fitting is a widely used tool in particle physics. The HADES software did, un-
til recently, not include any algorithm combining geometrical and kinematic
constraints. Instead, the standard procedure for reconstructing neutral hyper-
ons was to select the decay products based on the closest distance between
these tracks. Adding kinematic constraints could improve the resolution and
background suppression. This thesis outlines a procedure for reconstructing a
neutral particle by reconstructing both the primary vertex as well as the decay
vertex. The fit procedure and event selection are benchmarked with the chan-
nel p(3.5 GeV)p — pK+ A, where the A decays into a p~ pair, using both
simulated data and experimental data. The procedure can also be used for all
channels with a displaced vertex from a neutral long-lived particle, e.g. K.

1.1 Thesis Disposition

The thesis is divided into three parts as shown in Figure 1.1. Part I constitutes
the background that covers work done by others. This part gives an introduc-
tion to the field and describes the methods deployed in the thesis. The PANDA
and HADES experiments are also introduced. A motivation for the work is
presented and the methods are outlined. Part II covers the work performed
for PANDA by myself. This includes the hyperon detector signature studies,
the developments of 4D track reconstruction and time-based track reconstruc-
tion. In addition, track extrapolation methods for extending the procedure to
further detectors are presented. Finally, my work for HADES is described in
Part ITI. Here, the kinematic fitting is outlined as well as the hyperon simula-
tion studies where the fitting is tested. Lastly, the tests on experimental data is
presented.

This PhD thesis is partly based on the licentiate dissertation “Time-Based
Reconstruction of Hyperons at PANDA at FAIR” by Jenny Regina, Uppsala
University, 2020. All parts that are re-used have been substantially revised.
From Part I of the thesis, Chapter 1, 2, 3 4 and 6 were part of the licentiate
thesis as well and Chapter 1, 2, 3 and 6 have been extended. The results in
Part II were also part of the licentiate thesis, Chapter 7 have been updated
with a newer software version and results at more beam momenta has been
added since the licentiate thesis. The results from Chapter 8 and 9 remains
from the licentiate thesis but the text has been revised. All chapters from Part
III are new and were not part of the licentiate thesis.
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Part I: Background
Introduction
Background
Motivation

Methods

Part 1l: PANDA
Hyperon Simulation Studies
4D Track Reconstruction
Time-Based Track Reconstruction
Track Extrapolation Methods

Part lll: HADES
Kinematic Fitting Development
Simulation Studies
Data Analysis

Figure 1.1. Thesis disposition. Part I constitute the background whereas the work
for this thesis is divided into Part II presenting the work for PANDA and Part III
presenting the work for HADES.
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2. Quarks and Hadrons

Quarks and hadrons are some of the most fundamental particles that make up
the matter in the universe. Their interactions govern how matter is formed as
well as its properties. Therefore, this chapter is devoted to an introduction to
these particles.

2.1 The Standard Model of Particle Physics

Particle interactions are to date best described by the Standard Model (SM)
of particle physics [3]. The SM is a quantum field theory that describes the
interactions of the particles in terms of a Lagrangian, a mathematical tool
where particles and interactions are represented by fields and their excitations.
By imposing symmetries on the Lagrangian, the properties of particles can
be constrained. For example, the SM Lagrangian needs to be invariant under
Lorentz transformations as well as rotations, boosts and translations in space-
time under the Poincaré group.

An important aspect of the SM is its particle content, illustrated in Figure
2.1. The particles are divided into two groups: fermions, carrying half-integer
spin, and bosons, carrying integer spin. Fermions obey the Pauli exclusion
principle, stating that two identical fermions cannot occupy the same quantum
state. The elementary fermions are either quarks or leptons and they are the
most fundamental constituents of matter known today. Bosons, on the other
hand, obey Bose-Einstein statistics and can occupy the same state. Some ex-
amples of bosons are photons and gluons.

The quarks are visualized in purple in Figure 2.1. They exist in six flavors:
up (u), down (d), charm (c), strange (s), top (t) and bottom (b). The quarks
also carry an intrinsic electric charge of +2/3 (u, ¢ and f) or -1/3 (d, s and b) in
units of the proton charge. They couple to each other via the color charge of
the strong interaction.

Leptons are visualized in green in Figure 2.1. They interact weakly and, just
as the quarks, exist in six flavors. The first three, the electron (e), muon (u)
and tauon (7) are electrically charged and carry &+ one unit of electron charge
for particles and antiparticles respectively. The remaining three leptons are the
neutrinos, V., vy and v;. The neutrinos are electrically neutral and therefore
do not interact electromagnetically.

The SM currently treats the strong, weak and electromagnetic interactions.
Also visualized in Figure 2.1 are therefore the force mediators of these inter-
actions, also referred to as the gauge bosons, which are illustrated in red. At
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Standard Model of Elementary Particles
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Figure 2.1. The Standard Model of particle physics with quarks (purple), leptons
(green), gauge bosons (red) and the Higgs particle (yellow). Figure from Ref. [4].

the top is the gluon, which is the force mediator for the strong interaction and
couples to all particles with color charge, i.e. quarks and other gluons. The
strong interaction is responsible for confining quarks into hadrons.

The electromagnetic interaction operates between all electrically charged
particles. The photon, or 7, is the force mediator for the electromagnetic in-
teraction. Its range is infinite but the strength of the interaction decreases with
increasing distance between the objects. The range of an interaction is in-
versely proportional to the mass of its force carrier. Therefore, the range of
both the strong and electromagnetic interactions should, in theory, be infinite
even if the strength of the interaction decreases for larger distances. However,
the effective range of the strong interaction is not infinite but rather of the order
1015 meters, i.e. the size of a hadron. This is because gluons couple to other
gluons leading to screening and anti-screening of color charge. Consequently,
a color charged quark or gluon cannot appear as a free particle but only bound
into hadrons. This is in contrast to the photon, which does not carry electric
charge and hence does not couple directly to other photons.

Finally, the weak interaction is responsible for e.g. the B decay of nuclei.
Its force carriers are the Z and W+ bosons. These particles are massive which
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results in the very short range of the weak interaction i.e. up to 10~'® m. The
weak interaction is 1077-107% times weaker than the strong one, hence the
name. Interactions governed by the weak interaction therefore also occur at a
longer timescale than those governed by the strong or electromagnetic inter-
action.

The final particle in Figure 2.1, the Higgs boson [5, 6], is illustrated in
yellow. The Higgs field is responsible for the mass generation of the SM par-
ticles and was the last particle of the SM to be confirmed experimentally. This
was achieved by the ATLAS [7] and CMS [8] collaborations independently in
2012.

Despite its great success, the SM has a few shortcomings. It currently does
not include gravity since it is mathematically difficult to unite gravity with the
SM. Furthermore, the experimentally established neutrino oscillations can also
not be explained with the SM since it does not incorporate neutrino masses.
In addition, the SM can explain neither dark matter, which is hypothesized
e.g. in order to explain the rotational curves of the galaxies, nor can it explain
dark energy which is needed in order to explain the accelerated expansion of
the universe. Finally, the SM cannot explain the observed matter-antimatter
asymmetry in the universe since similar amounts of each was created at the
Big Bang.

2.2 Quantum Chromodynamics

Within the SM, the strong interaction is described by Quantum ChromoDy-
namics (QCD) [9, 10]. In QCD, gluons act as the force mediators. Both quarks
and gluons carry a color charge which can take the values “red”, “blue” and
“green”. The colors should not be taken too literally but are just the values of
the quantum number. The antiquarks carry anti-colors: cyan (anti-red), yellow
(anti-blue) or magenta (anti-green). The color charge makes up an SU (3)o/0r
symmetry and was introduced in order to explain why some bound states seem
to violate the Pauli exclusion principle [11, 12]. These states are the AT, A~
and Q™ which are all ground states and consist of three quarks of the same
flavor with parallel spin.

One important parameter of QCD is the strong coupling, o, which de-
scribes the strength of the interaction. It is defined as

_&

O =
s ar’

2.1

where g; is the QCD coupling. The ¢ is not constant but energy dependent. In
terms of the momentum transfer squared, ¢, related to the energy, the strong
coupling can be written at one-loop accuracy
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127
33 —2ny)log(q*/Agcp)’
where Agcp is the QCD cut-off and ny is the number of active quark flavors
(see p. 154 of Ref. [13]). The strength of oy is greater at lower energies
and smaller at higher energies. In energy regions where ¢ is small, pertur-
bation theory can be applied. This means that the amplitude of a process is
calculated by summing over Feynman diagrams of all possible processes con-
tributing. There can e.g. be particle loops that contribute at a higher order to
the full amplitude. The coupling constant ¢ then enters in each vertex where
a strong process takes place, and is included in the calculation with higher
orders for higher order diagrams. This means that higher order processes do
not contribute as much to the final amplitude as lower order processes. There-
fore, in the high energy regime, perturbative QCD can be used to describe
systems, since higher order diagrams can be treated as perturbations due to
the smallness of ¢;. Here, quarks and gluons are the degrees of freedom. The
strength of the interaction between the quarks is so small that they do not form
bound states, but rather act as free particles. This phenomenon is referred to
as asymptotic freedom [14, 15] that is an inherent feature of QCD.

All hadrons are color singlets, meaning that all states must be color neutral.
This is referred to as color confinement. Mesons consist of quark-antiquark
pairs where the quark has one color and antiquark the corresponding anti-
color while baryons consist of three quarks carrying different colors or anti-
quarks carrying different anti-colors. Both these combinations are color neu-
tral. These two combinations of color make up the color neutral white. Per-
turbative QCD breaks down at around 2 GeV although the value is reaction
dependent. At energies lower than this, the interaction is stronger and quarks
cannot exist as free particles but are bound into hadrons. This low-energy scale
is referred to as the confinement domain. This means that, at energies below
the scale of Agcp, quarks and gluons no longer serve as the relevant degrees of
freedom but rather hadrons. At energy scales between the high energy pertur-
bative QCD and low energy QCD it is not yet settled what the relevant degrees
of freedom are: quarks and gluons, or hadrons? As a consequence, quantita-
tive predictions are difficult to make. In contemporary particle physics, this is
an important topic to investigate.

If two quarks are separated, then it is energetically favorable to create pairs
of new quarks. Since the coupling constant diverges at lower energies, no
perturbation in terms of ¢ is possible but other effective theories need to
be applied. One such theory is Chiral perturbation theory, xpr [16], where
an effective Lagrangian using hadrons as degrees of freedom, is one of the
most commonly used tools in this regime. Another powerful approach that
has proven successful is Lattice QCD [17]. Here, space-time is discretized on
a grid and calculations are performed. When the spacing between the points
get infinitesimally small, then the calculations on the lattice approach contin-

as(qz) = ( (2.2)
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uous QCD. Therefore, precise calculations require a grid with many points,
which can be computationally expensive.

2.3 The Quark Model

The 1950s and 1960s was an interesting period for the field of particle physics.
As technology developed, a wide range of new particles were discovered and
the term particle zoo was coined. For example, a neutral, strange, particle that
lived longer than expected was discovered in bubble chambers in 1950 [18].
Since the particle was neutral, no track was visible from the particle but a
characteristic V-shape from its charged decay products was present. Today,
we know this particle as the neutral A.

Baryons are what makes up visible matter, e.g. the proton is a bound state
comprised of two u and one d quark while the neutron consist of one u and two
d quarks. Classification systems were needed in order to organize all newly
found particles. From the symmetries exhibited by hadrons, multiplets of par-
ticles could be constructed. The set of multiplets is commonly referred to as
the Quark Model [19, 20], a classification scheme that arranges hadrons into
multiplets according to their valence quark content. There is the fundamental
representation, also called the triplet of flavor SU(3). This symmetry handles
three quark flavors, u, d and s. The eightfold way [21, 22], an allusion to the
noble eightfold path in Buddhism, was suggested to classify particles accord-
ing to the SU(3) symmetry. This scheme was used to successfully predict the
existence of the 11 meson due to the classification scheme for mesons. The 7
meson was observed in the 1 — 7~ 7~ 7° decay mode at the Lawrence Radia-
tion Laboratory 72 - in bubble chamber in 1961 [23] and verified in the decay
mode 1 — vy at the 50-liter methyl iodide bubble chamber at Cambridge in
1962 [24]. In addition, the Quark Model predicted a particle containing three
strange quarks, the ™ [21], which was subsequently discovered in a bubble
chamber experiment in Brookhaven and published 1964 [25].

2.3.1 Mesons

Within the quark model, mesons are organized into nonets as shown in Figure
2.2. There is one nonet for the spin-0 (pseudoscalar) mesons and one for the
spin-1 (vector) mesons. There are nine states in each nonet, hence the name.
Three horizontal lines correspond to the strangeness quantum number, S, with
values, +1, 0 and -1. The diagonal lines correspond to the electric charge
which can also be +1, 0 and -1. In addition, the horizontal axis shows the third
component of isospin, /3. The spin-0 nonet consists of ground state kaons with
strangeness +1 or -1 as well as pions and 711 with O net strangeness. The spin-1
nonet consist of excited kaons with +1 or -1 in strangeness as well as the @, ¢
and p mesons with 0 net strangeness.
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Figure 2.2. The spin-0 meson nonet (left) and the spin-1 meson nonet (right). Figures
from Ref. [26] and [27] respectively.

2.3.2 Baryons

In a similar way, the spin-1/2 ground state baryons can be arranged into an
octet and the spin-3/2 baryons into a decuplet. These two multiplets are shown
in the left and right panel of Figure 2.3. Again, the strangeness is marked as
horizontal lines ranging from O to -2 for spin-0 baryons and 0 to -3 for spin-
3/2 baryons. In both panels, the third component of isospin, I3, corresponds
to horizontal lines. In the octet, the proton and neutron are the only particles
with O strangeness. The particles with strangeness -1 are the A, £, £* and
¥0. The doubly strange particles with strangeness -2 are made up by the Z~
and Z°. In the decuplet, the strangeness O particles are the A baryons. The
¥*~, 2*0 and X** baryons constitute the strangeness -1 baryons while the Z*~
and Z*0 constitute the corresponding strangeness -2 ones. Finally, the Q~ is
the only strangeness -3 particle in this decuplet. All particles in the baryon
multiplets that contain at least one strange quark are referred to as hyperons
which are the main topic of this thesis. Therefore, the next chapter is devoted
to a description of these particles.

In addition to baryons and mesons, QCD also allows for exotic hadrons.
These are e.g. tetraquarks with quark content gqgg or pentaquarks with quark
content ggqqq. It also allows for the existence of gluons that self-interact with
each other via the color charge and form bound states known as glueballs.
There can also exist hybrid states that are mixtures of quarks and gluons known
as quark-gluon hybrids.

2.4 Properties of Quarks

The interaction between quarks are described with quantum numbers and sym-
metries under which the SM Lagrangian needs to be invariant.
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Figure 2.3. The spin-1/2 baryon octet (left) and the spin-2/3 baryon decuplet (right).
Figures from Ref. [28] and [29] respectively.

2.4.1 Quantum Numbers

The quarks carry different quantum numbers that are listed in Table 2.1. The
first is the electric charge, Q, and the second is baryon number, B. The latter is
calculated in terms of the number of quarks, n, and the number of antiquarks
ng according to the formula

1

This implies that baryons will have a baryon number equal to 1, antibaryons
-1 and mesons will have a baryon number equal to 0. Similarly, all leptons
carry a quantum number referred to as lepton number, L, which is calculated
from the formula

1
L= E(nl - nl-), (2-4)

where n; is the number of leptons and nj is the number of antileptons before
or after a reaction. This expression is more relevant for the reactions than
the actual bound systems since there are not many known bound systems of
leptons apart from positronium consisting of an electron and positron.

Baryon number is conserved in all known processes and lepton number
in strong and electromagnetic processes. Neutrino oscillations is however an
example of a weak process where lepton number is not conserved.

In addition to the flavor of the valence quarks, hadrons are classified by their
total angular momentum, J, and intrinsic parity, P. This is denoted J¥. The
total angular momentum is related to the intrinsic spin, s, and orbital angular
momentum, [, and can attain values within the interval

l—s| <J<|l+5]. (2.5)
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The spin of the individual quarks is 1/2. From this, the spin for mesons or
baryons can be calculated. A meson with a quark and antiquark can have the
individual spins of these antiparallel, meaning that the individual spins of the
quarks cancel, leading to s(1]) = 0. The spins can also be parallel, resulting
in s(11) = 1. For baryons, either the spin of all three quarks can be paral-
lel, or there are two quarks with parallel spin whereas the third is antiparallel
to the other two. This yields two possible configurations, s(11J) = 1/2 and
s(11) = 3/2.

Isospin is an approximate symmetry that depends on the small mass differ-
ence between the u and d quarks and therefore, between protons and neutrons.
It was first introduced to describe the proton and the neutron as different states
of the same particle, i.e. the nucleon. Only the u and d quarks contribute to
isospin. Isospin symmetry is a subset of flavor symmetry and the name derives
from the fact that it is mathematically similar to the mathematics of spin. It
is defined as a vector quantity and both u and d quarks carry /=1/2. However,
the value of the third component, /3 is +1/2 for u quarks and -1/2 for d quarks.
The third component of isospin, /3, can be calculated for a hadron from the
formula

= 5 (ny—ng— (ng —ny)), 2.6)

where n,, is the number of u quarks and n, is the number of d quarks in the
hadron.

The final quantum numbers are flavor quantum numbers denoting the pres-
ence of heavier quarks, these are strangeness, S, charm, C, bottomness, B’,
and topness, 7°. By convention, C and 7" is +1 for ¢ and ¢ quarks, respectively
while S and B’ is -1 for s and b quarks respectively. By adding the different
quantum numbers of the quarks in a hadron, the different properties of the
hadron can be deduced and are listed in Table 2.1.

Table 2.1. The quantum numbers of the quarks: electric charge (Q), baryon number
(B), isospin (1), third component of isospin (I3), charm (C), strangeness (S), topness
(T’) and bottomness (B’).

Quark Q B I 5 C S T B
u 23 U3 12 12 0 0 0 0
d <13 U3 12 12 0 0 0 0
¢ 23 13 0 0 1 0 0 0
s -3 13 0 0 0 -1 0 0
t 23 13 0 0 0 0 1 0
b 13 13 0 0 0 0 0 -l
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2.4.2 Discrete Symmetries

There are three important discrete transformations of the SM Lagrangian.
These are charge conjugation, C, parity, P, and time reversal, T. Charge con-
jugation refers to the behavior of a particle or system of particles under the
change of sign of all charges. Applying charge conjugation turns a particle
into an antiparticle but does not affect the spin. In the quark model, the quan-
tum number C can be calculated from the expression

C=(-1)", 2.7

where [ is the orbital angular momentum and s is the spin.

Parity refers to the behavior of a particle or system of particles under a space
inversion. In the quark model, it can be calculated for hadrons by combining
the orbital parity

P(l) = (-1)", (2.8)

where [ is the orbital angular momentum, with the intrinsic parity of the quarks
(1) and antiquarks (-1). For example, for mesons, the parity is given by

P(qq) = (~=DP(D) = (=) (2.9)
For baryons it is
P(qqq) = P(I) = (1), (2.10)
and for antibaryons
P(q4q) = (=1)*P(1) = (=1)"*". (2.11)

The final transformation, time reversal, refers to the behavior of a particle
or system of particles under a reversal of the sign of the time.

Particles or systems of particles can be invariant under these transforma-
tions separately or combinations of these, e.g. CP, a combination of charge
conjugation and parity, or CPT, a combination of charge conjugation, par-
ity and time reversal. It has been found that parity is not conserved in weak
decays [30]. Furthermore, CP-symmetry can be violated via the Cabibbo-
Kobayashi-Maskawa matrix [31, 32] through the Kobayashi-Maskawa mech-
anism which has also been established in several experiments. CP-symmetry
breaking in meson decays has been observed in several experiments start-
ing with the KTeV experiment at Fermilab [33] and the NA48 experiment
at CERN [34] in 1999 followed by Belle [36] and BABAR [35] in 2001 and
most recently at LHCb in 2013 [37] and in 2019 [38]. The violation of CP-
symmetry is also one out of three necessary criteria that need to be fulfilled
for Baryogenesis to be possible [39]. Baryogenesis is a prominent candidate
for explaining the dynamical enrichment of matter with respect to antimatter
in the universe.
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3. Hyperons

Similar to protons and neutrons, hyperons are baryons containing at least one s
or ¢ quark in addition to u or d quarks. In the latter case, the hyperon is referred
to as a charmed hyperon. Hyperons and antihyperons are usually denoted Y
and Y, respectively, and this notation will be used in this text.

3.1 Hyperon Properties

The masses, decay lengths and main decay channels of the strange ground-
state hyperons, and some excited hyperons, are summarized in Table 3.1. The
A hyperon, consisting of a u, d and an s quark, is the lightest and one of the
most long-lived hyperons with a decay length ¢t = 7.89 cm. In this context,
long-lived means that a particle lives long enough to decay a measurable dis-
tance from the point where it was created. All ground-state hyperons except
the X0 decay weakly. The reason for the weak decays is that for these hyper-
ons, there is no lighter state that the hyperon can decay into without violating
quantum number conservation. The X can however decay into the A without
violating strangeness conservation and can therefore decay electromagneti-
cally. Weakly decaying particles have about ten orders of magnitude longer
lifetimes than electromagnetically decaying particles, this is what causes the
long lifetimes of the hyperons.

3.2 Hyperon Production

The production dynamics of hyperons is governed by the strange quark mass,
ms = 95 MeV/c?. This is close to the value of Agcp, i.e. the scale where
quarks form hadrons, which makes strangeness creation a good choice for
studying QCD in this region. For comparison, the masses of the u and d quarks
are my = 2.2 MeV/c? and my = 4.7 MeV/c?, hence more than an order of
magnitude smaller. The interactions within systems consisting of light quarks
only, e.g. protons and neutrons, are highly non-perturbative. In contrast, the ¢
quark mass is m¢ = 1 280 MeV/c?, i.e. about an order of magnitude larger than
Aocp and instead corresponds to the scale where perturbative QCD breaks
down.

Antiproton-proton (pp) annihilations provide good conditions for studying
the properties of hyperons, for the following reasons
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Table 3.1. Mean decay length, mean lifetime and mass for the strange ground state
hyperons. The most common decay modes are cited together with the branching ratio.
Data from [13].

Hyperon ¢t [cm] Mean lifetime [s] Mass [GeV/c?] Main decay
and Quark Content and branching fraction
A (uds) 7.89 (2.63240.020)-10710 1.116 pr~ (63.9+0.5)%
nn® (35.8+0.5%)
F (uus) 2404  (8.01840.026) 107! 1.189 pr® (51.5740.30)%
nrt (48.3140.30%)
20 (uds) 2.22-107° (7.440.7)- 10720 1.193 Ay (100)%
X (dds) 4434 (1.479+0.011)-10710 1.197 nmw~ (99.848 +0.005)%
=0 (uss) 8.71 (2.9040.09) - 10710 1.315 An® (99.524 +0.012)%
E~ (dss) 491 (1.639+0.015) - 10710 1.322 A7~ (99.887 +0.035)%
Q7 (sss) 2.461 (8.21+0.11)- 10711 1.672 AK™ (67.840.7)%

207~ (23.6+£0.7)%
=70 (8.6+0.4)%

* The hyperons and antihyperons can be created in two-body reactions
pp — YY. Here it is straight forward to parametrize the reaction mech-
anism

» The symmetric final state minimizes the systematic bias between parti-
cles and antiparticles

* The large cross-section for antihyperon-hyperon creation compared to
the reaction eTe™ — Y'Y makes the reaction advantageous for hyperon
studies since it results in large production rates.

One of the main goals of the hyperon physics program at PANDA is to mea-
sure cross-sections and angular distributions of different pp — Y'Y reactions
as well as extracting spin observables such as the polarization by studying
the subsequent decay distributions [40]. Polarization is the tendency of the
particle spins to align in a certain direction and it is known that even for an
unpolarized beam and target, hyperons can be produced polarized perpendicu-
lar to the normal of the polarization plane, without violating parity. Additional
spin observables include spin correlations, i.e. the correlation between the spin
of the hyperon and the antihyperon. Both polarization and spin correlation are
related to the production dynamics and hence they depend on the momentum
transfer of the reaction.

3.3 Hyperon Decays

Most heavy multistrange hyperons decay via electrically neutral hyperons
such as the A. This can be seen from the most prominent decay modes listed
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in Table 3.1 where e.g. the £~ decays into a Aw ™~ final state with a probability,
or branching fraction, of close to 100%. Furthermore, the Q™ decays into a
AK™ pair with a branching fraction of 68%. Since the daughter A decays sub-
sequently, the event topologies of hyperon reactions can be rather complex.
This is illustrated in Figure 3.1 for three reactions involving hyperons:

a) pp — AA — prtpr,

b) pp - ZYE- s AnTAn~ — prtatpr n and

c) pp = QTQ™ - K"AK"A— K prntK prn—.

Figure  3.1. Ilustration  of  three  hyperon  reactions  a)
pp = AA = prtpn=. b) pp — EYE — AntAn~ — pntatpr e o
pp — QTQ™ — KTAK~A — K" prnt K pr~. Solid lines correspond to charged
particles and dotted lines correspond to neutral particles.

Hyperons decay weakly in processes involving both parity violating and
parity conserving amplitudes. This means that the decay products are not emit-
ted isotropically, but according to a pattern that depends on the interference of
these amplitudes. In other words, the decay products are emitted according
to the spin of the mother hyperon. This feature is referred to as the hyperons
being self-analyzing. The interference between the parity violating and con-
serving parts are quantified in terms of the decay asymmetries &, 3 and 7.
In principle, this means that if a hyperon decays into a baryon and a meson,
then the baryon is emitted in the spin direction of the mother hyperon with a
probability of ¢&c. An example of such an angular distribution for the A — 77 p
decay is

1
16,) =4
where the angle 6), is the emission angle of the proton as defined in Figure 3.2.
The cos0, is straight-forward to measure in an experiment. The asymmetry
parameters 3 and 7y can be measured for hyperons decaying into other hyper-
ons, i.e. &= — An~, A — pm~—. These asymmetry parameters are accessible
via the joint angular distribution of the =~ the A and the proton [41].

The decay parameters offer a probe for CP violation. If CP-symmetry is
fulfilled, then the relation oy = —ay holds for the decay asymmetry parame-

(14+aPycos6,), (3.1)
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ter for the hyperon and the anti-hyperon. In pp — YY reactions, the jp system
as well as the Y'Y system are CP eigenstates which makes the reaction ideal for
creating hyperon-antihyperon pairs and studying CP-violation in hyperon de-
cays. The potential of hyperon decays as a probe for CP violation has recently
been demonstrated by the BESIII collaboration in Ref. [42].

3

Figure 3.2. Tllustration of the rest frame for the A hyperon after decaying into the 7~ p
final state. The angle 0, is defined as the angle between the polarization axis J and the
outgoing proton.

Electromagnetic decays of hyperons probe their inner structure. In par-
ticular, the Dalitz decays (i.e. By — B;l"17) of hyperons, where a hyperon
decays to a baryon and two leptons, give access to low-energy structure ob-
servables [111]. Studies of the Dalitz decays of £°, £(1385) and A(1520) are
planned with the HADES experiment [43].

3.4 Previous Hyperon Studies with Hadron Beams

The existing data from hyperon production in pp annihilations are mainly
from single-strange hyperons, i.e. the A, X° and £*. The PS185 experiment at
the Low-Energy Antiproton Ring (LEAR), CERN, was a stationary target ex-
periment similar to PANDA. It operated between the early 1980s to the early
1990s with the aim of studying strangeness production near the threshold in
antiproton-proton collisions. The PS185 experiment has provided a major part
of the antihyperon-hyperon data available today. The current data are summa-
rized in terms of the cross-sections in Figure 3.3. The cross-section, angular
distributions and spin observables such as the polarization have previously
been measured for the reaction pp — AA at PS185 where roughly 40 000
exclusive events at 1.642 GeV/c beam momentum were reconstructed and an-
alyzed [54, 55]. It was found that the AA pair is produced almost exclusively
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in a spin triplet state, meaning that the spin of the hyperon and antihyperon
are parallel. It is assumed that the spin of the hyperon is completely carried by
the strange quark which means that the # and d quarks are in a relative spin 0
state.

One additional important result from the measurements was the forward
peaking differential cross-section for the A in its Center of Mass (CM) frame.
This means that the A antihyperon is preferably emitted in the beam direction
in the lab frame. This feature of the pp — AA process will have a signifi-
cant impact on the reconstruction of the AA events in a detector like PANDA
which has one central part and one forward part. The A will then be pri-
marily detected in the Forward Spectrometer (FS) and the A in the central
Target Spectrometer (TS). Since the pp — AA process has been thoroughly
studied before, including spin observables, it is a suitable benchmark channel
for track reconstruction and event-building algorithms at PANDA. The total
cross-section for this reaction at 1.642 GeV/c is 64.0 &= 0.4 (stat) = 1.6 (syst)
ub [54].

By extracting spin observables, one can distinguish between different pro-
duction models for strangeness creation. There are several models describing
such processes, e.g. the quark-gluon exchange model [44, 45, 46, 47, 48] or
the meson exchange model [49, 50, 51, 52]. There are also examples of cal-
culations that combines both approaches [53]. So far, measurements of the
polarization of the A in the reaction pp — AA — pr ' pr~ have however not
been sufficient to discriminate between the models [55]. The hope is that
data from multi-strange hyperons will provide guidance for improved models
and, in the long run, for a deeper understanding for the processes involving
strangeness.
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Figure 3.3. Measured cross-sections for different hyperon production channels in pp
collisions as a function of the beam momentum. The arrows indicate the threshold
energy for the reaction. Figure modified from [56].

The total cross-section for the pp — ZTZ~ reaction at 4 GeV/c has been
measured to be smaller than 1 yb in bubble chamber experiments [57], while
being 4 ub at ppeam = 3.25 GeV/c and 2ub at ppeqn =3.7 GeV/c [58]. It is
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notable that these estimates are based on two and three events, respectively.
Since PANDA will operate at much higher intensities, it will be possible not
only to make better cross-section measurements but also, for the first time, to
measure the differential cross-section and spin observables for this reaction.

The reaction pp — QT Q™ has previously not been measured at all which
means that PANDA is expected to be the first experiment to measure this reac-
tion. In the absence of data, only theoretical predictions exist so far and these
give a maximum value of 2 nb at around pp, = 7 GeV/e [59].

There have been previous hyperon studies for PANDA carried out at Up-
psala University as part of PhD theses. Sophie Grape performed simulation
studies of the reactions pp — AA and pp — AX? [60]. In addition, Erik
Thomé performed simulation studies of the channels pp — AA, pp — ZtE",
pp — QTQ™ and pp — A_ A [40]. Both of these studies were carried out
with a software that is no longer in use, and that was based on the software
from the BaBar experiment. The detector implementation did not include all
the detector material and support structures and the data reconstruction was
very simplified. More recently, Walter Ikegami Andersson simulated the re-
actions pp — AA and pp — ZTZ~ with the more realistic and nowadays es-
tablished PANDA software PandaRoot [2, 61, 62]. All the aforementioned
studies focused on hyperon analysis and spin observable extraction. This is in
contrast to the work presented in this thesis which is focused on the detector
signatures and track reconstruction of the hyperon decay products in PANDA.

In the HADES experiment, A and X° production has been studied in pp
collisions. The most recent studies were carried out at 3.5 GeV/c kinetic beam
energy which is the data set used in this thesis. In Ref. [63], a partial wave
analysis was performed for the reaction p(3.5 GeV)p — pK*A in order to
search for bound states consisting of ppK . A kinematic fit was performed for
choosing the pK ™ A final state. The kinematic fit was used for events where a
hit was detected in the forward hodoscope, which is a Time-of-Flight detector
without any tracking information. The constraint was then used for the proton
mass for the K™ and A that were reconstructed in the HADES spectrometer.

The data were also used in a study in Ref. [64] for calculating the polar-
ization of the A produced in pp collisions. However, some of the preliminary
results were unphysical which indicates a bias from either the momentum re-
construction or the background, or both. Therefore, no final results were pub-
lished. The hope is that a kinematic fit of the A decay can improve the data
quality to such an extent that the polarization analysis can be completed in the
future.

3.5 Questions for this Thesis

Hyperons are long-lived and will travel a measurable distance from the inter-
action point. In order to develop a tracking procedure for long-lived particles
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such as hyperons at PANDA, the detector signatures need to be well under-
stood. One question is therefore: How do the hit patterns from the decay
products look like for the different subdetectors? In particular, which detec-
tors can be used for the tracking and timing information? These first two
questions will be answered in Part II, Chapter 7.

At PANDA, we will not use the standard event-based data structure but
the data will be sorted according to time-stamps, i.e. be time-based. What
algorithm is suitable for both tracking hyperons and can be used on time-
based data? This question will be answered in Part I, Chapter 8 and 9 of this
thesis. Also, a procedure for assessing the quality of the time-based tracking
is required. Currently, there is no quality assurance algorithm which can be
used for tracking performed on time-based data.

Before PANDA starts the data taking, can we improve the potential of the
hyperon physics with the HADES spectrometer? Which tools are needed here
to reconstruct hyperons at HADES and how will an analyses with these tools

compare to previous analysis? The final questions will be answered in Part
II1.
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4. The PANDA Experiment at FAIR

The future PANDA experiment comprises a multi-purpose, fixed-target, detec-
tor covering almost 47 of the solid angle. The detector is under construction
and will be installed at the FAIR (Facility for Antiproton and Ion Research)
site in the High Energy Storage Ring (HESR). The antiproton beam from the
HESR will impinge on an internal target. PANDA will carry out precision
studies primarily in hadron physics and it will be optimized to investigate the
strong interaction in the intermediate energy region between the high energies
where perturbative QCD applies and the low-energy region where there are
still many open questions.

4.1 The Facility for Antiproton and Ion Research

FAIR is under construction at GSI, Darmstadt and is shown in Figure 4.1. The
blue lines in the figure depict already existing accelerators at GSI whereas red
ones depict the future accelerators. In addition to PANDA, the experimental
program at FAIR includes APPA (Atomic Plasma Physics and Applications)'
and CBM (the Compressed Baryonic Matter experiment) with the objective
of studying properties of super dense nuclear matter?. Furthermore, the NUS-
TAR (NUclear Structure, Astrophysics and Reactions) experiment consists of
a series of complimentary detectors constructed to investigate details of nu-
clear configuration, the interior of neutron stars and other unsolved astrophys-
ical phenomena3. FAIR is described in detail in Ref. [65].

4.2 The High Energy Storage Ring

The position of the PANDA detector at the HESR can be seen in Figure 4.2.
The HESR will provide a quasi-continuous antiproton beam in the momentum
range of 1.5 GeV/c to 15.0 GeV/c. It is designed as a racetrack-shaped ring
with two 180° arcs and two 155 m long straight sections, resulting in a total
circumference of 575 m.

Antiprotons will be produced in the following way: First, protons are accel-
erated by the current Universal Linear Accelerator (UNILAC) at GSI. These

Uhttps://fair-center.eu/overview/research/appa_public [Accessed: December-19-2021]
2https://fair—center.eu/overview/research/cbm_public [Accessed: December-19-2021]
3https://fair—center.eu/overview/research/nustar_public [Accessed: December-19-2021]
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Figure 4.1. Sketch of the future FAIR facility at GSI. The existing accelerator facility
is marked in blue and the future accelerator facility is marked in red. Figure from [66].

will be further accelerated by the synchrotron SIS18 and finally also by the
future SIS100. Second, the accelerated proton beam will hit a nickel or cop-
per target, resulting in the production of antiprotons from the excess energy.
Third, the antiprotons will be pre-cooled in the Collector Ring (CR) and ac-
cumulated in the Recycled Experimental Storage Ring (RESR), providing the
option for beam recycling at later stages of FAIR. Finally, the antiprotons are
injected into the HESR.

The beam structure described in Section 4.6 will be obtained by stochastic
cooling together with an RF barrier bucket. The RF barrier bucket can be seen
at the top to the left of HESR in Figure 4.2. The HESR will use phase-space
stochastic cooling, a process used to control the emittance of the beam, in
order to reach desired luminosities [67]. The stochastic cooling kickers and
pickup can be seen at the top and bottom right of HESR in Figure 4.2.

During the first two phases of data taking, Phase-1 and Phase-2, the RESR
will not be available. This means that the HESR will need to accumulate the
antiproton beam itself. Since the time to accumulate the beam is longer than
the time it takes to inject a pre-accumulated beam, this will result in a reduced
effective beam time with respect to the design conditions. At this first stage of
data taking, the luminosity will be up to 2- 103'em =251,

When all design parameters have been achieved, PANDA enters Phase-3.
During this phase, the HESR will have two different modes of operation: the
High Luminosity (HL) mode and the High Resolution Mode (HR) [68]. The
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HR mode operates in the momentum range of 1.5 GeV/c up to 9 GeV/c where
only 10! circulating particles are injected. For these, electron cooling will be
applied which will result in a relative momentum spread of the order of 107,
In the HL. mode, the beam intensity will be an order of magnitude larger, i.e. up
to 2-10%2cm=2s!. In this mode, the beam momentum spread will be larger,
up to 10~*. The HL mode operates over the full momentum range.

One important feature of the HESR for the time-based track reconstruction
is the time structure of the beam. The HESR will provide a quasi-continuous
beam with a revolution time of roughly 2 000 ns. This beam structure is be-
cause of the barrier bucket. The ring will be filled to about 80% which cor-
responds to an active interaction time, i.e. the overlap time between the beam
and target, of 1 600 ns per revolution and a gap of roughly 400 ns.
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Figure 4.2. The HESR with the positions of the PANDA detector, the RF barrier
buckets and stochastic cooling kickers marked.

4.3 The PANDA physics pillars

The physics pillars of PANDA include topics chosen to investigate QCD in the
confinement domain and expand our current knowledge of the strong force.
This will be investigated from several different angles with a focus on areas
where antiproton probes are advantageous. Today, the majority of precision
tests of the Standard Model are carried out in ete™ collisions. These colli-
sions have the advantage that the initial state is well-known with respect to the
momentum. In eTe™ collisions, hadronic states are formed via the exchange
of a virtual photon. Since the photon has quantum numbers J*¢ = 177, the
formation of hadronic states with quantum numbers other than this will be
highly suppressed. This is in contrast to hadron beams, where the momentum
is shared between the constituents of the hadron. Hadronic collisions have
the advantage that all meson-like quantum numbers are allowed because of
the gluon exchange, where multi-gluon exchange is as likely as single-gluon
exchange. This results in larger cross-sections for many final states in pp col-
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lisions compared to in ete™ collisions. Antiproton probes therefore provide

unique possibilities to examine QCD in many different areas such as charm
and strangeness physics, investigations of exotic states, hypernuclear studies
and the nucleon structure. These sectors are all part of the PANDA physics
program and are described below.

4.3.1 Charm and Exotics

The original quark model (Section 2.3) describes baryons and mesons as quark
triplets (gqqq) and quark-antiquark states (¢g), respectively. However, QCD
also allows for any color neutral bound quark states such as tetraquarks (gqgg)
and pentaquarks (ggqqg). In addition, states consisting of gluons, i.e. glueballs
(gg or ggg) or states containing both quark and gluonic degrees of freedom,
i.e. hybrids (¢qgg) are allowed. These states are referred to as QCD exotics.
Exotic states carry exotic quantum numbers that are quantum numbers that
are not allowed for a quark-antiquark or three-quark state within the Quark
Model. Some of these exotic quantum numbers for mesons are J°¢ = 07,
07—, 17" and 27~ [69]. The gluon-rich environment of pp collisions is ex-
cellent for forming hadronic states with gluonic degrees of freedom. Further-
more, it provides access to states with gg quantum numbers in formation and
non-gg quantum numbers in production. One topic at PANDA therefore the
search for and investigation of exotic states.

With its antiproton beam, PANDA offers excellent conditions for the search
for exotic states such as glueballs, hybrids and multiquarks. Most previous
glueball searches have been carried out in the mass region around 1-2 GeV/c?,
where lattice QCD have predicted a scalar glueball with quantum numbers
JPC€ = 0**. However, due to the overlap in mass with regular mesons with the
same quantum numbers, there will be mixing between glueballs and mesons.
Hence, it is difficult to unambiguously identify the hitherto observed candi-
dates fp(1370), fo(1500) and fp(1710) as glueballs or mesons. However,
glueballs with exotic quantum numbers, that do not mix with mesons, are pre-
dicted at larger masses. If they exist, they should be accessible with PANDA.

PANDA will also perform spectroscopy of charm states: both charmonium,
a ¢c bound state, and states with open charm, such as D-mesons. Since char-
monium is relatively heavy, it can be treated non-relativistically to a first
approximation with simple hydrogen-like potential models. One interesting
question here is at what scales relativistic perturbations become relevant. Cur-
rently, states with masses up to the DD threshold are well understood and fit
the theoretically expected states. However, at masses above this threshold,
states have been found, e.g. the X(3872) [70], various vector states Y and
multiquarks Z, that do not fit into this model. These XY Z states can be stud-
ied with precision line-shape scans to shed light on their nature. In particular,
the state X (3872), the first XYZ state to be discovered, is located near the
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DD+ threshold with the J/wa ™ 7~ channel as the predominant decay mode.
PANDA is planned to perform a line scan measurement of X (3872) [71] to re-
solve the line-shape. The line-shape has also recently at LHCb [72]. PANDA
is expected to provide significantly improved precision of this measurements
and also extend them to other states.

4.3.2 Strangeness

The strangeness program comprise hyperon physics and hypernuclear physics.
One interesting aspect of hyperon physics is to study the hyperon production
mechanism. For example, the production of the s§ pair could be described by
a quark-gluon exchange model or by meson exchange. These models predict
different values for certain spin observables. Therefore, reconstructing these
at PANDA could help distinguishing between the production models.

In order to understand SU(3) symmetry, PANDA will perform hyperon
spectroscopy. This can answer to which extent the excitations of states with
u, d and s quarks follow SU(3) symmetry. For double- and triple-strange hy-
perons, spin and parity assignments are still needed for most known states.
For example, the = excitation spectrum is poorly known and the parity of the
E~ has never been measured [13]. In addition, for the Q, only theoretical
predictions for the spin and parity assignments exist [13]. One of the main
reasons why relatively little is known in the strange sector is because of the
production channels through which the hyperons have been analyzed. For ex-
ample, when the hyperons are created in pp collisions, several final states are
present, =~ KK p for the Z~ production which results in low reconstruction
efficiencies and makes it difficult parametrize the reaction. A partial wave
analysis is performed for determining the spin and parity and that is difficult
when not all final state particles are measured. Multistrange hyperons can also
be formed in collisions between a photon beam and proton target in the reac-
tion yp — E~KTK™. This final state is also quite difficult to reconstruct. In
e e production, the initial partial wave is well-defined, but instead, the small
cross-section for multistrange hyperons provide a challenge. Finally, multi-
strange hyperons can also be formed in the reaction K~ p — Z~ K. However,
in order to measure the entire reaction in this case, a detector with a large
geometrical acceptance is needed and this has currently not been used with
a K~ beam. The benefit of the pp reactions at PANDA is that the hyperons
will be created in pairs in the reaction pp — Y'Y without additional final state
particles. The reactions also have a large cross-section. Hyperon physics such
as hyperon production and hyperon spectroscopy will be possible at PANDA
already at the start setup with lower luminosity, referred to as Phase-1 (see
Section 4.7).

Hyperon decays will be studied later during Phase-2 and Phase-3. Here,
CP-violation in hyperon decays will be tested. As mentioned, this can be
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done by measuring asymmetry parameters in hyperon decays. If CP symme-
try holds, then the asymmetry parameter for the hyperon should be of equal
magnitude by opposite sign compared to that of the antihyperon, e.g. for the
A, o = — 0. The established world average value of & was previously mea-
sured to be 0.642+0.013 [13]. However, in a recent measurement by BESIII
the value was reported to be 0.750+£0.009+0.004 [42]. In a later measurement
by CLAS at JLAB it was found to be ov = 0.721 £0.006 & 0.005 [73] which
is compatible with the BESIII value. These new measurements have resulted
in anew world average and PANDA is in an excellent position for perform-
ing cross-checks of this measurements. In addition, PANDA will measure the
decay asymmetry parameters 3 and 7 for sequential hyperon decays.

4.3.3 Nucleon Structure

Structure observables provide input for tests of QCD and phenomenological
approaches in the confinement domain. The structure of hadrons is described
in terms of form factors and structure functions. At lower energies, the elec-
tromagnetic structure of a nucleon is conveniently described by electromag-
netic form factors (EMFFs) as functions of the momentum transfer squared,
qz. The EMFFs consist of the electric form factor (Gg) and the magnetic form
factor (Gyr). These can be accessed in processes involving hadrons and virtual
photons, by scattering of charged leptons. EMFFs are defined over the entire
g* complex plane and are referred to as space-like if g> < 0 and time-like if
g* > 0. Space-like EMFFs can be studied from elastic electron-hadron scatter-
ing, e.g. e p — e~ p, whereas time-like EMFFs can be studied from a range of
interactions depending on the region. For ¢ > 4mp, where mp is the mass of
a baryon (nucleon or hyperon), it is accessible in e" e~ — BB or BB — eTe™
reactions. At low energies, some baryons reveal their structure via Dalitz de-
cays. For a process Bl — B2 ete™, the region 4m, < q2 < (mpg; —mp) is
accessible. The reaction pp — eTe~ will be measured in order to calculate
the EMFF of the proton in the time-like region [74]. In addition, the process
pp — up~ will be measured in order to find the EMFF of the proton [75].
The feasibility for measuring the transition distribution amplitudes in the re-
action pp — J/y, J/y — ete” was also investigated in Ref. [76]. The study
of the Dalitz decays of hyperons is one of the flagships of PANDA @HADES
since the e~ and e reconstruction is excellent here.

4.3.4 Hadrons in Nuclei

Another topic of interest for PANDA is to study the properties of hadrons in
nuclear matter. For this, the antiproton beam will react with a nuclear target
which gives an opportunity to study how nuclear forces emerge from QCD.
For example, one can study the effects of the nuclear potential on hadron
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properties and the short-distance structure in the nuclear medium. Meson-
nucleon potentials will be explored. In addition, the masses and decay widths
of hadrons change when they are in a medium. Antiprotons provide a unique
probe for this since the production of heavy mesons and antibaryons are ac-
cessible at threshold at even small beam momentum. In addition, at larger
momentum transfer, two-body annihilation channels exist.

Understanding the nuclear potential is important for understanding e.g. neu-
tron stars [77]. Therefore, hypernuclei will be investigated within this pro-
gram [78, 79]. These are nuclei where one or more nucleons are replaced by a
hyperon or hyperons. This means that strangeness is introduced in the nucleus.
Hypernuclei with multi-strange hyperons can be created in the following way;
hyperons are created and re-scattered inside the primary target. The hyperon
is later stopped inside a secondary target and a hypernucleus is created. Then,
the hypernuclei can be studied via the y de-excitation using a germanium de-
tector which is planned for the hypernuclear program. It is also interesting to
compare hypernclei to conventional nuclei, a comparison that could shed light
on the origin of spin-orbit forces.

4.4 The PANDA Detector

The design of the full PANDA detector setup is illustrated in Figure 4.3. In
order to fulfil the requirements for the physics program, PANDA will cover
almost the full solid angle of 4. The antiprotons will impinge on a hydrogen
target or thin foils with heavier elements e.g. Ni. The hydrogen target will be
either a cluster jet during the first phases of PANDA or pellet target during
later phases.

The PANDA detector set-up is divided into a barrel part and a forward part.
The barrel part is referred to as the target spectrometer (TS) and will cover
polar angles of 22° < 0 <140°. The forward part, referred to as the forward
spectrometer (FS) will cover vertical and horizontal angles below £5° and
£10°, respectively.

The PANDA subdetectors are in general divided into three categories:
charged particle tracking, Particle IDentification (PID) and calorimetry. There
are three tracking detectors for charged particles in the TS. First, the Micro
Vertex Detector (MVD) is designed to detect secondary vertices close to the
interaction point. Second, the Straw Tube Tracker (STT) or the central tracker
will provide the major part of the information for the central tracking. Fi-
nally, the Gas Electron Multiplier (GEM) stations are placed to cover the gap
between the TS and FS at polar angles of 3° < 6 < 20°.

Precise time-stamps for PID and to improve the tracking will be provided
by the Barrel Time-of-Flight (Barrel ToF). It is optimized to give a good time
resolution, of < 100 ps, and can therefore be used to determine the time of
the interaction, fy, for a certain event. The energy of the particles in the TS
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will be measured by a barrel and forward endcap ElectroMagnetic Calorimeter
(EMC). A barrel Cherenkov detector based on the DIRC (Detection of Inter-
nally Reflected Cherenkov radiation) principle will be present in the TS. There
will also be a muon range system present. The different subdetectors as well
as the magnet system and target/beam-line system are covered in more detail
in the following subsections. In the FS, there will be a tracking system con-
sisting of six planes with straw tubes. There is also a Forward ToF detector
and a calorimeter. Finally, a RICH (Ring Imaging CHerenkov) detector will
also be present in the FS.

PANDA will be among a new generation of experiments to make use of a
fully software-based trigger. For this, track reconstruction, event-building and
PID will be used [80]. There are high demands on the processing speed of the
algorithms which have to run in quasi real-time at event rates around 20 MHz
which are expected at full luminosity at PANDA.

Barrel TOF & ' = i ’ N
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Figure 4.3. The PANDA detector with the barrel tracking detectors and ToF counters
marked.

4.4.1 Magnets

The momentum measurement for charged particles at PANDA is based on the
reconstruction in a magnetic field. Charged particles traversing a magnetic
field will be subjected to the Lorentz force, denoted F, proportional to the
particle velocity:

F =¢q(vxB), 4.1)

where ¢ is the charge of the particle, v is its velocity and B is the magnetic
field. Since the force is given by the cross product of v and B, its direction
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is always perpendicular to the direction of motion of the particle. Setting this
force equal to the centripetal force needed to keep the particle in a circular
motion, an expression for the curvature radius, r, can be obtained:

va my | y 2

lequB;»r:q—B_qB. 4.2)
The subscript | denotes the perpendicular component of the velocity and the
momentum, p, of the particle with respect to the magnetic field. From the
known direction of the magnetic field and the bending direction of the parti-
cle, the sign of the charge can be obtained. Together with the PID information,
i.e. the particle species and therefore the mass, the momentum can be calcu-
lated. For all this to be possible, an appropriate magnet system is needed.

There will be two spectrometer magnets at the PANDA detector: one super-
conducting solenoid coil, surrounding the interaction region with a magnetic
field up to 2 T parallel to the beam direction, and one dipole in the forward
direction a maximum field of 1 T. The dipole field will be adjusted according
to the beam momentum. The solenoid magnet will have an inner diameter of
1.9 m to leave place for the detectors and it will be split in order to leave place
for the target beam pipe. The magnets of PANDA are described in detail in
the technical design report [81].

4.4.2 Target System

PANDA will use an internal target [82]. During the Phase-1 and Phase-2, a
cluster jet target is planned whereas for Phase-3, a pellet target can also be
used. Both targets are capable of providing sufficient hydrogen densities at
the interaction point but they affect the beam quality and the interaction point
differently.

The cluster jet target is formed from the adiabatic expansion of a pre-cooled
gas. Depending on the type of gas, condensation and formation of nano-
particles i.e. clusters, can take place under appropriate conditions. The cluster
jet target has the advantage of being more homogeneous, meaning that a more
constant luminosity can be achieved. However, with the cluster jet target, the
interaction region is only known with precision transversally through the focal
size of the stored beam.

A challenge for the cluster-jet target is the large size of the jet. Another
challenge is the residual gas. This is a gas that is formed from the evaporation
of clusters in the vacuum and dissipates into the beam pipe. It has the effect
of distorting the vacuum conditions in the beam pipe such that the nominal
interaction point will get spread out. This has an impact on analyses involving
long-lived particles e.g. hyperons [83]. The effect of this is more pronounced
for the cluster jet target than for the pellet target.
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The pellet target consists of small, dense spheres of frozen hydrogen. This
target can be used in two operational modes: the untracked mode where pel-
lets are just dropped into the interaction region, and the tracked mode, where
the position of each single pellet is continuously tracked. One advantage of
the tracked pellet target is the possibility to determine the primary interaction
vertex very precisely. This provides a powerful constraint for the tracking of
particles originating from the interaction point. With the higher density of
the pellet target, a higher luminosity can be reached. The disadvantage is the
large fluctuations in the interaction rate, caused by the discrete character of the
pellet target that results in large variations in the thickness.

4.4.3 Central Tracking System

A sketch of the MVD, STT, and GEM planes can be seen in Figure 4.4. They
constitute the central tracking system. In the figure, the planned positions of
the detectors are displayed. The dark vertical line represents the target beam
pipe. The dark horizontal line represents the accelerator beam pipe which goes
in the longitudinal direction. Note that the figure is for illustration and is not
properly scaled. The measurements as given in Figure 4.4 and the polar angles
covered by the detectors are summarized in Table 4.1.
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Figure 4.4. Sketch of the layout of the MVD, STT and GEM stations. The barrel and
disc structure of the MVD is indicated in black lines within its outer contours. The
definition of the p¢ plane is also displayed.

Micro Vertex Detector

The subdetector closest to the interaction point is the Micro Vertex Detector
(MVD) [84, 85] illustrated in Figure 4.5. The MVD will consist of a barrel
part, surrounding the interaction point, and a series of disk layers in forward
direction along the beam pipe. The purpose of the MVD is to constrain the
origin of tracks from e.g. D-mesons or hyperons decaying close to the interac-
tion point. The MVD will cover a region up to 13.5 cm in the radial direction
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Table 4.1. Measurements and polar angle coverage of the TS tracking system and the
Barrel ToF.

Detector R [cm] z [cm] 0 [degrees]
MVD 0<R<135 —-20<z<19 3<0 <150
STT 15 <R <42 —40<z<100 10<6 <140
GEM Total R<94.5 z=117,153,189 3 <6<20
Barrel ToF R =50 —60<z<120 22<6<140

and 19.0 cm in the forward direction from the interaction point. The innermost
and outermost barrel layers are planned to be located at 2.5 cm and 13.5 cm
from the interaction point, respectively. The MVD cover polar angles between
3° and 150°.

The MVD utilizes semiconductors (for pixels as well as strips) for the par-
ticle detection. When a charged particle traverses the material, electron-hole
pairs are created due to the ionization by the charged particle. By applying
an electric field, the electrons drift towards the read-out electronics, and hence
3D information about the hit position is obtained. The barrel MVD will have
four layers: the two innermost layers with pixel detectors of cell size 100x 100
wm? but various length and width, and the two outermost layers with Double
Sided Silicon Strip Detectors (DSSD). The forward part will consist of six
disks with pixel sensors. The two most downstream disks along the beam pipe
will also be equipped with DSSD in the outermost parts. The DSSD will have
two different shapes: rectangular for the barrel part and trapezoidal for the
forward discs.

The vertex resolution of the MVD has previously been studied for D meson
decays in Ref. [86]. Using different vertexing tools available in the PANDA
software it was found that the resolution in x and y are fairly similar, in the
order of 50 um, whereas the z resolution is about 100 um. Furthermore, the
MVD offer PID information through energy loss (dE/dx) measurements

Straw Tube Tracker

The Straw Tube Tracker (STT) [88], shown in Figure 4.6, surrounds the MVD
and will constitute the major part of the central tracking system. The STT
covers a radial distance between 15.0 cm and 41.8 cm and has a straw length
of 140 cm along the beam pipe. The geometrical polar angle coverage is
10° < 6 < 140°.

The STT consists of single-channel read-out drift tubes made of aluminum
coated Mylar tubes with a diameter of 10 mm, and with a gold-plated tungsten-
rhenium anode wire in the center. The gas inside the tubes will be Argon-
based (90%) with carbon dioxide (10%) as a quench gas. About 4 200 drift
tubes are planned to be arranged in a closely packed hexagonal pattern as
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Figure 4.5. Cross-section of the Micro Vertex Detector with the barrel layers labeled
in blue and the forward disks labeled in red. Figure from Ref. [87].

illustrated in Figure 4.7. There will be up to 27 layers. Out of these, 15-19
will be layers of tubes arranged parallel to the beam (green in Figure 4.7) to
provide xy-reconstruction. In addition, eight (red and blue in Figure 4.7) layers
of skewed tubes will be arranged with a tilt angle of £3° for longitudinal
momentum reconstruction. The r¢-plane position resolution is 150 gum and
the longitudinal position resolution is 2-3 mm. Here, r refers to the radial
distance from the beam and ¢ to the azimuthal angle.

When a particle traverses a tube, the electrons excite atoms in the gas and
free electrons are created. Due to an applied electric field, the electrons start
travelling towards the anode wire and when getting very close, they start
knocking out more electrons, which in turn do the same, giving rise to an
avalanche effect. The time it takes for an electron to reach the wire is called
the drift-time. The electrons that are knocked out close to the tube wall have
the largest drift-time, which is about 250 ns. Due to the magnetic field from the
solenoid, the trajectories of the electrons will have the form of spirals, which
significantly affects the drift-time. An illustration of a high energy particle
traversing two tubes giving rise to free, low-energy electrons drift towards the
anode wires is given in Figure 4.8. In the lower tube, the point of closest ap-
proach is close to the wire and in the upper tube, the point of closest approach
is far from the anode wire. The time when the amplitude of the signal exceeds
a certain threshold value is measured and compared to either a start signal, 7o,
or to the time of the other tubes.

A circle centered in the anode wire and going through the particles point
of closest approach to the wire is called the isochrone and is shown in Figure
4.8. The isochrones provide valuable information for the tracking since their
radii give the distance between the passage of the high energy particle and the
tube wire. Using the isochrone information results in a position resolution in
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the r¢-plane of 150 um. The isochrone radius can be obtained from the start
of the pulse and a reference time, #.

Apart from track reconstruction, the STT will be used for PID by measuring
the energy loss (dE/dx) of protons, kaons and pions, especially in the particle
momentum region below 1 GeV/c. At higher energies, the difference between
the energy loss of different particle species become negligible and can there-
fore not be used to distinguish between different particle species.

Figure 4.6. Cut-away view of the Straw Tube Tracker. Figure from Ref. [87].

Gas Electron Multiplier Stations

PANDA also needs track reconstruction in the transition region between the
target and forward spectrometer. The Gas Electron Multiplier (GEM)* stations
are located in the forward direction of the beam pipe but are still considered
to be a part of the target spectrometer. Three stations located at 117 cm, 153
cm and 189 cm downstream of the interaction point are foreseen. The GEM
stations will have a diameter of 90 cm, 112 cm and 148 cm, respectively, and
cover polar angles between 3° and 20°. Each station will consist of double
planes. Since part of this region is neither covered by the STT nor the FTS, the
information from the GEM planes is crucial for the acceptance and momentum
resolution in this region.

The stations will contain gaseous micro-pattern detectors based on the de-
tection of electrons released from ionization, referred to as the gas-electron
multiplier technique. The electrons are guided by an electrical field through
tiny (~ 70 um diameter and ~ 140 pm pitch) holes. The electric field lines are
focused in the holes resulting in an amplification of the number of electrons

“https://panda.gsi.de/article/gem-tracker [Accessed: December-19-2021]
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Figure 4.7. Cross-section of the straw tube layout in the STT. The green circles rep-
resent the axial tubes while the red and blue circles represent the tilted tubes. Figure
from Ref. [88].

Figure 4.8. Sketch of a track (illustrated by the red line) traversing the STT. The gray
circles illustrate the isochrones, derived from the drift-time of the earliest arriving
electrons.

resulting in an electron avalanche. Typically, two or three of these foils are
placed consecutively® which will also be the case at PANDA.

Each station will have double-sided readout since it consist of two planes,
i.e. a signal is read out from each side of a station. A particle traversing both
the front and back of a plane will therefore give rise to two signals. As a

Shttp://web.archive.org/web/20141122124357/http://www-flc.desy.de/tpc/basicsgem.php [Ac-
cessed: December-19-2021]
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consequence, most reconstructed tracks will have an even number of GEM
hits. The few tracks with an odd number of GEM hits are the tracks which
hit only one side of a GEM plane due to deflection or from the particle being
stopped inside of the GEM station.

Forward
end cap
EMC

Central

tracker

-

Figure 4.9. The GEM stations with the beamline in the center. Station 2, 3 and 4 are
the ones currently planned. Figure from Ref. [87].

4.4.4 PID and Calorimetry

Apart from the central tracking system, the TS consist of subdetectors whose
purpose is to perform PID and calorimetry.

Time-of-Flight Detector

The most specialized way to obtain a time reference for the tracks is to utilize a
detector with good time resolution. For this purpose, the Barrel Time-of-Flight
(ToF) detector [89] will be placed surrounding the STT at a radial distance of
roughly 50 cm from the beam pipe. The detector will cover angles between
22.5° and 140° and it will contain scintillator tiles of size of §7.0x29.4x5.0
mm?. There will be in total 1 920 tiles in the barrel part.

The detection is based on scintillating light. The tiles are made of a scin-
tillating material which emits light when atoms, excited by incoming parti-
cles, de-excite. The scintillating material is transparent to wavelengths in the
range of the emitted light, which means that the low-energy photons can move
freely in the material. At the endpoints of the tile, the photons hit a pho-
tocathode releasing electrons. The number of electrons are multiplied in a
photomultiplier-tube to amplify the signal. Optimization studies has shown
that a time-resolution of at least 100 ps is needed [89] to achieve a sufficient
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n/K separation. For particle hits located at the center of the tile, a time reso-
lution of 55.5 ps has been achieved [90]. The scintillating material will be BC
408.

A sketch of the ToF detectors can be seen in Figure 4.10. Both the Barrel
and Forward ToF are relative Time-of-Flight counters, i.e. they give a time sig-
nal which can be used as reference but no absolute difference in timing since
there is no start timing detector. The ToF detectors are therefore mainly used
for PID. This is done in the following way: first, the momentum p, and the
track length /, for a given particle is obtained by the central tracking detec-
tors. Second, the Time-of-Flight #;, will be calculated for all possible mass
hypotheses m; using the expression

2
n=Ix M4, (4.3)
p

The Time-of-Flight can then be compared to the one measured in the Bar-
rel ToF to determine which hypothesis is the correct one. For each event, a
normalized Gaussian is created, centered at the expected Time-of-Flight for
a given particle hypothesis. The probability density function is derived from
the Gaussian and it is evaluated at the measured Time-of-Flight. Finally, the
PID probability is obtained for each particle hypothesis by normalizing these
probability density functions such that the sum of all probability density func-
tions is one [91]. This method for distinguishing particles is most powerful for
particle momenta below 0.7 GeV/c since the speed of different particle species
above this momentum will be too similar for the detector to resolve.

Figure 4.10. Sketch of the TS (barrel shaped) and FS (wall to the right in the picture)
ToF detectors of PANDA. Figure from Ref. [87].

Electromagnetic Calorimeter

For the energy measurement of photons, electrons and hadrons, the Electro-
magnetic Calorimeter (EMC) will be placed outside the tracking detectors. It
is designed to measure energies form a few MeV up to several GeV. The EMC
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in the target spectrometer [92] will consist of a barrel part as well as a forward
and backward endcap. In total, the central EMC will consist of approximately
15,740 fast scintillating lead-tungstate (PbWQ,) crystals. A CAD drawing of
the barrel and forward endcap EMC is displayed in Figure 4.11.

Figure 4.11. CAD drawing of the barrel and forward endcap of the EMC. Figure from
Ref. [92].

Detection of Internally Reflected Cherenkov radiation

The PID of high energy particles in the target spectrometer will be performed
from the a barrel and endcap disk DIRC based on the Detection of Internally
Reflected Cherenkov (DIRC) radiation principle. It will be placed outside of
the EMC.

The DIRC principle is the following: when a particle travels through a
medium with a velocity greater than the speed of light in that medium, elec-
tromagnetic shock waves in the form of Cherenkov light are emitted. The
emission angle of the Cherenkov photons with respect to the particle, as well
as the number of emitted photons, depends on the velocity of the particle.
When this information is combined with the momentum from the track recon-
struction, the mass and thus the identity of the particle can be obtained with a
certain likelihood. A sketch of the barrel and endcap disk DIRC can be seen
in Figure 4.12. For more information on the barrel DIRC, see the TDR [93].

Muon Detection System

The identification of muons in the TS will be achieved by the muon range
system [94]. It utilizes alternating layers of iron and rectangular Mini Drift
Tubes (MDT) consisting of aluminum drift tubes with gold-plated tungsten
anode wires. The purpose of the iron is to absorb other particles, such as
pions, so that only muons give signals in this detector. The muon detection
system in the TS will consist of two parts: a barrel part and a forward endcap.
The barrel part will consist of 2 133 MDTs and the forward endcap of 618.
In addition, there will be a removable muon filter that can be placed between
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Barrel DIRC Endcap Disc DIRC

Figure 4.12. Sketch of the barrel and endcap disk DIRC. Figure adapted from
Ref. [87].

the TS solenoid magnet and FS dipole magnet. This filter will consist of 424
MDTs and serves two purposes: to increase the depth of the absorber and
to serve as magnetic screen between the magnets. The barrel part will be
implemented in the solenoid magnet yoke by integrating the MDTs there and
the yoke act as the absorber.

4.4.5 Forward Spectrometer Detectors

The FS will consist of detectors designed to perform charged particle tracking,
PID and calorimetry. The principles are quite similar to those of the detectors
in the TS but with some differences.

Forward Tracking Stations

In order to detect forward going particles missing the target spectrometer, three
planar forward tracker stations are contained in the forward spectrometer: one
pair of stations before the dipole magnet (FT1 and FT2), one pair inside the
dipole magnet (FT3 and FT4) and one pair after the dipole magnet (FT5 and
FT6). The positions of the tracking stations will be 295.4 cm, 327.4 cm, 394.5
cm, 438.5 cm, 607.5 cm and 647.0 cm downstream the target in z-direction.
Each of the tracking stations will consist of four double-layers: the two out-
ermost double-layers will comprise vertical straws and the two intermediate
double-layers of straws inclined by +5°. The angular acceptance of the FT is
between +10° and —10° horizontally and +-5° and —5° vertically with respect
to the beam direction.

The design and detection concept of the forward tracker is similar to that of
the STT in the target spectrometer with 10 mm diameter straw tube detectors.
The detection planes will be built on separate modules each consisting of 32
tubes in two layers. Each module will have its own pre-amplifier discriminator
card, high voltage supply and gas supply. The advantage is that one module
can be mounted or dismounted independent of the other modules.
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Forward Spectrometer Time-of-Flight Detector

A Forward Time-of-Flight wall, shown in Figure 4.10, is being developed
based on the same principles as the Barrel ToF. It will be located 7.5 m down-
stream the interaction point and have a width of 5.6 m with 66 plates with a
length of 1.4 m. The width of the plates will differ: the 20 innermost closest
to the beamline will have a width of 10 cm and the outermost plates will have
a width of 10 cm. This is to account for the higher expected particle flux close
to the beam line. Just like the Barrel ToF, the forward TOF will be made from
BC 408.

Forward Spectrometer Electromagnetic Calorimeter

The forward calorimeter will be a shashlyk type and consist of of 1,512 mod-
ules with alternating layers of lead sheets and organic scintillator tiles. The
shashlyk design will be able to cope with the high momentum particles ex-
pected in the forward spectrometer. The forward EMC will be located 7.8 m
downstream with a width of 3.6 m and a height of 2.2 m. This means it will
cover polar angles of < 10° horizontally and < 5° vertically. It will mainly
measure the energies of photons and electrons.

Ring Imaging Cherenkov Detector

In the forward spectrometer, an Aerogel Cherenkov Counter (RICH) will be
used for PID®. The principle used by this detector to perform a separation
between 7 and K will be similar as that of the DIRC.

Muon Detection System

The forward muon range system will be placed furthermost downstream from
the target at approximately 9 m. Just like the barrel muon system it will consist
of alternating layers of aluminum drift tubes and iron absorbers.

Luminosity Detector

A precise measurement of the beam luminosity is essential, in particular for
the energy scan experiments. Therefore, a luminosity detector [95] will be
placed downstream the beamline, at around 11 m from the target. The actual
luminosity monitoring will be performed by measuring elastically scattered
antiprotons. The angle of elastically scattered particles is well defined at small
angles since the Coulomb effect dominates here. Therefore, by measuring the
scattered antiprotons at a certain angle, the full luminosity of the beam can be
inferred. The luminosity detector will consist of four tracking planes made of
pixel sensors and is designed to measure scattered antiprotons at 3 mrad to 8
mrad.

Ohttps://panda.gsi.de/article/rich-detector [Accessed: December-19-2021]
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4.5 PANDA Computing Architecture

A sketch of the PANDA computing scheme is shown in Figure 4.13. The
data are read out from the detector front-end electronics (FEE), which is syn-
chronized using the custom system SODANet [96]. As the data are read out
from the FEE, they are buffered on data concentrators. This is needed since
not all detectors are read out equally fast. In the data concentrators, the data
are grouped according to their time stamps and passed on to compute nodes
where tasks on subsets of data can be performed. For example, EMC clus-
ters can be matched or tracks can be computed. Following this step, the data
are transferred to the compute farm for the event selection. This is where the
event-building takes place and the software trigger makes the decisions about
which data to be stored for further analysis in the mass storage.

Clock distribution
and synchronization
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Concentrators/buffers ’

.. |
Compute Nodes ‘ \

Clock ——

Configurable high speed l:ll:“:":I

network

High speed network

| |
; r_ Storage
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Figure 4.13. Sketch of the planned PANDA computing setup. Figure made from
information from [96, 97] and figure from [97].

4.5.1 Software Trigger

The luminosity of contemporary and future experimental facilities is continu-
ously increasing. This, in combination with the often very similar signatures
of physically interesting events and background, require higher precision in
the online reconstruction at the experiments in order to reduce the data to be
stored to a manageable size. A common approach to choose what data to save
in particle physics experiments is to utilize advanced trigger systems divided
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into several levels. The first level is typically a hardware trigger sorting the de-
tector hits into events. At a higher level, the data rates are further reduced by
a software-based event filter utilizing e.g. tracking or Particle IDentification
(PID) information. One distinguishes between processing of already stored
data, i.e. offline processing, and processing of data as it is read out from the
detector, i.e. online processing.

The foreseen PANDA trigger system, visualized in Figure 4.14 and de-
scribed in detail in Ref. [80], will handle this challenge by being fully
software-based. The maximum event rate at PANDA is expected to be 20
MHz at full luminosity. This corresponds to a raw data rate of 200 Gb/s when
taking into consideration the average event size. The data are sorted accord-
ing to time where the time-stamps are synchronized using the SODANet. The
data are passed on to the trigger system along with trigger lines containing
the signatures of the physics channels of interest for the run. One trigger line
that corresponds to a certain physical process consist of several steps. The
first step is to compute quantities characterizing the event, e.g. the number of
charged tracks (particles). Secondly, composite signal candidates are formed
by combining charged and neutral candidates and taking into account PID
information. In the third step, quantities related to the candidate, such as in-
variant mass or transverse momentum, are computed. These are utilized to
apply a rough pre-selection, which is performed in the fourth step. Finally, in
the fifth step, signal candidates fulfilling the requirements for the trigger line
are accepted.

Within the trigger system itself, the online algorithms will operate on server
nodes without permanent storage. The system is planned to primarily run
on Field Programmable Gate Arrays (FPGAs), e.g. as described in Ref. [98].
Graphics Processing Units (GPUs) are also planned to be used due to their
inherent capabilities of parallel processing of data, which makes them com-
parably faster than Central Processing Units (CPUs). Even though GPUs and
FPGAs have slower clock speed as compared to CPUs, some operations are
faster on this architecture due to their high level of parallelizability.

The online trigger system will perform a fast particle reconstruction, where
the tracks of charged particles, their PID as well as neutral clusters are in-
volved. One difference between this online reconstruction and the offline re-
construction is that in the latter, the tracks will be refined using a Kalman
filter that takes effects such as energy loss into account [99]. Tracking, PID
and neutral particle reconstruction are together referred to as the full online
reconstruction. This process will work together with the event-building which
makes up the basis for the trigger decisions [80]. By comparing the informa-
tion from the event-building with the trigger lines (corresponding to signatures
defining physics channels), a final decision is made of what data to store for
offline reconstruction and analysis. The required reduction factor from the en-
tire trigger stem is around 1 000 resulting in a maximum event rate of 20 kHz
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being passed to the permanent storage. In terms of data flow, this corresponds
to approximately 200 kB/s.

Raw Data/Simulation Physics Channels
(Trigger lines)
Event rate: 2:107 Events/s —
Datarate: 200 B/s @

Online Trigger System (FPGA, GPU, CPU)

. Online event reconstruction
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Figure 4.14. Sketch of the foreseen online trigger system of PANDA. Figure adapted
from Ref. [80].

4.6 Free-streaming Data at PANDA

This section describes the software and data storage system at PANDA. Data
will be processed in bunches of 2 000 ns including a 400 ns gap in the data
stream. The grouping of data for the processing can be done in several ways
as described in Section 4.6.4, either by a static time interval of a certain length
or by a more dynamic approach where a gap in the data stream is searched
for and where the cut can be placed. These bunches of data are referred to as
bursts. Within one burst, there is no prior knowledge of which event a detector
hit belongs to. If the data are not pre-sorted into events, as will be the case at
PANDA, the detector hits will be processed in a time-based way, which means
that hits from different events might mix within a detector. A comparison
between the two cases can be seen in Figure 4.15. The mean number of events
occurring within one such 2 000 ns bunch is 32 at 20.0 MHz interaction rate
while 3.2 events at 2.0 MHz interaction rate for a quasi-continuous beam. The
mean time between two consecutive events at 2.0 MHz can be seen in Figure
4.16.

A comparison between these two cases of 2 MHz and 20 MHz interaction
rate, for the time distribution of STT hits, is presented in Figure 4.17. The
interaction rate is Poisson distributed, with a mean time between the events of
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Figure 4.15. Event-based hit structure compared to the time-based hit structure with
event-mixing. The different colors of the lines correspond to hits from different events.
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Figure 4.16. Time between the start of two consecutive events at 2.0 MHz interaction
rate. Many events occur closer to each other in time than the mean time between the
events, 500 ns.

500 ns and 50 ns, respectively. The effects from one event remain for roughly
250 ns in the STT due to the drift-time of the electrons in the straw tubes.
As shown in Figure 4.18, at the lower interaction rate, events do not overlap
significantly since the mean time between the events is larger than the time an
event stays in the STT. As a result, the hit occupancy is quite low. However,
at the higher interaction rate, the events and tracks overlap since the mean
time between the events is now shorter than the time the events linger in the
detector. In detectors with better time resolution such as the MVD or Barrel
ToF, there is less risk of events mixing in the detector.
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Figure 4.17. Event structure in the STT at 2 MHz with a mean time between events of
500 ns, left panel, and 20 MHz with a mean time between events of 50 ns, right panel.

Figure 4.18. Event structure in the STT with one event (left) corresponding to the
event-based case and 40 events (right) corresponding roughly to the average event-
mixing at 20 MHz interaction rate.

4.6.1 Software

The PandaRoot [100] software is the official software for the PANDA exper-
iment. It is currently under development and contains experiment specific
features such as detector descriptions, PID algorithms, track reconstruction al-
gorithms as well as analysis tools. PandaRoot is based ROOT [101] developed
at CERN for data analysis. PandaRoot is an extension of the FairRoot [102]
framework which contains features common for most FAIR experiments. It
contains e.g. an input output manager, run manager and database handling.

4.6.2 Simulation Chain

The simulation chain in PandaRoot (Figure 4.19) consist of five main stages.
The first is the simulation stage where all particles are generated and trans-
ported through the detector. The second is the digitization stage where the
realistic detector response with space and time resolutions are created. This
is followed by the third stage which is the reconstruction stage where track
reconstruction algorithms are applied to the hit output from the detectors. The
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fourth stage is the PID stage where PID probabilities are calculated from rele-
vant PID detectors and combined into a global PID probability. Finally comes
the analysis stage where the signal is separated from background and relevant
observables obtained. These stages are described in more detail here below:
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1. Simulation

The simulation stage consists of two main steps: particle generation and
particle transport including the interaction with the detector. The Dual
Parton Model (DPM) generator [103], or the Fritiof (FTF) [104, 105]
model can be used to simulate the background from pp annihilations.
For single tracks, the box generator can be used. This is mainly useful
for detector or software studies since the user can control the particle
type as well as the position and angle of emission. Finally, EvtGen [106]
is used for specific event channels. EvtGen uses a default decay table
with known branching ratios and cross-sections, but the user can also
choose to generate specific decay channels. The output from this stage
are the four-momentum vectors and the vertex positions from the final
state particles.

The GEANT3/GEANT4 [107] transport code is used to propagate the
generated particles through the detector and to simulate the interaction
with the detector material. The output of the simulation stage are MC
points, MC tracks and energy losses. These all have infinite resolution.

. Digitization

In the digitization stage, the signal of each subdetector is modelled in a
realistic way. This means that the energy loss is converted to the elec-
tronic pulses and the MC points are converted to MC hits that corre-
sponds to the detector hit resolution. Thus, they describe the finite spatial
and temporal resolution. The output from the digitization stage mimics
the actual detector response with hits containing spatial information with
time-stamps.

. Reconstruction

The reconstruction consists of two main steps. The first step is to group
digitized hits together into clusters. This stage is called track finding or
pattern recognition. The object available after this stage is called a track
candidate and consists of a collection of hits. The PandaRoot data object
containing the track finding information is the PndTrackCand.

In the second step, a track is fitted to the clustered hits. The track pa-
rameters such as momentum are estimated through various mathemati-
cal models. The classical Kalman filter [99] is one such offline algorithm
that is used for refining the momentum estimation. The PandaRoot data
object PndTrack contains the fitted track parameters i.e. the momen-
tum, charge and position at the first and last hit of the track. In the track
reconstruction stage, there exists algorithms suitable for online recon-



struction as well as offline. The offline algorithms can be used to refine
the momentum reconstruction of the online algorithms.

. Particle Identification

The particle identification is divided into a local part and a global part.
Local PID is carried out separately and with different algorithms in each
PID subdetector (and some tracking detectors). In each subdetector, PID
probabilities for different mass hypotheses are assigned to the particle
candidates: e, 4=, ", K™ and p™. The methods used by the dedicated
PID detectors are:

* The detection of Cherenkov light is used by the DIRC and RICH.
The separation power is the largest in the particle momentum region
above 1 GeV/c.

* The Time-of-Flight is used by the Barrel and Forward ToF counters.
The separation power is the largest in the momentum region below
~ 1 GeV/e.

* The method of energy loss is used by the MVD and STT. These
are tracking detectors but they still have limited PID capabilities by
the measurement of the energy loss, dE/dx, of tracks traversing the
detectors. These detectors can contribute to the proton, kaon and
pion separation for particles with momentum below 1 GeV/c.

A global PID probability can then be calculated by combining the local
PID probabilities.

. Analysis

In the analysis stage, the first main objective is to separate signal from
background. This is referred to as event selection. Particle candidates
with certain PID probabilities are combined into events. Fits using kine-
matic and geometrical constraints are used for refining the event selec-
tion and reducing the combinatorics. Criteria for different variables such
as energy or transverse momentum is also a valuable tool.

After achieving a clean sample of well-reconstructed events, the param-
eter estimation can be performed. This is where the physics parameters,
e.g. decay parameters or spin observables, are extracted.

4.6.3 Data Object Hierarchy

PandaRoot storage follows the ROOT storage system with TTrees as depicted
in Figure 4.20. Variables are stored in branches where one branch corre-
sponds to one variable e.g. tracks, hits, momentum or position of measure-
ments. Within one branch, there is a sub-structure composed of entries. In
the event-based simulation one entry corresponds to one event. When run-
ning algorithms in PandaRoot, all data from one entry are generally retrieved
simultaneously. This means that all MC tracks, hits and reconstructed tracks
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Figure 4.19. Illustration of the main levels of PandaRoot with the data storage levels
indicated.

from one event are available simultaneously in the event-based simulation.
The numbering of the events are the same between branches, meaning that
e.g. entry number two corresponds to event number two in each branch. In the
time-based simulation, this might also be the case, but not necessarily. At the
simulation stage, the entry number still corresponds to the event number, but
from the digitization stage and onwards, one entry corresponds to the number
of the data bunch and it does not distinguish between two events within one
bunch.

There is one last sub-structure to the storage system; within each entry, the
different data are organized using indices. Indices can be used in e.g. track
reconstruction algorithms to perform MC truth matching. MC truth matching
is the process of matching an object further down in the simulation chain to one
in the simulation stage. In the IdealTrackFinder (see Section 6.1.1), the index
of a track is set to the index of the MC track which gave rise to the majority of
the hits in the track. This means that when applying MC truth matching at a
later stage, the indices can be used in a straightforward way. This is however
only true in the event-based simulation when one entry corresponds to one
event and all data from one event from all stages are available simultaneously.

The aforementioned approach has profound consequences for the tracking
quality assurance. When performing MC truth matching in the event-based
case, it is sufficient to match indices with each other. The data are already
organized in such a way that all data present in one execution of the algorithm
belong to the same event.

The time-based simulation is a bit more complicated. The simulation stage
is always the same as in the event-based case where Monte-Carlo tracks and
points are created and placed in their corresponding entry positions. After this
however, the hits in the digitization stage are re-sorted time-wise instead of
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Figure 4.20. Tlustration of the ROOT tree structure for organizing and storing data.
The tree, or TTree, can be the same as the file and is holding the data from one run.
One branch corresponds to one type of object, e.g. a track or a hit. In the event-
based data structure, one entry corresponds to one event. The indices within one entry
holds the different objects in one event. In this example there are three branches,
each holding three entries which all contain two objects with corresponding indices.
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Figure 4.21. Tllustration of the relation between the objects in the different levels
and the data flow in the event-based and time-based simulation. Figure adapted from
Ref. [80].

entry-wise. The track reconstruction is performed subsequently. It is therefore
not certain that a reconstructed track will end up with the same entry as the
MC track. This means that the indices alone cannot be used for the Monte-
Carlo truth matching in this case. Another profound consequence of this is that
data, e.g. hits, related to one specific object, e.g. a track, might not be retrieved
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simultaneously by the tracking quality assurance. One therefore needs a dif-
ferent way to access the data. A comparison between the data storage in the
event-based and time-based simulation is shown in Figure 4.21. In the event-
based simulation, the data is synchronous all the way from the simulation level
to the analysis level. This is not the case in the time-based simulation where
data is asynchronous with the simulation level already at the digitization level.
For time-based data, reading the data and Monte-Carlo truth matching is done
using a linking system comprised of FairLinks.

FairLinks

FairLinks are sets of indices that uniquely identify where an object is stored.
Therefore, they contain all the information needed for accessing the object for
which they were created. In order to connect data from two or more different
levels of PandaRoot depicted Figure 4.19, the FairLinks are used. An illustra-
tion of FairLinks is shown in Figure 4.22. The figure shows the FairLinks as
black arrows, pointing from one data object to another one. The numbers in
the figure refers to the index.

A FairLink contains the full information about how the object is stored in
the ROOT file, as illustrated in Figure 4.23. The first to the fourth entry in
the FairLink gives the file, entry and type which is a unique specifier for each
branch as well as the index. In addition, a weight is given, showing how many
times the FairLink was used to create different objects. The weight of the
FairLink pointing from a Track object to a MC Track object should be the
same as the number of hits from the MC Track that was used to create the
track.

The FairRootManager, the run manager of FairRoot, provides functions for
retrieving the data object to which a FairLink points. This only works in one
direction, i.e. backwards in the simulation chain, as depicted by the direction
of the arrows in Figure 4.22. The reason for this is that the data are not modi-
fied after they have been written, hence no FairLink is assigned to an already
existing object. The FairLinks of an object can therefore only point to an al-
ready saved data object. In order to use the FairLinks for cross-referencing in
both directions, associative containers (e.g. maps from the C++ STL) between
objects or FairLinks and objects can be created using the FairLinks.

4.6.4 Reading the hit data

During execution of the track reconstruction, the hit data are retrieved event
by event. One way to override this is to use a method called GetData which
is used to read back the data in a time-based way. There are different ways
to read back the data, controlled by different functors. A functor is a class,
a function object, that acts as a function but since they are objects they can
contain a state. One such functor is the StopTimeFunctor that takes a stop
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Figure 4.23. Illustration of one FairLink with the storage information encoded in it.

time as input each time it is called. In one run, it retrieves all data between
time zero and the given stop time. In the same run, if the StopTimeFunctor
is called a second time but with a different stop time, it will again retrieve
the data between time zero and the new stop time. However, in this case it
will omit any data which have previously been read in. In this way one can
build up time bunches of data. A visualization of how the StopTimeFunctor
works can be seen in Figure 4.24. The intervals are of constant length and data
which have been retrieved once cannot be retrieved again and placed in a new
interval. This functor does not take into consideration any gaps in the detector
data stream.

Another possibility is to use the TimeGapFunctor, depicted in Figure 4.25.
This functor returns all data until a gap of a given length is found. For this, it
needs the length of the gap interval. The default length is different for different
subdetectors taking into account the response time. For the STT it is 250 ns,
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for the MVD pixels 20 ns, and for the MVD strip hits it is 10 ns. The hit data
are represented by the dark lines within the light blue region. One interval for
retrieving data starts when a hit occurs. Time gaps of the data is searched for.
When a gap of a certain length is found, the current interval is interrupted and
a new interval of reading in data is initiated after the gap.

Time
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— — __\r_ - —
Interval 1 Interval 2 Interval 3

Figure 4.24. Visualization of the StopTimeFunctor. The blue area represent hit data.
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Figure 4.25. Visualization of the TimeGapFunctor. The light blue area represent hit
data points and the dark blue bars represent single hit data.

4.7 Phases of PANDA

In order to utilize detectors that are finalized earlier than other detectors, the
experiment will be constructed in stages. With the reduced setup, e.g. the
MVD strip layer will be available but not the pixel layer. During the first
stages before the full detector setup is available, the physics focus will be on
reactions with large cross-sections and large signal-to-background ratio. In
addition, a relatively small number of final state particles will be required.
The different phases of PANDA, defined by the available luminosity of the
antiproton beam and the staging of the detector setup, are:

Phase-0: physics is performed with PANDA subdetectors installed at other
experiments

Phase-C: The installation, or comissioning, phase of detectors is performed
using a proton beam at the HESR

Day-1: reduced luminosity (~ 103! cm™2s~1), reduced set-up, short period of
data collection

Phase-1: reduced luminosity (~ 10*' cm=2s™1), reduced set-up, long period
of data collection
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Phase-2: reduced luminosity (~ 2 - 103! em=2571), full set-up
Phase-3: high luminosity (2-10°? cm2s™1), full set-up

Phase-0 was initiated in 2018. The Phase-0 program has two main pur-
poses, first, to test detector systems for PANDA that have been finalized and
second, to enhance the scope and discovery potential of existing experiments
by extending the acceptance or by improving the energy resolution. For exam-
ple, two forward trackers of PANDA have been installed at the GSI experiment
HADES [108] and parts of the PANDA calorimeter are being used for experi-
ments with A1 at MAMI [109]. One major part of the FAIR Phase-0 program
is the hyperon physics program at HADES which will be discussed in the next
chapter.
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5. The HADES Experiment

The High Acceptance Di-Electron Spectrometer (HADES) is a magnetic spec-
trometer that is in operation since 2001. The spectrometer, illustrated in Figure
5.1, is designed as a fixed target experiment connected to the heavy-ion syn-
chrotron SIS18 at GSIL.

HADES has a long and successful history exploring heavy-ion physics. The
main goal is to explore the hadronic matter at high densities and low tempera-
tures using heavy-ion reactions. The experimental program also comprises TA
or AA reactions to provide a reference for in-medium effects and to explore
specific processes, such as the baryon Dalitz decays B| — BoY* — ByeTe™. A
proton, pion or heavy-ion beam can be used together with an extended target
that can consist of protons or heavier nuclei such as Nb, Ag or Au. The de-
tector is specifically designed to study hadronic matter and in-medium modifi-
cations to light vector mesons by measuring the decays of vector mesons into
the e™e™ channel. As the name HADES suggests, the detector is optimized
to reconstruct e e~ pairs, often referred to as “dielectrons”. The advantage
of dileptons and in particular dielectrons is that they do not interact strongly
and therefore constitute an excellent probe for the medium that is created in a
heavy-ion collision. A recent highlight includes e.g. the observation of excess
radiation from baryon-rich matter [110].

5.1 Hyperon Physics with a Proton Beam

Because of the excellent dilepton reconstruction performance and hadron de-
tection, HADES is in a good position to study the electromagnetic structure of
hyperons. HADES is designed to reconstruct dileptons pairs with a e™ e~ mass
resolution of AM/M = 1-2% in the intermediate mass range roughly 600-700
MeV/c?), and capability to measure charged hadrons. It is therefore well suited
to reconstruct inclusive (e*e™) and exclusive (e"e~ + final-state hadrons) re-
actions like rare Dalitz decays, e.g. ¥ — ¥*A, A — T~ pe™ e~ . From the Dalitz
decays, the transition form factors of the hyperon can be measured. The scale
is set by the momentum transfer of the virtual photon/dielectron ¢>. The low ¢°
region is particularly interesting since it is directly connected to the space-like
region [111, 112]. The only Dalitz decay that have been measured by HADES
is currently that of the spin 3/2 non-strange A(1232) resonance [113]. For hy-
perons, no measurements exist except for data from the weak Dalitz decay of
the Z° hyperon [114]. The measurements of the hyperon Dalitz decays will
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therefore be pioneering in this field. At HADES, there are also plans to investi-
gate radiative decays of hyperons. Already in the 1980’s, it was proposed that
measuring the radiative decay widths of hyperons could help to distinguish
between various models of these particles e.g. quark, bag and solition mod-
els [115]. However, the data bank has not been extensively expanded although
some measurements exist [116, 117]. Therefore, HADES is expected to be
able to contribute in this area and the electromagnetic decays of hyperons is a
big part of the program [43]. The decays of both £*(1385) and A(1520) to the
channels Ae™e™ and Ay will also be measured at HADES. The radiative de-
cays are generally expected to have a larger branching fraction than the Dalitz
decays, and the studies of these decays constitutes an important milestone for
Dalitz studies.

In addition, HADES will be able to expand the data bank for multistrange
hyperons in the energy range accessible by HADES. As mentioned in Sec-
tion 3.4, this data bank is very scarce. Hyperon resonances are important for
understanding both QCD thermodynamics, freeze-out in heavy-ion collisions
and finally on the evolution on the early universe [118, 119]. HADES has
e.g. observed an enhancement of E hyperons in Ar+KCl reactions at 1.75 GeV
by a factor of 10-100 larger than that predicted by theoretical models [120]. In
addition, a similar enhancement of £~ has also been observed later in p+Nb
systems [121]. Furthermore, HADES measurements will be able to provide
input for the CBM measurements of heavy-ion collisions to investigate the
expected strangeness enhancement in heavy-ion collisions.

HADES also enables the study of multi-strange hyperons close to threshold
where correlation functions can be studied. An example that is important to
measure is the production of higher mass resonances that decay into EKK
with a significant branching ratio. This could explain the observed excess of
produced E hyperons in the aforementioned heavy-ion reactions [122].

Within the double strangeness program, the production of two A hyperons
in pp — AAKTK™ will be studied. This enables the study of A-A correla-
tion functions as part of the general baryon correlation function studies where
e.g. correlation functions for p-p and p-A are also studied. These correla-
tion functions are important for understanding the hyperon-hyperon interac-
tion that is not currently well-known as well as understanding the A-A hyper-
nuclei, the £~ production mechanism and the neutron star core [123]. These
measurements in pp-collisions will complement the upcoming measurements
in pp-collsions at PANDA where e.g. the production of AA, ZZ~ and QT Q™
in pairs will be studied.

5.2 SIS18

The beam at HADES is provided by SIS18 (Schwerlonen Synchrotron, rigid-
ity of 18 Tm), a heavy-ion synchrotron at GSI. It has a circumference of 216 m
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Figure 5.1. Cross section of the HADES detector, roughly to scale, with the beam
coming in from the left. Note that the TOFINO was present during the 2007 data
taking instead of the RPC. The start detector was also not in use.

and accelerates ions that are pre-accelerated and injected from the UNILAC.
Examples of such ions are U, the heaviest ion accelerated by SIS18, and Ne.
It has also for example delivered beams of deutrons, C, Ar, Au, and Ag for
HADES. The synchrotron can also accelerate protons up to 4.5 GeV beam en-
ergy. HADES will be taking data with this beam energy for the first time in
2022 with the upgraded FAIR Phase-0 setup. Later the SIS18 will also be part
of FAIR and inject the beam further into the SIS100.

5.3 The HADES Spectrometer

The design of the HADES spectrometer is governed by the physics require-
ments of excellent electron and positron identification. It also has very good
capacities for hadron reconstruction, which is particularly helpful for the
study of baryon decays. The subdetectors of HADES are capable of track-
ing with momentum reconstruction and charged particle identification. In the
HADES spectrometer, the polar angle, 6, is defined with respect to the beam,
where theta 8 = 0° is in the same direction as the beam and 6 = 180° is in
the opposite direction. The lab polar angle coverage of the spectrometer is
18° < 6 < 86°. The azimuthal angle, ¢, is defined in the plane perpendicular

68



Tofino/Shower

Figure 5.2. Sketch of the HADES spectrometer with the 2007 setup.

to the beam line in the interval —180° < ¢ < 180°. The acceptance is 90% in
the azimuthal angle and there are some small gaps between the sectors which
limits the acceptance. The HADES detector is divided into six sectors in the
azimuthal plane. These sectors are clearly visible in Figure 5.2.

In the following, mainly the setup for the 2007 data taking will be de-
scribed. We focus on this setup since these data are used in the analysis in
this thesis. In addition, the current upgrade within FAIR Phase-0 is explained
since the analysis tools that have been developed will be used during this data
taking campaign. HADES consists of subdetectors for PID, track reconstruc-
tion and, thanks to a recent upgrade, also calorimetry. The PID detectors at
HADES consist of a Ring Imaging CHerenkov (RICH) detector that detects
Cherenkov light as well as a set of Time-of-Flight detectors: the Time-Of-
Flight (TOF), TOFINO (currently Resistive Plate Chambers (RPC)). In addi-
tion, a Pre-Shower detector contributes to the PID. The tracking detector is a
Mini Drift Chamber (MDC). A start-veto detector system is also used during
some data taking campaigns. During the 2007 data taking, a Forward Wall
(FW) was present for increased acceptance.

Recently, an Electromagnetic CALorimeter (ECAL) was installed. An up-
grade of the HADES detector is also currently ongoing that aims to increase
the acceptance at smaller polar angles which is needed e.g. for the FAIR Phase-
0 program. For example, forward tracking planes based on PANDA design
has been installed. Since hyperons produced in pp reactions move in the for-
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ward direction at small angles with respect to the beam line, this upgrade is
very beneficial for detecting their decay products. In addition, upgrades to the
RICH and DAQ system are ongoing. A photo of the detector from a proton
beam test run in 2021 is shown in Figure 5.3.

In the future, the HADES spectrometer is planned to be moved to the CBM
cave in front of the CBM detector system. Here it is expected that HADES
will be able to take data with 8 GeV p beams.

Figure 5.3. The HADES spectrometer seen from downstream the beamline in Febru-
ary 2021. The forward tracking planes are installed downstream the main spectrome-
ter.

5.3.1 Start-Veto Detector

The subdetector closest to the target at HADES is the start-veto detector [108].
The task of the start detector is to provide a reference time, #y, to be used when
triggering and analyzing signals from the other detectors. The start and veto
detectors are identical, consisting of Chemical Vapor Deposition diamond and
are orthogonally shaped with dimensions 25 mm x 15 mm. This material has
good timing properties with a rise time of the signal of below 500 ps. The start
detector is located roughly 2 cm in front of the target and the veto detector is
located roughly 70 cm behind the target. The detector system can determine
the 7y with a resolution of 50 ps. The start detector was not used in the 2007
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pp data taking. However, in future pp data taking campaigns, a new silicon
start detector will be used for a reference time.

5.3.2 Target

Targets at HADES come in different materials and shapes. For example, in
heavy-ion experiments, segmented solid state targets can be used. However,
the data from the 2007 proton run, used in this thesis, were collected using
a liquid hydrogen (LHj) target [124]. It was arranged in an L-shaped con-
struction where the horizontal arm was placed along the beamline where the
reactions took place. The horizontal arm was connected to a refrigerator. The
holder was cylindrical with an inner diameter of 15 mm, the active target is 44
mm in length and the holder had Kapton windows on both sides that were 100
u m thick. The hydrogen was kept at a temperature of 20 K and had a density
of 70 kgm?.

5.3.3 Ring Imaging Cherenkov

The Ring Imaging Cherenkov (RICH) detector [125] is designed to identify
electrons and positrons. This detector is based on the same principles as the
PANDA RICH described in Section 4.4.5. It registers Cherenkov light from
the particle that passes the detector if the particle travels with a velocity that is
greater than the speed of light in the medium.

The HADES RICH consists of a C4F1¢ gas with a refractive index of n
= 1.00151. The light is reflected by a spherical mirror that reflects the ring
images onto a position sensitive Photon Detector, consisting of Multi-Wire
Proportional Chambers with a photocathode.

The detector is blind to hadrons since the threshold energy for protons and
pions to emit Cherenkov light is larger than the energies of these particles
created by the SIS18 beam; 15.9 GeV/c for protons and 2.4 GeV/c for pions.
However, for electrons the threshold energy is only 8.5 MeV, hence they can
be measured.

5.3.4 Magnet

A magnet [108] is included in the HADES spectrometer to provide a trans-
verse kick for charged particles, thereby enabling the momentum to be es-
timated from the resulting deflection. The magnet system consist of six su-
perconducting coils (two are visualized in Figure 5.1), each consisting of two
long straight sections. The coils are not completely parallel but tilted with 40°
and 45°, respectively, with respect to the beam line. The tilt has been chosen
to minimize the azimuthal deflection of the particles. The coils give rise to
a toroidal field that bends the trajectories of negatively charged particles to
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smaller polar angles and those of positively charged particles to larger polar
angles. The magnetic field is almost zero outside the magnet region which
means that charged particles travel in an almost straight path before and after
the magnet. This is because electron identification with the RICH requires a
magnetic field free zone. In a radial plane, the maximum strength of the field
varies between 0.8 T (at the center of the sector) and 3.6 T (at the coil). How-
ever, the magnetic field is very inhomogeneous with a dependence on both the
polar and azimuthal angle.

5.3.5 Mini Drift Chambers

The main tracking detector at HADES are the Mini Drift Chambers
(MDC) [126], providing 3D tracking information. The detector is placed
downstream the beamline, after the RICH and is divided into four planes (I-
IV) within each sector making 24 planes in total. In each sector, two planes
(I and II) are located before the magnet and two are located after (II and IV).
The planes have a trapezoidal shape and cover in total polar angles between
18° and 85°. The setup is chosen to optimize the spatial resolution in the polar
angle.

The window foils are made from aluminized Mylar since this is low mass.
This is desirable in order to reduce the multiple scattering. Each chamber
consists of six sense/field wire layers that are oriented in five different stereo
angles, 0°, £20° and +40°. The field wires are made of Al and have a diameter
of 100 u m. These wires provide an electrical field. The sense wires are made
of gold plated tungsten, have a diameter of 20 1 m and act as an anode between
the field wires. One sense wire and two surrounding potential field wires form
a drift cell. All four chambers in one sector contain roughly 1 100 drift cells
each. The cells have an increasing size, from 5x 5 mm? (plane I) to 14x 10
mm? (plane IV). The sizes have been chosen so that the granularity per solid
angle is constant. The detector is filled with a gas mixture of Ar/CO?.

The spatial resolution has been found to be o =70 um over 70-80% of the
drift cell, in a test performed with a 2.1 GeV/c proton beam and an external
silicon tracker.

The detection principle is the following: A charged particle traversing a
drift cell will ionize the gas. The ionization initiates electrons that drift towards
the sense wires. An avalanche of electrons is initiated close to the wire. This
gives rise to a signal which is picked up by a fast amplifier. The first electrons
to arrive give rise to a start time.

In addition to measuring the momentum, the MDC contributes to the PID by
measuring the energy loss (dE/dx) of particles. This information is extracted
from the Time-over-Threshold (ToT) measurements. The ToT depends on the
gas mixture, the reduced electric field, the track geometry, the drift cell size
and the settings on the readout. The relation between the ToT and dE/dx is
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therefore determined as a function of the angle and the minimum distance of
the track to the wire and it is readjusted for each data taking period. The
energy loss can be used to separate £ from protons up to 0.7 GeV/c particle
momentum. No direct measurement of the deposited charge is performed due
to the lack of ADCs.

5.3.6 Multiplicity Electron Trigger Array

The aim of Multiplicity Electron Trigger Array (META) system is to count the
number of charged particles in every event and thereby provide input for the
first-level trigger decision. It consists of three subdetector systems:

1. The Time-of-Flight (TOF) detector

2. The Resistive Plate Chambers (previously the TOFINO, a Time-of-
Flight) detector

3. The pre-shower detector

Time-of-Flight Detector

The TOF is a Time-of-Flight detector [127] that covers large polar angles
(44° < 6 < 88°). The Time-of-Flight measurement allows for particle identi-
fication in combination with the momentum reconstruction.

Each of the six sectors of the TOF consists of eight modules with eight
scintillator rods each. Each rod is made from Bicron BC408, a plastic scintil-
lator material with a high scintillation efficiency of ~ 10*y /MeV. In addition,
it has a fast response time. The sizes of the rods have been chosen in order
to minimize the probability of a double hit, i.e. two particles from one event
hitting the same rod which is roughly 10%. Therefore the cross-section of
the innermost 192 rods is 20 x 20 mm? and that of the outermost 192 rods is
30 x 30 mm?. In addition, the length of the rods vary from 1 m to 2 m for
increasing polar angles. Each rod is enclosed in a carbon fiber case in order to
optimize the optical properties. The rods guide the light towards the ends of
the rods which are glued to light guides. These, in turn are coupled to photo-
multiplier (PMT) tubes. Position information is obtained from the arrival time
of the signals. The timing resolution of the TOF is better than 150 ps. An
average spatial resolution for the two different rod sizes is 25 mm and 27 mm,
respectively. This resolution is obtained when combining with tracking infor-
mation from the MDC. That is done by projecting the point of the track from
the last two MDC planes onto the TOF and taking the average of the measured
position in the TOF and that of the MDC track.

TOFINO

The TOFINO was present during the 2007 data taking but was later replaced
by the RPC which is the current Time-of-Flight detector for smaller angles
that have a better time resolution and is described below. The purpose of the
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TOFINO was to measure the Time-of-Flight at small angles (18° < 6 < 44°)
not covered by the TOF wall. The time resolution of the TOFINO was 400 ps.

Resistive Plate Chambers

An inner TOF wall, consisting of RPC counters [128] is used since 2010 re-
placing the TOFINO, has been added to the HADES spectrometer. The RPC
consists of 1 116 cells, each of which consisting of three aluminum and two
glass electrodes. The cells are enclosed in aluminum boxes that are filled with
gas mixtures of SFg and CoH,F,4. The detection principle is the following: A
charged particle traversing the gas will ionize it. This will create an avalanche
of electrons in the applied external electric field and subsequently a discharge
of the electrodes. The electric field close to the discharge will be switched
off due to the high resistivity of the electrodes. The RPC detector has a time
resolution of 100 ps.

Pre-Shower

The Pre-Shower [108] detector is located at small polar angles, behind the
TOFINO and later the RPC, i.e. further downstream the beamline from the
target. Its aim is to enhance the e /e™ identification capacities for particles
emitted at small polar angles. This can be done by comparing the number
of particles measured before and after the lead layers. The reason for doing
so is that the signal from leptons will rise faster and it is possible to identify
electromagnetic showers produced by electrons due to the energy loss. The
detector consists of two layers of lead and three layers of wire chambers. The
latter consist of alternating potential and ground wires as well as two cathode
planes. One plane consists of a 1 mm thick stainless steal sheet whereas the
other plane is made of fiber glass with Cu cladding. The latter is divided into
942 pads with individual readout. The energy deposited from the ionization of
particles in the wire chambers is inferred by measuring the induced charge on
the cathode pads. In order to get the same solid angle coverage everywhere in a
given sector, the internal separation between the wires as well as the pad sizes
and converter dimensions, are adjusted accordingly. The pads are arranged in
rows. Since a full shower needs to be measured, an integration of the charge in
neighboring pads around the pad with the maximum is performed. The double
hit probability in one pad in Au + Au collisions is less than 5%.

5.3.7 Forward Wall

The Forward Hodoscope Wall was installed at HADES since 2007 and used
during the proton beam data taking the same year. This detector is used for
determination of the event plane, centrality in heavy-ion reactions as well as
for extending the acceptance for hyperon events. It was placed at 7 m down-
stream the beamline from the target in order to cover small polar angles of
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0.33° < 8 < 7.17°. The Forward Wall was a scintillating detector that con-
sisted of BC408 which is the same material used for the TOF. The cells were
squares where the innermost cells are of sizes 4 x 4cm?, the cells placed in the
middle were 8 x 8c¢m? and the outermost cells were of the size 16 x 16cm?.
Each cell had its own PM tube. The timing resolution was around 500 ps and
the proton momentum resolution about 11%.

5.3.8 HADES Upgrades

Straw Tracking Stations
Two planes based on the design of the PANDA trackers, STS1 and STS2,
have been placed at small polar angles in order to cover the forward region
at HADES [118], previously not covered by a detector. This is particularly
important in order to reconstruct hyperons since their decay products, to a
large extent, are emitted in this region. The stations are placed at 3.1 and 4.6
m from the target. Each tracking station consists of four double-layers. In the
STS1, each double-layer is inclined by 0°, 90°, 90° and 0°. In the STS2, the
corresponding inclination angles are 0°, 90°, +45° and —45°. The inclination
allow for a 3D tracking. The straws in the STS1 have a length of 76 cm, the
double-layers are 80 cm wide and the opening for the beam is 8 x 8 cm wide.
In the STS2, the straw length is 112 cm, the double layers are 112 cm wide
and the opening for the beam is 16 x 16 cm wide. These two detectors cover
the range 0.5° - 7°.

The spatial resolution for the STS detectors is 0.13 mm for minimum ion-
izing protons [129]. The average hit detection efficiency for a single straw has
been measured to be over 95% for protons with a momentum of 2 GeV/c.

Electromagnetic Calorimeter
The Electromagnetic CALorimeter (ECAL) [130] of HADES was installed in
2017 and contains crystals that have been recycled from the OPAL experiment
at CERN. The ECAL is placed behind the RPC in the main HADES spectrom-
eter and is divided into six sectors. It consists of 978 lead glass modules.

The addition of the ECAL will enable studies of hyperon channels such
as, £ A(1405) and X*(1385) by measuring the photon from their radiative
decays. It will also allow for an improved e /7 separation at larger momenta.

5.4 Trigger System

The trigger system of HADES is divided into two levels, LVL1 and LVL2.
LVL1 is implemented on a custom FPGA network, TrbNet [131] on the
HADES DAQ [132]. It is a hardware trigger that utilizes information from
the META system. Different charged particle multiplicities can be chosen for
the trigger selection.
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The LVL2 trigger utilizes the information from the RICH detector which
allows for a calculation of the electron multiplicity. The electron reconstruc-
tion is performed in real time at this level. In a first step, leptons are identified
in the RICH from an image analysis. Simultaneously, fast particles in the TOF
system are identified. In a second step, these lepton candidates are matched
with each other. A method called Event Downscaling (DS) is used in order to
minimize bias and from the LVL2 trigger. In the DS, e.g. every third LVL1
event is accepted regardless of the LVL2 decision, although the downscaling
factor is adjustable. This is also beneficial for hadronic analyses that do not
require leptons. All events that passes LVL2 and DS are chosen for the final
data storage.

The trigger condition used in the LVLI1 trigger for the pp run in 2007 was at
least three hits in the META system. This trigger is optimal for hyperon mea-
surements since it suppresses the background from events with two charged
particles and still does not reduce the reconstructed hyperon yield.

5.5 Software

The HADES software is called HYDRA. It uses a set of tools from ROOT and
is written primarily in C/C++. The event generator PLUTO [133], used for
generating events, was written specifically for HADES and can generate pp,
PA and AA reactions and was mainly designed for the dilepton program. This
event generator was used for the current work but additional event generators
such as UrQMD [134] and GiBUU [135] exist. HGeant, a custom detector
propagation software based on Geant3 but with HADES detector components,
is used for the particle propagation through the detector. DSTs (Data Sum-
mary Tapes) are created from the hld files containing the output from the data
taking. During the DST production, individual detector tasks, event vertex
finding tasks, track reconstruction tasks and PID tasks are carried out. Energy
loss in the detector and deflections in the magnetic field is taken into account.
Similarly, DSTs can be produced from simulated data from root files resulting
in simDST files. The individual analysis can be performed on DST or simDST
files.
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6. Track Reconstruction

Track reconstruction is a diverse research field with a large variety of classical
as well as modern, machine learning-based algorithms. Some are faster than
others and some might be better suited for certain types of detectors than
others. Different complementary algorithms are currently being developed
for the PANDA experiment since a variety of methods will need to be applied
for a complex detector like PANDA. Alternatives for track reconstruction at
PANDA include e.g. the Hough transform and the Triplet Finder developed
and described in Ref. [97]. An overview of classical and modern track
reconstruction algorithms can be found in Ref. [136]. In the following, I
provide a discussion about different considerations for track reconstruction
and what needs to be kept in mind when deciding which tracking algorithm
or algorithms to employ.

Local and Global Track Reconstruction
There are two main approaches to track reconstruction in the PANDA detector;
the local and the global approach.

In the local approach, the track reconstruction is performed in one subde-
tector at the time. At a later stage, this is followed by algorithms where tracks
found in different subdetectors are combined. One challenge of this approach
concerns the handling of tracks with an insufficient amount of hits in one sub-
detector. A benefit is that reconstruction can be performed in parallel for the
different detectors.

The global approach relies on one single track reconstruction algorithm for
the entire detector. The benefit of this approach is that only one algorithm is
needed, giving a complete track without the need of combining tracklets from
different subdetectors. It is however, a challenge how to incorporate detector
parts with different geometry, for example straw tubes and pixels, in the same
algorithm.

With PANDA, the track reconstruction must be performed separately in the
TS and FS. This is because the TS is surrounded by a solenoid magnet, giving
trajectories approximated by helices, whereas the FS uses a dipole magnet,
giving trajectories approximated by parabolas.

Online and Offline Track Reconstruction

The next consideration is whether the track reconstruction should be per-
formed online or offline. Online track reconstruction is performed during
data taking whereas offline track reconstruction is performed when data have
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already been collected and stored. For online track reconstruction, speed
is the main constraint: the track reconstruction algorithm needs to be as
fast as possible but still yield a reasonable result with sufficient momentum
resolution. It is favorable to keep dubious data at this stage rather than to
discard them since they cannot be recovered later. Dubious data in this case
refer to hits that might have been wrongly assigned or hits assigned to several
tracks. The resolution from the online algorithm can be refined at a later stage.

Primary and Secondary Track Finding

The track finder can either be used for finding primary tracks originating from
the interaction point, or secondary tracks originating from a secondary vertex
anywhere in the detector volume. For primary track finders, the requirement
that tracks originate from the interaction point provides a strong constraint that
simplifies the track reconstruction immensely. For secondary track finders, the
constraint of the point of creation is not valid and the secondary vertex there-
fore needs to be reconstructed. For certain algorithms, dropping the interaction
point constraint will drastically increase combinatorics which can result in a
longer execution time and more background. The exact numbers here depend
on the algorithms.

6.1 Track Reconstruction Algorithms in PandaRoot

This section describes track reconstruction algorithms that were available in
PandaRoot previous to the work in for this thesis. The work builds on these
algorithms.

6.1.1 The Ideal Track Finder

The IdealTrackFinder is a pattern recognition algorithm. It utilizes the re-
constructed hits that are linked to the same MC track to form a reconstructed
track. The momentum, at the start and at the end of the reconstructed track, is
taken as the true MC momentum at the first and last points of the MC track.
The ideal tracks are used in the tracking quality assurance as a set of reference
tracks as described in Section 6.2.2.

The IdealTrackFinder contains a set of selectors to select which tracks are
reconstructed via the IdealTrackFinder and which ones not. The selectors are
realized via functors, which can be passed to the IdealTrackFinder. A set
of functors is already predefined but they can be extended by the user. The
predefined functors are:

1. Standard Track Functor > 4 MVD or > 6 MVD+STT+GEM hits.
This is the default track functor. The MVD is designed to give four hits
per track which motivates the first number.
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2. Only STT Functor > 6 STT hits

3. FTS Track Functor > 6 FTS hits

4. No FTS Track Functor All tracks must have exactly O FTS hits

5. All Tracks Functor This functor accepts everything as a reconstructed
track as long as the track has at least one hit in a tracking detector.

6.1.2 The Cellular Automaton

A Cellular Automaton was first developed by John von Neumann and Stanis-
law Ulam [137], and popularized by John Conway in the famous Game of
Life [138]. The Cellular Automaton is a mathematical model where sites on
a one dimensional or multidimensional lattice is in a defined state (out of a
finite number of states). The site is referred to as a cell. The state of a cell
is uniquely defined by the states of its neighbors although different neighbor-
hood definitions can be used. If the neighborhood definition is the same for all
cells, the system is referred to as homogenous. The state of a cell can e.g. be
“on" or “off". An initial state needs to be chosen where every cell is in a set
state. In the next time step, the state of each cell is updated according to a
certain rule. Different rules can be applied to calculate the state of a cell, see
e.g. [139] for some examples.

One example of a 1D Cellular Automaton rule is Rule 90. The neighbor-
hood on the 1D lattice is then defined as the cell itself and its two directly
neighboring cells. The rules for updating one cell according to the state of the
neighboring cells is shown in Table 6.1 where all cells can be either “on" or
“off", represented by a 1 or 0 respectively in the table. If the state of one of the
cells neighbors is 1 and the state of the other neighbor is 0, then the cell will
obtain the value 1 in the next time step independent of its value in the current
time step. If the state of both its neighbors are 1 or 0 in one time step, then the
cell will obtain the state O in the next time step.

Table 6.1. Pattern for updating the central cell of a neighborhood in a 1D Cellular
Automaton according to rule 90.

Current Pattern 111 110 101 100 011 010 001 000
New State of Center Cell 0 1 0 1 1 0 1 0

In addition to a 1D lattice, neighborhoods can be defined on a 2D lattice.
The rules can be deterministic or stochastic where there is a certain proba-
bility for the cell to be updated according to the chosen rule. In the case of
a stochastic cellular automaton, a random variable is introduced. In the syn-
chronous Cellular Automaton, all cells are updated simultaneously. However,
in the asynchronous Cellular Automaton, the state of cells are updated inde-
pendently and in this way, the new state of one cell can affect the new state of
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another cell. The example above, therefore describes a synchronous Cellular
Automaton.

The principle of the Cellular Automaton is often used in track reconstruc-
tion and it is at the core of the SttCellTrackFinder (section 6.1.4) in PandaRoot.

6.1.3 Riemann Track Fitting

A circle fit to hits, performed using a projection onto a Riemann surface, can
be used to estimate the track parameters, i.e. the momentum at the first and
last hit of the track. This procedure for estimating the momentum and errors
is referred to as a Riemann fit. In a Riemann fit, the quadratic mathematical
problem of fitting a circle to points is linearized by mapping the hits onto a
Riemann surface. In PandaRoot, the surface is a paraboloid, whereas the first
Riemann surface to be used in track fitting is a sphere [140]. The paraboloid
fit however has the advantage that it can work with errors in r as well as r¢
coordinates [141]. In the case of 2D tracking at PANDA, the coordinates of
the Riemann surface, # and v, are defined in terms of the PANDA x and y
coordinates. The z-coordinate of the paraboloid is in turn defined in terms of
uand v:

u:x,v:y,z:u2+v2. (6.1)

In uv-space, a circle with radius p and center (xg, yo) is expressed as:

(u—up)*+ (v—19)* = p°. (6.2)
Circles on the paraboloid fulfill:

7—2voy — 2upx +uf +v§— p* = 0. (6.3)

The Hesse normal form [142], Eq. 6.4, can be used to find the normal,

n' = (ny,ny,n3), to the surface going through the points on the circle:

r-n+c=0=nx+ny+nyz+c=0, (6.4)

where r is the position vector pointing from the origin to the points on the
surface and c is the distance from the origin to the plane. Multiple scattering
is treated by generalizing the cost function, Eq. 6.5 to include errors due to the
multiple scattering. In order to find this plane which best fits the points, one
needs to minimize the cost function

i nix; +noy; —l— n3zi + c)

S= , (6.5)

i=1 l

with respect to ¢ and n. In the function, x;, y; and z; are the coordinates of the
hit, o; is the measurement uncertainty of the position and N is the number of
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measurements. The constraint % = 0 is fulfilled for the value of ¢ which min-
imizes S. Solving gives the solution ¢ = —nTng where rCTg = (XcgsYegs Zeg) 1S
the Center-of-Gravity vector, i.e. the sum of the position measurement vectors
weighted by the uncertainty.

Combining this result with Eqgs. 6.3 and 6.4 gives the solution for the circle
parameters:

ni n 5 1—n§—4cn3
M():—il/': e A —

- 6.6
21’13 s VO 2l’l3 P 4”% ( )

Further mathematical explanations and derivations are present in Refs. [143,
144].

6.1.4 SttCellTrackFinder

The SttCellTrackFinder is a track finder that uses STT hits to form track can-
didates [143, 145]. It has been further developed for this thesis to enable it
to read time-based data and to work in 4D. 4D tracking has recently become
popular in particle physics experiments and e.g. a different type of 4D Cellu-
lar Automaton till also be used at CBM [156, 157]. The SttCellTrackFinder
is referred to as a secondary track finder since it does not assume the beam-
target interaction point as starting point for the tracks. Therefore it is suitable
to use for reconstructing the decay products of long-lived hyperons. The track
finding is performed using a procedure based on a Cellular Automaton [139]
described in Section [?] and the track fitting is performed using a projection
onto a Riemann surface [141]. It uses the STT hits and for the majority of
the STT hits, a xy-position but no z-position is obtained. This means that a
two-dimensional track reconstruction is performed at this stage. At least three
points are needed to uniquely fit a circle in two dimensions. Therefore, three
hits are required to define a tracklet in the SttCellTrackFinder. The SttCell-
TrackFinder does not rely on absolute positions but relies only on neighbor-
hood relations as described in Section 6.1.2. The neighborhood relations are
determined by the distance between the straws in the center of the tubes. It is
straightforward to apply for a time-based data stream and it is parallelizable.
A GPU implementation of the clusterization procedure exists which yields
roughly a speedup of a factor 100 [145].

The Cellular Automaton in the SttCelltrackFinder

In Cellular Automaton-based track reconstruction, hits are grouped with their
closest neighbors. In the SttCellTrackFinder, the STT straw map corresponds
to the lattice. The neighbors of one hit tube are defined as the tubes directly
adjacent tubes and active neighbors are those neighboring tubes that have been
hit. The state of a tube is defined as the number of active neighbors. The
Cellular Automaton-based procedure in the SttCellTrackFinder is illustrated
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in Figure 6.1. Panel A) depicts two trajectories of particles traversing the STT.
Discrete numbers are assigned to the hits as illustrated in panel B). Those hits
with only one or two direct neighbors are referred to as unambiguous (marked
in green) since they likely originate from one single particle whereas hits with
three or more neighbors are referred to as ambiguous (marked as red). In the
latter case it is not clear how the neighboring hits are connected, either via
one particle track or more. The index of all unambiguous hits is set to the
lowest index in its neighborhood of hits. The process of adjusting the index
is repeated until all neighboring hits have the same index. This index is the
lowest of all indices of the neighboring hits belonging to the cluster. This is
illustrated in panel C). In the last step of the clustering procedure, the index of
each of the ambiguous hits is set to all possible indices of the neighbors. This
is illustrated in panel D). Ambiguous hits are assigned to tracks after the track
fitting have been performed. The assignment is based on the closest distance
to each fitted track to neighboring clustered tubes.

The Cellular Automaton in the SttCellTrackFinder is therefore an asyn-
chronous Cellular Automaton where the state of all cells are updated according
to a cyclic scheme.
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Figure 6.1. Illustration of the hit clustering in the SttCellTrackFinder. Explanations
are given in the text. Figure adopted from Ref. [145].

Following the clustering procedure, a Riemann track fit is performed. Once
a Riemann track has been fitted in the SttCellTrackFinder, not yet clustered
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hits are assigned to a track according to the closest distance to the surface.
Only hits which are linked together via ambiguous hits can be clustered to-
gether into a track at this stage.

Hit Correction According to Isochrones

In the first track reconstruction stage, the hits forming a track have xy-
coordinates that correspond to the center of each tube, i.e. the wire position.
This means that the precision in the x- and y-components is limited to the tube
diameter which is 1.0 cm. In order to improve the position resolution, the hit
position can be refined using isochrone information. The reference time, fo,
will not be available at the stage when the isochrones are needed. Instead, a
fit procedure described in Sec. 4 in Ref. [88] need to be used for this. The
hit correction procedure in the SttCellTrackFinder (illustrated in Figure 6.2)
assumes that the isochrone radius is known. Furthermore, it assumes that the
particle travels in a straight path between the isochrones of two neighboring
tubes. This is a valid approximation for most particles produced at PANDA
energies. A set of three hits is considered where two hits are neighbors of the
third hit but not of each other (Fig 6.2, panel A). Eight lines are generated: four
tangential to the central isochrone and the isochrone of one neighboring tube
(black lines), and four lines tangential the central isochrone and the isochrone
of the second neighbor (gray lines in panel B). The angles between the gray
and the black tangents are taken and the two lines with the smallest difference
between the angles are chosen (panel C). The point on the central isochrone
where these two tangents meet is chosen as the corrected hit position (panel
D).

Figure 6.2. Sketch of the procedure for hit correction described in the text. Figure
adopted from Ref. [145].
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6.2 Quality Assurance for Track Reconstruction

In this section, the track parametrizations and the track objects in PandaRoot
are described in detail. Following this, the tracking quality assurance algo-
rithm, from here on referred to as TrackingQA, is described together with the
information one obtains from it.

6.2.1 Track Parametrization and Objects

Two types of track representations are needed at PANDA. In the target spec-
trometer, where a solenoid magnetic field will be applied, the particles will
move in a helical trajectory. Energy loss will make the radius of the helix
smaller along the particle trajectory. Locally, the projection in the xy-plane,
the trajectories can be approximated as circles. If energy loss is neglected in
the track model, the circle is even the projection of the helix. In the forward
spectrometer where a dipole field is applied, the particles trajectories are best
described by parabolas. There are two type of objects in PandaRoot which
contain the track information:

PndTrackCand contains the hits which have been clustered into a track.
Within a PndTrackCand object, the hits are sorted along the track which
is done in each algorithm using a scalar parameter, of type double, called
Rho.

PndTrack contains the track parameters of the first and last point in the track.
The track parameters are the position in the form of TVectors with com-
ponents (x,y,z) as well as the momentum which is also in form of TVec-
tors with components (P, Py, P;). It also contains the variable q/p which
is the charge divided by the momentum. The uncertainties in all vari-
ables are also included in the PndTrack.

In FairRoot there exist two different track representations for constructing the
track helix and transporting the track parameters along the track [146]. In
order to discuss these, it is useful to define the master reference system as
the system where the xy-plane coincides with the detector plane and the z-
coordinate is not used. The two track representations are:

FairTrackParP describes the helix in the detector system using the parame-
ters (¢/p,v ,w ,v,w). The parameter q/p is the charge over full particle
momentum and (u,v,w) is an orthonormal reference system where the
vw-plane coincides with the detector plane, i.e. the plane corresponding
to the active area of the detector. The vectors v and w span this plane
and v’ and w’ are the derivatives of the particle momentum in these di-
rections.

FairTrackParH describes the helix in the transverse curvilinear system us-
ing the parameters (¢/p,A, ¢,y ,z,). The parameter q/p is the charge
over full particle momentum, A is the dip angle of the track, ¢ is the az-
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imuthal angle and y, and z, are the coordinates of the trajectory in the
coordinate system defined by x| in the direction of the particle trajectory
and y, parallel to the xy-plane.

In addition to these objects, algorithm specific objects might be needed to
describe the track.

6.2.2 TrackingQA

TrackingQA is a PandaRoot class developed to evaluate the performance
of a track reconstruction algorithm. The TrackingQA can be used for all
track reconstruction algorithms in PandaRoot that produce PndTrack or
PndTrackCand objects in order to have a common procedure for evaluating
the efficiency of track finding algorithms. An algorithm should have high ef-
ficiency as well as high purity. Track efficiency measures how large a fraction
of all true tracks the algorithm can reconstruct and purity measures how large
a fraction of all reconstructed tracks are correctly reconstructed tracks, i.e. a
reconstructed track created from a MC truth track.

Reference Track Set

In order to give a complete picture of the track reconstruction algorithm, one
should only compare the reconstructed tracks to those generated MC tracks
that have a sufficient number of hits in the relevant detectors. For this purpose,
a relevant reference track set must be chosen, to which the efficiency should
be compared. This set comprises the tracks that are found in the relevant sub-
detectors with ideal tracking efficiency. In TrackingQA, the reference track
set is obtained by running the IdealTrackFinder which is described in detail in
Section 6.1.1. This track finder gives the most ideal case of track finding and
there exist certain track selectors for making requirements on the number of
hits in different subdetectors. The realistic track finding algorithm can there-
fore be compared to the ideal tracking in the relevant subdetectors. For an
algorithm utilizing e.g. only STT hits, the relevant track selectors only passes
tracks with a certain number of STT hits for a track to be considered possible
to reconstruct but has no requirement on the number of MVD hits.

Quality Parameters
The track finding efficiency is defined as

N CorrectRecoTracks ( 6 7)

ETrack =
N, MCTracks

where NcorrectRecoTracks 1S the number of correctly reconstructed tracks and
Nuyctracks 18 the number of tracks in the reference track set. Clone tracks are
not considered correctly reconstructed. The track purity is defined as
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NCorrectRecoTracks
P, Track = s (68)
NAllReconcks

where Najrecorracks 15 the number of all reconstructed tracks. The set
NajigecoTracks also contain the tracks that are not correctly reconstructed,
i.e. wrongly reconstructed tracks, Nw ongRecoTracks:

NAllRecoTracks =N, CorrectRecoTracks N WrongRecoTracks - (69)

Among the additional information provided by the TrackingQA is the number
of true, false and missing hits in the tracks from the individual tracking de-
tectors. These variables are evaluated per track and quantify the single track
efficiency and purity, both of which should be maximized simultaneously for
high quality track reconstruction. The hit efficiency is defined as

N TrueFoundHits
EHit = —— (6.10)

NuycHis

and the hit purity is defined as

Nr», ”
Pyis = TrueFoundHits ) 6.11)

NAllFOLdeils

where Ny yeFoundtirs 18 the number of correctly assigned hits, Nyscpirs the num-
ber of hits in the reference track and Najrounamis the total number of found
hits including falsely assigned hits. It is important to note the difference be-
tween the hit finding efficiency/purity on one hand and the global track find-
ing efficiency/purity on the other hand. The former is calculated per track and
refers to hit inclusion whereas the second is calculated globally, including all
subdetectors, and refers to the complete track finding.

Additional information is also used to evaluate the track reconstruction per-
formance such as momentum resolutions. Both the absolute momentum reso-
lution, quantified by the difference

Ap = Preco — Pmc, (6.12)

and relative momentum resolution,

Preco—Pmc _ Ap
ApRelative = e = s (6.13)
pmc pmc

are given where py.c, is the momentum of the reconstructed track and py;c is
the momentum of the corresponding MC track. Transversal, longitudinal as
well as total momentum resolutions are estimated in the TrackingQA.
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Track Categories

A reconstructed track can be created from hits coming from a single MC track
or from several MC tracks. In the first case, the track is referred to as pure.
In the second case, the reconstructed track is referred to as impure while the
true MC track denotes the one which gave rise to the majority of the hits in
the reconstructed track. The other MC track(s) are referred to as false MC
tracks. The hits in reconstructed tracks from false MC tracks are referred to as
impurities. Noise hits, if included, would also be part of the impurities. The
quality of two reconstructed tracks might differ depending e.g. on the level of
hit impurities or the fraction of hits found from the true MC track. Therefore,
tracks are sorted into different categories based on these quantities. Example
tracks in the different categories can be seen in Figure 6.3. A track can be

1. Fully Purely Found: all hits belonging to the true MC track were found.
No impurities from false MC tracks are allowed.

2. Fully Impurely Found: all hits belonging to one true MC track were
found and impurities are allowed as long as the true hits account for at
least 70% of all hits in the reconstructed track.

3. Partially Purely Found: the majority but not all hits in a reconstructed
track belong to a true MC track and no impurities of hits from other MC
tracks is allowed.

4. Partially Impurely Found: impurities are allowed and at least 70% of
all hits in the reconstructed track belongs to one true track. Not all hits
from the true MC track were found.

5. Ghost Track: the reconstructed track does not match a true track. A
ghost track appear when the requirement for a single MC track to be re-
constructed is not fulfilled or the impurities from false MC tracks exceed
70% of the number of all hits in the reconstructed track.

6. Clone Track: one true MC track has been reconstructed more than
once. While the original reconstructed track is the one with the most
hits matching the true track, remaining tracks belonging to the same true
track are defined as clones. There is no requirement of shared hits be-
tween a track and its clone; the set of hits can be completely disjoint as
long as they come from the same MC track.

Category 1-4 constitute the set of correctly reconstructed tracks. One recon-
structed track cannot belong to more than one of these four categories and
the sum of the number of tracks in these categories is the total number of
found tracks. Category 5-6 constitute incorrectly reconstructed tracks. Since
the tracks in these categories are also found at the stage where the Track-
ingQA is operating, the number of reconstructed tracks might exceed that of
the number of tracks in the reference track set. The reason why the incorrectly
reconstructed tracks are divided into these categories in the TrackingQA, is
that the treatment of the incorrectly reconstructed tracks differ depending on
which category they belong to. An algorithm producing lot of clone tracks
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needs a procedure to find and merge clones, whereas an algorithm produc-
ing many ghost tracks needs a cleanup procedure for completely rejecting the
ghost tracks.

O— Hit from MC Track # 1 Q- Hit from MC Track # 2 O - Missing Hit

Requirement: > 6 Found Hits from one MC Track

QOOOOQOQQQ iy rurerouns

QOOOOOOOOQ Fuiympureround
O O O O O O O O O Partially Pure Found
O O O O O O O O O Partially Impure Found
QO0OOOOOQQ shost

OQOOOOOOOO | rerackrutyroume
O O O O O O O O O Second track: Clone

Figure 6.3. Tllustration of the different track categories. The circles on one row repre-
sent the hits of one reconstructed track. The green and red circles represent hits from
two different MC tracks whereas white circles represent missing hits. The requirement
for successfully reconstructing a MC track is that at least six of the true hits must be
present in the reconstructed track. Since MC track 1 gives rise to the majority of hits
in all cases except for the ghost track, this is marked as the true MC track. In the case
of the ghost track, there are not six hits from either MC track 1 or 2 so none of them
is a true track in this case and therefore the reconstructed track becomes a ghost track.

6.3 Track Reconstruction at HADES

Track reconstruction at HADES is described in detail in [108], it is divided
into three different parts,

* Track Finding
* Track Fitting
* Momentum Reconstruction

These aspects of the tracking are described in detail in Section 6.3.1-6.3.3.

6.3.1 Track Finding

A track at HADES is reconstructed in three different pieces in different regions
of the detector as shown in Fig 6.4. First, in the region closest to the interaction
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point before the magnets (region i)), the track is reconstructed as a straight
line since the region is free from a magnetic field. Downstream of the magnets
(region iii)), the track is also represented as a straight line since the region does
not have a magnetic field. In the region physically covered by the magnets
(region ii)), the charged particle bends in the magnetic field.

In the two regions that are free from the magnetic field (i) and iii)), the track
reconstruction is performed with MDCI+II and MDCIII+IV respectively. A
projection plane is defined in between the two MDC planes in each region as
displayed in Figure 6.4. The hits from both MDC planes are projected onto
this plane. For the inner projection plane in region i), the projection from the
MDC planes onto the plane is performed along the line pointing from the target
towards the active detector segment. A kick plane is defined in the magnet
region as illustrated in Figure 6.4. In the outer region, iii), the projection of
hits is carried out along the line pointing from the point of the track on the kick
plane to the active detector segment. One difference between region i) and iii)
is that in the former, the MDC planes are not parallel whereas the MDC planes
in region iii) are. Finally, a search for a maximum of hits is performed in the
projection plane and the detector segments close enough to this maximum are
clustered together and assumed to belong to the same track.

The output from the track finding is the list of wires with the corresponding
number that has been clustered as well as the spatial position of the cluster
with uncertainties.

The cluster finder performs the matching between the inner and outer re-
gions intrinsically. It searches for an outer segment in the region defined by
the intersection between the kick plane and an inner track segment.

In order to determine how much an individual bin should contribute to the
calculation of the cluster position, a weight is defined as

‘/Vi:Hi_Hmin"‘la (6-14)

where H; is the value of the bin and H,,;,, is the threshold value for the bins to
be considered part of a cluster.
The x- and y-positions of the clusters are calculated from

_ 2?21 (xiWi)

xX= 72‘% (6.15)
and

- Y W)

y= T yw (6.16)

where x; and y; are the positions of the individual bins in the cluster and W; is
the corresponding weight for the cluster. The corresponding uncertainties in
both directions are calculated according to the formulas
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Figure 6.4. Visualization of the projection planes and the kick plane. The MDC
stations are shown in black, the projection planes in red and the kick plane in magenta.
Figure adapted from Ref. [108].

n 2W) Ky 2
A= W) o s , (6.17)
YW 2
and
YW 2 7 '

where s, and s, are the bin width in each direction.

6.3.2 Track Fitting

In the track fitting, a straight line needs to be fitted in each region (i) and iii)).
Mathematically, the following function need to be minimized iteratively

Neelis (f'+t . _T)2
2 i shift i
=y LTk T 1
L " ©1
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where #; is the calculated drift-time from simulations in a reconstructed seg-
ment and 7; is the measured drift-time after the offset has been subtracted.
The variable, s, is the time shift of the cells and is determined individually
for each particle. The Time-of-Flight of the particle is included here. The
weight, w;, is a weight constant, Tukey weight [147] that aims to minimize the
influence of outliers. Finally, AT; is the uncertainty in the drift-time measure-
ment. The simulations to determine the A7; are performed using a GARFIELD
model [148], developed for gaseous detectors such as 2D and 3D drift cham-
bers.

6.3.3 Momentum Reconstruction

There are several methods for determining the momentum of the charged par-
ticle, each refining the momentum further compared to the previous one. The
methods are the following:

* Kick-Plane Method
* Method of splines
* The Runge-Kutta method

Kick-Plane Method

The toroidal magnetic field makes the particle trajectories bend. The calcula-
tions can be performed assuming the trajectory bends mainly when crossing
one plane, which is utilized in the momentum reconstruction. In the kick plane
method, a plane is defined in the region of the magnetic field. This plane rep-
resents the plane in which the inner and outer segments of a track meets. A
particle originating from the event vertex will always hit a point on the kick
plane independent of the momentum. The momentum of a particle can, to a
first approximation be estimated as

Pkick

P =5 sin(a0/2) (6:20)

where prick = |Pin — Pour| is the momentum kick which is related to the incom-
ing momentum and outgoing three-momentum vectors p;, and p,,; and A0 is
the deflection angle. py; need to be obtained from simulations and can be
parametrized in terms of 6, ¢ and A6. This method is mainly used for sectors
where two MDC chambers are present for a dataset. The method also provide
a fast first estimate of the track momentum that can subsequently be refined
with the method of splines and the Runge-Kutta method.

Method of Splines
A method based on fitting cubic splines is applied in order to further refine
the estimate the particles trajectory within the region ii) containing a magnetic
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field. The fits are performed in rz plane where r =  x2 +y? as illustrated in
Figure 6.5.

The method of splines is based on fitting a cubic spline between some grid
points. A smooth function as well as smooth first- and second-order spatial
derivatives are required in the grid points. The result is a smooth curve passing
through the grid points.

x2+y? [em]

MDC |

% 0 20 4 60 80 100 120 140

Z [em]

Figure 6.5. Example of the usage of the method of splines. The black points represent
grid points. The magnetic field map is displayed. Figure from Ref. [108].

Runge-Kutta Method

The Runge-Kutta method is used for solving the equations of motion of a
charged particle in a magnetic field. This is a numerical method that requires
input for the initial conditions. The input is taken from the track reconstruction
using the spline method which provides an initial momentum and polarity.
In addition, the vertex and direction of the particle is taken from the track
segment fitter.

6.3.4 Track Representation
A reconstructed track at HADES is represented by five parameters, these are:
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1/p , the inverse of the momentum. The inverse is used since the distribution
is expected to be more Gaussian than the normal momentum.
0 , the polar angle.
¢ , the azimuthal angle.
R , the minimum distance between a track and the beamline.
Z , the z-coordinate along the beamline where the track is closest to the
beamline.

In regions i) and iii) the track is represented by a straight line. This means that
the track can be represented by two vectors, one base vector, b, pointing from
the origin to a point along the track and one direction vector, d, pointing in the
momentum direction. Any point, p, along the track can be written in terms of
these two vectors

p=>b+td, (6.21)

where ¢ is a real number.

If the point that b is pointing to is taken as the point on the track closest
to the beam line, then the individual components of b and d can be written in
terms of the track parameters in the following way

by=R-cos(¢+7/2),
by =R-sin(¢ +7/2), (6.22)
b,=Z,

and

d; =sin(0)-cos(¢),
d, =sin(0) -sin(¢), (6.23)
d, = cos(0).
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Part II:
PANDA

The simulation studies of detector signatures from the hyperon decay channels
are described in this part of the thesis. The kinematics of the hyperon events is
outlined and e.g. the number of detector hits in the tracks reconstructed from
the final state particles are presented.

In addition, this part of the thesis describes the work on the 4D tracking for
PANDA as well as the time-based track reconstruction and tools for this. A
procedure connecting tracks that are reconstructed in the PANDA StrawTube
Tracker with hits from other tracking detectors is also outlined.






7. Detector Signatures

7.1 Simulation Approach

Two of the questions stated in the beginning of the thesis were: how do the
hit patterns from the decay products look like for the different subdetectors?
Which detectors can be used for the tracking and timing information? In order
to answer these questions, three reactions were studied. This gives an answer
to how the detector signals vary with beam momentum due to the geometrical
acceptance. The channels are:

1. pp = AN — prtprn

2. pp = ETET s AntAn = prtrntpr

3. pp—=Q Q" - KTAK A=K prntK pn—

The event topologies for these reactions are shown in Figure 3.1. The beam
momentum of the pp — AA channel was chosen to be 1.642 GeV/c. This is
because the reaction has been studied previously at this beam momentum with
the PS185 experiment at LEAR [56], hence allowing for thorough compar-
isons between old and new data once PANDA is in operation. Furthermore,
the angular distributions are fully parameterised at this beam momentum. This
makes the pp — AA — prtpr~ reaction at 1.642 GeV/c a suitable bench-
mark channel for PANDA. Investigations at the maximum beam momentum
15.0 GeV/c and the intermediate 7.0 GeV/c were also performed in order to
study the detector capabilities over a large momentum range. It is also note-
worthy that a large data taking campaign is planned near 7.0 GeV/c in an at-
tempt to measure the line-shape of the X (3872) with high precision [71]. The
ETE~ channel was studied at 4.6 GeV/c since this synergizes with the foreseen
studies of excited Z* states. The third and last reaction channel, QTQ~, was
studied at 7.0 GeV/c and 15.0 GeV/c. For each channel and energy, 50 000
events were simulated.

The reactions were generated using the EvtGen [106] generator framework
with the entire decay chain specified. In EvtGen, the decay chain can be de-
fined in different ways. The user can e.g. define only the promptly produced
particles such as the A and A. These will subsequently decay with branching
fractions that are known from previous experiments [13]. In these simula-
tions, I have fixed the branching fractions to 1.0 for the most prominent mode
in each case. The advantage of defining the entire decay chain in EvtGen is
that all MC tracks from reaction particles are flagged as generator created in
PandaRoot. Only particles from the generated reaction will be present in the

97



simulation chain. However, secondary particles originating from interactions
between the signal particles and the detector material will also be present but
can easily be discarded since they are not flagged as generator created. By
using the generator created flag, tracks from signal particles can easily be dis-
tinguished from background events. The disadvantage of this approach is that
intermediate charged particles in the decay chain are treated as neutral par-
ticles, i.e. they do not interact with the material. They are propagated along
straight lines until they decay which means they are unaffected by the mag-
netic field. However, since hyperons are mainly reconstructed from their decay
products, the focus was on the signals from the decay products.

The IdealTrackFinder is used for the reconstruction with the standard track
functor requiring at least >4 MVD hits or > 6 MVD+STT+GEM hits. In addi-
tion, a condition of > 4 STT hits is imposed on all tracks to be accepted. This
corresponds to a minimum number of hits for a track to actually be recon-
structed in the STT. Further software details for the simulations can be found
in Appendix A.

The quantities under investigation are

* Decay vertex distributions

* The number of tracks with hits in the TS tracking subdetectors and Bar-
rel ToF

* The hit patterns for tracks in these detectors

* The number of hits per track in these subdetectors

Some of these quantities have also been investigated for the special case of a
track with different number of STT hits. The latter quantity provides important
information for the TS track reconstruction. In order to get an overview of the
kinematics of the reactions, momentum and angular distributions in the lab
system have also been investigated.

7.2 The pp — AA reaction

The simulations of the pp — AA — pr™pm~ reaction (illustrated in Fig-
ure 7.1) were performed at three different beam momenta; 1.642 GeV/c, 7.0
GeV/c and 15.0 GeV/c. Previous simulation studies of this channel has been
performed in [2, 60], but while these focus on spin observables, this work
reveals the details about how these reactions look in the detector.

The CM coordinate system for the reaction can be seen in Figure 7.2. In
the CM system, the beam antiproton and target proton have equal but opposite
momenta and the hyperon (Y) and anti-hyperon (¥) will hence be emitted back
to back. The Z direction is defined by the direction of the antihyperon. The
production plane is spanned by the directional vector of the antiproton beam
and the antihyperon with the normal along the ¥ axis. The coordinate system
in the hyperon rest frame is hence defined in the following way:

98



Figure 7.1. Tlustration of the pp — AA — pr* pa~ reaction. Solid lines correspond
to charged particles and dotted lines correspond to neutral particles.

f=9x2 (7.1)
_ < B

)A] _ libeam ’i)_’ : (72)
’pbeam X pY’

2= py, (7.3)

where ppeqm 1s the momentum vector of the antiproton, py is the momentum
vector of the antihyperon and py y is the momentum vector of either the hy-
peron or anti-hyperon. The scattering angle 8y is defined between the direction
of the antiproton beam and outgoing antihyperon.

_ L.
p Y p

Figure 7.2. The production plane of the 5p — AA reaction. The plane is spanned by
the vectors pointing in the direction of the incoming and outgoing particles in the CM
frame.

A differential cross-section [56] parametrization of the cos 6y distribution
measured by the PS185 experiment was applied and is presented in Equation
7.4 and 7.5.

P(x) = ag+ajcos8 +ax(0.5(3cos*0 — 1) +a3(0.5(5c0s°0 — 3x)), (7.4)
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where cos0 is the cosine of the scattering angle and the parameters a;,
1i=0,1,2,3 are

apg=1

a; = —5.053+5.701p; — 1.131p3
ay = —7.078+7.484p; — 1.490p3
a3 = —7.439+7.298p; — 1.399p3.

(7.5)

The PS185 found that the A is forward peaked, meaning that it is preferably
emitted in the direction of the incoming p in the CM frame. This in turn leads
to the A moving more in the forward direction in the lab frame whereas the
A hyperon moved backward in the CM system and is therefore almost at rest
in the lab system. Both the A and A are neutral and will therefore not be
detected by the tracking detectors. Instead, they will be identified by their
decay products that give rise to the detector signals studied in this work.

7.2.1 Decay Vertex Position

The decay vertex position is an interesting quantity since the hyperons often
decay a measurable distance from the nominal interaction point and this affects
the reconstruction. The transverse (R) and longitudinal (Z) vertex positions for
A and A are shown in Figure 7.3 for all three beam momenta. The positions of
the GEM planes and the outer boundaries of the MVD and STT are marked. It
is thereby straight-forward to investigate how many particles that decay within
the reach of each detector.

Since PANDA is a fixed-target experiment, all created particles move in
the forward direction. As a consequence of this, the vertices are displaced
in forward direction with respect to the interaction point. Figure 7.3 shows
that at 1.642 GeV/c, the difference between the decay vertex from the A and
from the A is not very significant. At higher beam momenta, the A and A
decay vertices appear well separated in different regions of the RZ-plane as
can be seen in Figure 7.3, whereas the A move in the transverse direction
and hence decay in the target spectrometer. The A antihyperons and hence
the decay products are emitted at small angles within the forward detector
acceptance. The combination of the particles moving in forward direction and
the forward peaking angular distribution enhances this effect and for the A
it becomes more prominent at higher beam momenta. It manifests itself in
A decay vertices located within a narrow cone around the z-axis and further
away from the interaction point at higher beam momenta.

In Table 7.1, the number of decay vertices located within the MVD, STT
and the full TS acceptance are listed for all three beam momenta. All A and
A decay within the volume of the MVD and the STT at the lower beam mo-
mentum. Even at 15.0 GeV/c, most A and A decay within the MVD and the
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Figure 11.26. The x? distribution (left) for the kinematic fit and the corresponding
probability distribution (right) in logarithmic scale.

fit, Ay, is less than 1.0 (dotted line) and iii) a probability cut is imposed on
the fitted events that requires that the fit has a probability of p; > 0.00001.

The difference between the dashed and dotted lines only appears for events
that reaches ten iterations. This is because the convergence criterion is used in
the kinematic fit in both cases. The difference is that a cut on the convergence
is applied in the analysis for the events represented by the dotted line. There-
fore, they are expected to coincide for all number of iterations except at the
tenth iteration. Comparing these curves gives an idea of how large a fraction
of events are removed by the requirement. Events that converge after one or
two iterations also mainly satisfy the probability condition. The lines start to
diverge more from each other for a higher number of iterations, which shows
that the events that converge slower also less frequently satisfy the probability
criterion.

Pull Distributions

The pull distributions for all particles in the decay chain after the fit can be
seen in Figures 11.28- 11.30 for both the proton and the pion. The parameters
that are affected by the fit is /P, 0 and ¢. The pull distribution is defined by
the formula

Yi—MNi
a2(y;) —o2(m)’
where y; is the fitted variable, 7); is the original variable and Gz(y,-) is the
corresponding diagonal entry in the covariance matrix. Furthermore c(1;)
is the diagonal entry in the covariance matrix corresponding to the estimated
variable. Ideally, the pull distribution should be normally distributed with a
mean value of zero and a standard deviation of one.

The pull distributions are shown for two cases: for events satisfying the con-
vergence criterion Ay2<1.0 (left figures) and events satisfying Pir>0.00001
(right figures). In all figures, applying the probability cut removes events far

Pull =

(11.3)
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Figure 11.27. The number of iterations before convergence. The dashed line repre-
sents the case when no criterion is applied, the dotted line represents the case when the
convergence criterion is applied. Finally, the solid line corresponds to the case when
the probability cut is applied.

to the edges of the distributions. To quantitatively evaluate the quality of the
fit, a Gaussian function is fitted to the entire intervals. As can be seen from the
figures, the distributions do not have Gaussian shapes which results in large
x%/ndf values for the fits. One explanation for this can be that the uncertain-
ties used as input in the fit, see section 10.3, are not Gaussian. The mean
value is always close to zero. The width of the Gaussian varies between 1.18
and 1.281 for the cases when no probability cut is imposed. However, in all
cases the width decreases when applying the probability cut. The width of the
distributions vary between 1.026 and 1.184 when the probability cut is used.

11.4 Results

Except from the non-Gaussian pull distributions, the fit seems to work prop-
erly when looking into low-level quality parameters. However, the main mo-
tivation for the fit is to improve the quality of the physics analysis. Therefore,
we now investigate how some higher-level parameters, such as the proton se-
lection efficiency and mass resolution are affected by the fit.

11.4.1 Proton Selection Efficiency

A major challenge in the analysis of a reaction with several protons in the final
state is to select which proton (p; and p; in Figure 11.1) belongs to which
vertex. The difficulty is the most pronounced for vertices close to each other.
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In order to quantify how well the kinematic fitting works, the number of
correctly identified protons, Ncorreci» as well as the number of incorrectly
identified protons, N4, are shown as a function of the distance between
the vertices. In addition, the misidentification rate, Ry;;q4, can be calculated
according to

Numista
Ncorrect + Numista .
The misidentification rate is an indication of how large a fraction of the total
amount of identified protons have been misidentified.

The results can be seen in Figure 11.31 where the left panel shows the
number of correctly and incorrectly identified protons as a function of the
distance between the vertices. The right panel shows the same quantities but
in logarithmic scale. We conclude that the number of incorrectly identified
protons is very low, even at the smallest separations between the vertices, and
then it rapidly drops to zero for separations larger than 300 mm.

The misidentification rate can be seen in Figure 11.32. This quantity is
constantly below 3.8% even at the smaller vertex separations. The average
misidentification rate over the full range is 0.7%.

(11.4)

Ryisia =
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Figure 11.29. The pull in the parameter 8 for the proton and pion before (left) and
after (right) applying the probability condition. The red curve is a Gaussian fit to the
distributions.

11.4.2 A Mass Resolution

The pm~ invariant mass histograms at different stages of the analysis can be
seen in Figure 11.33. These are obtained for all combinations before any fit
is shown in Figure 11.33 panel a). A A mass peak is discerned on top of a
small combinatorial background. The original invariant mass after the final
selection is shown in Figure 11.33 panel b). The mass peak is smaller in size
but the combinatorial background is almost completely removed. Finally, the
fitted mass from applying the four-momentum conservation is shown in panel
Figure 11.33 ¢) in logarithmic scale. It can be seen that the mass is pulled
towards the nominal A mass.

11.5 Comparison to Previous Analysis

A comparison was made to a previous analysis performed by Rafal Lalik in
Ref. [64, 124], where an approach without a kinematic fit was used. In the
following, we investigate two parameters to quantify the fit performance: effi-
ciency and selection purity of particles.
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Figure 11.31. The number of correctly and incorrectly identified protons as a function
of the distance between the vertices (left) and in logarithmic scale (right). The cor-
rectly identified protons are represented by a solid line and the incorrectly identified
ones are represented by a dashed line.

In the original analysis, all protons and pions in one event are combined.
If the minimum distance between the proton and pion track is smaller than 10
mm, the combination is accepted. The decay vertex is calculated as the point
closest to both tracks simultaneously. A A candidate is created by combin-
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Figure 11.33. The mass histograms before and after the fit. The top left histogram
presents the events before any fit or selection. The top right histogram presents the
original mass of the events that survive the final selection in the analysis but the pz™
invariant mass is not fitted. The lower histogram presents the fitted mass after conver-
gence and probability cuts.

ing the four-vectors of the proton and pion. Following this, a primary vertex
is needed. This is obtained by intersecting the track of the A with all other
tracks in the event except the proton and pion that were used for calculating
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the A candidate. The vertex can then be calculated as the Center-of-Gravity
between all tracks. In case of an event where only the decay products of the
A are detected, called a low multiplicity event, the A vector is intersected with
the beam axis and the vertex is calculated as the Center-of-Gravity between the
track and beam axis. A condition is applied that requires the opening angle be-
tween the A direction vector and the vector connecting the primary vertex and
the decay vertex to be smaller than 0.1 radians. Furthermore, a cut requiring
that the decay vertex is located further downstream than the primary vertex is
applied. The primary vertex is required to be within the window -50 mm to
-30 mm along the beam line in the specified coordinate system. This removes
the region £ 15 mm at the edges of the target, corresponding to the Kapton
windows at the edges of the target in the 2007 setup for pp data. Finally, a
cut is applied that requires the missing mass to be greater than 1 400 MeV/c?.
This is close to the sum of the rest mass of the proton and kaon and was chosen
in the previous analysis since it was shown to reduce the background by 20%.

This analysis therefore works for the inclusive events where not all primary
particles have been measured in the detector, i.e. pp — AX, A — pn~. How-
ever, for the purpose of comparing the results to that of the analysis with the
kinematic fitter on equal terms, I modified the original approach to exclusively
select events with a pK ™ pzt~ final state. This is because the kinematic fitter re-
quires two charged primary tracks to reconstruct the primary vertex. The tech-
nical outlining of the full event selection can be seen in Algorithm 11.2. For
comparison, the analysis with the kinematic fitting is shown in Algorithm 11.1.
The pre-filtering of events is the same in both cases. In addition, ideal PID is
required in both procedures.

The conditions and selection criteria in the analysis are summarized below

PID: Ideal PID is used, i.e. the particles are matched to their true PID from
the HGeant information

Charged particle multiplicity: At least two protons, one kaon and one pion
are required to be part of the event

Distance of closest approach between proton and pion: all combinations
that have a minimum distance of more than 10 mm are discarded

Z-position cut: the primary vertex is required to be located further down-
stream the beamline compared to the decay vertex

Opening angle cut: The opening angle between the A direction vector and
the vector connecting the primary vertex with the decay vertex is re-
quired to be less than 0.1 rad.

Primary vertex position cut: The z-position of the primary vertex is required
to be located between -30 mm and -50 mm, i.e. within the target region

Missing mass cut: the missing mass is required to be less than 1 400 MeV/c?

The number of events at the different stages of the analysis is presented
in Table 11.2. It can be seen that the first two requirements, the minimum
distance between the tracks and the vertex positions cut, reduces the number
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of events with roughly 20 000 each. The cut on the opening angle further
reduces the number of combinations with roughly 15 000 events. The cut
on the opening angle does not affect the yield, probably because the main
combinatorial background has already been removed by the previous cuts so
the events that are left are the good ones. The effect of this criterion is expected
to be more significant when background from additional channels are present.
Finally, the invariant mass cut marginally reduces the number of events. This
cut is also expected to mainly remove background so the effects of this are
expected to be greater when background is present. The invariant ppi~ mass
histograms at the different stages of the analysis can be seen in Figure 11.34
and Figure 11.35.

A comparison between the two procedures, with and without the kinematic
fitting, is shown in Table 11.3 with respect to the final efficiency and the purity
of protons in the vertices. For the previous analysis, this is only calculated for
the decay vertex. For the analysis with the fitter, it is defined in the same way
but for both the primary and decay vertex. The proton selection purity is very
high for both procedures, around 99%. This is calculated for the combinatorial
background so far so the number is expected to get a bit worse when additional
background is included. The efficiency is calculated as the final number of
events that pass all selection criteria over the number of expected exclusive
events in the detector from Table 11.1, 32 155. This efficiency is much higher
for the fitting procedure with the kinematic fitting, 76%, compared to that of
the previous procedure, 22%.
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Figure 11.34. The mass histograms after each cut in the analysis without kinematic
fitting. The different lines represent the mass after the different cuts.
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Algorithm 11.2: Analysis procedure without kinematic fitting

Data: Protons and pions

for every event do
if Number of protons < 2 or number of pions < 1 or number of

kaons < I then
| continue;
end
for Every Proton, i do

for Every Pion, j do
Calculate the distance, d, between the proton and pion;

if d>10 mm then
| continue;
end
Calculate decay vertex, DV as midpoint between tracks;
Combine the 4-vector of proton and pion into a A candidate;
if There are further tracks in event than proton and pion
then
Intersect A candidate vector with all additional tracks;
Calculate primary vertex, PV, as Center-of-Gravity;
else
Intersect A candidate vector with beam line;

Calculate primary vertex, PV, as Center-of-Gravity;
end

if Zpy > Zpy then
| continue;

end
Calculate the opening angle between the vector connecting
PV and DV

if Opening angle > 0.1 rad then
| continue;

end

if -30 mm > Zpy > -50 mm then
| continue;

end

if Missing mass < 1400 MeV /c? then
| continue;
end

end
end
end
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cuts.

Table 11.2. Efficiency at different stages of the event selection. The efficiency is
calculated from the maximally expected reconstructed pK™* prt™ final states from Tuble
11.1.

Analysis Step Number of events Efficiency [%]

Before Cuts 66 249 206.0
Distance Cut 45210 140.6

Z Cut 22 469 69.9
Opening angle cut 7259 22.6
Primary vertex cut 7259 22.6
Invariant mass cut 7212 22.4

Table 11.3. Efficiency, purity and signal over background ratio for the analysis with-
out kinematic fitting and the analysis with the kinematic fitting procedure. The effi-
ciency is calculated from the maximally expected reconstructed pK* pn™ final states
from Table 11.1.

Efficiency  Proton Purity
Classical analysis 7212 (22%) 98.4%
Kinematic fitting analysis 24 292 (76%) 99.3%

11.6 Summary and Conclusions

The question was asked in the beginning of the thesis about what tools are
needed for hyperon analysis at HADES. The answer is that a fitting tool uti-
lizing momentum conservation and a geometrical constraint is needed. This
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was therefore implemented in the software. An analysis procedure for neutral
and weakly decaying particles, i.e. A and K; at HADES has been developed.
The procedure currently works for the exclusive events and starts with finding
a primary vertex and decay vertex. Following this, a neutral candidate can be
constructed from the information about the vertices. A procedure for choosing
the combinations of particles in the event is available. The approach utilizes a
four-momentum constraint in a fit with momentum conservation in the decay
vertex with the neutral candidate.

The procedure has been benchmarked on the channel
p(3.5GeV)p — pK+ A with the A decaying into the decay mode A — p7~.
Results show that the analysis approach where the kinematic fit using
four-momentum conservation in the A decay combined with vertex position
information, is favorable for this reaction. It yields reasonable parameters for
the neutral A, a higher reconstruction efficiency 75% compared to a previous
analysis with 22% efficiency for events where all four final state particles,
pK*pr~ are reconstructed in the detector. In addition, the proton selection
purity in the vertices is better with the kinematic fitter although very similar.
This chapter also answers the question about how the analysis procedure
compares to the previous analysis.
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12. Test of the Fitting Procedure on 2007 Data
from the HADES Experiment

The analysis procedure outlined in section 11.2 was applied to experimental
data in order to test how well it works for choosing events within the A mass
peak.

12.1 Data Sample

The data for the analysis were collected in 2007 using a proton beam with
an intensity of 10° protons/s impinging on a liquid hydrogen target. In to-
tal, 1.14 x 10” events were collected with the trigger system requiring at least
three hits in the TOF detectors, corresponding to three detected charged par-
ticles. For the analysis described in this thesis, a pre-filtered data sample was
considered where each event contains at least one negatively charged and three
positively charged particles. This increases the analysis speed of the full event
selection.

12.2 Pre-Selection

The PID is carried out from information from the MDC [108]. The start de-
tector was missing during this data taking, meaning that no Time-of-Flight
measurements are used for the PID. Instead, the identification relies on the
stopping power, dE/dx, measurement from the MDC. The stopping power is
proportional to 8 of a particle. In the 8 vs. g p (the charge times momentum)
scatter plot 12.1, different particle species will occupy different regions giving
a band-like structure. This was done in the current analysis to select protons,
pions and kaons. The regions were defined based on simulated data which are
clean enough to provide distinct and clearly visible regions. The simulated
data together with the cuts can be seen in Fig 12.1 a) and the histogram for
experimental data with the cuts can be seen in Figure 12.1 b). The errors that
are used in this data analysis are estimated in a similar way for the final state
particleas as described i Section 10.3. They are in addition momentum depen-
dent, i.e. estimated at different momentum poins, this estimation was done by
Jana Rieger (UU). The errors in the vertex positions are the same as described
in Section 10.3.
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Figure 12.1. B vs. q- p with PID cuts for simulations (a)) and data (b)).

The multiplicity of each particle species per event after the cuts have been
applied for experimental data are shown in Figure 12.2. It can be seen that
at least two protons have been identified in each event (a)). Furthermore, at
least one pion is usually found (b)). The kaons are produced more rarely and
in most events, no kaons are found (c)). However, around 500 000 events
contain at least one kaon.
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Figure 12.2. Multiplicity per event for protons (a)), pions (b)) and kaons (c)).

12.3 Results

The invariant mass spectrum obtained from combining each proton with every
pion in each event can be seen in Figure 12.3. A clear peak corresponding to
the A mass on top of a continuous background can be seen in the spectrum.

12.3.1 Reconstructed Vertices

The reconstructed primary vertices can be seen in Figure 12.4 in the x-, y-
and z-direction. They are located around zero in x- and y-direction while the
z-distribution features two peaks.

The projection of the reconstructed primary vertex position in xy-plane is
shown in Figure 12.5. The vertices are located in the vicinity of (0,0) and
structures corresponding to the six sectors of HADES can be discerned. The
projection of the vertices the in rz-plane, where r =  x?+y2, is shown in
Figure 12.5. The distributions are more extended than the primary vertex dis-
tributions from the simulation, this is because no background was present in
the simulations.

The reconstructed decay vertices are presented in Figure 12.6 a), b) and c)
for the x-, y- and z-directions, respectively. As in the case of Figure 12.4, the
vertices are located around zero in the x- as well as the y-direction. The peak
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Figure 12.4. Reconstructed primary vertices in x-direction (a)), y-direction (b)) and

z-direction (c)). The peaks in the histogram for the z-position correspond to events
from the Kapton windows for the target.
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Figure 12.5. Reconstructed primary vertices in the xy-plane (a)) and in the rz-plane

(b)).

is slightly wider in the case of decay vertices compared to that for primary
vertices as expected.
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Figure 12.6. Reconstructed decay vertices in x-direction (a)), y-direction (b)) and z-
direction (c)). The peaks in the histogram for the z-position correspond to events from
the Kapton windows for the target.

The projection of the reconstructed decay vertex position in xy-plane is pre-
sented in Figure 12.7. Also here, the vertex distribution peaks at (0,0) and
reveal the six sectors of the HADES detector. As expected, the distribution is
smeared in both directions compared Figure 12.5 a) for primary vertices. The
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projection of the vertices in the rz-plane is shown in Figure 12.7 b). Again,
the extended structure and peaks from the z-distribution is discernable.
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Figure 12.7. Reconstructed decay vertices in the xy-plane (a)) and in the rz-plane (b)).

12.3.2 Fit x? and probability

The x? of the fit can be seen in Figure 12.8. The solid line correspond to the x>
of all combinations. The dotted line correspond to the y of all fits converging
with the convergence criterion that the difference Ax?, between two consecu-
tive iterations, is less than 1.0. The solid and dotted line coincide well at lower
values of the y? but the dotted goes to zero faster for increasing values of the
x?. Finally, the dashed line correspond to all fits with a probability larger than
10~*. The solid and dashed line coincide well at lower values of the y? but
there is a sharp cutoff of the dashed line corresponding to the probability cut.

The probability distribution of the fits is shown in Figure 12.9. The solid
line corresponds to all fits and the dotted line corresponds to converged events.
Applying the convergence criterion mainly removes events with a low proba-
bility. This shows that good fits typically converge quickly.

The number of iterations before convergence is shown in Figure 12.10. For
most events, the fitter does not converge. This is expected since most events
passed to the fitter do not contain a A hyperon and should therefore be rejected
by the A mass and decay hypothesis.

12.3.3 Reconstructed A parameters

In order to evaluate how the fit criteria affect the final reconstructed track pa-
rameters of the A, these parameters were obtained for two cases, i) where no
conditions are imposed on the fit (Figure 12.11) and ii) when the convergence
criterion and fit probability cut are both applied (Figure 12.13).

The track parameters of the reconstructed A after the final selection without
any criteria imposed on the fitting are presented in Figure 12.11. The calcu-
lated momentum (Figure 12.11 a)) look reasonable considering the generated
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Figure 12.9. Probability distribution. The solid line correspond to all events and the
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converge is cut at a count of roughly 1.15 x 10°.

CM energy of 3.18 GeV. The inverse of the momentum is shown in Figure
12.11 b).
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Figure 12.10. Number of iterations before convergence. At most ten iterations are
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The polar angle 6 distribution in Figure 12.11 c) features two peaks: one
large at small angles and one small peak at large angles. The peak at smaller
angles correspond to vertex combinations (primary+decay) where the primary
vertex is located at smaller z-values along the beam line compared to the de-
cay vertex as illustrated in Figure 12.12 a). This is the expected combination
when the particles in each vertex has been identified correctly since the decay
products tend to move in the direction of the A hyperon. Furthermore, since
the decay products has been detected in the HADES spectrometer, the polar
angle of the A should be within the HADES spectrometer. The peak at larger
angles, on the other hand, correspond to the opposite combination. Here the
primary vertex is located further downstream along the beam axis compared
to the decay vertex. This combination, shown in Figure 12.12 b), is unlikely
from a kinematic point of view and should therefore be rejected.

The distribution of the angle ¢ is presented in Figure 12.11 d). As ex-
pected, the reconstructed particles are found within the full angular range of
the HADES spectrometer.

The parameter R, presented in Figure 12.11 e), is not affected by the fitting
procedure but the calculated parameter show that the reconstructed A originate
from close to the beamline. Finally, the parameter Z is shown in Figure 12.11
f). This parameter is also not affected by the fitting procedure. The distribution
in Figure 12.11 f) show that the point closest to the track along the beam line
is located over a wide range but mainly further downstream compared to the
chosen origin.
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Figure 12.11. Reconstructed A parameters after the final selection.

The track parameters of the reconstructed A after the final selection, as
well as the convergence and probability criteria imposed, are shown in Figure
12.13. The reconstructed momentum and its inverse are shown in Figure 12.13
a) and b) respectively. Both histograms indicate a uniform reduction of events
over the full range, hence no conclusions can be drawn about the effects of the
fitter criteria compared to a) and b) in Figure 12.11.

From the polar angle, 6, distribution in Figure 12.13 c), it is clear that
the criteria removes the events at large polar angles that correspond to wrong
combinations of vertices.

The parameter ¢ is presented in Figure 12.13 d). It can be seen that the
six sectors of the HADES detector in the azimuthal plane are more clearly
visible after imposing the fitter conditions compared to when no conditions are
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Unlikely Combination HADES

Figure 12.12. Tllustration of a likely vertex combination with a small polar angle
for the reconstructed A and an unlikely combination with a high polar angle for the
reconstructed A. Vertices identified as the primary vertex are marked with PV and
vertices identified as the decay vertex are marked with DV.

imposed. This is in line with the conclusion from the simulations in Chapter
11 that the angular resolution improves after the fit.

The R distribution is shown in Figure 12.13 e) is affected only by a uniform
reduction of events over the full range. This parameter is not adjusted by the
fitter but any changes in the distribution before and after applying the criteria
are only due to the selection of the particles in the event.

Finally, the parameter Z is shown in Figure 12.13 f). This parameter is also
not adjusted by the fitter but any change is only due to the selection of the
particles in the event. The reconstructed A that are left are mainly located at
larger z-values.

12.3.4 Invariant Mass of the pr~— System

The invariant mass of the final state proton and pion corresponding to the A
mass after the fit is presented in in Figure 12.14. The thin dotted line corre-
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Figure 12.13. Reconstructed A parameters after the final selection with the A satisfy-
ing the convergence and probability criteria.

sponds to the full data sample. From the curve, it can be concluded that the
fit pulls the mass towards the A mass but that many combinations still yield
an invariant mass outside the peak. All fits that pass the convergence crite-
rion, Ay? < 1.0, are represented by the dashed line. Applying this criterion
significantly reduces the background. The thicker dotted line correspond to
fit combinations that satisfy the condition of pg; > 10~*. This further re-
duces the background but also slightly the number of events in the peak. The
dashed-dotted line corresponds to fits that satisfy both the convergence and
probability criteria. Applying this combination removes almost all the back-
ground and results in a clean sample. Finally, the solid black line correspond
to events satisfying the convergence and probability criteria and in addition is
the fit within one event with the best fit probability.
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Figure 12.14. Fitted prt~ invariant mass after the fit for different fitter criteria.

The mass of the A in the final sample is seen in Figure 12.15. The mass
in this figure is not fitted but only the one that belongs to the A candidates
that survive the final selection criteria. This shows how well the algorithm can
select A candidates within the mass peak. It can be seen that most events end
up within this peak and therefore, the conclusion is that the procedure works
well for selecting the correct events, even in experimental data.

The number of events at each stage of the procedure is presented in Table
12.1. This number is 1.328-107 before any fitting is performed and the final
number of events that survive the selection is 4.323-10°.

Table 12.1. The number of events at different stages of the procedure.

Analysis Step Number of events
All events 1.328:107
Convergence, Ay> < 1.0 2.699-10°
Probability cut, ppi < 1074 6.177-10°
Convergence + Probability cut 5.342-10°
Convergence + Probability cut + best probability 4.323-10°

12.4 Summary and Conclusions

The analysis procedure with the kinematic fitting was tested on 2007 HADES
data. It works for choosing the events with a mass around the nominal A mass.
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Figure 12.15. Original pt~ invariant mass without the fit for the chosen sample.

This shows that the procedure appears to work for choosing the correct events.
After imposing the fit criteria, events with 6 and ¢ in regions expected from
the detector acceptance are selected and events in regions that should not be
populated are removed. Applying the fitting procedure also results in a very
clean data sample with little background outside the invariant p~ mass peak.
There is still a large data sample after applying the fitting procedure. The large
and clean data sample after applying the fit enables studies of polarization
and possibly also an improved study of the partial waves of the pp — pKA
reaction.
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13. Outlook

Further steps can be taken with respect to both the software work I have per-
formed for PANDA and for HADES. The tools developed for HADES are in
principle ready to use as they are and can facilitate future hyperon studies with
HADES.

13.1 Detector Signature Studies

The main conclusions from the detector signature studies were which detectors
to use for the track reconstruction and timing information. This also guided the
subsequent track reconstruction work. A final remark concerns the reaction-
specific event-building scheme that can be implemented. A summary of how
to track the hyperons to build the events for each hyperon channel is given
below.

pp— AA

* A secondary track finder should be used for all tracks.

» Two displaced decay vertices, two in the TS or one in the TS and
one in the FS.

— One from A in STT and MVD at all beam momenta.
— One from A in STT and MVD at lower beam momenta.
— One from A in FS at higher beam momenta.

* Timing information can be obtained from the Barrel ToF for the
many tracks at lower beam momenta. At higher beam momenta,
one need to rely on the Forward ToF for timing information.

pp— EYE~

* A primary tracker utilizing MVD information can be used to track
=T and Z~ before they decay.

* A secondary tracker should be used for all secondary tracks, i.e. the
pions from the Z~/Z" decays and the decay products from the A
and A.

* Up to four displaced decay vertices in the TS at all beam momenta.

* Remaining displaced vertices can be reconstructed in FS.

* Timing information must mainly be obtained from the Forward ToF
or algorithmically in the STT.

pp—QtQ-

* A primary tracker utilizing MVD information can be used to track

Q1 and Q before they decay.
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* The Kaons can be tracked with a primary track finder in MVD.

* Secondary tracks from the A and A decay products must be recon-
structed in the STT or FTS utilizing a secondary tracker.

* Up to four displaced decay vertices in the MVD and STT at all
beam momenta.

* Remaining displaced decay vertices can be found in the FS.

* Timing must mainly be obtained from the Barrel ToF, Forward ToF
or GEM.

13.2 4D Time-Based Tracking and Track Extrapolation

The results from the tracking studies show that the 4D tracking with a Cellular
Automaton performs similarly to the 3D tracking at lower event rates but out-
performs it at higher event rates. Three track extrapolation procedures were
also implemented that need further optimization. Currently the leading edge
time, i.e. the time of the front edge of the pulse, of the STT hits is used in the
4D tracking. For the time-based aspects of the tracking, it would be beneficial
to use the trailing edge time of the STT signals, i.e. the time corresponding
to the back edge of the pulse. This is because the trailing edge time does not
depend on the isochrone radius to the same extent as the leading edge time. It
is e.g. shown in Figure 8.2 that the leading edge time that is currently available
is strongly correlated to the isochrone radius.

One of the major issues for the SttCellTrackFinder is the high clone rate
at all interaction rates. Clones could be merged using a clone cleanup proce-
dure. The starting point of this is to merge tracks that share hits. After the
clone tracks has been reduced to an acceptable level, the ghost tracks need
to be dealt with. The SttCellTrackFinder should be operated together with a
primary track finder in the future. The hits associated with the primary track
will then be removed from the dataset and the secondary tracking with the Stt-
CellTrackFinder can be performed on the hits that are left. This might reduce
the fake rate.

Quality parameters such as the y? of the fit can be used to filter out poorly
fitted tracks. In Belle II, multivariate methods are used as quality filters [144]
to remove poorly fitted tracks from a Cellular Automaton procedure in a drift
chamber. This could hence be an option also at PANDA.

The Cellular Automaton has been implemented to run on GPUs in the past.
For the current implementation, it would be worthwhile to evaluate recent it-
erations of GPUs as well as other hardware architectures such as FPGAs.

The MVD hit inclusion procedure can be used to associate STT-fitted tracks
to clusters of MVD hits. The methods for doing so benefit from further devel-
opments. A stopping condition for the iterations in the 3D method is needed.
In addition, a local clustering procedure could e.g. be used together with the
extrapolation procedure in order to improve the hit purity. Therefore a local
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MVD hit clustering procedure might be explored in addition to the extrapola-
tion of tracks that have been fitted in the STT.

In order to improve the extrapolation procedures for the STT, different ap-
proaches can be tested. The hits from all tracking detectors can be pre-filtered
by removing hits that have been clustered by a primary track finder. Follow-
ing this, the Cellular Automaton can be applied to hits that are left and the
tracks extrapolated to the MVD hits that are left. This is expected to reduce
the number of possible combinations and the momentum resolution of the STT
fitted track might impact the results less than it currently does. In a different
approach, a Kalman filter can be used on the STT fitted tracks in order to im-
prove the momentum resolution of the tracks before the extrapolation. If this
approach is used, the procedure is not suitable to be used online. This is be-
cause the Kalman filter currently implemented in PandaRoot is not planned to
be used online.

13.3 Kinematic Vj Fitting for HADES

A kinematic fitting procedure that combines geometrical and kinematic infor-
mation has been developed in this work. My studies show that the procedure
works well for selecting events in simulations and in data.

For the HADES analysis, a simulation study with a detector geometry that
is comparable to that during the data taking in 2007 is needed. This would
require substantial changes to the KinFit library to be compatible with the old
HYDRA version. In that older HYDRA version, many objects and functions
used in our KinFit library are not available. Work is ongoing to make the
library as independent of HYDRA version as possible. The procedure can be
extended to the inclusive analysis where one vertex can be estimated as the
point along the track where the track is closest to the beam line. That way, not
all particles from one vertex are needed. Such a procedure could increase the
efficiency since it would not require exclusively reconstructed events.

The errors that are passed to the fit need to be estimated manually for the
track parameters at HADES by comparing the generated data with recon-
structed data. It would benefit the fitting procedure if the errors were obtained
from the track fit for each individual track instead. A Kalman filter, which is
currently not available in HYDRA, could be used for this purpose and should
be implemented.

The PID cuts used for the data analysis can be optimized further. The cut
ranges can be expanded or calculated from an analytic expression. This could
result in an even higher yield.

Hyperon polarization measurements can also be performed on the new
event sample when using the kinematic fitting. It was found in previous studies
that the polarization is unphysical, which could be attributed to the large back-
ground. [64]. It is expected that the fitting tool that was developed here could
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improve the situation by reducing the background and also by the improved
angular resolution.

There is an ongoing study of the X° Dalitz decay [163] where the kinematic
fitting is used for selecting the events. In addition, studies of the production
and decays (radiative and Dalitz) of A(1520) and £*(1385) could benefit from
the tool for selecting the correct events. The tool could also be used for the
baryon spectroscopy program with the pion beam as well as in the studies of
hyperon-nucleon and hyperon-hyperon correlation studies, e.g. in the reaction
pp — AAKK. There is also another ongoing study where the vertex finding
tool together with a vertex fit is currently used to find a eTe™ vertex.

13.4 Hyperon Physics with PANDA and HADES

PANDA and HADES offer exciting possibilities for performing hyperon
physics. At PANDA, an antiproton beam will be used on a proton target,
which enables the hyperons to be created in two-body reactions. At HADES,
at least three final state particles are required to create hyperons in order to
preserve baryon number.

It was found in the studies that PANDA can reconstruct up to 30% of
the final state particles (although with ideal track reconstruction) whereas at
HADES, 0.5% of the events contain the full event (with realistic track recon-
struction). Hence, for studies that rely on large data samples like A decay
parameters, PANDA is more suitable.

HADES is excellent for performing Dalitz decay studies of hyperons be-
cause of the good e"e™ invariant mass resolution. The experiment also pro-
vides great opportunities for performing hyperon physics with hadron beams
until PANDA starts the data taking.

The time-based reconstruction of hyperons is one important step towards
performing hyperon physics with PANDA and the kinematic fitter as well for
analyzing hyperons at HADES. These concluding remarks signify the next
steps on this journey.
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14. Summary in Swedish

Den starka vixelverkan avgor hur materia bildas och dérigenom styr den var
vardag dven om det inte mérks. Den synliga materien i universum bestar av
atomer. Linge trodde man att atomen dr materiens minsta byggsten och man
valde darfor att kalla en enhet av dessa dmnen atomer. Namnet kommer fran
det grekiska namnet 4tomos som betyder odelbar och hade anvints redan i an-
tikens Grekland for att bendmna materiens minsta byggstenar. Vid experiment
1911 ldrde man sig dock att atomerna faktiskt bestar av @nnu mindre byggste-
nar, nimligen atomkdrnor omgivna av elektroner. Kdrnorna bestar av protoner
och neutroner som i sin tur bestar av kvarkar. Det finns flera typer av kvarkar,
upp (u), ner (d, fran engelskans down), sir (s), charm (c), top (t) och botten
(b). Protonen och neutronen &r uppbyggda av u- och d- kvarkar, som &r de
lattaste kvarkarna.

Den starka vixelverkan binder samman kvarkar till sammansatta objekt.
Denna kraft har undersokts mycket noggrant och teoretiska forutsdgelser har
framgangsrikt bekriftats i experiment vid hoga energier vilket motsvarar ko-
rta avstand. For att undersoka den starka vixelverkan kolliderar man partiklar
med varandra och undersoker det som skapas i kollisionen, t.ex. andra partik-
lar. Det som kolliderar kan antingen vara tva partikelstralar eller en strale och
ett stillastaende mal. Runt punkten dir kollisionen dger rum placerar man en
detektor som kan spéra och identifiera partiklarna som skapas.

Vixelverkan mellan elementarpartiklar beskrivs bdst med den
framgangsrika Standardmodellen. Inom ramen av denna modell kunde
man t.ex. forutsiga Higgspartikelns existens, en partikel som senare upptick-
tes och kunde bekrifta forutsdgelsen. Teorin inom standardmodellen som
beskriver den starka vixelverkan kallas QCD (Quantum ChromoDynamics).
Namnet kommer fran kvanttalet “firg” som anvinds for att beskriva kvarkar.
De kan ha firgen “rod”, “gron” och “gul”. Antikvarkar har motsvarande
antifarg. Det dr ett viletablerat faktum att endast bundna férglosa tillstand,
hadroner, kan existera i naturen. Dessa firgneutrala kombinationer kan fés
genom en kvark och en antikvark med en firg och motsvarande antiférg
binder samman eller tre kvarkar, en med varje firg (eller en antikvark med
varje antifirg).

Det gar dock inte att beskriva den starka vixelverkan analytiskt med QCD
vid 1aga energier. Istillet kan man anvinda effektiva frihetsgrader sdsom
mesoner istéllet for elementarpartiklarna. Energier kan Gversittas till avstand,
dédr hoga energier motsvarar korta avstand och hoga energier langa avstand.
Vid de energier som motsvarar storleken pa en hadron, 10~ m &r det dnnu
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inte klart vilka frihetsgrader som é&r relevanta. En obesvarad fraga dr dér-
for: hur ska man beskriva vixelverkan mellan partiklarna vid avstand som
motsvarar hadroners storlek?

Hyperoner (Figur 14.1) dr en typ av partiklar som skulle kunna ge svar pa
bada denna fraga. Hyperoner dr trekvarksystem som innehéller en eller fler
s-kvarkar. Den léttaste hyperonen, A, bestar av en u, d och s kvark. Det dr
alltsa som en proton eller neutron fast med en tyngre s-kvark istillet for en
litt u-kvark. Hyperoner har relativt lang livslingd, ca 107! s som #ven om
det later lite, faktiskt innebir att de hinner firdas en mitbar stricka i detektorn
innan de sonderfaller. Detta kan vi utnyttja nér vi ska spara hyperoner i vara
experiment.

Det dr dock ocksé en utmaning att rekonstruera hyperonerna. Det beror pa
att de flesta algoritmer som anvinds inom partikelfysik for att spara partiklar
ar utvecklade till att spara partiklar som kommer direkt ifran punkten dér strale
och stralmal (eller strale och strale) krockar, och dirfor ocksa har med denna
punkt som ett villkor i sparningen.

proton neutron A\

Figur 14.1. Visualisering av protonen (uud), neutronen (udd) och A (uds).

Experimentet PANDA (antiProton ANihillations at DArmstadt) vid accel-
eratoranliggningen FAIR (Facility for Antiproton and Ion Research) &r niista
generations hadronfysikexperiment, dir man ska understka den starka vix-
elverkan vid laga energier med hjélp av t.ex. hyperoner. PANDA ir en detek-
tor som kommer kunna fanga in, spara och identifiera partiklar av manga olika
slag.  PANDA kommer en antiprotonstrale kommer att kollidera med ett pro-
tonmal av vite. Energin i systemet #r sadant att man kommer kunna undersoka
den starka vixelverkan vid just de avstand som motsvarar hadroners storlek.
For att spara partiklarna har PANDA flera olika detektorer som kompletterar
varandra. PANDASs huvudsakliga sparningsdetektor, Straw Tube Trackern
(STT-detektorn) &dr uppbyggd av ca 4 200 tdtpackade, cylindriska tuber. Det
finns ocksa en detektor som kallas Micro Vertex Detector (MVD) som #r plac-
erad ndramst interaktionspunkten och vars huvudsakliga uppgift &r att rekon-
struera sonderfallsvertex. For att rekonstruera spar i niarheten av stralens rik-
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tning, ett omrade som de andra sparningsdetektorerna inte ticker, finns ocksa
ett system av Gas Electron Multipliers (GEM).

I partikelfysikexperiment genereras stora méngder data och det dr omgjligt
att spara allt for att analysera senare. Darfor anvéinds system under datatagnin-
gen som kallas triggers. Triggering utfors i flera steg. Det forsta steget dr van-
ligtvis en hardvarutrigger som viljer ut signaler baserat pa detektorsignaler-
nas pulshojd, samt enklare samband mellan signaler fran olika detektorsys-
tem. Fordelarna med detta dr att det dr enkelt och filtrerar data infor nésta
steg. Nackdelen dr att det dr svart att fanga in intressanta signaler som liknar
bakgrundssignaler.

PANDA kommer anvinda ett nytt typ av system for att filtrera data som
ar helt mjukvarubaserat. Detta betyder dock att information sdsom sparning
och identifiering av partiklar maste goras i realtid, i en hastighet pa upp till 20
MHz. Detektorinformationen kommer inte att kunna organiseras i vil atskilda
reaktionskedjor, utan som signaler med tidsstimplar, sa kallade tidsbaserad
data. Att pussla ihop denna information till spar och hela reaktionskedjor
kréver att badde metoder for sjdlva sparningen och utvirderingen av densamma
anpassas for att kunna hantera den nya datastrukturen.

Forst maste man veta vilka detektorer som kan anvindas for att spara son-
derfallspartiklarna fran hyperonerna vid PANDA. Detta eftersom hyperonerna
kan sonderfalla utanfor sparningsdetektorerna vid de energier som &r rele-
vanta for PANDA. Jag simulerade dérfor tre olika hyperonreaktioner. Den
forsta kanalen dr pp — AA dir hyperonparet sonderfaller enligt A — p—
och A — pr*. Den andra kanalen &r pp — ZTZ~ dir hyperonen sonder-
faller via 2~ — m~ A och antihyperonen via £© — 7™ A. Till sist simuler-
ades ocksa kanalen pp — Q+Q~ dir hyperonerna sonderfaller enligt monstren
Q~ — K Aoch Qf — KTA. For 2~ och Q~ tittade jag pi de fall dir deras
dotterprodukter A sonderfaller till pr~ och motsvarande fér £+ och Q*. Jag
identifierade olika karakteristiska kvantiteter som avgor hur vél vi kan rekon-
struera hyperoner i PANDA sa som vilka detektorsystem som ger signaler och
hur dessa signaler ser ut. Dessa kvantiteter ger information om hur méanga
spar som kan rekonstrueras i STT-detektorn samt hur manga spar som ger
vildig manga triffar och dérfor misstidnks ha bromsats in i magnetfiltet. Re-
sultaten visade att bade STT, MVD och GEM detektorerna ir effektiva for
att spara sonderfallsprodukterna i alla hyperonkanalerna och dérfér anvinds
dessa i utveckligen av sparningen for hyperoner.

For att man ska kunna analysera hyperoner vid PANDA maéste man ha verk-
tyg som dels kan hantera spar som borjar langt ifran kollisionspunkten, dels
kan hantera tidsbaserade data. Detta 4r nagot jag har jobbat med inom ra-
men for denna avhandling. Tidigare fanns det en algoritm som #r baserad pa
en Celluldr Automat och anvinder information fran STT-detektorn i PANDAs
mjukvara. Eftersom tuberna i STT-detektorn hir dr sa tidtpackade kan grannre-
lationer anvindas for att avgéra om tva tuber som gett utslag tillh6r samma
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spar eller inte. Om tva tuber som gett utslag &r direkta grannar antar man att
samma partikel har gett upphov till dem och de kombineras till samma spar.

Eftersom manga signaler kommer registreras samtidigt, inom den tidsra-
men data ldses ut for att sparning ska genomforas, maste algoritmen ocksa
kunna skilja ut signaler fran en reaktion fran de som kommer fran andra reak-
tioner. Detta maste goras i en mycket hog frekvens: Reaktionshastigheten
kommer att vara omkring 2.0 MHz nir PANDA startar och successivt oka till
att slutligen bli 20.0 MHz. I det senare fallet forvéntar man sig i genomsnitt
ca 38 hindelser i STT-detektorn samtidigt men ofta fler. I Figur 14.2, som
visar STT-detektorn i genomskérning, kan man se tva olika scenarier: alla tu-
ber som gett utslag fran en enda hindelse (vinster) och alla tuber som gett
utslag for 40 hindelser (hoger). 1 det forsta fallet ar det tydligt att grannrela-
tioner ridcker gott och vil for att samla alla tuber dér en partikel gett utslag.
I det senare fallet ricker det dock inte for att skilja pa vilka tuber som till-
hor vilken partikel. Dérfor justerade jag algoritmen till att bade kunna lidsa
in tidsbaserad data och till att anvinda tidsinformation fran signalerna utdver
rumskoordinaterna. Nir bade tid- och rums- information anvinds i sparningen
kallas det 4D-sparning. Jag vidareutvecklade ocksa verktyget som anvinds
for att kvantitativt kvalitetssidkra hos sparningsalgoritmer sa den fungerar for
tidsbaserad data. Resultaten visar att 4D-sparningen ger hogre effektivitet vid
hogre interaktionshastigheter jamfort med 3D-versionen.

™\
i

Figur 14.2. Tuber som har gett utslag for en hindelse (vénster) och for 40 hindelser
(hoger) i STT-detektorn.

Eftersom den Celluldra Automaten jag arbetade med endast rekonstruerar
spar i STT-detektorn behdvs dven metoder som kan inkludera information
fran andra detektorer sdsom MVD-detektorn. Jag implementarade tre metoder
som kan samman koppla spéren fran STT-detektorn med detektor-signaler fran
MVD-detektorn. Den forsta metoden fungerar i 2D, ndmligen i planet som dr
transversellt mot stralens riktning. I denna metod pusslar vi ihop sparet i STT-
detektorn och letar sedan efter signaler i MVD-detektorns yttersta lager. Om
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en signal hittas sa liggs signalen till sparet varefter metoden soker efter en ny
signal i det nést yttersta lagret. Denna procedur upprepas for alla lager.

En annan metod har utvecklats for att 3D. Hér ldggs alla signaler frain MVD-
detektorn till ett spar fran STT-detektorn. I en iterativ process tas en signal
bort fran sparet, den som passar simst, och sedan ateranpassas sparet. Detta
upprepas tills maximalt atta signaler aterstar eftersom denna siffra ligger néra
det maximala antalet signaler en partikel férvéntas ge upphov till. En sista
metod, dven den utvecklad for 3D, anpassar en helixkurva till sparet fran STT-
detektorn. Denna kurva propageras till varje MVD-signal och sedan ldggs
signalen till sparet om den #r inom ett visst avstand. Den sistnimnda metoden
har ocksa implementerats sa den kan anvéndas for att inkludera signaler fran
GEM-detektorn.

PANDA kommer borja samla in data med en antiprotonstréle 2027. Fram
tills dess kan dock vissa, redan fiardigbyggda, detektorsystem anvindas i an-
dra experiment. Detta ger dels en mojlighet att testa detektorerna och dels
forbéttrar det de redan existerande experimenten. Ett experiment som lampar
sig vildigt vl till att utfora hyperonfysik ar HADES (High-Acceptance Di-
Electron Spectrometer) vid GSI (Helmholtzzentrum fiir
Schwerionenforschung) som ligger dir FAIR nu byggs. Denna detektor ar
utvecklad for att effektivt kunna identifiera elektron-positron par. D#rfor dr
den ocksa perfekt till att anvinda for att analysera hyperoners Dalitz-sonderfall
som innebdr att en hyperon sonderfaller till en lédttare hyperon och ett elektron-
positronpar. Genom att mita dessa sonderfall kan man gora berdkningar av
den inre strukturen hos hyperoner.

For att kunna analysera hyperoner vid HADES krivs dock nya sofistiker-
ade verktyg. Tidigare fanns det t.ex. ingen filtreringsmetod som kombinerar
kinematiska randvillkor med informationen fran hyperonens sonderfallsver-
tex. Jag utvecklade och implementerade dérfor ett sadant verktyg som rekon-
struerar neutrala hyperoner. Man har da de uppmitta impulserna och rikt-
ningarna fran sonderfallsprodukterna tillsammans med motsvarande informa-
tion for den neutrala hyperonen. Genom att kombinera denna information med
energins och rorelsemédngdens bevarande i hyperonsonderfallet, kan precisio-
nen i hyperonens egenskaper successivt forbittras.

Anpassningen dr baserad pa Lagrange-multiplikatorer. Hir introducerar
man extra okénda variabler och genom detta kan en 16sning till systemet av
ekvationer 16sas iterativt. Genom att man berdknar en sannolikhet i varje itera-
tivt steg for att sparen tillhor partiklar som kommer fran samma moderpartikel
kan man avgora nér 16sningen ir tillrdckligt bra. De kombinationer av par-
tiklar ddr 16sningen inte konvergerar eller dir hypotesen att de kommer fran
samma moderpartikel méaste forkastas, tas bort ur analyskedjan och btecknas
som bakgrund.

Jag testade verktyget pa simuleringar av reaktionen pp — K pA. Testerna
visar att en analys med anpassningsverktyget bidrar till en hogre effektivitet
och bittre vinkelupplosning nir det anvéinds i analysen jamfort med den metod
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som anvinds i tidigare analyser. Verktyget testades ocksa pa experimentdata,
insamlade med protonstrale under 2007, dir verktyget anvindes for att hitta
A. Resultaten visar att verktyget fungerar bra for att vilja ut partiklar med en
massa som stimmer overens med A massan.

Jag hoppas att dessa verktyg som utvecklats och testats fér hyperonanalys
vid bade PANDA och HADES kommer att vara anvéndbara i framtiden och
ddrigenom bidra till att 6ka kunskapen om den starka véxelverkan.
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A. Simulation Details for the PANDA
Detector Signature Studies

The detector signature studies were performed with the following software
versions and features.

* FairSoft version 20p1

 FairRoot version 18.6.3

e PandaRoot release version 12.0.3

e Ideal track reconstruction

e Standard track functor, > 4 MVD hits or > 6 MVD+STT+GEM hits
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B. Software Layout of the STT Track
Extrapolator

The class diagrams for the track extrapolator, PndSTE can be seen in Figure
B.1-Figure B.3.

Here follows a description of some of the most important functions in the
classes for the PndSTE.

virtual void Exec(Option_t) This function allows to read in the data. By
default it reads in the branches event-based. For the PndSTETask, it
reads in the PndTrack, PndTrackCand, PndRiemannTrack, and PndHit
branches. The option is not used for the PndSTETask.

AddHits() These functions are present in PndSTEMvd, PndSTEMvdHelix,
PndSTEMvdldeal and PndSTEGem. The hits are added to the Pnd-
TrackCand and the PndTrack is refitted with the new hits.

AddHit() This function is present in PndSTEBtof. It does the same thing as
the funtion AddHits but is restricted to only add one hit to the track.

FindBestHits3D() Funtion to find the best MVD hits with the 3D iterative
algorithm.

FindBestHitsWithRiemannTrack() Function to find the best MVD hits in
2D. A Rieamann track is required to be present for this.

FindBestHitsWithHelix() Function to find the best MVD, GEM or Barrel
ToF hits with the helix extrapolation.
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PndSTETask

PndSTESettings

-finBranchNamePrefix: TString
- fOutBranchNamePrefix: TString

- MlvdHitsPixelArray: vector=TClonesArray=

- MlvdHits StripArray: vector=TClonesArray=

- fGemHitsArray: vector=TClonesArray=

- fBtofHitsArray: vector<TClonesArray=
-fPndTrackCandArray: vector=TClonesArray=
- fPndTrackArray: vector<TClonesArray=
-fPndRiemannTrackArray: vector<TClonesArray=
- fOutTrackArray: *TClonesArray
-f0utTrackCandArray: *TClonesArray

- fOutRiemannTrackArray: *TClonesArray
-finputTrackBranchName: TString

- finputTrackCandBranchMame: TString

-finputRiemannTrackBranchName: TString

|

# fincludeMvd: bool

# fincludeGem: bool

# fincludeBtof. bool

# fUseHelix bool
#fldealTrack bool
#fUseRiemann: bool
#fUseHemisphere: bool

# fNoMVDAreaExclusion: bool
# fAdjustedWeightshvd: bool
# iWeightivd: double

# MvdHilDist: double

# fGemHitDist: double

# MBlofHilDist: double

# DrawTrack: bool

+ Exec(Option_t): virtual void

+ FinishEvent(): virtual void

+ SetinputTrackBranchName(TString): void

+ SefinputTrackCandBranchName(TString); void

+ SetinputRiemannTrackBranchName(TString): void
+ SetOutputBranchNamePrefix(TString): void

+ InitHitArray(TString): void

+ InitTrackArray(TString): void

+ InitTrackCandArray(TString): void

+ InitRiemannTrackArray(TString): void

+ SetincludeDetector(bool, bool, bool). void
+ SetvdHitDist{double). void

+ SetGemHitDist(double): void

+ SetBtofHitDist(double). void

+ SetUseHelix(bool). void

+ SetUseRiemannTrack(bool): void
+ SetUseldealTrackibool): void

+ SetRunin3Dibool): void

+ SetMoAreaExclusion(bool): void

+ SetUseHemisphere{bool): void

+ SetWeightVvd(double): void

+ SetDrawTracks(bool): void

T

PndSTETrackBase

# fTrackCands: vector=PndTrackCand=
# fTracks: vector=PndTrack=

# fRiemannTracks: vector=PndRiemannTrack=

+ GetTrack(int): PndTrack

+ GetTrackCand(int): PndTrackCand

+ GetRiemannTrack(inty PndRiemannTrack
+NumRiemannTracks(): int

+ NumTrackCands() int

f

Figure B.1. Class diagram for PndSTETask, PndSTESettings and PndSTETrackBase.
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PndSTETrackCreator

- finputPndTracks: TClonesArray™

- finputPndRiemannTracks: TClonesArray”
- finputPndTrackCands: TClonesArray®

- finputhvdHitsPixels: TClonesArray®

- finputhvdHitsStrips: TClonesAmay”

- finputGemOrBlefHits: TClonesAmray®

+ AddHits ToMvdTrack(TClonesArray®, TClonesAmay®, TClonesArray®, TClonesArray®, TClonesArray®): void
+ AddHitsToGemOrBtofTrack(TClonesAmray”, TClonesArray®, TClonesirray”®); void

+ CreateTracks{): void

Figure B.2. Class diagram for PndSTETrackCreator. This class inherits from Pnd-

STETrackBase.

PndSTEMwvd

+ AddHits(TClonesArray”, TClonesAmay®, TClonesdmray®, TClenesAmray™, TClonesarray” | vector<PndRiemannTrack>

PndSTEMwvdHelix
+ AddHits( TClonesArray”™, TClonesAmay®, TClonesAmay”, TClonasAmray™ | vector<PndTrack>

PndSTEMvdideal
+ AddHits(TClonesArray®, TClonesAmay*®, TClonesArray®, TClonesArray®, TClonesirray® )2 void

- CreateRiemannTrack({TClonesArray®): vector<PndRiemannTrack>

PndSTEMvdHitFinder
+ FindBestHits 3D(PndRiemannTrack, TClonesAmay*, TClonesAmray*): vector<PndSdsHit*>
+ FindBestHits\WithRiemannTrackiPndRiemannTrack, TClonesArray”, TClonesArray®): vector<PndSdsHit™>

+ FindBestHits WithHelix(PndTrack, TClonesArray®, TCloneshrray®): vactor=PndSdsHit™>

PndSTEGem
+ AddHite(TClonesArray®, TClonesAmay®, TClonesArray®): void

- FindBestHitsWithHelix{PndTrack, TClonesArray®): vector<PndGemHit™

PndSTEBtof
+ AddHit| TClonesArray®, TClonesAmray®, TClonesAmray®): void
- FindBiestHits\WithHelix(PndTrack, TClonesAmay™): PndSciTHit”

Figure B.3. Classes for adding the Mvd, Gem and Barrel ToF hits to the tracks.

classes in this figure inherits PndSTETrackBase.
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