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Chapter 1

Introduction

Ancient Greek philosophers had put forward an atomic theory of matter, based
on philosophical considerations. In their view the various phenomena observed
in daily life could be explained by the motions and shapes of the indivisible con-
stituents of matter, which they called atoms. This theory, forgotten for a long
time, was revived in the nineteenth century through the work of chemists. Yet,
even in late nineteenth and early twentieth century there were many scientists
who rejected the idea of atoms. The general acceptance of atomic theory only
came in 1905 after the publication of Einstein’s paper on Brownian motion [1].

It is an irony that by this time new phenomena had been observed which
pointed the way to subatomic entities, of which the atoms were presumably
made of. In 1897, J. J. Thomson showed that cathode rays, first observed
in 1869, are streams of negatively charged particles which were later named
electrons [2]. In 1911, Rutherford’s observation eventually led to a model of
the atom. He proposed that the atom contains a positively charged and heavy
nucleus, concentrated at a very small volume at its center [3]. The discovery by
Bothe and Becker in 1931 [4], of an uncharged penetrating radiation resulting
from the incidence of alpha radiation from polonium onto beryllium or boron
or lithium, led to the discovery of the neutron by Chadwick in 1932 [4]. In
1934, Fermi [5] explained beta radiation as the decay of the neutron in the nu-
cleus into a proton, an electron, and a yet undiscovered neutral particle called
neutrino [5].

Following the footsteps of the original Geiger-Marsden experiment in 1913 [3],
various techniques were developed for the acceleration of charged particles to
higher energies and using them to probe the structure of the nucleus. Rolf
Wideroe and Ernest Lawrence [6] came up with the idea of passing charged

1



1.Introduction

particles through the same voltage step multiple times. The milestones on the
path to present-day accelerators were the discovery of the stability conditions
for particle orbits in radially symmetric magnetic fields by Kerst [6] in 1940,
the discovery of the principle of phase stability independently by Veksler and
McMillan in 1945 and 1946 [6], and the development of strong focusing by
Courant, Livingston, and Snyder in 1952 [6]. These led to the construction
of the alternating gradient synchrotron in Brookhaven, and with the develop-
ment of larger accelerators, a bewildering variety of particles, some of which
had already been seen in cosmic ray experiments, appeared on the scene [6].

In the previous century, the Mendeleev table was able to reveal the underlying
order among the multitude of chemical elements, find the relationship between
them, and predict the existence of new elements not seen before. Gradually
during the 1960s and 70s, a model was developed that made sense of the par-
ticle zoo revealed in experiments done with accelerators, and that was used to
predict the existence of new particles; the model which has now come to be
known as the Standard Model (SM) of particle physics. Any progress beyond
the present SM, requires further and more precise elucidation of the properties
of these fundamental particles of nature.

Many researchers all around the world create sophisticated machines to search
for the physics within the current SM and understanding the interactions of the
particles. One of these machines is the future multi-purpose detector antiPro-
ton ANnihilation at DArmstadt (P̄ANDA). P̄ANDA will be one of the key ex-
periments at the future Facility for Antiproton and Ion Research (FAIR), which
is under construction in Darmstadt, Germany. The P̄ANDA experiment will
explore collisions of an antiproton beam with a fixed proton or nuclear target.
The physics program of the P̄ANDA detector focuses on the investigation of
the hadron structure and the properties of the underlying strong interaction.
P̄ANDA will operate with an antiproton beam with center-of-mass energies
of up to

√
s= 5.48 GeV, enabling investigations of hadrons with strange and

charm quarks up to excited charmonium states. One particular aspect of the
physics program is hadron spectroscopy and in particular the interest is focused
towards hidden-charm (charmonium), open-charm spectroscopy, and (strange)
baryon spectroscopy. There is a great interest in studying the charmed baryon
production, and there are still many unanswered questions about the dynamics,
excited states, mass and width of these states. The annihilation of antiprotons
with protons in P̄ANDA will produce many charmed baryon states, and it will
offer a great opportunity to perform extensive studies of charmed baryons and
precise measurements. P̄ANDA has a unique setup among other physics ex-
periments. P̄ANDA will provide unique access to the various physics topics,
but it will be challenged by the production of a huge background. To distin-
guish signal from background events, the detector is designed to have a superb
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1.Introduction

momentum and energy resolution and equipped with the capabilities to iden-
tify various particle types. P̄ANDA is divided into sub-detectors optimized for
individual tasks. One of the important tasks is the track reconstruction, that
is based on the information obtained from the tracking detectors. P̄ANDA has
four main tracking detectors and one of them is the Straw Tube Tracker (STT),
a cylindrical-shaped detector consisting of gas-filled tubes. The tasks of the
STT are to determine the momenta of charged particles, via a precise spatial
reconstruction of particle tracks in combination with a solenoid magnetic field,
and to perform particle identification (PID) by measuring the specific energy
loss.

This thesis presents Monte Carlo (MC) simulations which performed to inves-
tigate the capability of P̄ANDA in charmed baryon production. In addition,
the results of tests performed with a prototype STT detector are presented to
investigate the electronic readout and tracking and PID performance, as well
as to eventually make a decision for the readout of the P̄ANDA STT detector.

The thesis is structured as follows:

Chapter 2 gives a concise introduction into the SM and the strong interac-
tion. In addition, a general overview of the theories, QCD and the physics
motivation of studying charmed baryons are highlighted.

Chapter 3 is devoted to the FAIR facility and P̄ANDA. After that, the physics
program of P̄ANDA is outlined. Following, the different sub-detectors of the
experiment are discussed and finally, the software analysis tools and framework
are presented.

In chapter 4, the analysis of the process pp̄ → ΛcΛ̄c → p+K−π+p̄K+π− in
P̄ANDA is presented. MC simulated events are reconstructed both inclu-
sively, in which the decay products of only one of the charmed baryons is
reconstructed, and exclusively, for which the final states of both baryons are
reconstructed. Finally, background-like events are studied and the signal-to-
background ratio is evaluated with the aim to evaluate the cross section sensi-
tivity of the signal channel with P̄ANDA.

Chapter 5 discusses the outcome of two different in beam-test measurements
with a STT prototype. The experimental setup is described followed by a de-
scription of the data analysis procedure and track reconstructions. Finally, the
results and conclusions are presented.

Chapter 6 concludes the work of this thesis, summarizes the results and gives
an outlook.
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Chapter 2

Physics Background

This chapter gives a concise introduction to the basic principles of particle
physics and the motivation for the P̄ANDA experiment at FAIR. The details
of FAIR and P̄ANDA will be presented in the next chapter. Here, we focus
primarily on the underlying physics aspects that motivated the construction of
these new facilities.

2.1 Fundamental Forces

Every child, as the marvels of the world unveil in front of his or her curious eyes,
seeks the answer of the famous question “What is the world made of?”. It is also
the question that mankind has pondered about for a long time. The answers
to this riddle have ranged from the simple solution offered by the ancient
Greek philosophy, which proposed air, water, fire and earth as the building
blocks of nature to, later, the well structured table of elements proposed by
Mendeleev. All the answers, in spite of their variety, show our quest to describe
nature using fundamental building blocks and basic interactions among them.
The fundamental forces of nature are the gravitational force, the weak nuclear
force, the electromagnetic force and the strong nuclear force. These forces can
be classified by their range and strength. We experience the gravitational and
electromagnetic forces in our daily life. Gravity and the electromagnetic force
have an infinite range. Gravity is the weakest and the electromagnetic force is
many times (about 40 orders of magnitude) stronger than gravity. The weak
and strong forces are effective only over a very short range and dominate only
at the level of subatomic particles. The strong force, as the name suggests, is
the strongest of all four fundamental interactions.
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2.2. The Standard Model

2.2 The Standard Model

The Standard Model (SM) of particle physics was proposed around 1970. The
SM provides an explanation for sub-nuclear physics phenomena and some as-
pects of cosmology in the earliest moments of the universe. The SM is concep-
tually simple and contains a description of the elementary particles and forces.
The main elements of the SM were experimentally confirmed culminating with
the discovery of the Higgs boson in 2012. The particles involved in the SM,
are characterized by their spin, their mass, and the quantum numbers such as
(charge) parity. Their electric, weak and strong charges determine the corre-
sponding interaction strength. The SM particles are 12 spin = 1/2 fermions
(6 quarks and 6 leptons), 4 spin = 1 gauge bosons and a spin = 0 Higgs boson
(see Fig. 2.1).

Figure 2.1: Fundamental particles in the Standard Model. The Standard Model consists of
elementary particles with the three generations of fermions in the first to third column (purple and
green), gauge bosons in the fourth column (red), and the Higgs bosons in the fifth column (yellow).
The figure is taken from Ref. [7].

On a mathematical level, the SM is described as a Quantum Field Theory
(QFT), with the fundamental quantum fields of the different SM interactions.
It follows the successful description of the electromagnetic interactions within
the framework of quantum electrodynamics (QED) and expands it for the
other interactions. Both the fermions which build up matter and the bosons
which mediate the interactions are described by fields, which, when quantized,
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2.2. The Standard Model

gives rise to particles. The interactions between particles enter the theory
by demanding that the Lagrangian is gauge invariant under a U(1)× SU(2)
× SU(3) symmetry. The electroweak component of the symmetry group, the
group SU(2) × U(1), combines the description of electromagnetic and weak
interactions. The SU(3) part of the SM originates from the strong interaction
mediators. The theory involves one massless mediator particle (the photon)
and three massive bosons (W+, W−, and Z) [12].

2.2.1 Fermions

The matter surrounding us is built up by fermions, particles with half-integer
spin. There are six types of quarks, known as flavors: up, down, strange,
charm, top and bottom (labeled in purple in Fig. 2.1). The quarks are strongly
interacting particles, while the leptons are not. The six flavors of quarks are
also divided into three electroweak SU(2) doublets:(

u
d

) (
c
s

) (
t
b

)
,

where the quarks in the upper and lower row have electric charge +2/3e and
-1/3e, respectively, with e being the charge of the electron. Flavor can only
be changed through the weak interaction. Transitions within the same SU(2)
doublet are the most probable, even though transitions between the doublets
can happen. The probabilities for transitions between different flavors are given
by the CKM matrix [10, 11]. The leptons also form three electroweak SU(2)
doublets: (

e
νe

) (
µ
νµ

) (
τ
ντ

)
.

The leptons either carry integer electric charge or are neutral. The charged
leptons are: electron, muon and tauon in the upper row which have electric
charge of -e. The electron is the lightest of these particles. The electrical
neutral leptons are called neutrinos. Neutrinos have different flavors (νe, νµ,
ντ ), and each neutrino is paired with a charged lepton. The quarks also, in
contrast to the leptons, interact via the strong force. The charge of the strong
interaction comes in three colors, which are labeled red, blue and green. The
name is given since the charges share the property of color that a combination
of them all gives a neutral (white) charge. Due to the naming of its charge
after color, the theory of the strong interaction is called Quantum Chromo
Dynamics, abbreviated QCD. A quark carries one of these three colors and an
antiquark carries one of the corresponding anticolors.

Fermions are organized in three generations with identical quantum numbers
and different masses. An SU(2) doublet of quarks together with an SU(2)
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2.2. The Standard Model

doublet of leptons is called a generation and there are thus three generations
of fermions. Table 3.4 shows an overview of the fermions of the Standard
Model, all with spin s = 1/2, sorted into leptons and quarks. The first col-
umn describes the elementary charge, q, of the particles of this row. Following,
the three generations of leptons and quarks, are ordered by their masses, m.
For each fermion an antiparticle exists, summing up to 24 particles in total.
Antiparticles have opposite charge-like quantum numbers.

Table 2.1: Overview of the fermions of the Standard Model with their masses and electrical
charges, sorted into quarks and leptons and in groups of three generation. Each particle has a spin of
1/2 and an associated antiparticle with opposite charge. In total, 24 fermions are listed in the SM [9].
Mass values (m) are taken from Ref. [8].

Fermions
1 2 3

q/e Name m (keV/c2) Name m (MeV/c2) Name m (GeV/c2)
Quarks 2/3 u 2300 c 1275 t 173.21

-1/3 d 4800 s 95 b 4.18
Leptons -1 e 511 µ 105.7 τ 1.7

0 νe <0.002 νµ <0.19 ντ <0.018

2.2.2 Bosons

The SM interactions are associated with the exchange of four vector bosons,
with one unit of spin. There are five known gauge bosons, namely: γ, W+,
W−, Z0 and g.

Table 2.2: Overview of the bosons of the Standard Model , all with integer spin s, sorted by their
associated field [9]. Given is also the electrical charge, q, and the mass m. Mass values (m) are taken
from Ref. [8]

Associated Field Boson s/~ q/e m (GeV/c2)
Electromagnetic γ 1 0 0

Weak W± 1 ±1 80.4
Z0 1 0 91.2

Strong g(8) 1 0 0
Higgs H 0 0 125.7

The photon is the mediator of the electromagnetic interaction. The gluon
mediates strong interactions and the W+, W−, and Z0 mediate weak interac-
tions. The photon and the gluons are massless, while the Z and the W are
massive, which is the reason why weak interactions are weak at low energy

8



2.3. Strong interaction

(they are suppressed by powers of E/MZ,W , where E is the energy of the pro-
cess). The mass of W is 80.4 GeV/c2 (80 times heavier than a proton) and
the mass of Z is 91.2 GeV/c2. Despite their weakness, they give rise to dis-
tinctive signatures because they violate parity P, charge conjugation C, their
combination CP, time-reversal T, and family number, which all are symme-
tries of the electromagnetic and strong interactions. In particular, the decay
of heavier into lighter families is due to weak interactions. Gluons, g, are the
mediators of the strong interaction. There are eight types of massless gluons,
distinguished by their QCD color charge content. Gluons carry a combina-
tion of color and anticolor. Since they carry this charge, they can themselves
participate in the strong interaction and self-interact. Self interaction leads to
the phenomenon of confinement: Quarks and gluons cannot be measured as
isolated particles, they always form composite structures when observed from
a distance. Another boson, the Higgs boson (H), is a scalar, spin-less boson.
It has a mass of approximately 125 GeV/c2. The Higgs mechanism and the
associated Higgs bosons are essential part of the Standard Model. The Higgs
mechanism provides a description on how the W and Z bosons acquire their
masses without breaking the local gauge symmetry. It also gives mass to the
fundamental fermions. The Higgs boson was predicted within Standard Model
already since a long time, until it was finally presented on 4th of July, 2012 by
the ATLAS [13] and CMS [15], at the Large Hadron Collider (LHC) at CERN.

2.3 Strong interaction

The strong force is described mathematically by the quantum field theory of
QCD, a gauge theory analagous to Quantum Electrodynamics (QED), the
theory of the electromagnetic force. Since the P̄ANDA experiment mainly
focusses on aspects of the strong interaction, this section highlights this topic
in more detail. The modern theory of the strong interaction is called Quantum
chromodynamics (QCD). Historically the roots of QCD can be found in nuclear
physics, in the description of ordinary matter understanding what protons and
neutrons are and how they interact. Nowadays, the physicists use QCD in
order to describe most of what goes on at high-energy accelerators such as, the
discovery of the heavy W and Z bosons, or of the top quark. They would have
a precise and reliable understanding of the more common processes governed
by QCD. Physicists still look for other Higgs-like particles predicted by certain
models and for manifestations of super symmetry that depend on a detailed
understanding of production mechanisms and backgrounds calculated by means
of QCD.

9



2.3. Strong interaction

2.3.1 Color and QCD

Quantum Chromodynamics describes the strong interaction between the quarks
and gluons. It is generally assumed that all fundamental particles are repre-
sented by local quantum fields. QCD appears as an expanded version of QED.
QED corresponds to a U(1) local gauge symmetry of the universe. The un-
derlying symmetry associated with QCD is the invariance under SU(3) local
phase transformation [17],

Ψ(x )→ Ψ ′(x ) = exp
(
igsα(x )·T̂

)
Ψ(x ). (2.1)

In Eq. 2.1, T̂ = Ta are the eight generators of the SU(3) symmetry group,
which are related to Gell-Mann matrices by Ta = 1/2 λa, and αa(x) are eight
functions of the space-time coordinate x. Because the generators of SU(3) are
represented by 3 × 3 matrices, the wave function Ψ must now include three
additional degrees of freedom that can be represented by the three component
vector in SU(3) flavor symmetry. This new degree of freedom is called color.
The states are labeled by convention, red, blue and green. The SU(3) local
phase transformation corresponds to rotating states in color space about an
axis whose direction is different at every point in space-time. For the local
gauge transformation of the Eq. 2.1, the Dirac equation becomes [17],

iγµ
[
∂µ + igs(∂µα).T̂

]
Ψ = mΨ , (2.2)

The gauge invariance can be asserted by introducing the eight new fields,
Gµ

a(x), where the index a = 1, 2, ..., 8, each one corresponds to one of the
eight generators of the SU(3) symmetry. The new Dirac equation, including
the interactions with the new gauge fields becomes [17],

iγµ [∂µ + igsGµ
aTa] Ψ −mΨ = 0, (2.3)

which is invariant under SU(3) phase transformation provided by the new trans-
form as [17],

Gµ
k → Gµ

k′ = Gµ
k − ∂µαk − gsfijkαiGµ

j , (2.4)

In Eq. 2.4, the last term appears because the generators of the SU(3) sym-
metry do not commute. The parameters fijk refer to the structure contents of
the SU(3) group. Because these SU(3) generators do not commute, QCD is
known as a non-Abelian gauge theory. The presence of the additional term give
rise to gluon self-interactions. Fig. 2.2 shows the corresponding Feynman dia-
grams representing triple and quartic gluon vertices. The eight new fields Ga

are called gluons, that mediate the strong force. The quark-gluon interaction
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2.4. Hadrons

appears in Eq. 2.3, from the term of qqg interaction vertex [17],

gsT
aγµGµ

aΨ = gs
1

2
λaγµGµ

aΨ . (2.5)

The self-interaction of gluons lead to the phenomena of confinement. Quarks
and gluons cannot be observed in an isolated state. In Eq. 2.5, gs, is the
interaction strength associated with the QCD coupling constant, αs = gs

2/4π.
The coupling constant of QCD, varies depending on the momentum, energy
or distance scale, it is evaluated at. Its value drops significantly when the
scale becomes much smaller than the size of the proton, corresponding to high-
momentum scale; see Fig. 2.3. The variation of αs enables the possibility to
describe accurately data from particle physics experiment at very high energies,
e.g. the LHC experiments, using perturbative methods [18].

Figure 2.2: The predicted QCD interaction vertices from the requirement of SU(3) gauge in-
variance. From left to right: quark-gluon interaction, three-gluon interaction, four-gluon interaction.
Figure is taken from Refs. [8, 17]

2.4 Hadrons

Strongly-interacting particles, the hadrons, are bound states of quark and gluon
fields. Hadrons are categorized by their number of constituting quarks into two
groups of baryons and mesons. Hadrons provide a rich experimental environ-
ment for the study of the strong interaction, from details of the resonance
spectrum to form factors and transition decays via electromagnetic probes.
These studies provide information on the underlying substructure of bound
states by resolving, in a non-trivial way, the quarks and gluons of which they
are composed. Quarks, with spin 1/2, are strongly interacting fermions. By
convention, quarks have positive parity and antiquarks have negative parity.
Quarks have the additive baryon number 1/3, antiquarks −1/3. Table 5.8
summarises the other additive quantum numbers (flavors) for the three gen-
erations of quarks. They are related to the charge Q through the generalized
Gell-Mann-Nishijima formula [19]:

Q = Iz +
B′ + S + C +B + T

2
, (2.6)
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2.4. Hadrons

where Q is in units of the elementary charge e and B′ is the baryon number.
The flavor of a quark has the same sign as its charge, by convention.

Figure 2.3: Summary of measurements of the coupling constant of QCD, αs, as a function of
the energy scale Q. The different data points employ perturbative theories up to different levels of
perturbation in their extraction of the values: NLO refers to next-to-leading order corrections, NLO
next-to-leading order corrections, and so on. αs is usually evaluated at the scale of the mass of the
Z boson, αs(MZ) = 0.1185 ± 0.0006. Figure is taken from Ref. [16].

Table 2.3: Additive quantum numbers of the quarks. Here, the notations are defined as: Q:
electric charge (in units of the elementary charge e), I: isospin, Iz : third component of isospin , S:
strangeness, C: charm, B: bottomness and T : topness.

d u s c b t
Q −1/3 +2/3 −1/3 +1/3 −1/3 +2/3
I 1/2 1/2 0 0 0 0
Iz −1/2 +1/2 0 0 0 0
S 0 0 −1 0 0 0
C 0 0 0 +1 0 0
B 0 0 0 0 −1 0
T 0 0 0 0 0 +1

2.4.1 Mesons

The mesons have integer spins with the baryon number B′ = 0. In the quark
model, they are qq̄ bound states of quarks q and antiquarks q̄ (the flavors of q
and q̄ may be different). If the orbital angular momentum of the qq̄ state is l
then the parity P is (−1)l+1. The meson spin J , is given by the usual relation
|l − s| ≤ J ≤ |l + s|, where s is 0 (antiparallel quark spins) or 1 (parallel
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2.4. Hadrons

quark spins). The charge conjugation, or C-parity, C = (−1)l+1, is defined
only for the qq̄ states made of quarks and antiquarks of the same flavor-type.
For mesons made of quarks and their own antiquarks (isospin Iz = 0), and for
the charged ud̄ and dū states (isospin I = 1), the C-parity can be generalized
to the G-parity, G = (−1)I+l+s. The mesons are classified in JPC multiplets.
The 1−− states are the vectors and, the l = 0 states are the pseudoscalars
(0−+ ). The orbital excitations l = 1 are the scalars (0++ ), the axial vectors
(1++ ) and (1+−) , and the tensors (2++ ). Radial excitations nr are denoted
by the principal quantum number n, as n = l+nr + 1. The very short lifetime
of the t quark prevents it from forming into bound-state hadrons [8, 32].

(a) (b)

(c) (d)

Figure 2.4: SU(3) and SU(4) weight diagrams. SU(3) weight diagrams (top) showing the ground
state mesons without orbital angular momentum (l =0), consisting of the three lightest quarks (u,
d, and s). (a) shows nine sates of mesons with JP = 0−, and (b) represents the the mesons with
JP = 1−. The figures in the bottom represent the SU(4) weight diagrams, consisting of the 16-plets,
for the pseudoscalar and vector mesons (c), and (d) respectively. They are made of the u, d, s, and
c quarks. In the bottom figures, I, C and Y refer to isospin, charm and hyper charge, respectively.
Figures are taken from Refs. [8, 20, 24, 25].

The symmetry is a fascinating feature of the quark model. The nine possible
qq̄ combinations containing the light u, d, and s quarks, by following SU(3),
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2.4. Hadrons

are grouped into a singlet of light quark and an octet mesons:

3⊗ 3̄ = 8⊕ 1. (2.7)

A charm quark c can be included, as a fourth quark, and extends SU(3) to
SU(4). SU(3) is also broken and the only reasonable symmetry is isospin, e.g.
SU(2). However, SU(4) is also badly broken owing to the much heavier c quark.
Nevertheless, in an SU(4) classification, the sixteen mesons are grouped into a
15-plet and a singlet [32]:

4⊗ 4̄ = 15⊕ 1. (2.8)

The ground state mesons without orbital angular momentum (l = 0) consist-
ing of the three lightest quarks (u, d, and s) are shown in Fig. 2.4 (a),(b).
The weight diagrams for the ground-state pseudoscalar (0+) and vector (1−−)
mesons which also include c-quarks, such as D0, are depicted in Fig. 2.4 (c),(d).
Moreover, there are now many 4-quark candidate states found in nature, such
as the ones reported by BESIII [21], LHCb [22] and DØ experiment [23].

2.4.2 Baryons

Baryons are fermions with baryon number B′ = 1 and half-integer spin which
are assumed to be bound states of three quarks. The antibaryons are as-
sumed to be the corresponding bound states of three antiquarks. So far, all
established baryons are 3-quarks |qqq〉 configurations, although very recently
a J/Ψp resonance observed at the LHCb experiment which possibly originates
from a |qqqqq̄〉 pentaquark state [26]. In 2011, the WASA at COSY experi-
ment found a possible multiquark state [27], which was interpreted as a hidden
color six-quark state [28]. This experimental observation was confirmed in an-
other process [29]. However, the nature of this state is still unclear. Besides
the six-quark state, it can also be regarded as a di-baryon system, i.e. a ∆∆
bound state, or a mixture of both configurations. Quarks are fermions, so the
baryon wave function must be overall antisymmetric under quark interchange.
Baryons are color singlets, and so have an antisymmetric color wave function.
In the ground state, the orbital angular momentum L is zero (S-wave) and the
spatial wave function is symmetric. This wave function consists of four parts

Ψ = ψ(space)φ(flavor)χ(spin)ξ(color). (2.9)

Therefore, for ground-state baryons, the product of the spin and flavor wave
functions must also be symmetric. So, both wave functions can be fully sym-
metric, or both can have mixed symmetry with the product being symmet-
ric. The three flavors imply an approximate flavor SU(3), which requires that
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2.4. Hadrons

baryons made of these quarks (u, d, and s) belong to the multiplets on the
right side of

3⊗ 3⊗ 3 = 10S ⊕ 8Ms ⊕ 8MA
⊕ 1A. (2.10)

(a)

(c)

(b)

Figure 2.5: (a) The symmetric 20S-plets of SU(4), showing the SU(3) decuplet on the lowest
layer. (b) The mixed-symmetric 20M -plets, (c) and the and the antisymmetric 4 of SU(4). The
20-plets has the SU(3) octet on the lowest layer, while the 4 has the SU(3) singlet at the bottom.
Figure is taken from Ref. [32].

The subscripts describe the symmetry properties of the wavefunctions; S/A
means symmetric/antisymmetric with respect to the interchange of any two of
the quarks, while MS/MA means mixed symmetry properties [32]. In flavor
SU(3), the baryon multiplets that arise from 3 ⊗ 3 ⊗ 3 are the well-known
decuplet (containing the ∆), a singlet and two octets (containing the nucleon).
The corresponding multiplet structure [32] for SU(4) is

4⊗ 4⊗ 4 = 20S ⊕ 20MS
⊕ 20MA

⊕ 4̄A. (2.11)

The symmetric 20S-plet contains the decuplet as a subset, forming the ground
floor of the weight diagram (shown in Fig. 2.5 (a)), and all the ground-state
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baryons in this multiplet have JP = 3
2

+
. The mixed-symmetric 20M -plet

(shown in Fig. 2.5 (b)) contains the octets on the lowest level, and all the

ground-state baryons in this multiplet have JP = 1
2

+
. The ground-floor state

of the 4̄ (shown in Fig. 2.5 (c)) is the singlet Λ state with JP = 1
2

−
[32].

2.5 Charmed baryons and the P̄ANDA experiment

Charmed baryons are a category of baryons including at least one charm va-
lence quark. Shortly after the discovery of J/ψ, the first charmed baryon was
detected in 1975, the Λc

+, at the BNL [34], followed by the discovery of Ξc
+ in

1976 at FNAL [35]. Since the first observation in the 1970s, a large number of
distinct charmed baryon states have been identified and currently, 20 charmed
baryons are present in the Particle Data Group (PDG ) summary tables [8].

Figure 2.6: The spectra of known singly-charmed baryons and their mass splittings. Figure is
taken from Ref. [8].

Baryons with two heavy quarks are predicted to exist and some preliminary
results from the SELEX experiment at FermiLab [36] indicate they have been
seen. In 2017, the detection of a baryon containing two charm quarks has been
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made by physicists working on the LHCb experiment at the Large Hadron
Collider (LHC) at CERN. With a mass of 3621 MeV/c2, the Ξcc

++ particle
has about the same mass as a helium-3 nucleus. The Ξcc

++ was created in
proton collisions at 7 TeV and 13 TeV in HLCb. Ξcc

++ was identified via its
decay into a Λc

+ baryon and three lighter mesons: the K−, π+ and π+ [37].
Recent years have seen great advances in our understandings of the charmed
baryons. The B-factories, in particular the Belle and BaBar experiments, have
been successful in making a wide variety of first observations of excited singly-
charmed baryons . The current best knowledge of the spectra of singly-charmed
baryons is given in Fig. 2.6. The spin-parity assignments of many of the
observed states are still to be discovered [40, 41, 42]. The “doubly charmed”
baryons are rare and will be neglected in this discussion.

Figure 2.7: The spectra of known singly-charmed baryons and their mass splittings. Figure is
taken from Ref. [8].

A singly-charmed baryon consists of a heavy c quark and a light diquark with
spin-parity JP . There are four possibilities for the flavor content of the di-
quark, by assuming isospin symmetry and letting q denote a u or a d. These
four possibilities are: qq with isospin 0 (flavor antisymmetric), qq with isospin
1 (flavor symmetric), sq with isospin 1/2 (either), and ss with isospin 0 (flavor
symmetric). These correspond to the Λc, Σc, Ξc, and Ωc states, respectively.
The diquark wave function must be antisymmetric under quark interchange. Its
color wave function is antisymmetric and its spatial wave function is symmetric,
in the ground state. So it may be either flavor-symmetric and spin-symmetric
(JP = 1+) or flavor-antisymmetric and spin-antisymmetric (JP = 0+) [33].
Combining the diquark with the charm quark gives rise to the possible states
illustrated in Fig. 2.7. In this figure, the multiplets of the full SU(3) symme-

try, formed by the u, d, and s quarks, are shown. Those with JP = 1
2

+
are

all members of the same multiplet as the proton, and those with JP = 3
2

+
are

all members of the same multiplet as the ∆ and Ω. There is a second isospin
doublet of Ξc states with JP = 1

2

+
, denoted Ξ′c [33].
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2.5. Charmed baryons and the P̄ANDA experiment

Over the last several years, experimental and theoretical studies of charmed
baryons have been the focus of research. Singly and doubly heavy baryon
spectroscopy, in particular, have received significant attention. In addition to
the previous discoveries, there are still many states of heavy and doubly heavy
baryons remaining to be discovered. The new Beijing Spectrometer (BESIII),
by accumulating large numbers of events, helps us to understand more about
charmed hadrons. The LHCb and the antiProton ANnihilation at DArmstadt
(P̄ANDA) experiment, at FAIR, are also expected to provide new results to
help experimentally map out the heavy-baryon sector.

The P̄ANDA experiment will explore collisions from an antiproton beam with
a fixed proton target. Antiproton-proton annihilation enables a wide range of
produceable particles that cannot be directly created in e+e− colliders. If pro-
tons and antiproton collide at sufficiently high energy, the light quark-antiquark
pairs might annihilate, and s or c quark-antiquark pairs may be created. At
the hadron scale, this means that a hyperon-antihyperon pair is created. The
momentum range between 1.5 GeV/c and 15 GeV/c is chosen to produce states
in the overlap of perturbative and non-perturbative QCD regimes. The center-
of-mass energies from

√
s= 2.26 GeV to

√
s= 5.48 GeV, are well above the

threshold for all of the multi-strange and the lightest charmed baryons. This
means that multi-strange and charm-rich baryons can be produced and used
to study extensively their properties and interaction dynamics. It is feasible to
assess the exclusive production of baryons such as pp̄ → ΛcΛ̄c.

The physics program of the P̄ANDA detector focuses on the investigation of
the hadron structure and the properties of the strong interaction. Hadron
spectroscopy is one of the main topics of the P̄ANDA physics program, and in
particular the interest is focused on the charmonium, open-charm spectroscopy
and the baryon spectroscopy. Hence, there is a great interest in studying the
charmed baryon production in the proton-antiproton collisions to be measured
by the P̄ANDA experiment. This thesis investigates the feasibility to study
the charmed baryons, by simulating the production of the Λc baryons produc-
tion, pp̄→ ΛcΛ̄c. The Λc baryon plays a significant role in understanding both
charm and bottom baryons. As the lightest charm baryon, the Λc is common
to many decays of the more massive baryons. The Σc states decay strongly
through pion emission directly to Λc, as this is the only kinematically allowed
strong decay. Baryons containing a bottom quark, decay weakly to states in-
cluding a charm baryon. It is through the decay to a Λc that bottom baryons
are most often detected.
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Chapter 3

P̄ANDA Experiment at FAIR

In this chapter, the next generation hadron physics experiment, P̄ANDA is pre-
sented. The P̄ANDA (AntiProton ANihilation at DArmstadt) experiment,
will be one of the key experiments at the future Facility for Antiproton and
Ion Research (FAIR). The FAIR facility is under construction adjacent to GSI
Helmholtz Center for Heavy Ion Research in Darmstadt, Germany. P̄ANDA
will use an antiproton beam with a momentum between 1.5 GeV/c and 15
GeV/c, interacting with various internal targets. The antiproton beam will
be provided by HESR, the High Energy Storage Ring in FAIR. The FAIR
accelerator complex is introduced in section 3.1. The P̄ANDA physics pro-
gram is highlighted in section 3.2. Subsequently, the P̄ANDA detector and the
P̄ANDA analysis software framework are presented in section 3.3, 3.4 and 3.5,
respectively.

3.1 Overview of FAIR

FAIR is a new international laboratory, under construction at the existing
GSI site near Darmstadt in Germany. FAIR, the largest European research
infrastructure and a unique research center with ions and antiprotons is cur-
rently under construction. A variety of physics experiments will be conducted
at FAIR. The experiments are structured into four pillars, thereby covering
different scientific areas and physics programs:

• Atomic, Plasma, and Applied Physics (APPA).

• Compressed Baryonic Matter (CBM).

• NUclear STructure, Astrophysics and Reactions (NUSTAR).
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• AntiProton Annihilation at DArmstadt (P̄ANDA).

Figure 3.1 shows the existing GSI site together with the future FAIR; the ex-
isting GSI facility is shown in blue and the new facility is in red. An overview
of the experiments at FAIR is provided and summarized in Table 3.4. Using
a complex accelerator chain with various routes, FAIR will be able to provide
different types of beams with the intention to serve in parallel different exper-
iments. As shown in Fig. 3.1, FAIR consists of different accelerators: linear
accelerators, synchrotron and storage rings. Three synchrotrons are responsible
for increasing the energy of protons and ions produced in the linear accelera-
tors. Two distinct linear accelerators, UNILAC and p-LINAC accelerate ions
and protons, respectively, for the injection into SIS18. SIS18 is the first ring
accelerator in the accelerator’s chain for accelerating of ions and protons. The
acceleration is done in two possible modes: namely with a fast ramp rate of
10 T/s up to 12 Tm maximum magnetic bending power (magnetic rigidity),
or with 4 T/s to a higher maximum bending power of 18 Tm. SIS18 gets its
name from its maximum magnetic rigidity of 18 Tm. The main accelerator
for FAIR is SIS100. Ions and protons, pre-accelerated by SIS18, are brought
to beam energies of 2.7 AGeV (U28+) and 29 GeV (protons). 4 × 1011 ions
per pulse or 2 × 1013 protons per cycle can be accelerated and compressed to
bunch lengths of 60 ns and 25 ns, respectively. SIS100 has a circumference of
1084 m and gets its name from its magnetic rigidity of 100 Tm [45]. SIS300
is another synchrotron which is located next to SIS100. SIS300 will have a
magnetic rigidity that is a factor of three larger than SIS100. It will be used
for additional acceleration of ion beams and to store beams for slow extraction
while SIS100 is accelerating beams for other experiments. The accelerator will
be equipped with 6 T magnets, ramping at 1 T/s. SIS300 is not part of the
planned initial start version of FAIR. The further preparation of the different
beams such as storing, accumulation and cooling is performed by a number of
rings.

The Collector Ring (CR) collects antiprotons and ions from SIS100 and Super-
FRS, respectively, and pre-cools the beams stochastically. Normal conduct-
ing dipoles are used for this task in a ring of ∼211 circumference. In ad-
dition, the CR will be used as a mass spectrometer for short-lived isotopes
in an isochronous mode, employing an internal Time-Of-Flight (TOF) detec-
tor [46]. The antiprotons are extracted and accumulated in the Recuperated
Experimental Storage Ring (RESR) and the ions are transferred to the New
Experimental Storage Ring, (NESR). The RESR is dedicated to accumulation
and deceleration of antiprotons and short-lived ions. The ring surrounds the
CR and has a circumference of 245 m. Up to 1011 antiprotons at a fixed energy
of 3 GeV can be accumulated and cooled in the RESR. The antiprotons are
either transferred to NESR or into the High Energy Storage Ring (HESR).
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Figure 3.1: The future FAIR facility with different accelerators and experiments annotated. On
the left side, the existing buildings of GSI are located. The accelerator chain outlined in blue is
already existing, the red chain is planned for FAIR. This figure corresponds to the start version of
FAIR. It does not show SIS300, RESR and NESR. Figure is taken from Ref. [43].

The RESR is also not part of the initial start version of FAIR. The NESR is
a storage ring for stable and unstable ions and antiprotons. Different exper-
imental facilities are connected to NESR and make use of its high-intensity
beams. NESR can receive its beam from various sources. Stable ions can be
delivered by SIS100 or SIS300, unstable ions by RESR, CR, or directly by
Super-FRS and antiprotons by RESR or CR. The circumference of NESR will
be 222 m, including four straight sections of 18 m each. In one straight section,
NESR will join with an electron ring (eA Collider). The HESR, shown in Fig.
3.2, is an antiproton synchrotron and storage ring designed for the momentum
range of 1.5 to 15 GeV/c. The antiprotons are injected into the HESR, which
is capable of collecting and then accelerating or decellerating them [47]. The
components of the FAIR complex are grouped into six modules to enable an
expeditious start of FAIR. The first four modules (0-3) compose of FAIR’s
initial version, the so-called Modularized Start Version (MSV) [51]. They in-
clude the mandatory accelerator components of SIS100 and the connection to
the existing GSI essential (both module 0) as well as the experimental halls
for CBM, High-Acceptance DiElectron Spectrometer (HADES), and Atomic,
Plasma Physics and Applications (APPA) (module 1) and Super Fragment
Separator (Super-FRS) (module 2). The antiproton infrastructure is included
in module 3, comprising the storage rings CR and HESR as well as the hall for
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P̄ANDA. Within the Modularized Start Version (MSV), RESR will not be built
initially and will not be available for antiproton accumulation at the start-up
of FAIR. Only CR is available for pre-cooling and collection of antiprotons.

3.1.1 High Energy Storage Ring (HESR)

P̄ANDA is located in one of the HESR’s straight sections, see Fig. 3.2. HESR
is designed for experiments with antiprotons of high energies. It is the main
ring used at the initial stage of FAIR. A proton beam is produced in the p-
LINAC and further accelerated with SIS18 and SIS100. At the antiproton
production target, antiprotons are created. They are collected and cooled in
CR and RESR and then transferred to HESR. Since RESR is absent in the
initial version of FAIR, a combination of CR and HESR is used to prepare the
beam.

Figure 3.2: Schematic view of the High-Energy Storage Ring (HESR). The P̄ANDA experiment
will be located in the lower straight section. Figure is taken from Ref. [44].

The antiprotons are generated by impinging a primary proton beam of 28 GeV
onto a metal target. Behind the target, the antiprotons are collected in a mag-
netic horn and separated from collision residue particles in a subsequent 58 m
long beam line. Thirteen quadrupoles and two sextupoles modify the beam
to match the properties needed for injection into CR. The target itself has a
length of roughly 10 cm and it is made of either copper, nickel, or iridium. The
material is chosen to be not too light, in order to produce a sufficient number
of antiprotons in a short distance, but also to be not so dense that it melts
under the deposited proton energy [48].

The circumference of the HESR ring is 574 m. It has two straight sections
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of 132 m each and 44 dipole magnets with a total maximum bending power
of 50 Tm. The desired beam quality and beam intensity will be prepared
for two different operation modes, namely the high-luminosity (HL) and high-
resolution (HR) modes. In the high luminosity (HL) mode a peak luminosity
of 2 × 1032 cm2 s−1 is attained with 1011 antiprotons and a target thickness of
4 × 1015 atoms/cm2. It should be available in the whole energy range of the
HESR with a momentum spread of ∆p/p 6 10−4. More stringent requirements
are necessary in the high resolution (HR) mode with an expected momentum
resolution of ∆p/p ≈ 4 × 10−5. Here a peak luminosity of 2 × 1031 cm2 s−1 can
be attained with 1010 antiprotons. A high-resolution beam is particularly ben-
eficial for high precision line-shape analyses of charmonium(-like) states. To
obtain an antiproton beam with a small momentum spread, the beam must be
cooled. Cooling is a process to shrink the size, divergence, and energy spread of
charged particle beams without removing particles from the beam. To accom-
plish these goals, two beam cooling methods are foreseen namely, stochastic
cooling and electron cooling. Stochastic cooling uses the electrical signals pro-
duced by the circulating beam to drive an electro-magnetic device, usually an
electric kicker, that will kick the bunch of particles to reduce the momentum of
a group of particles. These individual kicks are applied continuously and over
an extended period of time. This beam cooling method has the advantage that
the longitudinal and transversal spreads of the beam are reduced. Systems for
stochastic cooling are installed in both straight sections. The signal pickups are
located downstream of P̄ANDA, the beam kickers at the beginning of the next
straight section [53]. Using the electron cooling method, the phase space of
stored antiprotons can be compressed by aligning the antiproton beam with a
cold dense electron beam. HESR will be equipped with an electron cooler with
relativistic energies up to 4.5 MeV located in the straight section opposite of
P̄ANDA [9, 49, 50]. HESR has methods for antiproton accumulation, but the
particle numbers needed for the high luminosity mode cannot be reached with-
out additional accumulation in RESR: instead of 1011, only 1010 antiprotons
will circulate in the ring. Consequently, HESR will only run in high resolution
mode in the MSV. Also, the duty cycle of P̄ANDA is lowered, as HESR needs
time for antiproton accumulation, in which no physics experiments can occur.
The duty cycle will be less optimum and it will result in maximum luminosi-
ties of order 1031 cm2 s−1. The scheme for antiprotons reaching P̄ANDA in the
MSV is as follows: Protons from SIS100 create antiprotons at the antiproton
production target. 108 antiprotons are collected in CR. They are cooled for 10
s, then transferred to HESR. There, the antiprotons are cooled, while the next
108 antiprotons are collected in CR. After 10 s cooling, the CR antiprotons
are, again, transferred to HESR. This procedure is repeated 100 times until
1010 antiprotons are accumulated in HESR [9, 52].
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3.2 Physics Program of P̄ANDA

The P̄ANDA experiment will explore collisions of an antiproton beam with
a fixed proton or nuclear target. Antiproton-proton annihilations enable the
production of a wide range of hadrons that cannot be created directly in e+e−

colliders. The physics program of the P̄ANDA detector focuses on the inves-
tigation of the hadron structure and the properties of the underlying strong
interaction. The momentum range between 1.5 GeV/c and 15 GeV/c is chosen
to produce states in the overlap of perturbative and non-perturbative QCD
regimes with center-of-mass energies from

√
s= 2.26 GeV to 5.48 GeV. Hadron

spectroscopy is one of the main topics of the P̄ANDA physics program, and
in particular the interest is focused towards hidden-charm (charmonium) and
open-charm spectroscopy, and (strange) baryon spectroscopy. The P̄ANDA
detector will also be used to search for gluonic excitations and to study further
QCD dynamics. Another important topic of the physics program is the inves-
tigation of nucleon structure. Finally, there will also be investigations of the
properties of hadrons in nuclear matter and searches for (double) hypernuclei.
Fig. 3.3 represents the mass range of hadrons accessible at the HESR with
antiproton beams.

3.2.1 Hadron Spectroscopy

One of the key physics programs of P̄ANDA focuses on the measurements
and classification of hadrons and the hadronic bound-state spectrum. Special
attention is given to mesons with charm content as well as to baryons with
strange and charm content. Mesons with open charm (D, Ds), charmonium
states like the J/ψ, strange and charmed baryons, and the search for signs of
new physics are the topics of interest.

Charmonium Spectroscopy

Charmonium spectroscopy refers to precise measurements of mass, width, de-
cay branches of all charmonium states with the aim to extract information
on the details of the quark-confinement potential. Charmonium is a bound
state of a charm quark and its antiquark (cc̄). Below the threshold for (DD̄)
production (

√
s = 3.73 GeV), the spectrum consists of eight states. All eight

charmonium states are predicted and observed, but the measurement of their
parameters and decays is far from complete. Charmonium spectroscopy will
provide new insights to the fundamental understanding of strong interactions.
The results of the charm and anti-charm quark (cc̄) spectroscopy will help to
tune the potential models of mesons. The most accurate measurements have
been obtained for the vector (JPC = 1−−) states (ψ). These can be formed
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directly at e+e− colliders. With an antiproton beam, charmonium states of all
(conventional) quantum numbers could be formed directly and the precision of
the mass and width measurement depends only on the beam quality.

Light MesonsLight Mesons

J/ψ , ƞc,  cJ

Figure 3.3: The mass range of hadrons accessible at the HESR with antiproton beams. The figure
indicates the antiproton momenta required for charmonium spectroscopy, the search for charmed
hybrids and glueballs, the production of D-meson pairs and the production of Σ baryon pairs for
hypernuclear studies. The range within the two dotted lines is accessible by HESR. The antiproton
beam momentum is given on the top axis with the corresponding center-of-mass energies on the
bottom axis, a part of the figure is taken from Ref. [54]. The antiproton beam momentum is well
above the threshold for all of the multi-strange and the lightest charmed baryons. So, it is possible to
assess the exclusive production of baryons such as pp̄ → ΛcΛ̄c. The feasibility studies of this specific
channel are presented in chapter 4.

P̄ANDA will contribute with a resonance scan, measuring masses and widths
with a very high precision. P̄ANDA will run with an improved beam-momentum
resolution compared to the previous charmonium-targeted experiments at Fer-
milab (E760 and E835). P̄ANDA will consist of a variety of specialized de-
tectors and sub-detectors with greater spatial coverage and magnetic field.
Besides the conventional cc̄ bound states, many narrow charmonium-like reso-
nances, known as the “XYZ” states, have been discovered in the recent years.
For the XYZ states, “X” stands in general for all unassigned particles, “Y”
specifies the JPC = 1−− states which are found in e+e− mode and “Z” labels
the charged states. Various models proposed by theorists for the XYZ res-
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onances include conventional quarkonium, quarkonium hybrids, quarkonium
tetraquarks, meson molecules, etc.. So far, none of the models has provided
a compelling pattern for the XYZ states. Additional hints will be given by
future experiments like P̄ANDA, which is going to measure their properties in
the center-of-mass energy range below 5.48 GeV. Masses of the charmonium
as well as many XYZ states lie within this energy range.

Open-Charm Spectroscopy

Besides the charmonium spectroscopy program, the open-charm spectroscopy
will be an integral part of the physics program of P̄ANDA. Open charm mesons
(called D mesons) consist of a charm and a light constituent quark. These
hadrons are complementary objects for studying the properties of the strong
interaction. D mesons combine the aspect of the heavy quark as a static color
source on one side and the aspect of chiral symmetry breaking and restoration
due to the presence of the light quark on the other. Since a light quark and
a heavy quark are bound together, such mesons can be seen as the hydrogen
atom of QCD. The quark model was capable of describing the spectra of D
mesons with reasonable accuracy and even of making predictions, until two
new resonances, Ds(2317) and Ds(2460) were found at BELLE [55], BABAR
[54] and CLEO [56]. HESR running with full luminosity at momenta larger
than 6.4 GeV/c would produce large numbers of D meson pairs. P̄ANDA, will
perform threshold scans to enable high precision measurements of the masses
and widths of these recently discovered states and contribute to solving the
open problems.

Baryon Spectroscopy

Besides meson spectroscopy, also baryons will be investigated with P̄ANDA.
An understanding of the baryon spectrum is one of the primary goals of the
non-perturbative QCD. For many baryon states, listed by the PDG, the prop-
erties like mass and width as well as the different decay channels are measured.
Often, they are missing sufficient amount of data and have been seen only quali-
tatively. The baryon spectroscopy of light-quark baryons is pursued intensively
at electron accelerators. Whenever the baryons contain strange or even charm
quarks, the data become extremely sparse. For instance, the properties of
Ξ resonances were not significantly improved since the 1980s [57]. Baryons
containing heavy strange quarks like the Λ and Σ (|S|= 1), Ξ (|S|= 2), and
Ω (|S|= 3), provide an interesting laboratory for studying QCD. For excited
heavy baryons the data sets are typically too small. This is the main reason
for limited knowledge of radially and orbitally excited states. In contrast to
ground states, whose properties are in good agreement with the quark model,
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the spectrum of excited states is much less clear. The P̄ANDA experiment
is well-suited for a comprehensive baryon spectroscopy program, in particular
in the spectroscopy of (multi-)strange and possibly also charmed baryons. A
particular advantage of using antiprotons in the study of (multi-)strange and
charmed baryons is that in antiproton-proton annihilation no additional kaons
or D mesons are required for strangeness or charm conservation. The baryons
can be produced directly close to the threshold, which reduces the number of
background channels, for example compared to high-energy pp̄ collisions [44].
The very poorly known Ω spectrum [58] can also be studied at P̄ANDA, and
no experimental data exist for the reaction pp̄ → ΩΩ̄. In pp̄ collisions, a large
fraction of the inelastic cross section is associated with channels resulting in a
baryon anti-baryon pair in the final state. For reactions such as pp̄ → ΛcΛ̄c,
and ΣcΣ̄c, no experimental data exist and they are also expected to be ac-
cessible at P̄ANDA. Table 3.4 shows the expected production cross sections
and corresponding detection rates for the various pp̄ collisions that result in
hyperon-baryon production. The numbers in the table are achieved from the
simulation of the reactions in the framework of P̄ANDA at the phase one with
the luminosity of 1031 cm2 s−1. The aim of this thesis to investigate the capa-
bility of P̄ANDA in charmed baryon production via the decay channel pp̄ →
ΛcΛ̄c. The results are presented in chapter 4.

Table 3.4: Cross sections and reconstructed event rates for various reaction channels produced
in pp̄ collisions. The numbers in tables [97] are achieved from the simulations of the reactions in the
framework of P̄ANDA at phase-1.

Momentum (GeV/c) Reaction σ (µm) Efficiency (%) Rate (with 1031cm2 s−1)

4 pp̄ → Λ̄Σ0 ∼ 40 ∼30 ∼ 50 s−1

4 pp̄ → ΞΞ̄ ∼ 2 ∼20 ∼1.5 s−1

12 pp̄ → ΩΩ̄ ∼ 0.002 ∼30 ∼ 4 h−1

12 pp̄ → ΛcΛ̄c ∼ 0.1 ∼35 ∼ 2 d−1

Gluonic Excitations

Hadronic states bound together by an excited gluon field, such as glueballs,
hybrid mesons, and hybrid baryons, are a potentially rich source of information
concerning the confining properties of QCD. Interest in such states has been
sparked by observations of resonances with exotic 1−+ quantum numbers [59]
at Brookhaven. The glueball spectrum in general is not well understood. There
is lack of experimental data and ab-initio (QCD-based) theoretical prediction
that go beyond a quenched approximation [62]. Lattice QCD calculations pre-
dict 15 glueball states accessible with the momentum range of HESR. The
ground state is JPC = 0++ and the first excitation is at JPC = 2++ [59]. The
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masses are expected to be around 1.7 GeV/c2 and 2.4 GeV/c2, respectively, al-
though the calculations still have large uncertainties. Glueballs with an exotic
quantum number configuration that are not feasible just with quarks are called
oddballs. Out of the 15 mentioned states, two are oddballs: JPC = 2+− and
JPC = 0+−. Decays of glueballs include channels going to φ, η and J/ψ states.
The momentum region of P̄ANDA is suitable for finding some of the proposed
states. Since the annihilation of quarks with anti-quarks will produce gluons
in the intermediate state, the production cross section of gluon-rich hadrons
is expected to be large. So the pp̄ annihilations are a distinguished setup for
finding the lighter, heavier and regular glueballs more easily and potentially
allow to collect more statistics compared to existing measurements [54].

Figure 3.4: The mass spectrum of glueballs from lattice-QCD calculation [62]. The masses are
given in terms of the hadronic scale r0 along the left vertical axis and in units of GeV along the right
vertical axis (assuming r0−1 = 410(20) MeV). The locations of states whose interpretation requires
further studies are indicated by the dashed hollow boxes. Figure is taken from Ref. [59].

3.2.2 Nucleon Structure

A wide area of the physics program of P̄ANDA concerns studies of the non-
perturbative region of QCD. In addition to the hadron spectroscopy, P̄ANDA
is also well suited to investigate the quark and gluon distributions of the ground
state of the nucleon, the proton. The inclusive deep-inelastic scattering can be
used to study quark and anti-quark distributions in the nucleon via a measure-
ment of the forward virtual Compton amplitude. With the antiprotons from
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the HESR it will be possible to study the crossed-channel Compton scattering
of the exclusive pp̄ annihilation into two photons. It has been shown that the
space-like process can be well described with the model of Generalized Par-
ton Distributions (GPDs) [63, 64, 65]. GPDs developed in the recent years,
are accessible via pp̄ annihilations using a so-called handbag approach. The
wide-angle Compton scattering processes (pp̄ → γγ) can be divided in parts
described by GPD (soft parts), and parts for which a perturbative QCD ap-
proach is valid, as the involved photon has very high momentum (hard parts).
The high luminosity and sub-detector configuration (especially the Electro-
magnetic Calorimeter (EMC)) enables P̄ANDA to probe the nucleon structure
by studying pp̄→ γγ. Additional nucleon structure analysis at P̄ANDA will be
achieved by studying the Transverse Parton Distributions (TPDs) in the dilep-
ton Drell-Yan processes (pp̄→ l+l−X). The Drell-Yan production of muon pairs
in proton-antiproton collisions, is a useful tool to access transverse spin effects
within the nucleon [54, 66]. Drell-Yan processes allow for analysis of momenta
of quarks bound in a nucleon. Pure dilepton final states, pp̄→ e+e− and pp̄→
µ+µ− give access to the time-like region of the proton form factor and allow
for the independent extraction of the electric and magnetic form factors (GE)
and (GM ), respectively, and provide insight into non-perturbative and QCD
regimes likewise.

3.2.3 Hadrons in Matter

Besides the study of antiproton-proton collisions, P̄ANDA will also investigate
the effects of hadrons implanted into nuclear matter. P̄ANDA can be used
for the study of antiproton-nucleus collisions by replacing the frozen hydrogen
cluster-jet target by a solid wire or fibre target made of carbon 12C or other
materials. The antiproton-nucleus collisions at P̄ANDA offer a very promising
opportunity to study the properties of the hadrons inside the matter and the
nuclear medium. A special focus of these investigations is the modification of
the rest mass and lifetime of hadrons in nuclear matter, which is expected due
to a partial restoration of chiral symmetry in a nuclear medium. For mesons
containing light quarks (i.e. π, ω, K ) many intensive studies have already been
performed at experiments like Crystal Barrel/TAPS at ELSA, Crystal Ball at
MAMI and HADES at GSI. With P̄ANDA, it will be possible to extend these
investigations to hadrons containing charm quarks.

Theoretical studies on charmonium production in p̄A reactions, presented in
Ref. [67], predict that with P̄ANDA high rates are to be expected which
makes such studies feasible and worthwhile to pursue. In particular, the J/ψ
nucleon dissociation cross section becomes accessible. Besides charmonium,
P̄ANDA will be able to study the properties of open-charm mesons in the nu-
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clear medium. For example, it will be feasible to investigate the in-medium
mass splitting of the D mesons. The detection capabilities of P̄ANDA opens
the opportunity to study the in-medium properties of a number of hadrons in
the light-quark sector which can be produced at rest or at very small momenta
inside the nuclei. For example the nuclear potential for p̄, Λ̄ and K̄ is a quan-
tity of interest, but could not be determined experimentally up to now. An
overview of the perspectives of P̄ANDA for the p̄A studies can be found in
Ref. [54].

3.2.4 Hypernuclei

Another topic involving nuclear matter is the implantation of strange quarks
into nuclei. Conventional atomic nuclei consist of protons and neutrons, which
themselves consist of up and down quarks. If one or more of these light quarks
of a nucleon are replaced by a strange quark, a new degree of freedom called
strangeness is introduced and the baryon is called hyperon. Examples for light
hyperons are the Λ hyperon (i.e. Λ=uds), the Σ hyperons (i.e. Σ+=uus),
the Ξ hyperons (i.e. Ξ0=uss) and the Ω hyperon (i.e. Ω+=sss) with masses
between 1.1 and 1.7 GeV/c2 [54].

Figure 3.5: The production process of double Λ hypernuclei with an antiproton beam in P̄ANDA.
Slow Ξ from the initial reaction will be stopped in a secondary target (12C) and captured in a nucleus
where they will decay into two Λs. Figure is taken from Ref. [54].
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Figure 3.6: Hypernuclei and their link to other fields of physics. Figure is taken from Ref. [54].

The lifetime of these systems is typically in the order of 10−10 s which is long
enough to become bound in the nucleus. If one or more nucleons of a nucleus
are replaced by a hyperon, the resulting system consisting of the core of the
remaining nucleus and the hyperon(s) is called a hypernucleus. The existence
of hypernuclei is known since the 1950s [68, 69] and so far only six double-Λ
hypernuclei have been detected [54]. The investigation of such systems can pro-
vide a deeper understanding of the nucleus as a many-body system and of the
forces acting in it. In addition, it will enable the investigation of the behavior
of strangeness in nuclear matter. With P̄ANDA, single and double Λ hyper-
nuclei can be investigated. The latter would be produced via an intermediate
Ξ production which get decelerated in a secondary target (see Fig. 3.5). The
slow Ξ can be captured in nuclei where they decay into two Λs. The gamma
rays from the double hypernuclei can be detected. Performing high-precision
gamma-ray spectroscopy allows to gain information about these double Λ hy-
pernuclei. A hyperon bound in a nucleus offers a selective probe of the hadronic
many-body problem, as it is not restricted by the Pauli principle in populating
all possible nuclear states, in contrast to neutrons and protons. While it is
difficult to study nucleons deeply bound in ordinary nuclei, a Λ hyperon not
suffering from Pauli blocking can form deeply bound hypernuclear states which
are directly accessible in experiments. In turn, the presence of a hyperon inside
the nuclear medium may give rise to new nuclear structures which cannot be
seen in normal nuclei consisting only of nucleons. Furthermore, a comparison
of ordinary nuclei and hypernuclei may reveal new insights in key questions in
nuclear physics like, for example, the origin of the nuclear spin-orbit force [70].
Therefore, a nucleus may serve as a laboratory offering unique possibility to
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study basic properties of hyperons and strange exotic objects. Thus, as shown
in Fig. 3.6, hypernuclear physics represents an interdisciplinary science linking
many fields of particle, nuclear, astrophysics and many-body physics.

3.3 The P̄ANDA detector

The physics program described in the previous section can only be realized with
a specially optimized detector setup. P̄ANDA is about 13 m long, it consists
of a system of sub-detectors that are arranged into two parts: The Target
Spectrometer (TS) and the Forward Spectrometer (FS). These two parts of
the detector are shown in Fig. 3.7 and Fig. 3.8, respectively.

Figure 3.7: Side view of the P̄ANDA Target Spectrometer (TS) with all sub-detectors. The
antiproton beam approaches from the left. Figure is taken from Ref. [71].

The TS has a cylindrically symmetrical form surrounding the Interaction Point
(IP), which is defined by crossing of the beam and the target pipe. The TS
covers nearly the full 4π solid angle. The TS of P̄ANDA has a diameter of
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about 5 m. Apart from the subsystem which is responsible for the detection
and identification of muons, all other detector subsystems are placed inside a
superconducting solenoid magnet, which will provide a magnetic field with a
strength of 2 T. Polar angles greater than 22◦ (with respect to the beam axis)
are covered by the barrel part of the TS, polar angles smaller than 22◦ are
covered by detectors built as endcaps.

Figure 3.8: P̄ANDA Forward Spectrometer (FS) with all sub-detectors. The antiproton beam
approaches from the left. Figure is taken from Ref. [71].

The downstream part of the detector, the FS, is dedicated to the detection
of particles emitted under laboratory angles below 5◦ and 10◦, in vertical and
horizontal directions, respectively. Charged particles will be analyzed with a 2
Tm dipole magnet. Neutral and fast particles will be detected in the forward
calorimeters. The purpose of FS is to reconstruct high-energy, forward-boosted
particles, resulting from the fixed-target kinematics of the experiment. For
particle identification, three basic techniques are used: Time Of Flight (TOF),
Cherenkov radiation detectors, Straw Tube Tracker (STT) with dE/dx and a
large sampling muon system [54]. In the following, an overview of the most
important detector sub-systems is presented, including the target and the sub-
detectors categorized by their function. Fig. 3.9 shows the full P̄ANDA setup.
The P̄ANDA hall will be available at phase one of FAIR and most of the
detectors will be installed. There are several detectors that will be excluded
from the start setup. In Fig. 3.9, the detectors which are indicated in black
are foreseen for phase one and the red ones are foreseen for phase two. The
P̄ANDA will start working with a low luminosity at phase one. At phase two,
the full setup will be ready for the installation and operation of P̄ANDA high
luminosity mode will be achieved.
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Figure 3.9: The P̄ANDA setup. The detectors which are indicated in black are foreseen at phase
one and the ones indicated in red are foreseen for phase two. The figure is taken from Ref. [97].

3.3.1 Target System

P̄ANDA will use internal targets. The target inside a storage ring needs to
be tuned in terms of size and thickness. Within the ultra-high vacuum of
the storage ring, the target must be a very dilute and localized cluster of
matter. Currently, two targets are being in development for P̄ANDA, a pellet
and cluster-jet target. The cluster-jet target comprises a well-known design
and will be installed in the first period of P̄ANDA experimental run (phase
one). A second target, the pellet target, is being designed for runs with higher
luminosities.

Cluster-jet Target

The cluster-jet target expands compressed, pre-cooled gas through a fine noz-
zle. During this process the gas adiabatically cools down and forms a super-
sonic stream of atoms or molecules which, under appropriate conditions, form
a so-called cluster. The size of these clusters is strongly influenced by the
experimental conditions such as the pressure or the temperature of the gas
before entering the nozzle. A constant opening of the cluster-jet is provided by
a skimmer and collimator in front of the vacuum. In comparison to the pellet
target, this option provides a homogeneous target density and time structure
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but no point-like interaction zone. The areal density of the clusters is 2 ×1015

atoms/cm2, the spread of the cluster in transverse direction is 2 mm to 3 mm,
its spread in the longitudinal directions is 15 mm [75]. Comparing P̄ANDA
target with targets in use in previous rings, the P̄ANDA target will operate
with higher pressures, while, for example, targets at CERN used hydrogen at
pressures of 10 bar, P̄ANDA target operates at approximately 25 bar. At the
operational temperatures, hydrogen is in its liquid form, creating higher cluster
densities, as needed for P̄ANDA physics program.

Pellet Target

The second target, in development for P̄ANDA, is a pellet target. Instead
of a broad jet of target particles, the pellet target provides individual frozen
droplets (pellets). The pellets are produced by injecting the desired material
as a cryogenic jet into a triple-point chamber containing the same material or
helium close to triple-point, the temperature and pressure conditions where
gas, liquid, and solid phases coexist [9]. The triple-point chamber ensures
that an extremely regular drop flow can be produced under optimal conditions
without disturbances from evaporation. The drops then pass through a thin
injection capillary into the vacuum. The passage cools the jet until it freezes
into pellets of ∼20 µm diameter, which also get accelerated in the vacuum
chamber due to the gas flow. This leads to an effective target areal density,
compared to cluster-jet targets, a higher areal density of 5 × 1015 atoms/cm2

is reached. Only with this can the high luminosities demanded by P̄ANDA be
achieved [75, 9].

3.3.2 Tracking Detectors

The task of the tracking detectors is to measure the trajectories of charged
particles through the magnetic fields, leading to measurements of the parti-
cle’s momenta. The high-resolution measurement of charged particle trajecto-
ries will be provided by the following sub-detectors: MVD, STT, GEM (which
are located in the Target Spectrometer) and the FTS tracks particles in the
Forward Spectrometer (as indicated in Fig. 3.10). In the following, P̄ANDA
tracking detectors are introduced.

Micro Vertex Detector (MVD)

In P̄ANDA physics program, the measurement of charm and strange hadrons
with a relatively long lifetime plays a key role. Thus, identifying those parti-
cles is a major task of the detector. A good vertex reconstruction can identify
displaced vertices that stem from those hadrons. This is achieved by the Micro
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Vertex Detector (MVD) which provides 3D hit information very close to the
interaction point. The MVD is the innermost detector of the P̄ANDA setup,
directly surrounding the interaction point with a maximal radius of 15 cm and
a length of 46 cm. A high resolution MVD is required in P̄ANDA to measure
the primary interaction vertex and the secondary decay vertices. Like all other
detectors, the MVD has to cover nearly the complete range of polar angles (3◦

to 150◦). Another main requirement is a high spatial resolution of less than
100 µm in the z direction and only a few tens of µm in the x-y direction, which
is needed to resolve the decay vertices of D-mesons with a mean lifetime of
only 123 µm for a D0 [54]. A third requirement of the MVD setup is a low
material budget to avoid an impact on the performance of the outer detectors.
Especially for the EMC, it is very important to minimize photon conversions in
active or passive parts of the MVD. In addition, multiple scattering of particles
in the MVD will degrade the tracking performance of the complete detector.
Due to these restrictions, the MVD has to consist of light and low-Z materials
[76]. The setup that presently foreseen is depicted in Fig. 3.11. Since the MVD

Figure 3.10: Basic data reconstruction concept of P̄ANDA. Figure is taken from Ref. [72].

is the innermost detector, all components have to be highly radiation hard to
ensure a long term operation. One silicon pixel sensor is built as a matrix of
116 × 110 cells, each square cell has a side length of 100 µm. One sensor incor-
porates an area of 1.3 cm2. The pixel detectors are built as hybrid detectors:
the sensor with the active silicon material, running as a reverse-bias diode, is
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soldered head-to-head onto the accompanying Application-Specific-Integrated-
Circuits (ASIC) read-out chip. The MVD uses three different forms of strip
sensors. In the barrel part, square and rectangular shapes are employed, in
the disk part, trapezoidal sensors are chosen. The latter sensors are shown; in
Fig. 3.11(b). To properly measure two-dimensional hit points, all strip sensors
are double-sided. The barrel sensors use a stereo angle of 90◦ between the two
sides, the disk sensors an angle of 15◦. The strip pitch, the distance between
two adjacent strips, is chosen to be 130 µm in the barrel strip sensors and 90
µm in the disk strip sensors with an intermediate passive strip [9, 76].

(a) (b)

Figure 3.11: The Micro-Vertex Detector (MVD) of the Target Spectrometer surrounding the
beam and the target pipes viewed from downstream. (a) A look inside the MVD. (b) Positions of
individual detectors. Red represents the pixel sensors, and green the strip sensors. Figure is taken
from Ref. [72].

Straw Tube Tracker

The Straw Tube Tracker (STT) is P̄ANDA’s central tracking detector. It fills a
volume of 1.26 m3, 4224 straws enable hit point measurements with resolutions
better than 150 µm in the x-y plane and a combination of tubes provides a
resolution better than ∼ 3 mm in the z direction. The STT is illustrated in
Fig. 3.12. The STT encloses the MVD (the inner tracking). It is followed in
beam direction by a vertical setup of GEM disks for adding track points in the
forward polar-angle range, as discussed in the next section. The STT covers
a polar angle range from about 10◦ to 140◦. The main task of the STT is the
precise spatial reconstruction of the helical trajectories of charged particles in
a broad momentum range from about a few 100 MeV/c up to 8 GeV/c. The
particle momentum can be extracted from the reconstructed trajectory in the
solenoidal magnetic field. Another important task for the STT is the measure-
ment of the specific energy loss (dE/dx ) for particle identification. The PID
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information of the STT is needed in particular to separate protons, kaons and
pions in the momentum region below 1 GeV/c [76].

(a) (b)

Figure 3.12: (a) CAD drawing of the STT, including the low-weight holding structure. (b) Half
view of STT. The intersection between the target pipe and beam pipe can be seen, the MVD, which
surrounds the interaction point, is not shown. Figure is taken from Ref. [76].

The straw tubes that will be used for the P̄ANDA detector have an active
length of 140 cm. Each straw is a small drift tube with an inner diameter
of 10 mm and a wall thickness of 27 µm. They are made of two layers of 12
µm aluminized mylar films by wrapping two long film strips around a rotating
mandrel. The first layer of aluminization is used for electrical conduction and
the second for shielding against external light [77]. A gold-plated tungsten-
rhenium wire with 20 µm diameter is used as anode. The tubes are sealed at
both ends. Cylindrical precision end plugs are made of ABS (Acrylonitrile-
Butadiene-Styrene) thermoplastic with a wall thickness of 0.5 mm. They are
glued to the mylar film leaving a small 1.5 mm film-overlap on both ends (see
Fig. 3.13). A gold-plated copper-beryllium spring wire is inserted in order to
provide the electric ground. The springs allow a 2 mm tube elongation with a
typical spring force equivalent to 10 g. The end plugs have a central hole with
a 3 mm thick cylindrical nose to insert and glue a crimp pin for the wire. A
micro PVC (medical quality grade) tube is fed through another hole and glued
in the end plugs to provide a gas flow through the tube. A light-weight, self-
supporting structure is chosen for STT, because an external frame, will add
to the tension and also increase the detector’s material budget. The structure
consists of two identical flanges, shaped and drilled individually, connected by
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Figure 3.13: A photograph of all straw components and the straw assembly steps. Figure is
taken from Ref. [76].

(a) (b)

(c) (d)

Figure 3.14: (a) Photograph of an axial straw layer module for the outer cylindrical shape and
module with two double-layers with opposite skew angle. (b) Photograph of all straw modules of one
STT hexagon sector. Two thermoplastic mounting brackets at both ends of a module are used for
its support and positioning in the mechanical frame. (c) Gluing of straw tubes to multi-layers. (d)
A straw tube double-layer on the reference plate. Figures taken from Ref. [76].
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(a)

(b)

Figure 3.15: (a) Layout of the straw tubes in the STT in xy-view. The straws marked in green
are parallel to the beam axis. The blue and red marked straw layers are skewed relative to the axially
aligned straws in the same sector by angles of +2.9◦ and −2.9◦, respectively. (b) Pictorial drawing
of one of the two frame structures of the STT. Figures are taken from Ref. [76].
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screws to six precise tubular spacers (see Fig. 3.15(b)). The layers of a sec-
tor are grouped into multi-layer modules, consisting of four close-packed axial
layers or two close-packed double-layers with opposite skew angle. The out-
ermost module in a sector consists of seven close-packed axial layers with a
varying number of straws per layer to reach an outer cylindrical shape (see
Fig. 3.14(a)) [76]. For the innermost straw module, a few single straws are
added in the corners to reach the inner cylindrical shape. Each of the two
semi-cylindrical P̄ANDA-STT volumes is filled by three sectors of straw tubes
aligned in the z -direction and arranged in stacks of planar multilayer mod-
ules [76]. The straws are organized in 19 layers parallel to z (axial straws) and
8 layers skewed by a small angle of +2.9◦ and −2.9◦ with respect to the z -axis
(skewed straws). The skewed straws are located skewed straws are located in a
hexagonal array placed at an intermediate radius of the STT (see Fig. 3.15(a))
and enable measurements in the z -direction with a resolution of ∼3 mm. The
straws are closely packed with a minimal space of 20 µm between each straw
(see Fig. 3.15(a))[76].

The straw tubes are held at 1 bar over pressure, giving mechanical tension
to the anode. A suitable gas mixture for the operation of straw tube detec-
tors should satisfy different physics requirements and environmental concerns.
The operating gas mixture should provide good spatial resolution, high-rate
capability, long radiation length X0 and low ageing. Ageing occurs due to the
plasma-chemical processes in the detector during the gas amplification which
deposit impurities on the electrodes. Ageing causes a gradual gas gain reduc-
tion, signal loss and finally detector breakdown. In the aging test of straw tubes
at COSY for (Ar/CO2)(90 : 10) mixture, minimal ageing has been observed
up to the accumulated charge of 0.72 C/cm [72, 73, 74]. The gas mixture (Ar
+ CO2) has excellent drift properties by providing low longitudinal diffusion
and small ageing effects.

Gas Electron Multiplier (GEM)

Particles emitted at the polar angles below 22◦, which are not covered fully by
STT will be tracked by three planar stations placed at approximately at 1.1 m,
1.4 m, and 1.9 m downstream from the target in the TS. Each station consists
of double planes with two projections per plane. The chambers have to sustain
a high counting rate of particles peaked at the most forward angles due to the
relativistic boost of the reaction products as well as due to the peaking cross
section at small angles of the pp̄ elastic scattering. The maximum expected
particle flux in the first chamber in the vicinity of the 5 cm radius opening
for the beam pipe will be about 3 × 104 cm2 s−1 [9, 54]. The stations will be
equipped with gaseous-pattern detectors based on GEM foils as amplification
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stages (see Fig 3.16(a)). A system of three stacked GEM foils amplifies elec-
trons to measurable quantities. A foil is typically made from a plastic material
and coated with a conducting surface. The GEM disc stations are drift vol-
umes that contain thin Kapton foils with copper-coated sides. By applying a
high voltage between the two sides, strong electric fields form a dense package
of field lines in the holes which cause avalanche multiplication of the drifting
electrons. Fig. 3.16(b) shows the hole pattern, the holes of 70 µm diameter,
aligned with a pitch of 140 µm in the foils. The GEM detector measures hit
points with a resolution better than 100 µm [9].

(a) (b)

Figure 3.16: (a) The working principle of the GEM: electron amplification occurs through small
holes by applying a high voltage. (b) Electron microscope picture of the GEM hole pattern. Figures
are taken from Refs. [9, 78, 79].

Forward Tracking System (FTS)

The Forward Tracking System (FTS) is designed to measure those particles
with shallow polar angles of less than 5◦ in vertical and 10◦ in horizontal di-
rection [80]. The FTS is dedicated to measuring tracks of particles boosted in
the forward direction. In particular, the amount of deflection of a particle’s
trajectory due to the FS dipole is analyzed. The FTS consists of three pairs
of planar tracking stations. The first two stations, dubbed FT1 and FT2, are
located in front of the dipole and directly after the Target Spectrometer, the
last two, FT5 and FT6, are located after the dipole and in front of the RICH
detector. FT3 and FT4 are located inside the dipole magnet gap (see Fig.
3.8). This will allow to track particles with highest momenta as well as very
low momentum particles where tracks will curl up inside the magnetic field.
Each tracking station is equipped with four double layers of straw tubes. The
first and the fourth one contain vertical straws (0◦) and the two intermediate
double-ayers, the second and the third one, contain straws inclined at +5◦ and
-5◦, respectively. FT1 and FT2 have 1024 straws, FT3 and FT4 have 1536
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straws; FT5 has 3200 straws, and FT6 has 4736 straws. In total, over 13,000
straws instrument the FTS. The planned configuration of double-layers allows
to reconstruct tracks in each pair of tracking detectors separately, especially in
case of multi-track events. Due to the different magnetic field configuration,
the maximum drift times are a bit lower than in the STT with values from
130 ns to 150 ns, depending on the dipole’s field strength. The maximum drift
times in the straws operated outside the dipole are 130 ns. Positions can be
resolved with O(100 µm), leading to momentum resolutions expected better
than 1% [9].

3.3.3 Particle Identification Detectors

Charged particle identification of hadrons and leptons over a large range of
angles and momenta is an essential requirement to meet the physics objectives
of P̄ANDA. The P̄ANDA detector is equipped with various particle identifica-
tion systems providing the ability of classifying particle species over the whole
kinematic range in addition to the energy-loss measurements from the tracking
detectors and the EMC. The main part of the momentum spectrum above 1
GeV/c will be covered by Cherenkov detectors. Below the Cherenkov thresh-
old of kaons several other processes will be employed for particle identification.
Besides the contribution of energy-loss measurement from the tracking detec-
tors, the time-of-flight barrel and forward wall can identify slow particles.

Detection of Internally Reflected Cherenkov light (DIRC)

Detectors employing Detection of Internally Reflected Cherenkov light (DIRC),
detect Cherenkov light created in confined spaces. Charged particles in a
medium with index of refraction n, propagating with βc > 1/n, emit radi-
ation at the angle Θc = arccos (1/βn). The light is transferred to photon
detectors by means of total internal reflection, preserving the opening angle of
the light cone, and thus information on the velocity of the creating particle.
The combination of DIRC information of a particle’s velocity with momentum
information measured in the tracking detectors yields the particles mass, fully
identifying the kind of particle [81]. Two DIRC sub-systems are going to be
used, a barrel DIRC and a disc DIRC in the forward direction, see Fig. 3.17(a)
and Fig. 3.17(b), respectively. The radiator bars of the barrel DIRC are lo-
cated between the SciTil on the outside and the STT on the inside. It uses
silica bars as Cherenkov radiators to provide a pion-kaon (and proton) separa-
tion for particle momenta up to ∼3.5 GeV/c at polar angles between 22◦-140◦

and an azimuthal range of nearly 2π, leaving only a gap for the target pipe.
The bars have the dimensions of 2400 mm × 17mm × 32 mm [9]. The scintilla-
tors are connected to filter optics and expansion volumes, guiding the light to
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the photon sensors; see Fig. 3.17(a). The Barrel DIRC design is based on the
BaBar DIRC [84] with several improvements, such as focusing optics and fast
photon timing. To keep the material budget inside of the calorimeter as low as
possible, the barrel DIRC is read out in the upstream direction. Mirrors are
attached to the bar in the downstream direction to reflect the photons towards
the readout at the opposite end, where they are coupled out and focused via
lenses into an expansion volume. This volume (with a depth of 30 cm) is filled
with mineral oil [82].

(a)

(b)

Figure 3.17: The DIRC detectors of P̄ANDA. (a) The barrel DIRC system. The radiator bars
(turquoise) are arranged in sets of five to form bar boxes (red). The expansion volume in the backward
direction is colored in a dark shade of green, with the photon detection in lighter green. Figure is
taken from Refs. [9, 82]. (b) The disc DIRC. The radiator is colored in green and segmented into four
pieces. They are read out through the surrounding instrumented focal plane. One quarter section is
highlighted. Figure is taken from Refs. [9, 82].
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Micro-channel plate photo-multiplier tubes (MCP-PMTs) are used to convert
the light into an electrical signal with a sum of around 15,000 channels. For the
PID process two spatial coordinates and the time of the detected photon are
measured. With these 3D-patterns, PID likelihoods for different particle hy-
pothesise are calculated. The arrival time is measured with a precision of about
100 ps and the angular resolution is 8 mrad to 10 mrad. With the envisaged
setup, pions and kaons can be separated with > 3σ confidence level for a mo-
mentum range up to 4 GeV/c [85]. Another DIRC sub-system is disk-shape.
This disc DIRC is placed in the forward endcap of the target spectrometer.
The same measurement principle but with a disc-shaped configuration is used
by the disc DIRC. Pions and kaons with momenta up to 4 GeV/c and with
polar track angles below the acceptance of the barrel DIRC down to 10◦ in
horizontal and 5◦ in vertical direction are identified here. Like the barrel part,
the disc is made from fused silica. The disc has a diameter of 2200 mm and a
thickness of 15 mm. Shaped like a regular dodecagon, the disc DIRC has four
identical but optically separated sub-detectors. On each straight surface on
the outside, a focusing light guide is glued to the silica, with a diachronic filter
in the transmission region. Their focusing optics and light readout is placed
on the outside [86]; see Fig. 3.17(b).

Ring Imaging Cherenkov Detector (RICH)

In the Forward Spectrometer, for separating the π/K and K/p at very high
momenta, a Ring Imaging Cherenkov (RICH) detector will be installed. It
will be located at approximately 6.5 m downstream of the interaction point
with a coverage of angles < 10◦ and < 5◦ in horizontal and vertical directions,
respectively. The favored design is a dual radiator RICH detector, using silica
aerogel and freon (C4F10) gas. RICH provides π /K/p seperation, in a broad
momentum range from 2 GeV/c to 15 GeV/c [87].

Time-Of-Flight System (TOF)

Very slow particles cannot be identified with the help of the DIRC system
because they do not emit Cherenkov light in the radiators, so, another PID
detector is placed directly adjacent to the barrel DIRC. A Time-Of-Flight sys-
tem will be placed between the Barrel DIRC and the EMC and it will be used
for the identification of slow charged particles at polar angles from 22◦ to 140◦.
This detector measures the time-of-flight of incident particles with a resolution
of roughly 100 ps. The detector is based on scintillator tiles and it will be read
out by two Silicon Photomultiplier (SiPMs) per tile. The tiles are made of a
plastic scintillator, BC-408, and have a 28.5 mm × 28.5 mm surface area and
5 mm thickness. The material is chosen to have a good light yield and timing
resolution: A minimum ionizing particle losing ∼1 MeV in the ∼5 mm thick-
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ness of a tile, creates 10,000 photons, of which 120 photons can be measured.
The timing achieved with this is O(100 ps). The full system consists of 5760
tiles in the barrel part and can be augmented by approximately 1000 tiles in
the forward direction, just in front of the endcap disc DIRC. Another TOF-
detector is foreseen in the Forward Spectrometer, the Forward Time-Of-Flight
(FTOF). It is a wall of slabs (140 cm height and 2.5 cm thickness), made of a
plastic scintillator and read out on both ends by fast photo-tubes and it serves
as a time-of-flight counter placed at about 7 m from the target. Like the Sci-
Til (Scintillator Tile), it detects particles by fast-responding scintillators. The
width of the scintillators depends on their proximity to the beam axis, with 10
cm for the far and 5 cm for the near modules. Similar detectors are also placed
inside the dipole magnet in order to detect low momentum particles which do
not exit the dipole magnet. The time resolution is expected to be in the order
of 50 ps thus allowing a good π/K and K/p separation up to momenta of 2.8
GeV/c and 4.7 GeV/c, respectively [9, 88, 89].

Muon System

The main task of the muon system is the muon identification via pattern
recognition and matching of the track segments to the tracks inside the magnet.
Muons are identified at the outermost part of the detector as they pass the inner
systems. The Range System (RS) technique was chosen in P̄ANDA for muon
registration in a laminated iron absorber. The RS structure is a well-known
solution for the registration of muons when they are stopped by the absorber
and when they cross the whole iron [90, 9]. The stopping power, dE/dx of
iron is about 1.5 GeV per meter. The muon system is built as a range system,
with detecting layers alternating with passive iron layers. The active sensors
are Mini Drift Tubes (MDTs), operated in the proportional mode. Fig. 3.18
shows the layout of the muon system with the number of MDT detectors in-
dicated for each particular subsystem. The muon system will be instrumented
with 3751 MDTs. The P̄ANDA system for muon detection is divided into four
parts: three in the Target Spectrometer and one in the Forward Spectrometer,
see Fig. 3.18. The barrel muon system surrounds the solenoid magnet cylin-
drically and functions as its return yoke. In the barrel, there are 13 sensitive
layers, each 3 cm thick. To adjust to the higher momentum of forward boosted
particles, the iron layers of the endcap are 6 cm thick. Downstream of the end-
cap, additional 4 alternating layers follow in the so called muon filter. Besides
extending the endcap’s muon detection it also enhances the magnetic shielding
between the two magnetic fields. The forward muon system consists of 16 iron
layers of 6 cm thickness alternating with detection layers. Downstream of the
endcap, additional 4 alternating layers follow in the so-called muon filter [9, 90].
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Figure 3.18: Overview of the muon system of P̄ANDA. The four parts of the muon system, are
colored in blue. The number of Mini Drift Tubes (MDT) is indicated for each subsystem. Figure is
taken from Ref. [90].

3.3.4 Electromagnetic Calorimeters (EMC)

The main purpose of an electromagnetic calorimeter (EMC) is to precisely mea-
sure the energy of photons, electrons and positrons. In addition, an EMC can
also measure the scattering angles of photons which are not accessible by the
tracking detectors. To achieve this, the particle is stopped in a medium of high
density, while at the same time a measurable signal is generated that allows
to quantify the amount of energy that was deposited in the absorber medium.
The EMC is equipped with about 15500 scintillating lead-tungstate (PbWO4)
crystals. These crystals are high density inorganic scintillators with sufficient
energy and time resolution between 50 and 100 ps for photon, electron and
hadron detection even at intermediate energies [91]. The Target Spectrometer
EMC contains three parts: a backward endcap, a barrel part and forward end-
cap. Fig. 3.19(a) shows the barrel part and the forward endcap. The barrel
calorimeter is located in the central region, inside of the solenoid and outside
of the SciTil. It covers a length of 2.5 m, starting at an inner radial distance
of 0.57 m and ends at 0.94 m. The polar range of 22◦ to 140◦ is covered, see
Fig. 3.19(c). Each crystal has a length of 200 mm, equivalent to 22 time radi-
ation length X0 of PbWO4 and a front surface area of approximately 20 mm
× 20 mm. The exact dimension depends on the location of each crystal in the
calorimeter.
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(a)

(b) (c)

Figure 3.19: (a) The design of the EMC in the Target Spectrometer with crystals of the barrel
part (blue) and forward endcap (green). (b) Distribution of crystals of the barrel calorimeter. The
calorimeter is built with rotational symmetry around the beam axis; an exemplary slice in z direction
is exposed from the system of crystals. (c) In total, seven different types of crystals are used for
the barrel calorimeter. They are inclined towards the interaction point, with a slight skew to the
downstream direction. Figures are taken from Ref. [91].

With an inner radius of 57 cm the barrel part of the calorimeter requires 11360
crystals. Fig. 3.19(b) shows the crystal arrangement of the EMC. The crystals
are grouped into a pack of 4 × 10 leading to 16 sectors of 22.5◦ coverage in
azimuthal angle each. The crystals are held by a carbon fiber holding structure
and wrapped into highly reflective foil. The distance between two crystals is
600 µm. They are installed pointing to the direction of the target, with a slight
offset of a few degrees to reduce the dead zone between the crystals for par-
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ticles originating from the interaction point. Depending on the exact shape,
each crystal weighs on average 0.98 kg. The forward endcap will have 3600
crystals and the backward endcap 592 crystals. The forward endcap closes
the barrel in the downstream direction, the backward endcap upstream. The
forward endcap is located 2.1 m downstream from the interaction point and
has a diameter of 2 m, covering angles of 5◦ to 23.6◦ (vertically) and 10◦ to
23.6◦ (horizontally). The backward endcap is located at 1 m upstream from
the interaction point, and has a diameter of 0.8 m. It covers polar angles from
151.4◦ to 169.7◦ [91]. The calorimeter has a low photon energy threshold of
∼10 MeV, with single crystals at 3 MeV. An energy resolution of σE/E ≤
1% is achievable. The spatial resolution, given in terms of the polar angle, is
expected to be ≤ 0.5◦, ≤ 0.3◦, and ≤ 0.1◦, for the backward endcap, barrel,
and the forward endcap, respectively. Moreover, it is worth mentioning that
the P̄ANDA EMC will be cooled to -25◦C in order to get double the light
output [93].

The Forward Shashlyk-type Calorimeter (FSC) is designed to cover the for-
ward acceptance with high resolution. The detection is based on lead scintil-
lator sandwiches read out with wave-length shifting fibers passing through the
block and coupled to photo-multipliers. It is located in the Forward Spectrom-
eter, after the last TOF wall and before the forward muon system starting 7.8
m downstream from the interaction point and spanning to 8.95 m. In total,
the FSC has a mass of 3.7 t. Similar to the EMC, it has a low-energy threshold
for photons of 10 MeV to 20 MeV and an energy resolution of σE/E ≤ 1% ⊕
(2-3)%/

√
E/GeV [93].

3.3.5 Luminosity Detector

The exact measurement of the time integrated luminosity L for a time interval
dt is an essential parameter for the determination of the cross section (σ) of
a decay channel. According to N = L × σ, it provides a direct correlation
between the number of events N measured in an time interval dt and the cross
section. The intention is an accurate determination of the absolute and relative
integrated luminosity with precisions of 5% and 1%, respectively. The Lumi-
nosity Detector (LMD), the most downstream detector system of P̄ANDA, is
shown in Fig. 3.20(a). The cone walls are about 10 µm thin and keep the
LMD’s volume in vacuum. This detector will be placed behind the forward
muon system, approximately 11 m away from the interaction point. It will be
positioned directly around the beam pipe, covering the full azimuthal angle.
For the detection of traversing particles, thin, silicon-based pixel sensors with
integrated front-end electronics, High Voltage Monolythic Active Pixel Sensors
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Figure 3.20: A CAD drawing of the LMD system. Figure is taken from [93].

(HV-MAPS), are used. The HV-MAPS are produced as 2 cm × 2 cm squares
with 50 µm thickness and grouped into 10, partially, overlapping pieces to form
a module [9, 93].

3.3.6 Magnets

The reconstruction of charged particles in P̄ANDA is based on the curvature of
their trajectories in a magnetic field. This bending is achieved by two magnet
systems. A superconducting solenoid with magnetic field of 2 T will be located
in Target Spectrometer and in the Forward Spectrometer. A dipole magnet
with a field up to 1 T will be used for the Forward Spectrometer.

Solenoid magnet

In the Target Spectrometer region, a superconducting magnet creates a solenoid
field with a strength of 2 T, with a homogeneity of better than 2% along the
beam axis. The magnetic field is supplied over a length of 4 m in the central
opening hole of the magnet of 1.9 m diameter. The NbTi coils of the mag-
net are placed outside the electromagnetic calorimeter in order to avoid dead
material in front of it; see Fig. 3.21(b). Fig. 3.21(a) shows all sub-detectors
of the Target Spectrometer that are housed inside the solenoid, excluding the
muon chambers.

Dipole magnet

P̄ANDA is a fixed target experiment and many particles will go forward due
to momentum conservation. Therefore, good reconstruction capabilities of
forward-boosted charged particles are essential. The magnetic field for the
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charged-particle tracking in the forward direction is provided by a dipole mag-
net with a maximum bending power of 2 Tm. Fig. 3.22 visualizes the dipole
magnet. The dipole has a one-meter gap and an aperture of 1 m × 3 m. The
magnetic field of the dipole is shielded against the field of the solenoid by a field
clamp. The magnet is ramped together with HESR, as its field influences also
circulating particles in the beam. In the current planning, the magnet yoke will
be 2.5 m long in beam direction starting at 3.0 m downstream of the target,
and the overall height and width are 3.9 m and 5.3 m, respectively. The return
yoke is made of steel and built in segments. This gives beneficial properties for
ramping the magnet together with HESR and also simplifies assembly in the
experimental hall. In total, the dipole weighs about 220 t [9, 94].

(a) (b)

Figure 3.21: Illustrations for the solenoid magnet: (a) CAD drawing. The return yoke is colored
in blue, the sub-coils in red, surrounded by the accompanying coil system (cryostat, coil former) in
light blue. (b) A simulation of the magnetic flux density of the solenoid magnet. The antiproton
beam enters from the bottom left corner of the image. Figures taken from Refs. [9, 94].

(a) (b) (c)

Figure 3.22: Visualizations of the dipole magnet: (a) CAD drawing of the closed magnet, looking
from the downstream direction. (b) CAD drawing of an exploded view. (c) Strength of the y
component of the magnetic field in the z - y plane. Figures are taken from Refs. [9, 94].
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3.4 Data Acquisition

P̄ANDA will run with a quite diverse physics program. The different physics
channels investigated have different signatures, which are not easy to distin-
guish from the huge background. Additionally, sufficient statistics is needed in
order to perform high-precision measurements. This requires a high interaction
rate. So, employing a novel scheme for acquisition and processing of detector is
needed. The Data Acquisition (DAQ) system of P̄ANDA has to deal with high
data rates of up to 200 GB/s at an average interaction rate of 20 MHz [54].

Figure 3.23: P̄ANDA DAQ scheme, divided into the different devices responsible for data pro-
cessing. Figure is taken from Ref. [95].

To reduce the amount of data being written to disk, the data have to be fil-
tered for interesting events which are defined by the physics goals. At the same
time, the DAQ has to allow for a very flexible trigger generation since signal and
background events will be very similar in terms of track multiplicity, kinematic
distribution, and event shape. Because of this, P̄ANDA does not use a global
hardware trigger. Instead every detector front end employs feature extraction
algorithms to select relevant data from its free running front-end electronics.
The pre-processed data of several front-ends are collected in data concentrators
and sent to an event-building network which consists of two stages. Compute
nodes reconstruct the event on the fly in order to form a trigger decision. In-
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teresting events are then written to disk. Fig. 3.23 illustrates the DAQ scheme
of P̄ANDA. Field Programmable Gate Array (FPGA) boards are mainly used
to compute the nodes. To synchronize the DAQ system between the different
sub-detectors the Synchronization of Data Acquisition (SODA) protocol will
be used. The system is an optical network which provides a common reference
time better than 20 ps RMS (Root Mean Square) to fulfill this task. It is also
able to synchronize the events which come from different sub-detectors as some
readout systems are slower than the anticipated event rate of 20 MHz in the
HL mode. These global time-stamps are used to sort and combine sub-events
from the individual detectors [54, 95].

3.5 P̄ANDA Analysis Software Framework

A powerful software toolkit is available during the preperations of P̄ANDA.
This software framework is still under development and presently used to sim-
ulate the response of physics reactions, thereby, to evaluate P̄ANDA physics
potential. It contains three major components of code: external packages, Fair-
Root and PandaRoot. The code design [95] is shown in Fig. 3.24. This section
presents the most important features and components of the framework and
the analysis tools which are used during the course of a typical simulation data
run in this thesis; see chapter 4.

Figure 3.24: Code design of the P̄ANDA analysis framework. Figure is taken from Ref. [96].
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3.5.1 FairRoot and External Packages

The first and major layer of the software toolkit is referred to as external
packages. External packages are collection of software, specified as a part of
FairSoft, for the experiments at the future FAIR facility. They commonly use
packages such as GEANT3 and GEANT4 (for propagation of particles through
matter written in Fortran [102] and C++ [103]), VMC (Virtual Monte Carlo
[104]), ROOT [105], Pythia [106] and auxiliary tools. On the lowest level, Pan-
daRoot builds upon ROOT [99, 100] package, CERN’s data analysis frame-
work. ROOT was first presented in 1997 [101] and is now commonly used in
high energy physics community. ROOT provides a large set of functionalities;
it offers infrastructure for processing, displaying, and storing physics related
data. It is written in C/C++ and offers the ability to run programs (macros)
in an interpreted, uncompiled mode, enabling swift implementations of data
analysis. To extend ROOT for the needs of the FAIR experiments, the next
framework layer, FairRoot is developed [107]. It extends ROOT by computing
tasks common for particle physics experiments and was originally developed
for FAIR experiments CBM, P̄ANDA and R3B. As shown in Fig. 3.24, it pro-
vides a task-based structure by handling the input and output files, interfaces
and infrastructure. The task is to provide all steps of the data processing up
to the physics analysis stage. Data are stored in ROOT files, which contain
ROOT objects such as chains, trees, and branches. The framework delivers
base classes for detector handling, magnetic field definition and event genera-
tors for simulation. Additionally, it provides buffer and tasks needed for the
time-based simulation [96].

3.5.2 PandaRoot

PandaRoot is the offline analysis and simulation framework of P̄ANDA. It
introduces the individual detector descriptions and algorithms specifically op-
timized for the properties of P̄ANDA data output [108]. PandaRoot is pro-
grammed in C/C++. PandaRoot is intended to be used for simulated data
as well as experimentally obtained data, when P̄ANDA starts its experimental
running program. The complete detector geometry, including all sub-detectors
geometries, HESR beam pipe, target and maps of magnetic fields, as presented
in section 3.3, is reconstructed digitally using the appropriate materials and
dimensions. The P̄ANDA specific digitization and reconstruction algorithms
are also incorporated into the framework. Fig. 3.25 illustrates the work-flow
within the framework of PandaRoot both simulated and experimental data.
The following will focus on the work-flow regarding simulated data.
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Figure 3.25: Workflow of the data analysis in PandaRoot. The framework can be used for both
simulated and actual experimental data. Figure is taken from Ref. [98].

Event Generation

The first step of the simulation is the event generation. Within PandaRoot,
a set of generators are available such as EvtGen, DPM, FTF, Pythia and
UrQMD. Moreover, there are generators developed by the collaborations for
specific physics studies such as for the electromagnetic form factor studies,
Drell-Yan processes, and hypernuclei program. Event generators produce re-
actions in beam-target and beam-beam interactions in accordance to measured
or theoretically predicted models. They consider the masses of particles, mo-
menta and energies, quantum numbers, decay lengths and decay widths. The
generated events are primary particles and input for the next stage of particle
propagation. For the work presented in this thesis, two generators were used.
These generators, EvtGen and DPM, are employed for the analysis that is de-
scribed in Chapter 4.

EvtGen package has been developed in the late 1990s to simulate events of
B decays. It originates from the electron-positron collider experiments BaBar
and CLEO. EvtGen is used for producing signal events of the channel which
is indicated by an input decay file. In a decay file, the user can specify the
type of the decay, the constituting particles, the decay widths and model, and
each decay channel can be reproduced by a decay model. EvtGen uses the
decay amplitudes to calculate each node of the entire decay chain, including
all angular and time-dependent correlations [109]. More than 150 decay mod-
els are defined for well-known particle decays. Decay amplitudes and particle
parameters are stored in text-based databases, which can be extended easily.
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DPM is another event generator, and it is based on the Dual Parton Model
(DPM). It is generally used to describe high-energy collisions between two
hadrons, two nuclei, or a hadron and a nucleus [110]. DPM in P̄ANDA is used
to describe inelastic and elastic hadronic processes as well as Coulomb elastic
scattering processes. This generator is commonly used for background studies
in P̄ANDA.

Particle Transport and Digitization

Once particles and their decays are simulated, they need to be propagated
through the detector and its magnetic field. The two propagators, GEANT3
and GEANT4 are available for this purpose. These are developed by groups
involved in CERN experiments. Both have the same functionality, but they
differ in performance and results because of their respective underlying models.
The Virtual Monte Carlo interface (VMC) allows to switch between the differ-
ent GEANT-versions as well as to introduce other packages. The propagators
use a step-wise approach to simulate the particle’s passage through detectors
and interaction with materials. Each time, it evaluates the probabilities for
bremsstrahlung, multiple scattering, particle decay, and so on. The informa-
tion about the interaction of the particle with the detector material such as
position and energy loss is saved for each event and the output of this step is
called MCHits and it is accessible via the Root file.

The last step in simulating the detector’s behavior is the digitization. All
Monte Carlo data are processed to model the detector and electronic responses.
The threshold, efficiency and amplification can be adjusted according to the
measurements of real detector response. The goal is to make the simulated
data as similar as possible to the real hits coming from an actual experiment.
These output data are called DigiHits and are used as input information for
the reconstruction of the events.

Reconstruction

The reconstruction step is the first common stage for simulated and experi-
mental data from P̄ANDA. In this step the digitized data is subject to a local
reconstruction procedure which converts (DigiHits), the individual hits of each
sub-detector to a physical meaning, like a 3D space point (x, y, z coordinates),
deposited energy or a Cherenkov angle. After that, the computed trajectories
of the particles are associated to particle types in the PID, recreating the full
information of the particle.
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Track reconstruction The track object provides information about a charged
particle path through space. It contains a collection of hits in the individual
tracking sub-detectors (MVD, STT, GEM and FTS). Generally, tracking can
be separated into two tasks: track finding and track fitting. Track finding
searches for hits created from one common particle. P̄ANDA has four main
sub-detectors dedicated to track reconstruction, the MVD, the STT, the GEM
and the FTS. The next step in track reconstruction is track fitting. Track fit-
ting performs the best-fitting track through a given set of hit points by using
the package Genfit [112]. Genfit uses a Kalman filter [112, 113] for precise
track fitting by considering magnetic field, detector material and the geomet-
rical effects. Neutral candidates, which are invisible for the tracking detectors,
are reconstructed by analyzing the EMC hit clusters.

Particle identification (PID) Good particle identification for charged lep-
tons and hadrons plays an essential role for P̄ANDA and it must cover a large
momentum range from 200 MeV/c up to approximately 10 GeV/c. In the par-
ticle identification step, different subdetector information are combined, like
dE/dx values from the MVD and STT, the Cherenkov angle from the DIRCs,
or the energy deposit in the EMC. In the first stage, the recognition is done
for each detector individually. A charged particle is tested to determine how
likely is one of the possible particles hypotheses (e, µ, π, K and p) [9]. For
every sub-detector, a particle is assigned a PID number, a set of probabilities
for it to be one of the five particle hypotheses. The probabilities are normal-
ized uniquely by assuming same fluxes for each particle species. In the second
stage, the global PID combines this information by applying a standard likeli-
hood method, and a global probability is calculated.

Physics Analysis Tools

By applying the previous steps, track reconstruction and PID, the tracks are
found and the particles are identified. PandaRoot offers functionality to an-
alyze the particles and events reconstructed in the previous chain on a high
level. The analysis is enabled by means of tools and the analysis user has the
choice to reconstruct decay trees, perform geometrical and kinematic fits and
so on, provided by the analysis software. The main tools are briefly introduced
in the following.

Rho package The Rho package is an analysis tool kit which is optimised
for interactive work and performance [114]. Rho is included into PandaRoot
and extended by specific functionalities. It offers methods for combining the
particles to composite particles and takes care of combining daughter particles
to reconstruct the decay tree without double counting by indexing the can-
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didates. Particles are structured in candidate lists (RhoCandList). Different
fitting methods are also included into Rho. Rho can apply selection criteria
and run fitters on combined candidates sequentially and store the output in
ROOT’s TTree structure. It is very helpful and enables swift and interactive
evaluation of the analysed events.

Vertex fit One of the important tasks in data analysis is finding a signal
in a vast amount of background. Different kinds of fitters (vertex, momentum,
energy and mass constraints) can be used, depending on the particular analysis
under consideration. A very common situation is that the reconstructed par-
ticles originate from a common point in space-time. The spatial component is
called the vertex. The vertex fitter constrains the trajectory of charged parti-
cles to come from a common vertex. It varies the measured track parameters of
daughter particles within their measurement uncertainties, so the track comes
as close as possible to the hypothetical vertex [113].

Mass constraint fit A mass constraint fitter checks the kinematics of com-
posite candidates to reject background combinations. It fixes the mass of a
composite candidate to the PDG value by varying the other kinematic vari-
ables accordingly. It is suitable for resonances or particles with a width that
is negligible compared to the detector’s mass resolution. Usually, the fitted
mass is located in a spike at the nominal mass, so the mass resolution of the
reconstructed candidates cannot be evaluated after applying this fitting.

4-Vector constraints kinematic fit This fitter performs a so-called four-
constraint fit. In the case of an exclusive event reconstruction, it makes use
of the component wise energy and momentum conservation of the initial four
momentum of the beam and target. The sums of the three momenta and en-
ergies of all final-state particles will be matched to their initial values [115].
This constraint usually results in a significant background suppression as well
as improved resolution for intermediate states.
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Chapter 4

Simulation and
Reconstruction Studies of the
ΛcΛ̄c Channel

The P̄ANDA experiment will study a large variety of physics topics. A detailed
overview of these topics is presented in chapter 3. Of interest to this work,
the experimental capabilities in the field of heavy baryons were discussed in
section 3.2. There is a strong interest in the cross-section of charmed hadron
production in the proton-antiproton collisions to be measured by the future
P̄ANDA experiment. In this chapter, the reaction pp̄→ ΛcΛ̄c will be analyzed
to understand the potential performance of the setup with such a short-lived
heavy baryon. Different theoretical models have predicted cross sections of
pp̄ → ΛcΛ̄c. Depending on the model assumptions, cross section values in
the range from a few nb to a few µb have been estimated [116, 117, 118].
For the planning of the experiment, it is necessary to study the cross section
sensitivity for this channel. This chapter describes the results of a Monte Carlo
study that addresses this aspect. Prior to presenting the results, we start with
a motivation and give a concise overview of the theoretical predictions for the
channel of interest.

4.1 Motivation

The first charmed-baryon states were detected in 1975 in neutrino interactions
[119]. Since then, many new excited charmed-baryon states have been discov-
ered at the CLEO [120], BABAR [121], and Belle [122] facilities. However, the
production and spectroscopy of the charmed-baryons have not been explored
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in the same detail as the charmonium states, although they can provide sim-
ilar information about the quark confinement mechanism. In fact, due to the
presence of three quarks (two light and one heavy), such a system contains
more information than a two-quark configuration. Most of the current experi-
mental information about the properties of the ground state charmed-baryon,
Λc(udc), has been derived from electron-positron annihilation experiments.
In the near future, charmed-baryons will be studied via their production in
proton-antiproton annihilations with P̄ANDA at FAIR. The Λc is the lightest
charmed-baryon with a mass of 2.286 GeV/c2. Heavier charmed-baryons often
decay via a Λc, which makes the Λc reconstruction a necessity for charmed-
baryon spectroscopy.

In this analysis, the feasibility of the Λc reconstruction is studied by look-
ing at the decay channel pp̄ → ΛcΛ̄c → p+K−π+p̄K+π−. The final state
products of the studied reaction chain are all charged particles. Additionally,
with a branching ratio of (6.35±0.33)%, it is one of the most favorable modes
of decay [125]. The production threshold for the reaction pp̄→ ΛcΛ̄c lies at an
antiproton beam momentum of 10.162 GeV/c. The beam energy of antipro-
tons can be chosen such that it is well above the threshold. In this thesis, the
high beam momentum of 14 GeV/c, available at P̄ANDA has been selected.
A high incident beam momentum has been chosen because it has been pre-
dicted that the production cross section for the channel of interest increases
with momentum.

4.2 Cross Section Predictions

Providing a reliable estimate of the charm production cross section in pp̄ col-
lisions, appears to be very difficult. Several models of charm production can
be found in the literature [117, 118, 123, 124], which their predictions differ
by several orders of magnitude. Models described in [123] and [124] predict
pp̄→ ΛcΛ̄c cross sections, σpp̄→ΛcΛ̄c

, in the order of up to a few µb, as can
be seen in Fig. 4.1(b)(c). The cross section predictions from Ref. [117]
are expected to be on the order of several nb, or at most a quarter µb; see
Fig. 4.1(a). For the calculations presented in Fig. 4.1(a), the production of
charmed-baryons and mesons is considered in the proton-antiproton binary re-
actions at the energies of the future P̄ANDA experiment. To describe these
processes in terms of hadronic interaction models, one needs the values of the
strong couplings of the initial nucleons with the intermediate and final-state
charmed hadrons. In this method, described by A. Khodjamirian [117], finite
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masses of charm quarks are taken into account. The strong couplings have
been calculated by employing the Kaidalovs quark-gluon string (QGS) model
with Regge poles and adjusting the normalization of the amplitudes [126]. In
the QGS model, the amplitudes of binary reactions, such as pp̄ → ΛcΛ̄c or pp̄
→ D0D̄0 are described by quark line diagrams depicted in Fig. 4.2. These
diagrams have a dual interpretation. From the s-channel point of view, the
annihilation of the slow uū or d d̄-pair from the initial proton and antiproton
is followed by a creation of the cc̄ pair. The spectator quarks and antiquarks
from the initial proton and antiproton coalesce with the created quark and
antiquark to form the final-state charmed hadrons. The intermediate state in
s-channel represents a sort of a diquark-antidiquark or quark-antiquark string
shown in Fig. 4.2(a) and (b), respectively. In this model, the estimated pro-
duction cross section for pp̄ → ΛcΛ̄c can reach several tens of nb at the beam
momentum of 15 GeV/c [117].

Fig. 4.1(b) represents another calculation of the charm-production reactions
pp̄ → ΛcΛ̄c, done by the Jülich group [123]. This approach is based on
the Jülich meson-baryon model that was employed earlier to investigate the
pp̄→ ΛΛ̄ reaction and the model is extended to the charm sector within a sim-
ilar strategy. In this model, these reactions are considered within a coupled-
channels framework. The elementary charm production process is described by
either baryon/meson exchange or by quark/gluon dynamics, and the effects of
the interactions in the initial and final-states are taken into account, whereas
most other approaches do not consider these interactions. The predictions for
σpp̄→ΛcΛ̄c

are in the order of 1 to 7 µb, close to the production threshold. They
are 100 to 1000 times larger than predictions of other model calculations given
in the literature [123].

Finally, Fig. 4.1(c) depicts the cross-section predictions described by R. Shyam
and H. Lenske [124]. In this model the charmed-baryon production reaction
pp̄→ ΛcΛ̄c is investigated within a single-channel effective Lagrangian model.
In this approach the reaction is described by using the t-channel D0 and D∗0

meson-exchange diagrams within an effective Lagrangian model, involving the
physical hadron masses and the coupling constants determined from SU(4) fla-
vor symmetry. The predicted ΛcΛ̄c production cross sections is in the range of
1 to 30 µb for antiproton beam momenta up to 20 GeV/c [124].

Comparing the predictions of the various models shows that the cross section
is very sensitive to the degrees-of-freedom that play a role in the production if
charmed-baryons. Therefore, a cross section measurement will provide valuable
insights in the dynamics in such a process. The question is what the sensitivity
is of P̄ANDA to measure such a quantity at the various stages of data taking.
This aspect will be addressed in the next sections.
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(a) (b)

(c)

Figure 4.1: (a) The total cross-sections of charmed-baryon pair production in pp̄ collisions in
the QGS model. The green band indicates the uncertainties [117]. (b) Total reaction cross sections,
represented in red shaded band and blue grid, for pp̄ → ΛcΛ̄c as a function of plab and according to
the Jülich model [127]. The dotted curve represents the study reported in the paper published by
A.B. Kaidalov and P.E. Volkovitsky [118]. In this study, a quark-gluon string model together with
Regge asymptotics for hadron amplitudes has been used. The green bands represent another study
reported in the paper published by A.T. Goritschnig [116]. In this study, the pp̄→ ΛcΛ̄c reaction has
been described within a handbag approach where the amplitude is calculated by convolutions of hard
sub-process kernels (representing the process uū → cc̄ ) and the generalized parton distributions. (c)
Total cross section for the reaction pp̄ → ΛcΛ̄c as a function of the antiproton beam momentum.
The contributions of the D0 and D∗0 exchange processes are shown by dotted and dashed lines,
respectively [124]. Figures are taken from Refs. [117, 127, 124].

62



4.3. Simulation and Reconstruction of the Decay Channel with PandaRoot

Figure 4.2: Quark line diagram of the production of a charmed-baryon (a) and meson (b), in pp̄
collisions. Figure is taken from Ref. [117].

4.3 Simulation and Reconstruction of the Decay Chan-
nel with PandaRoot

The work presented in this chapter makes extensive use of the simulation and
reconstruction chain provided by PandaRoot. The following summarizes the
default parameters of the software setup used for the Monte Carlo (MC) pro-
duction of signal and background events, their propagation through the various
materials and modelling the responses of the readout electronics, track finding
and fitting, and finally the Particle Identification (PID) (see section 3.5.2). The
GEANT4 transport model has been used via the Virtual Monte Carlo inter-
face [104]. The beam momentum is set 14.0 GeV/c. The corresponding masses
of all particles which participate in the reaction chain are: MΛc,Λ̄c

= 2.28646
GeV/c2, Mp,p̄ = 0.93827 GeV/c2, MK+,K− = 0.49368 GeV/c2, Mπ+,π− =
0.13957 GeV/c2 [125]. A total of 105 signal events and 2.243 × 107 back-
ground (DPM) events have been generated. For the identification of the final-
state particles, the implemented algorithm retrieves information from the fol-
lowing sub-detectors, MVD, STT, EMC, DISK, DIRC, RICH and TOF. The
final probability is calculated by the normalized multiplication of probabilities
of each sub-detector. For the current analysis, Feb17 release of PandaRoot
has been used, which combines with FairSoft and FairRoot external packages
of version may16p1 and v-17.10b, respectively. Within the PandaRoot simu-
lation framework, the different substructures of the P̄ANDA detector, as de-
scribed in section 3.3, can be included in or excluded to the simulation process.
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In this study, the complete setup was used. The simulation included the fol-
lowing components:

• The beam and target pipes.

• The superconducting solenoid in the TS and the dipole in the FS, with
the full field map.

• The Micro Vertex Detector (MVD).

• The Straw Tube Tracker (STT).

• All three Gas Electron Multipliers (GEM) stations.

• The barrel Time-Of-Flight (TOF) and forward TOF.

• The barrel and disk DIRC.

• The complete muon system.

• The Forward Tracking System (FTS).

• The Ring Imaging CHerenkov Detector (RICH).

• The Electro Magnetic Calorimeters (EMC).

4.4 Event Generation

The Monte Carlo input for the feasibility study is produced with the EvtGenDi-
rect event generator. The tool was introduced in section 3.5.2. Here, first the
production of the charged Λc charmed-baryon pairs is outlined, then their de-
cay to p±K±π± will be analyzed. Fig. 4.3(a) shows the sketch of the decay
chain. The first task in the Monte Carlo simulation is to define the decay
models used to simulate the signal events. For the processes, pp̄ → ΛcΛ̄c, Λc
→ p+K−π+ and Λ̄c → π+p̄K+π−, the PHase SPace (PHSP) decay model is
used. PHSP provides a generic decay of particles according to a phase space
distribution, where the spin of all particles in the initial and final-states are
averaged [128]. Λc charmed-baryon pairs are produced using a custom decay
file in EvtGen to create only particles of the signal channel. A total of 105 signal
events has been generated. After the generation, the particles are propagated
through the full detector setup; see section 4.3.2, and digitized according to the
readout characteristics. The following reconstruction consists of track finding,
particle identification, and event analysis.
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(a)

(b)

Figure 4.3: (a) Sketch of the reaction chain. (b) Sketch of the strategy used for the reconstruction
of the Λc Λ̄c system.

Fig. 4.3(b) shows the reconstruction strategy used for the reconstruction of
the ΛcΛ̄c system. At a beam momentum of 14 GeV/c, the distribution of the
transverse versus longitudinal momentum is constrained to an ellipse for this
two-body intermediate state ΛcΛ̄c, as shown in Fig. 4.4(a). Longitudinally,
a uniformly distributed momentum spectrum is observed. Fig. 4.4(b), shows
that Λc and Λ̄c are produced at small angles (< 13◦) with respect to the beam
axis. The selected decay pattern for the Λc, and Λ̄c foresees three daughter
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particles, Λc → p+K−π+ and Λ̄c → p̄K+π−. The kinematics of these tracks
is much less restricted than in the case of the mother particle. Fig. 4.5 shows
the transverse versus longitudinal momentum distributions of the final-state
particles from the Λc → p+K−π+ and Λ̄c → p̄K+π−. In contrast to the
distributions of Λc and Λ̄c which have a precisely defined ellipse, the ellipse
shaped distributions of their decay products are broader. The spread in the
distributions has two sources; it is not a two-body decay and the momentum of
the mother particle varies from event-to-event. Fig. 4.6 shows the distributions
of the scattering angle versus longitudinal momentum of the six final-state
particles. The pions reach larger polar angles than the protons and kaons
because of their lighter mass.
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Figure 4.4: (a) Correlation between transverse momentum and longitudinal momentum for the
generated Λc, (b) Λc angular distribution, (c) transverse momentum distribution (pt) for Λc, and (d)
longitudinal momentum distribution (pz) for Λc.
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Figure 4.5: Generated pt vs. pz distributions for (a) proton, (b) antiproton, (c) K−, (d) K+, (e)
π+, and (f) π−.
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Figure 4.6: Scattering angle versus longitudinal momentum distributions for (a) proton, (b)
antiproton, (c) K−, (d) K+, (e)π+, and (f) π−.
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4.5 Event Reconstruction and Particle Identification

P̄ANDA has four main sub-detectors dedicated to track reconstruction: the
MVD, the STT, the GEM and the FTS. As explained in the previous sections,
the Λc baryon pairs decay into charged particles, which create hits in the sub-
detectors. To investigate the number of hits associated to each of the charged
tracks, the multiplicity distribution of two sub-detectors, STT and MVD, are
presented in this section. Fig. 4.7 shows the distributions of the number of
STT hits associated to each of the final-state particle species.
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Figure 4.7: Hit multiplicity distribution in the STT detector for (a) protons and anti-protons,
(b) kaons, and (c) pions.

The distributions show a peak at around 25 hits per particle track which then
decreases towards higher hit numbers, which is expected for these particle
types and the momentum region (see section 3.3.2). The low number of hits
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corresponds to the particles scattered at small angles (< 20◦). Fig. 4.8 shows
the hit multiplicity distribution of the MVD for the reconstructed tracks. More
than 65% of the daughter particles (protons, kaons and pions) leave 4±1 hits
in the MVD. The low fraction of the daughter particles with no hits in the
MVD is notable (< 6%), underlining the importance of the MVD for particle
reconstruction.
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Figure 4.8: Hit multiplicity distribution in the MVD detector for (a) protons and anti-protons,
(b) kaons, and (c) pions.

To further analyze the charged particle tracks, an investigation is performed
to show the contribution of the PID detectors. To achieve this goal, the mul-
tiplicity distributions of the reconstructed tracks, identified as protons, kaons,
and pions for different combinations of PID detectors were analyzed. Since
one part of this thesis is devoted to an in-beam test measurement of the STT
prototype, the role and contribution of the STT in the particle identification
is highlighted in this section. Fig. 4.9 shows the multiplicity distributions
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of the reconstructed tracks of the three charged particles, using different PID
algorithms. The multiplicity distributions look the same for the charge conju-
gates. As shown in Fig. 4.9, the blue histograms show the contribution of all
PID detectors, the red and green histograms represent the contribution of the
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Figure 4.9: Multiplicity distribution for the reconstructed decay particles for different PIDs for
(a) proton, (b) K− and (c) π+.

STT detector, with no STT detector and with only STT detector including in
the PID, respectively. The cyan histograms show the multiplicity distribution
when the DIRC detector does not contribute for the PID. For our studied decay
channel, many particles have high momentum and the DIRC detector performs
the PID in the high momentum region. For this reason, the contribution of the
DIRC is also studied in addition. The multiplicity of zero candidates imply
that the reconstruction did not succeed. For our channel of interest, the STT
has a marginal contribution to the PID performance. A large fraction of the
final-state particles has relativistic velocities, therefore, the energy loss dE/dx
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reaches that of minimum ionizing particles for most cases. This is illustrated in
Fig. 4.10. Below momenta of about 1 GeV/c, one observes that the STT has
sufficient resolving power to separate the different particle species. However,
above this momentum, dE/dx has no added value for PID. Most of the par-
ticles in our decay channel have momenta that fall into this high momentum
range. The STT will play an important role in the particle identification for
decay channels, for which the daughter particles are in the momentum region
below 1 GeV/c.
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Figure 4.10: The energy loss (dE/dx) of the STT as a function of momentum (p) for protons
(blue), kaon (red), and pions (black) originating from the decay Λc → p+K−π+.

We have combined the information of the pion, kaon, and (anti)proton candi-
dates to reconstruct the four momentum of the Λc and Λ̄c candidates. First,
we discuss the reconstruction performances for each single final-state particle.
After this, we analyzed the reconstruction performance for the combined Λc
baryon candidates. For this higher-level analysis, we made use of the PID
information of all detectors and Rho package that is part of the PandaRoot
framework and described in section 4.3. Fig. 4.12 shows the multiplicity distri-
butions of each final-state particle candidate similar to Fig. 4.9, however, for
both particles and antiparticles and using all the PID detectors. We observe
that in 57% (53%) of all events at least one antiproton (proton) candidate
could be reconstructed. Similar efficiencies, 55% and 53%, have been observed
for the K+ and K−, respectively. The highest efficiency of 64% and 61% is

72



4.5. Event Reconstruction and Particle Identification

found for the π+ and π− candidates, respectively. We also observe that for
all six final state particles there are many events which are not properly re-
constructed, and there is a systematic difference in the multiplicity spectra
between the positive and negative particle candidates. The consequence will
be that also the number of reconstructed Λc and Λ̄c candidates will differ as
demonstrated in Fig. 4.11. The four-momentum of the Λc can be obtained
via its decay products, if at least one proton, one K− and one π+ are recon-
structed. The multiplicity distribution is shown in Fig. 4.12. There are some
events with more than one proton or antiproton, K− or K+, and π+ or π−.
This leads to the reconstruction of more than one Λc or Λ̄c per event which
causes a combinatorial background. It is worth mentioning that we have made
use of the reconstructed events which have a true MC counterpart (MC-truth
matched). It means that only the events that have been matched with the
generated ones are used. We did not considered the events which have zero Λc
or Λ̄c candidates (see Fig. 4.11). To compare the momentum and angular dis-
tributions of the reconstructed particles with the corresponding distributions
of the generated particles, we investigate the reconstruction of the Λc and the
Λ̄c decays. It implies that six charged tracks, namely proton, antiproton, K−,
K+, π+ and π− candidates have been detected. Fig. 4.12 shows the longitu-
dinal momentum vs angular distribution of the daughter particles (p+K−π+),
and (p̄K+π−), of assembled Λc and Λ̄c baryons.
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Figure 4.11: Relative multiplicity distribution for the reconstructed Λc and Λ̄c.
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Figure 4.12: Relative multiplicity distribution for the reconstructed particles of the decay chain;
(a) proton and antiproton, (b) K−, K+, and (c) π+, π−.
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Figure 4.12: Longitudinal momentum vs angular distribution for the reconstructed (a) proton,
(b) antiproton, (c) K−, (d) K+, (e) π−, and (f) π+.
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Figure 4.13: Correlation of transverse momentum versus longitudinal momentum for the recon-
structed Λc (top) and Λ̄c candidates (bottom).

The correlation depicted in Fig. 4.12 is very similar in its basic features as
what was presented before for the generated information (see Fig. 4.6). It can
be clearly seen in the Fig. 4.12 that daughter particles of both Λc and Λ̄c,
show a drop at the polar angles < 10◦. This behavior is due to the lack of
acceptance in the FS, which leads to a reduction in the detection efficiency.
We can also observe events that fall out of the kinematically allowed region
which must be related to background or false reconstructed events. Fig. 4.13
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shows the momentum distributions (transverse momentum versus longitudinal
momentum) for both Λc and Λ̄c reconstructed candidates. Also here, there are
events that fall out of the allowed kinematics region. The distributions are not
symmetric and it implies the efficiency losses for large longitudinal momenta,
which influences the angular acceptance.

4.6 Event Analysis with Background Considerations

In this section, the physics channel pp̄ → ΛcΛ̄c → p+K−π+ p̄K+π− is stud-
ied by performing both inclusive (single Λc baryon) and exclusive analysis (Λc
baryon pair) reconstruction of the final state. Fig. 4.3(b) shows the strategy
used for two different ways of the reconstruction. For the event analysis the
Rhopackge available in PandaRoot is used by implementing the assumptions
and parameters, summarized in section 4.3. During the analysis the basic kine-
matic cuts and two mass fits are applied. In the following, the results of the
signal and background events are presented. To study the reconstruction per-
formance of the decay channel under realistic conditions, the DPM background
at the beam momentum that was used to populate our signal process needs to
be considered. The total hadronic background has a much larger production
cross section, making an effective background suppression necessary. Using the
PndDpmDirect generator included in PandaRoot, 2.243× 107 DPM events have
been generated. The goal of this analysis is to reveal the capability of P̄ANDA
to detect the Λc baryons and to separate the signal and background events. In
order to make a quantitative statement about the production of the Λc baryon
pairs, we use the statistical significance as a figure-of-merit (FOM) that needs
to be optimized. This FOM is obtained by the following expression:

FOM =
Nsig√

Nsig +Nbkg

. (4.1)

In Eq. 4.1, Nsig is the number of signal events and Nbkg represents the number
of background events. The number of signal events is given by

Nsig = L× t× σsig ×Bf × ε, (4.2)

Nbkg is obtained from Eq. 4.3. In Eq. 4.2, where L is the luminosity of P̄ANDA
(2 × 1030 to 2 × 1032 cm−2 s−1), t is the time of the data taking, σsig is the
cross section of the signal, Bf is the branching fraction of the analysis decay,
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which differs for the inclusive and the exclusive reconstruction. The branching
fraction of our channel of interest is, BfΛc→p+K−π+ = (6.35±0.33)%. For
the inclusive analysis Bf is 2× 6.35% and for the exclusive analysis Bf equals
6.35% × 6.35%. In Eq. 4.2, ε is the efficiency which includes the reconstruction
efficiency and the detector acceptance.

Nbkg =
L× t× σbkg

fsupp
. (4.3)

In Eq. 4.2, σbkg is the cross section of the background which is about 42.2
mb [125] and fsupp is the suppression factor, obtained from the analysis of
background events. In this section, the results obtained from both inclusive and
exclusive reconstructions are presented. Each step of the analysis is explained.
Moreover, we note that the cuts applied for both methods are the same for
signal and background data.

Kinematic Cuts

We discuss the cuts applied to the kinematics of our decay channel in this
section. The first cut is applied to the center-of-mass energy of Λc baryons,
together with the second cut on the momentum and emission angle of the
Λc baryons. The histograms presented here are for the Λc baryons, but the
corresponding histograms for the Λ̄c baryons are similar. Fig. 4.15 shows
center-of-mass (CM) energy distributions of the Λc candidates for the signal
and background events. In this figure, the chosen cut regions are indicated
by the area between the two dashed lines. In addition to the CM energy, the
second cut on the momentum and angular distribution can be used to reduce
the background events even further. Fig. 4.16 show the correlation between
the scattering angle and momentum distribution of Λc candidates for the sig-
nal and background events. It can be clearly seen that the background events
have a different distribution. In Fig. 4.15, the cut region in both signal and
background distributions is represented. A huge number of background events
(> 75 %) lie out of this cut region, which is an effective suppression of the
background. The cut regions were selected by optimizing the significance as
given in Eq. 4.1.
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Figure 4.15: Center-of-mass energy distributions of Λc candidates from the signal data set (blue),
and the background data set (green). The chosen cut is indicated by the area between the two dashed
lines.
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Figure 4.16: Correlation between the momentum and the angular distribution of Λc candidates
for the signal events (top) and background events (bottom), by indicating the cut region.

4.6.1 Effects of event selection

The results of the previously described cuts and their impact on the recoil-mass
distributions of the Λc candidates for both inclusive and exclusive reconstruc-
tion methods, for signal and background events, are presented in this section.
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Inclusive Analysis

One method in our analysis is the reconstruction of only single Λc baryons. A
Λc can be assembled, if at least one proton, one K− and one π+reconstructed.
A mass constraint fit is applied to those events coming from the Λc baryons.
The PndKinFitter class of PandaRoot is used to fit the four-vectors of the Λc
candidate to the nominal mass of mΛc = 2.286 GeV/c2. The mass fit constrains
the invariant mass of the candidate to the nominal Λc. Fig. 4.17 shows the
probability distributions for both signal and background events. A cut on the
probability function is applied for both signal and background and optimized
for maximum signal to background ratio. The red dashed line in Fig. 4.17
indicates the applied cut. We only accepted the Λc candidates with cutmassfit
= Prob(χ2) > 0.04, and the candidates with a probability value below the cut
are excluded from the analysis. Fig. 4.18 and Fig. 4.19 represent the recoil
mass distributions of the p+K−π+, for the inclusive reconstruction and for the
signal and background events, respectively. The effects of the kinematic and
mass cuts on the signal and background events can be clearly seen in these
figures.

Figure 4.17: Probability distribution of the mass constraint fit applied to the mass of the Λc for
signal events (blue) and background events (violet). The red dashed line indicates the cut applied.
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Figure 4.18: Reconstructed recoil mass of the p+K−π+ system for the signal events for the
inclusive analysis. The effects of the kinematic and mass constraint fits are indicated.
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Figure 4.19: Reconstructed recoil mass of the p+K−π+ system for the background events for
the inclusive analysis. The effects of the kinematic and mass constraint fits are indicated.
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Exclusive Analysis

Reconstruction of the total four-momentum of the ΛcΛ̄c system, the case in
which all the final-state particles of both charmed hyperons are measured, is
referred to as the exclusive analysis. The Pnd4CFitter class of PandaRoot is
used to apply a four-constraint fit, modifying the four momenta in the Λc Λ̄c
system to conserve energy and momentum of the initial pp̄ system.

Figure 4.20: Probability distribution of the 4C fit applied to the mass of the Λc for signal events
(blue) and background events (violet). The red dashed line indicates the cut applied. The red dashed
arrow indicates the cut applied.

Fig. 4.20 shows the probability distributions for both signal and background
events. A cut on the probability function is applied for both signal and back-
ground to remove events for which the fit quality was very poor. The cut is
optimized to maximize signal to background ratio. The red dashed line in Fig.
4.20 indicates the applied cut. We only accepted the candidates with cut4Cfit =
Prob(χ2) > 0.04, and the candidates with a probability value below the cut are
excluded from the analysis. The effect of the previous kinematic cuts and the
4C fit on the recoil mass distributions of the Λc baryons is presented here. Fig.
4.21 and Fig. 4.22 present the recoil mass distributions of the p+K−π+, for the
inclusive reconstruction, for the signal and background events, respectively.
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Figure 4.21: Reconstructed recoil mass of the p+K−π+ system for the signal events for the
exclusive analysis. The effects of the kinematic and mass constraint fits are indicated.
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Figure 4.22: Reconstructed recoil mass of the p+K−π+ system for the background events for
the exclusive analysis. The effects of the kinematic and mass constraint fits are indicated.
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Table 4.5: Overview of the reconstruction efficiencies and resolutions in different stages of the
analysis, before and after fits and kinematic cuts, for Λc and Λ̄c candidates. The resolutions of mass
(σm), and momentum (σp), are taken from Gauss fits to the distributions.

Λc Λ̄c
N σp σm N σp σm
% [MeV/c] [MeV/c2] % [MeV/c] [MeV/c2]

Inclusive Analysis

Before fit 17.9 68.4 37.5 17.8 68.5 37.5
After kinematic cuts 17.1 68.0 37.1 17.2 68.0 37.2
After kinematic cuts 14.3 44.0 15.8 14.2 44.1 15.8

+mass fit

Exclusive Analysis

Before cuts 5.6 48.2 14.5 5.5 48.3 14.6
After kinematic cuts 5.2 47.8 13.9 5.2 47.8 13.9

After kinematic cuts+4C fit 4.5 19.6 6.8 4.4 19.7 6.9

For the inclusive reconstruction, for a mass range of ±3σ of the mass resolu-
tion obtained, of the 2.243 × 107 simulated DPM background-like events, 84
contain Λc candidates, passing the mass fit cut and all kinematics cuts. This
means that the background is suppressed by a factor of 3 × 105 for the inclusive
reconstruction. For the exclusive reconstruction, after applying all cuts which
are the combinations of kinematics cut, mass and 4C fits, no events survived.
Here, more DPM background data are needed to make statistically sustainable
statements. This is very challenging, as already the produced 22 million events
can be realized only with very high computational and storage efforts. One can
conclude that suppression factor for the exclusive reconstruction is at least 2.2
× 107. The momentum and mass resolutions for both inclusive and exclusive
reconstructions, together with the percentages of events passing the different
cuts, are summarized in Table 4.5.

To study the sensitivity for P̄ANDA to measure certain cross sections for our
decay channel, the statistical significance is calculated, by using the Eq. 4.1.
For the calculation of the FOM, a measurement of 30 days is assumed with
varying luminosities in the range of the designed luminosities for P̄ANDA (2
× 1030 to 2 × 1032 cm−2 s−1). In this formula the Bf which is the branching
fraction of the analysis decay is calculated differently, for inclusive and ex-
clusive reconstruction. The branching fraction of the studied decay channel is
BfΛc→p+K−π+ = (6.35±0.33)% [8]. For the inclusive analysis, Bf is 2 × 6.35%
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and for the exclusive analysis, Bf equals 6.35% × 6.35%. Fig. 4.23 shows the
results obtained for the FOM. We have taken a cross section of ∼15 nb as
a guidance in this study. For the luminosity corresponding to phase-one of
P̄ANDA, we will be able to achieve a 5σ statistical significance in the inclusive
reconstruction case. The chosen cross section value is not unreasonable since
it is in the range of what theoretical models predict (see section 4.2). For the
exclusive reconstruction, the blue line in Fig. 4.23, represents as a lower limit
therefore, we are not able to make any hard conclusions on the sensitivity in
the case of the exclusive reconstruction.
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Figure 4.23: The calculated statistical significance (FOM) for the inclusive and exclusive recon-
structions. The data taking time is 30 days. The horizontal black dashed line indicates the statistical
significance of sigma and the red dashed line indicates the phase-one luminosity of P̄ANDA.

4.7 Summary and Discussion

In this chapter, the MC simulation of the decay channel pp̄ → ΛcΛ̄c →
p+K−π+p̄K+π− was investigated extensively. For the reconstruction, the re-
alistic track reconstruction algorithms are used which reconstruct the PID
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information from the following detectors, which are MVD, STT, EMC, DISK,
DIRC, RICH and TOF. First, the particles of the final state were analyzed.
The multiplicities of hits from protons, antiprotons, kaons and pions in two
tracking sub-detectors, namely, MVD and STT was studied in section 4.4, in
order to show the event topology and detector performance.

Moreover, the event reconstruction was studied by reconstruction of the final-
state particles, followed by performing both inclusive (single Λc baryon recon-
struction) and exclusive analysis (Λc baryon pair reconstruction). Finally, the
physics background is benchmarked in section 4.6. The background of the
beam momentum was studied using the DPM generator. For optimal back-
ground suppression, kinematic cuts and mass fits are applied. The final results
of the efficiencies, momentum and mass resolutions in different stages of the
analysis; before and after mass fits and kinematic cuts, for Λc and Λ̄c candi-
dates are presented in Table 4.5. For the inclusive reconstruction, we obtained
a missing-mass resolution of 15.8 MeV/c2 with a reconstruction efficiency of
14.3%. For the exclusive method, the invariant-mass resolution improves and
a value of 6.8 MeV/c2 has been obtained with a reduction in efficiency of 4.5%.
The efficiencies were smaller than naively expected. The reason for this has
been traced back to the performance of the PID algorithm. We expect that
there is still room for improvement by optimizing the PID framework in Pan-
daRoot, which is outside the scope of this thesis.

The feasibility to measure the Λc baryon pairs production with P̄ANDA and
to reveal the capability of P̄ANDA to detect the Λc baryons and to separate
the signal and background events, is the goal of this study. In order to make
a strong statement about the production of the Λc baryon pair, an evaluation
is obtained by the Figure of Merit (FOM). For the inclusive reconstruction,
the minimum signal cross section that would detectable with the 5σ statistical
significance for the phase-one luminosity of P̄ANDA is 15 nb. For the exclusive
mode, the background suppression factor is much higher and more DPM back-
ground data are needed, to make statistically sustainable statements. Only an
upper limit on the sensitivity is obtained.

The contribution of the STT detector to particle identification was also stud-
ied. For our studied channel, the STT has a small contribution to the particle
identification, because many particles have high momenta. The STT has good
separation power for low momentum particle (< 1 GeV/c) for protons, kaons
and pions. In contrast, the DIRC detectors are the most effective PID detec-
tors for the channel of interest. The STT will play an important role in the
particle identification for decay channels, in which the daughter particles are
in the low momentum region (< 1 GeV/c).
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Chapter 5

In-Beam Test Measurements
with the STT Prototype at
COSY

The Straw Tube Tracker (STT) is the main tracking detector for charged parti-
cles and it is part of the P̄ANDA target spectrometer. For a detailed description
of the P̄ANDA STT, see section 3.3. The tasks of the STT are to determine the
momenta of charged particles, via a precise spatial reconstruction of particle
tracks in combination with a solenoid magnetic field, and to perform particle
identification (PID) by a measurement of the specific energy loss (dE/dx ). The
PID information of the STT is necessary to separate protons, kaons and pions
in the momentum region below 1 GeV/c. The development of the electronic
readout of the STT is guided by optimizing its spatial and energy resolutions.
Two electronic readout systems have been proposed for STT, a system based
on Flash Analog to Digital Converters (FADC) and one based on Application
Specific Integrated Circuit (ASIC) [130]. Since the P̄ANDA detector is still
under construction, the tracking performance of the straw tube detector is
studied with data taken with proton and deuteron beams provided by the
COSY accelerator (see section 5.2). This chapter focuses on the beam test of
the STT prototype with the FADC read out and it describes the analysis of
the data from measurements with proton and deuteron beams. The data were
obtained at the COSY accelerator in Jülich Research Center, Germany.
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5.1 Working Principle of a Straw Tube

The P̄ANDA straw tube tracker has been described in chapter 3. This sec-
tion presents a brief physics description, that governs the functioning of straw
tubes. Straw tubes are gas-filled cylindrical tubes, with a conductive inner
layer and a wire stretched along the tube axis. The operation of a gas-filled
detector is based on the ionization of gas atoms or molecules by radiation,
followed by collecting of the ion pairs as charge or current with the applica-
tion of a voltage between two electrodes. The measured charge or current is
proportional to the applied voltage and the amount of the energy of radiation,
and it depends on the type and pressure of the gas. By applying an electric
field between the wire and the tube, the electrons and ions drift through the
gas. The wire is usually on positive voltage of about a few kV and collects
the electrons, while the ions drift toward the tube wall as the cathode. The
strength of the electric field near the thin wires, with a diameter of a few tens
of µm, is high enough to produce secondary ionization. This process is called
avalanche gas amplification. Due to the avalanche amplification, the charge
collecting on the anode can be several orders of magnitude higher than the
initial primary ionization. The amplifications depend on the high voltage and
the gas characteristics. Typical amplifications of the primary charge is about
104 - 105, which is large enough to be recorded by the readout electronics
[131, 132, 133]. Charged particles that traverse the straw tubes are tracked by
measuring the drift time information of the ionization electrons to the anode
wire. By measuring the drift time of earliest arriving electrons, one obtains the
information that can be related to the minimum particle track distance from
the wire. The corresponding isochrone contains all space points belonging to
the same electron drift time and describes a cylinder around the wire axis.
The particle track is reconstructed by a best fit to the isochrones measured in
a series of several straw tubes with the same orientation. For a full stereo view
of the particle trajectory additional skewed straws will be used.

5.2 Experimental Setup at COSY

The test setup consists of 128 P̄ANDA type straw tubes which are arranged
in eight layers of 16 straws each (see Fig. 5.1 and Fig. 5.3(a)). The tubes,
with an aluminized Mylar wall of 27 µm thickness, are 140 cm long and have
an inner diameter of 10 mm. Two scintillators are placed in front and after
the STT setup in the proton and deuteron beams, are used to trigger on a
coincident event and start the data acquisition. In addition, a drift chamber
and a hybrid drift chamber with a GEM amplification stage were included for
the beam diagnostics. A sketch of the setup is shown in Fig. 5.2.
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Figure 5.1: Straw tube prototype used at the COSY-TOF area. The straw tube prototype are
connected to the preamplifiers with coaxial high voltage cables and Flash ADCs.

The electronic readout of the straw signals consists of the trans-resistance am-
plifers and FADCs. The FADCs sample the analog signal amplitude with a
frequency of 240 MHz. FPGAs (Field Programmable Gate Array) control the
readout of an FADC module and are programmed to record single spectra.
The configuration of the straw prototype detector during the tests with the
proton or deuteron beams is sketched in Fig. 5.3. The straw tubes are directly
connected by 12 m coaxial high voltage cables to the electronics placed outside
of the detector prototype, in the experimental area. The raw signals from the
straw tubes are transmitted via cables to remotely placed analog and digital
electronics which will give enormous advantages in future, for the topology of
the whole detector system (the P̄ANDA STT). The space reserved for electron-
ics inside P̄ANDA is only about 15 cm along the axis of the STT. Electronics
attached directly to the STT are required to have very little heat dissipation
and it must be radiation hard because of high luminosity of P̄ANDA and the
short distance from the interaction point. Placing electronics outside the de-
tector solves radiation hardness and heat problems. Since space near the STT
is then needed only for connectors and cables, these can be conveniently ac-
commodated. The approach of connecting straw tubes with electronics placed
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several meters away was already successfully used in the WASA detector at
COSY Jülich [135]. During the measurements the prototype detector was
oriented perpendicular to the beam axis to have the protons or deuterons im-
pinging at 90◦ with respect to the straw axis. In vertical direction the straw
tracker was positioned allowing the beam to pass parallel to the layer structure
or with an angle of 5◦ in order to increase the number of crossed straw tubes
(see Fig. 5.3(b)). All these measurements were done with the beam hitting
the straw in the middle region along the tubes.

Figure 5.2: Schematic of the setup used at the COSY. The beam enters from the left.
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Figure 5.3: (a) Schematic side view of the STT prototype. (b) Configuration of STT prototype
detector during the tests with the proton or deuteron beams: the beam enters from the left. The
prototype is rotated by 5◦. The STT prototype are connected to the preamplifiers with 12 meters
coaxial high voltage cables and FADCs. The red arrows indicate the beam direction. The beam
enters from the left and exits from the right. A part of the figure is taken from [134].
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5.2.1 Test Beam Conditions

The COSY accelerator facility is a COoler SYnchrotron and storage ring lo-
cated at the Jülich Research Center in Germany. COSY delivers high precision
beams with up to 3× 1010 protons and covers the momentum range from 300
MeV/c to upper limit of 3000 MeV/c for the external target locations such
as COSY-TOF and 3300 MeV/c for the three internal experiments ANKE,
PAX and WASA-at-COSY; see Fig. 5.4. All detection systems are operated
by large international collaborations. COSY can accelerate both unpolarized
and polarized proton and deuteron beams.

Figure 5.4: Layout of the COSY and beam areas [136, 137]. For the STT prototype beam test,
the TOF detector is replaced by the STT prototype setup.
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The beam particles are pre-accelerated by the Jülich Light Ion Cyclotron
(JULIC) and transported to COSY. It has been conceived to deliver high preci-
sion beams for hadron physics experiments, e.g. WASA and TOF; with either
circulating beam or extracted beam. Beam extraction is accomplished by the
conventional resonant extraction mechanism as well as with the stochastic ex-
traction method. Proton and deutron beams are delivered routinely to three
internal and three external experimental areas [136, 137]. The STT prototype
test was carried out with an external beam from COSY. In this test, the proton
and deuteron beams in the momentum range 0.50 GeV/c to 2.95 GeV/c were
used. Fig. 5.4 shows the layout of the COSY and the beam areas. In April
2016, the first test was carried out in the COSY-TOF beam area. A proton
beam with four different momenta (0.550 GeV/c, 0.750 GeV/c 1.00 GeV/c
and 2.95 GeV/c) was used. Fig. 5.1 shows the straw tube prototype setup in
the beam area. In November 2016, the second test was carried out in the beam
area with a deuteron beam with three different momenta (0.60 GeV/c, 0.75
GeV/c and 1.5 GeV/c). In both tests, several data runs were taken for each
momentum and for a wide range of operational settings such high voltages and
intensities.

5.3 Event Samples

The Straw Tube Tracker of the P̄ANDA experiment will be operated by using
a 90:10 mixture of (Ar + CO2), at an over-pressure of 1 bar, and with a high
voltage of 1.8 kV. The data sets that were obtained with the prototype were
obtained using the same gas conditions, but at three different high voltages,
namely (1.75 kV, 1.80 kV and 1.85 kV). The different high voltages have been
chosen to be 0.05 kV below and above the P̄ANDA working high voltage (1.8
kV) to observe the difference in resolution for the lower and higher voltages.
One important task of the STT is to do precise spatial reconstruction of charged
particles in a broad momentum range and the measurement of the specific
energy loss (dE/dx) for particle identification. To achieve this goal the tests
were performed with proton and deuteron beams with different momenta, in
a wide momentum range of 0.5 GeV/c to 2.95 GeV/c. The data have been
mainly recorded in equal data samples. The results will be presented in detail,
for data collected at 1.8 kV; then, they will be compared with the results
obtained at 1.75 kV and 1.85 kV.
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5.4 Data Analysis

5.4.1 Feature Extraction from Signal Shapes

The signals are sampled and recorded with the 240 MHz FADCs. An example
of a recorded signal is shown in Fig. 5.5. Using sampling FADCs gives full
control over all relevant features of the tracking detector. Raw sampled signals
can be monitored online so that the status of each straw tube including the
whole electronics chain is visible at any time. The data from the prototype
measurements were recorded in the raw mode in order to have full freedom
for the off-line application of the analysis tools. The implemented algorithms
extract the time information from discriminators and information about po-
sition and shape of the found pulses. To reduce the influence of the varying
start position and length of the signal, the so-called pulse search method was
implemented using the complete signal shape information. The amplitude and
the time information of the pulse minimum and maximum are extracted for
each pulse which is found by the pulse search algorithm [141].

Time [FADC sample = 4.167 ns]
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m
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itu

de
 [a

.u
.]

Figure 5.5: Analog signals from the straw tubes, obtained from one data file. The analog signals
are recorded by the 240 MHz FADCs and range used to integrate the signals for the specific energy
loss determination, the green dashed lines show the sampling integration range.

In this thesis, the implemented discriminator algorithm uses the Zero-Crossing
(ZC) technique. In this case, as the first step, the time corresponding to half of
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the signal maximum is found. Then the straight line which passes through the
two sample points with the signal value above and below the half maximum
is calculated. From this straight line, the linear extrapolation is made to find
the time when the function corresponding to the straight line has the value
of zero [141]. The ZC timings are available for all pulses and allow to dis-
criminate pileup pulses exploiting these data. Another main task of the STT
is to measure the specific energy-loss of the charged particles for the identifi-
cation of the particle species. In particular, an efficient separation of pions,
kaons and protons in the momentum region below 1 GeV/c is needed [134].
Charged particle identification with drift chambers of comparable size and
channel numbers to the P̄ANDA STT has been performed in experiments like
BABAR [143], BESIII [144] and HADES [145], but it has not done for straws.
The particle identification technique is based on specific energy loss (dE/dx),
which requires the knowledge of the deposited energy and the path length. A
resolution of about 10% of the energy deposited in a particle track is needed to
realize the physics ambitions of P̄ANDA [54]. The energy loss can be deduced
from the integrated charge of the output signal or from any other other param-
eter which is linear or related through another known function to the collected
charge. Two methods have been evaluated within the P̄ANDA collaboration.
In the first method, the area of the pulses from the FADC output is extracted
and used as a measure of the energy loss. The second method, using the ASIC
readout information, determines the time-over-threshold (TOT) of the signal
providing a measure of the pulse width, and, thereby, of the energy loss [134].
This thesis is devoted to do the reconstruction of the pulse area with the FADC
information.

5.4.2 Calibration Procedure

To do a precise track reconstruction, the STT has to be carefully calibrated.
The calibration of the STT includes the determination of the position in space
of the straw wires and the characteristic relation between the measured drift
time and the isochrone radius. This section explains the calibration method.

Drift Time Spectra

The drift time information of the ionization electrons is stored in FADC chan-
nels. Fig. 5.7 shows an example of a measured time spectrum for an illumi-
nated straw tube. This spectrum is obtained by extracting ZC of the pulses
of each straw, converting its value to units of ns, and eventually fill this into
a histogram as depicted in Fig. 5.7. In the analysis of the time distributions
of individual straws, the minimum and the maximum drift times, t0 and tmax,
correspond to a track traversing the tube close to the wire and close to the
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cathode wall, respectively.
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Figure 5.7: Example of a fitted time spectrum. The red line is the fit of the distribution; the
green vertical lines correspond to the t0 and tmax values determined by the fit.

For each tube, the parameters of the drift time distribution are derived from
a fit performed with the following empirical function [138, 139]:

dn

dt
= P1 +

P2[1 + P3exp((P5 − t)/P4)]

[1 + exp((P5 − t)/P7)][1 + exp((t − P6)/P8)]
. (5.1)

where P1 is the noise level, P2 is a normalization factor, P3 and P4 are related
to the central part of the distribution, respectively. P5 and P6 are the values
of t0 and tmax, respectively. P7 and P8 describe the slope of the leading and
trailing edge of the distribution, respectively [134]. The red line in Fig. 5.7
shows the result of the fit. The value of t0 depends on the high voltage setting
and discriminator threshold. The drift time ∆t = tmax - t0 depends only on the
drift properties of the tubes. The time spectra of all tubes must be calibrated
to have approximately the same shape and the same drift time, ∆t. To achieve
this goal the quality of the fit is checked and only the tubes which satisfy the
following conditions, 262 ns ≤ t0 ≤ 270 ns and 420 ns ≤ tmax ≤ 434 ns are
considered. The distributions of the parameters of the fit which describe t0 and
tmax and noise level are shown in Fig. 5.8. After fitting the time spectra of each
tube, we corrected for the offset t0 and subtracted the noise level. Then, they
are added into a sum spectrum, each in its ∆t range. It is worth to mention
that five broken channels are excluded for this analysis. Fig. 5.9 represents the
hitmap of the straw tubes, obtained from the data taken with the 0.550 GeV/c
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proton beam. The white rectangular boxes represent the broken channels. Fig.
5.10 shows the drift time spectrum of the straws, obtained from the data taken
with the 0.550 GeV/c proton beam.
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Figure 5.8: Parameters obtained from the fit of the drift time spectra: (a) t0 = P5, (b) tmax =
P6, (c) and P1 which is the noise level.
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Figure 5.9: Hit map of one data file. Each rectangular box represents a tube. The white
rectangular boxes represent the broken channels. The beam enters from the left and exits from the
right.
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Figure 5.10: Drift time spectrum of the straws, obtained from the data taken with the 0.550
GeV/c proton beam.

After the calibration of the time, the next step is the extraction of the isochrone
radius r(t) from the drift time t. Under the hypothesis of a uniform illumination
of the tube and a constant efficiency over the tube volume, the isochrone radius
drift time relation (r(t) relation) can be obtained by the following equation:

r(t) =
Rtube

Ntot

∫ t

0

dn

dt ′
dt ′, (5.2)

where n is the number of tracks, Ntot is the total number of tracks and Rtube the
tube radius. The time resolution (bin size) is finite so that Eq. 5.2 becomes:

r(ti) =

∑it
i=1 Ni

Ntot
(Rtube − Rwire) + Raval. (5.3)

Rwire is the wire radius, Ntot is the sum of all bin entries Ni, and Raval is the
avalanche radius. Raval is the radius of the avalanche circle, the area which is
considered around the anode wire. In our analysis, this radius is considered
to be in the order of 100 µm. The obtained spacetime relation r(t) is shown
in Fig. 5.11. An isochrone radius defines a circle of the smallest distance of
a particle track to the straw wire. The isochrone contains all space points
belonging to the same electron drift time and describes a cylinder around the
wire axis. It has been parametrized using a polynomial of fifth-order. Once the
spacetime relation is known, the isochrone radius of a given hit is calculated
from the measured drift time.

99



5.5. Track Reconstruction

Drift time (ns)
0 20 40 60 80 100 120 140 160

Is
oc

hr
on

e 
ra

di
us

 (m
m

)

0

0.1

0.2

0.3

0.4

0.5
Is

oc
hr

on
e 

ra
di

us
 (m

m
)

Figure 5.11: Isochrones radius-drift time relation (r(t)), obtained from the data taken with the
0.550 GeV/c proton beam. The red line indicates a 5th-order polynomial that has been fit to the
data to obtain the parameters of the r(t) relation. A tube radius of 5 mm, wire radius of 20 µm and
an avalanche radius of 100 µm were used.

5.5 Track Reconstruction

The STT provides the isochrone radius of the firing wires (the shortest distance
to the wire of the particle traversing the tube). The tracking algorithm uses
the hit information from the STT. Since the coordinates of the firing wires and
the drift times are the only measured observable, the hit coordinates need to
be extracted from this information, by performing a track-fitting procedure.
This procedure is summarized following:

• The first step of the track reconstruction is a pre-fitting procedure. The
pre-fit minimizes the perpendicular distance of the centers of the firing
tubes from the best line fit [140]. After the pre-fit, the distances of each
hit to the pre-fit line is calculated and if this distance is larger than 5
mm, the hit in the event is identified as noise and is rejected.

• The resolution that we obtain from the pre-fit is not optimum yet, and
there is room for improvement by taking into account a proper weighting.
To achieve this goal we applied a minimization procedure using TMinuit,
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which is part of the ROOT framework [142]. TMinuit finds the mini-
mum by the iteration procedure. The pre-fit parameters, the slope and
intercept of a track together with the isochrone-radii information will be
used for the initialization of the TMinuit minimizer.

• The new minimized track is fitted and if the distance between the new
track and the calculated isochrone is larger than 1 mm, the hit is rejected
and the fit is repeated without that spurious hit. Fig. 5.12 shows an
schematic view of the fitting procedure, the red circles are the isochrones
circles, the purple and the green lines represent the pre-fit and fit, re-
spectively.
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Figure 5.12: Schematic view of the fitting procedure, the purple and the green lines represent
the pre-fit and fit, respectively. The red circles are the isochrone radii.

• With the new tracks (which passed the previous steps), the residuals
(distance of the track to the calculated isochrone) for each hit is calcu-
lated and if this distance is larger than ∼ 3 times of the error of the
isochrones, the hit is rejected. The error of the isochrones is calculated
with the parameters derived from a six-order polynomial fit to the exper-
imental data. And finally, the minimization function is applied for the
last time to find the best track.

It is worth mentioning that the values of applied cuts are optimized to have
an efficiency of at least 80%. The steps described above have to be repeated
several times until the mean value of the residuals comes close to zero. To
investigate the stability of the convergence of the method, the root mean square
deviation is used as the figure of merit. Fig. 5.14 shows that it has converged
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to the value of 16 µm. In all step of the analysis, tracks with at least 5 hits
are considered for reconstruction. Since the prototype consists of eight layers
with 16 tubes each, the maximum possible number of hits generated by a single
track is 32, in the case of a horizontal track hitting all the tubes of two adjacent
layers. Events with more than 32 hits have, therefore, been rejected. Fig. 5.13
shows the number of hits per track before and after applying cuts. The violet
distribution shows the number of hits before reconstruction. It can be seen that
a few events have a larger number of hits per track (>32) which indicates the
presence of a second track. The r(t) curve is used for the track reconstruction
to find the most probable correlation between the drift time and the track-
to-wire distance. After that, the track-to-wire distances are calculated for all
hits of the track. Fig. 5.15 shows the distances of the track to the wire versus
the measured drift times for the reconstructed tracks. The two arms of this
figure are related to tracks that are either above or below the anode wire. The
distance distribution shows an almost symmetric behavior above and below
the anode wire, as expected. Fig. 5.16 shows the distribution of the residuals
as a function of the drift time.
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Figure 5.13: The number of hits per track before and after applying cuts. The violet distribution
shows the number of hits before applying cuts. The violate spectrum shows the number of hits before
applying cuts. A few events have a larger number of hits per track (32) which indicates the presence
of a second track.
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Figure 5.15: Track-to-wire distance vs. the measured drift time for reconstructed tracks obtained
from data taken with the 0.550 GeV/c proton beam. The two arms of this figure are related to tracks
placed above and below the anode wire.
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Figure 5.16: Residuals vs. drift distance, obtained from data taken with the 0.550 GeV/c proton
beam.

5.6 Spatial Resolution

As explained in the previous sections, two beam tests were carried out at the
COSY beam area (see Fig. 5.4). In the first test, proton beams with four dif-
ferent momenta (0.55 GeV/c, 0.75 GeV/c, 1.00 GeV/c and 2.95 GeV/c) were
used, and the second test were carried out with deuteron beams with three
different momenta (0.60 GeV/c, 0.75 GeV/c and 1.5 GeV/c). Fig. 5.2 and
Fig. 5.3 show a view of the setup and the configuration of the straw prototype
detector. In both tests, several data runs were taken for each momentum and
for a range of operational settings such as high voltages and intensities. In ad-
dition to the r(t) curve, which defines the most probable correlation between
the drift time and the isochrone radius, the spatial resolution is another im-
portant parameter and must be determined. The spatial resolution of the STT
is quantified by the width (σ) of the Gaussian function that was used in the fit
to the residual distributions of the reconstructed tracks. The distribution of
the residuals have obtained in the following way: the track-to-wire distance has
divided into ten intervals of 0.5 mm each, from 0 to 5 mm. The standard devia-
tion, σ, of each Gaussian fit is used as a measure for the spatial resolution. For
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each interval, the residual distribution has been obtained and fit with a Gaus-
sian function. Fig. 5.17(a) shows the cumulative residual spectrum obtained
by integrating over the complete drift distance. The corresponding fit gives an
overall spatial resolution of 146 µm. Fig. 5.17(b) depicts the resolution as a
function of radial distance. The values of σ of each Gauss function that fits
the peaks of the residual distributions has been used to derive the straw tube
resolution shown in Fig. 5.17(a). The resolution is worse close to the wire than
at the straw wall. This is due to the avalanche effects and high drift velocity
close to the wire [133]. Close to the wire, the resolution is about 180 µm, and
for larger distances to the wire, the resolution improves to about 100 µm close
to the straw cathode, where the electron diffusion is a limiting factor during
their drift to the anode.
For the first tests, we used four different proton beams with varying momenta.
For the second series of measurements, deuteron beams were used with three
different momenta. With these data sets, we could systematically study the
momentum and particle-type dependence of the spatial resolutions under var-
ious parameter settings. All the steps of the data analysis presented in this
section have been repeated also for the data sample collected while operating
at three different high voltage settings for the proton and deuteron beams.
Tables 5.6 and 5.7 summarizes the obtained spatial resolutions for proton and
deuteron beams, respectively, as a function of beam momenta and high-voltage
settings. The data are represented as well in Fig. 5.18. The achieved reso-
lutions are between 146 µm to 171 µm for proton and 143 µm to 160 µm for
deuteron beams. The results obtained for other high voltages are very similar
to the results of 1800 V, which will be the working high voltage of P̄ANDA
STT for this gas mixture. In the case of 1850 V, the resolution is better by
about 6-8 µm compared to the case of 1800 V. Increasing the high voltage by
50 V, leads to about a 5% improvement in the spatial resolutions. The goal
was to check how spatial resolution depends on the high voltage applied to the
detector.
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Figure 5.17: (a) The residual distribution obtained with data from the 0.550 GeV/c proton
beam at an anode potential of 1800 V. The best residual resolution averaged over the complete drift
distance is 146 µm. (b) Width (sigma) of the residual distribution for different intervals of the radial
distance to the wire, obtained with data from the 0.550 GeV/c proton beam at an anode potential
of 1800 V. The red line is the fit with a third-order polynomial.
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Table 5.6: The mean spatial resolution obtained for four proton momenta at three different high
voltage settings.

momentum (GeV/c) σ(µm), 1750 V σ(µm), 1800 V σ(µm), 1850 V

0.55 151 146 138

0.75 159 151 144

1.00 164 158 150

2.95 185 171 165

Table 5.7: The mean spatial resolution obtained for three deuteron momenta at three different
high voltage settings.

momentum (GeV/c) σ(µm), 1750 V σ(µm), 1800 V σ(µm), 1850 V

0.60 150 143 140

0.75 158 148 143

1.50 169 160 152
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Figure 5.18: The mean spatial resolution for the proton and deuteron beams as a function of
beam momentum and anode potential. (a) Spatial resolution for the data collected in the proton
beam test. (b) Spatial resolution for the data collected in the deuteron beam test.

5.7 Energy Resolution

The particle identification technique is based on the specific energy loss (dE/dx),
which requires the knowledge of the deposited energy (dE) and the path length
(dx). The aim is to extract the specific energy loss, dE/dx, from the data ob-
tained during the prototype test. The deposited energy is obtained by summing
over all the energy losses of each hit of the track. The fit of the tracks provides
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us with the necessary information to extract the corresponding path length.
To obtain the deposited energy, the signals have been integrated over differ-
ent FADC samples. Since almost the whole charge of the signals is contained
within the 50 to 60 samples, the integration window of 60 samples was chosen
such that the resolution for dE/dx was optimized. Fig. 5.19 shows the energy
loss distribution for data taken with 0.55 GeV/c proton beam. As expected, it
shows a typical Landau distribution with a tail towards higher energy losses.
This tail worsens the separation power using dE/dx. To optimize the resolution
and to convert the Landau distribution into a more Gaussian-like shape, we
apply a so-called truncated-mean method [134]. Energy-loss distributions were
obtained with the straw tube signals for different truncation fractions, 10%,
20%, 30% and 40%. Fig. 5.19 and Fig. 5.20 show the results of the dE/dx dis-
tribution for data taken with 0.55 GeV/c proton beam and 0.6 GeV/c deuteron
beam, respectively, with application of different truncation factors. A trunca-
tion of 40% turned out to give the best resolution and a distribution that comes
the closest to a Gaussian shape. For the truncation fractions smaller than 40%,
the shapes are not Gaussian and there are visible long tails. All the steps of the
data analysis presented in this sections have been repeated also for the data
sample collected while operating at three different high voltages with proton
and deuteron beams.
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Figure 5.19: dE/dx distributions distribution for the 0.55 GeV/c proton beam. For each his-
togram a different truncation factor has been applied.

108



5.7. Energy Resolution

 dE/dx [a.u.]
0 50 100 150 200 250 300

310×

En
tri

es

0

200

400

600

800

1000

1200

1400

1600

1800
No truncation
10% truncation
20% truncation
30% truncation
40% truncation

dE/dx [a.u.]
150 200 250 300 350

0

Figure 5.20: dE/dx distributions distribution for the 0.6 GeV/c deuteron beam. For each
histogram a different truncation factor has been applied.

Tables 5.8 and 5.9 show the summary of the achieved energy resolution for
the data collected with proton beam and deuteron beams, respectively, and at
various high voltage settings. The data are represented as well in Fig. 5.21.
The obtained resolutions are between 8.2% to 12.3% for proton and 8.9% to
10.6% for deuteron beams.

Table 5.8: The achieved energy resolution for the reconstructed tracks for four proton momenta
and in three different high voltages.

Momentum (GeV/c) dE/dx [%], 1750 V dE/dx [%], 1800 V dE/dx [%], 1850 V
0.55 9.0 8.2 7.9
0.75 10 .0 9.1 8.7
1.00 10.9 10.0 9.5
2.95 13.2 12.3 11.5

Table 5.9: The achieved energy resolution for the reconstructed tracks for three deuteron momenta
and in three different high voltages.

Momentum (GeV/c) dE/dx [%], 1750 V dE/dx [%], 1800 V dE/dx [%], 1850 V
0.60 9.9 8.9 8.4
0.75 10.8 9.6 9.0
1.50 12 10.6 10.0

109



5.7. Energy Resolution

The results obtained for other high voltages are very similar to the results of
1800 V, which will be the working high voltage of the P̄ANDA STT for this
gas mixture. Increasing the high voltage by 50 V, leads to 1% improvement in
the energy resolution. The goal was to check how energy resolution depends
on the high voltage applied to the detector.
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Figure 5.21: The energy resolution for the proton and deuteron beams as a function of beam
momentum and anode potential. (a) Energy resolution for the data collected in the proton beam
test. (b) Energy resolution for the data collected in the deuteron beam test.

Fig. 5.22 (a) shows the distribution of dE/dx truncated mean values as a func-
tion of momentum for protons and deutrons. In order to evaluate our results,
we have made use of the Bethe-Bloch formula [144]. According to the Bethe-
Bloch formula, the energy dependence is, to a good approximation, inversely
proportional to the square of the speed of the particle. We have evaluated our
results by considering the effect of the term β2 = v2/c2 in the Bethe-Bloch for-
mula, (where v is the speed of the particle) and the results which are presented
in Fig. 5.22 (b), are satisfactory and in a good agreement with the Bethe-Bloch
formula for both protons and deuterons.

Since we used two different particle types (protons and deuterons) at simi-
lar momenta of 0.75 GeV/c, the PID performance of the STT prototype can
be tested. Fig. 5.22 shows a satisfactory separation between protons and
deuterons at 0.750 GeV/c. Usually, the separation power S between two par-
ticles of type A and B characterizes the performance of an identification tech-
nique. The separation power S between two particles is defined as the distance
between the centers of the two bands < dE/dxA > and < dE/dxB >, which is
measured in terms of the standard deviations. It is obtained from the following
equation [134]:
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Figure 5.22: (a) Distribution of dE/dx truncated mean values (with 40% truncation) vs mo-
mentum for protons and deuterons. (b) Distribution of dE/dx× β2 vs. momentum for protons and
deuterons. The vertical error bars represent σ values.

Figure 5.23: Separation power in the STT detector obtained from simulations [134]. The vertical
line at 0.8 GeV/c is the chosen threshold for the momentum to perform the particle identification in
the STT. Figure is taken from Ref. [134].

S =
|< dE/dxA >− < dE/dxB > |

σA/2 + σB/2
. (5.5)

where < dE/dx > and σ are the mean value and standard deviation of the
distributions, respectively, for two particle types A and B. For the proton
and deuteron beams at 0.75 GeV/c, the calculated separation power is equal
to 6.6. Fig. 5.23 shows the separation power in the STT detector which is
obtained from previous simulations [134]. In this figure the separation power
is calculated for protons, kaons, pions and electrons, but there is no value for

111



5.8. Summary and Discussion

the separation power between protons and deuterons. In order to compare
our calculated separation power with the previous simulated data, we made an
estimation using the Bethe-Bloch formula. So, the energy loss of a deuteron
or proton with a given momentum can be related to that of a pion or kaon
with different momentum but with the same β. Considering the mass of the
deuteron, proton and kaon, we related the energy loss of deuterons and protons
at a given momentum of 0.75 GeV/c to the energy loss of the protons and kaons
at the corresponding momentum of 0.375 GeV/c. Finally, we compared the
separation value at 0.75 GeV/c, with the separation power calculated from
the simulations between protons and kaons at the corresponding momentum
of 0.375 GeV/c. The separation power for the proton and kaon is around
7.75 at 0.375 GeV/c (see Fig. 5.22), and the one we obtained from the tests
for the proton and deuteron at 0.75 GeV/c is 6.6 which is sufficiently close
to the simulated separation power, and thus is deemed to meet the design
requirements.

5.8 Summary and Discussion

The STT prototype, consisting of 128 P̄ANDA straw tubes arranged in eight
layers of 16 straws each, has been tested with proton and deuteron beams
at COSY. In both measurements the electronic readout of the straw signals
consists of trans-resistance amplifiers and flash analog to digital converters
(FADC), which sample the analog signal amplitude with a frequency of 240
MHz. In our two in-beam test measurements, the feasibility of the analog read-
out without active electronics at the detector side by utilizing carefully shielded
coaxial signal/HV cables and low noise pre-amplifier has been demonstrated.
The tracking performance has been studied with the analysis method described
in this chapter, including signal selection, calibration and track reconstruction
followed by obtaining the residual distributions and energy measurement. The
results of the obtained spatial and energy resolutions are summarized in the
previous sections. The presented results indicate that the achieved spatial and
energy resolutions in both measurements for proton and deuteron beams are
satisfactory and reasonable. The obtained results show that we have achieved
the requirements for spatial and energy resolutions, ∼150 µm and ∼10%, re-
spectively. In addition, the PID performance of our prototype was checked by
the separation of two different particles (protons and deuteron) for the simi-
lar momentum of 0.750/c GeV, and it represents a clear separation which is
quite satisfactory. We obtained a separation power of 6.6 between protons and
deuterons with momentum of 0.750 GeV/c, which is very close to the value
obtained from simulations for the momentum of 0.375 GeV/c between protons
and kaons.
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The data have been collected and analyzed for three different high voltages
settings (1750 V, 1800 V and 1850 V). The achieved results of the spatial and
energy resolutions for these different high voltage setting are also summarized
in the previous sections. The results indicate that increasing the high voltage
by 50 V leads to a 1% improvement in the energy resolution and a 5% im-
provement in the spatial resolution. The goal was to check how spatial and
energy resolutions depends on the high voltage applied to the detector. The
previous studies have shown that for our gas mixtures of interest, by increasing
the HV by 50 V, the tube remain in the region of direct proportionality and
the gas gain increases from 5 × 104 to 7 × 104 [134]. For the current design
of the STT, a moderate gas gain of about 5 × 104 is recommended, because
a high gas gain significantly reduces the tube lifetime. Our obtained results
show that increasing the HV by 50 V leads to the improvement in spatial and
energy resolutions, which is the main goal of STT for PID. Proposing a change
in the chosen HV of STT from 1800 V to 1850 V needs more investigation and
optimization. In this study we did not take into account how the lifetime of the
detector is influenced, we also did not look into the behavior of the detector at
high rates.

There is room for improvements in our analysis method and the electronic read
out. One can implement more accurate calibration and tracking algorithms.
During our beam test measurements we encountered some problems with the
pre-amplifiers with low gain and due to frequent tests with the detector, its
geometrical stability has been slightly lost. The current setup needs some
mechanical inspection and renovation. The new pre-amplifiers with higher
gain will improve the specific energy loss resolutions. In addition, the work
on highly integrated multi-channel sampling ADC coupled with fast FPGA
modules for real time signal-shape analysis is ongoing.
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Chapter 6

Summary and Outlook

In this thesis, the capability of P̄ANDA for measuring the production cross
section of charmed-baryon pairs in the channel pp̄ → ΛcΛ̄c is studied together
with the investigation of the PID capability of a STT prototype via two test
measurements with proton and deuteron beams. This chapter summarizes both
studies and presents an outlook for future investigations.

6.1 Simulation and Reconstruction Studies of the
Production and Decay of ΛcΛ̄c

Charmed baryon spectroscopy has received significant attention over the last
several years. Experimental and theoretical studies of charmed baryons have
been the focus of vigorous research. The P̄ANDA experiment at FAIR is
expected to provide new results to help experimentally map out the heavy-
baryon sector. The physics program of P̄ANDA focuses on the investigation
of the hadron structure and the properties of the strong interaction. Hadron
spectroscopy is one of the main topics of the P̄ANDA physics program, and in
particular the interest is focused on the charmonium, hidden- and open-charm
spectroscopy. There is a great interest in studying the charmed baryon produc-
tion, and in particular, Λc pair baryons production, in the proton-antiproton
collisions. The Λc baryon plays a significant role in understanding both charm
and bottom baryons. Λc, as the lightest charm baryon, is common to many
decays of the more massive baryons. Compared to the proton, studying the Λc
has the advantage: since it involves a heavy c-quark, which makes its interpre-
tation easier. Exploiting heavy quark symmetry, allows for systematic analysis
of di-quark structure in baryons.
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ΛcΛ̄c

No experimental data exist for the reaction pp̄ → ΛcΛ̄c. This channel is
uniquely accessible with P̄ANDA. Chapter 4 of this thesis is devoted to the
investigation of the feasibility for the charmed baryon production via the pro-
duction of ΛcΛ̄c baryon pairs. We simulated the process pp̄ → ΛcΛ̄c, in which
one or both of the Λc baryons decay into p±K±π±. Our channel of interest,
with a branching ratio of 6.35% is one of the most favorable modes of decay
[8]. The final state products of the reaction chain are all charged particles.
The absence of neutral final-state particles provides the best invariant-mass
resolution. In addition, the absence of the neutral final-state particles leads
to low multiplicity of tracks which keeps the efficiency high. The goal of this
study is to reveal the capability of P̄ANDA to measure the Λc baryons in terms
of mass and momentum resolution and how well the signal events will be sep-
arated from the huge amount of background events. To make a quantitative
statement about the production of the Λc baryon pairs, we use the statistical
significance as a figure-of-merit (FOM) to evaluate the feasibility. The aim is
to investigate the cross section sensitivity for a range of luminosities, thereby,
reflecting the various operational phases of P̄ANDA. In this thesis, the high
beam momentum of 14 GeV/c, available at P̄ANDA has been selected. The
reason for choosing a high incident beam momentum is, because it has been
predicted that the production cross section for the channel of interest increases
with momentum.

For the feasibility study, we performed a Monte Carlo simulation of the de-
cay channel pp̄ → ΛcΛ̄c → p+K−π+p−K+π−, using the PandaRoot analysis
framework. The Monte Carlo simulated data are generated using EvtGen and
the final-state particles are further propagated through various materials using
GEANT4. The specific detector and electronic responses are modeled as well.
The goal is to make the simulation data as similar as possible to an actual
experiment. The simulated data are further processed via high-level recon-
struction and analysis tools. These include Kalman-based track finding and
fitting algorithms and likelihood-based particle identification (PID) methods.
For the PID, we exploited the information of the MVD, STT, EMC, DISK,
DIRC, RICH and TOF. For the event reconstruction, we considered two dif-
ferent modes which we refer to as the inclusive and exclusive analysis. For the
inclusive study, we only reconstructed the decay products of one of the charmed
baryons. In the exclusive method, we reconstructed all the final-state particles
of both charmed-baryon decays. In both methods of reconstruction, several
cuts and kinematic fits were applied to optimize the FOM. We reconstructed
the invariant mass of the Λc baryons pairs. For the inclusive reconstruction,
we obtained a missing-mass resolution of 15.8 MeV/c2 with a reconstruction
efficiency of 14.3%. For the exclusive method, the invariant-mass resolution
improves and a value of 6.8 MeV/c2 has been obtained with a reduction in
efficiency of 4.5%. The efficiencies were smaller than naively expected. The
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reason for this has been traced back to the performance of the PID algorithm.
We expect that there is still room for improvement by optimizing the PID
framework in PandaRoot which is outside the scope of this thesis. For the
inclusive reconstruction we obtained a cross section sensitivity of ∼15 nb at a
5σ statistical significance for the phase-one luminosity 2 × 1032 cm−2 s−1 of
P̄ANDA for a measurement time of one month. This cross section sensitivity
of P̄ANDA would be sufficient to observe a signal at phase-one according to
various model predictions. For the exclusive mode, only an upper limit on the
sensitivity is obtained (see Fig. 4.24). The calculation of the FOM has shown
that for our channel of interest, although for the exclusive analysis a higher
background suppression is obtained, on the other hand it suffers from the total
branching fraction, which is lower than the inclusive mode, and a very low
efficiency (∼4.5%). We made use of a pure phase space model, which is not
very accurate. One aspect that certainly needs to be considered is to include
a more realistic angular distribution of the production of Λc pairs and their
decays.

In addition, since one part of this thesis is devoted to an in-beam test mea-
surement of the STT prototype, the role and contribution of the STT in the
PID of our channel of interest is investigated. For our channel of interest, the
STT has a marginal contribution to the PID performance. The reason for this
is that, a large fraction of the final-state particles has relativistic velocities,
therefore, the energy loss dE/dx becomes minimum ionizing, which results in
similar energy deposits for (anti)protons, kaons, and pions. In contrast, the
DIRC detectors are the most effective PID detectors for the channel of interest.
The STT will play an important role in the PID for decay channels, in which
the daughter particles that have low momenta (<1 GeV/c).

It is worth mentioning that a more detailed study of the background is needed.
This will require a larger data set of DPM events than we have produced. More-
over, to solve the problem with the statistics, one can use some filters and be
more selective in which background channels to generate. The most important
background contribution is the non-resonant reaction pp̄→ p+K−π+p−K+π−.
The cross section for this reaction is known to be 0.02 mb [146]. Another as-
pect is that the channels which contain hadrons with charm content are not
included in DPM. For our channel of interest, we made use of the beam momen-
tum of 14 GeV/c, which is far above the productions threshold of the Λc baryon
pairs. Therefore, using such a relatively high beam momentum, we expect that
other channels open up that contain excited charmed baryons. These excited
charmed baryons will also contribute to the background. It would, therefore,
be useful to generate such type of background events explicitly and study their
contribution. Alternatively, one might consider to produce open-charm baryons
close to their production threshold. This would avoid the production of ex-
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cited states, but it will come with the price that the cross section of the signal
channel is lower than at higher energies. The mass and momentum resolution
should be investigated in that case, as it is expected to be better than when
choosing a momentum very far above the Λc baryon production threshold. The
simulation of the Λc baryon pairs can be extended to other decay modes as
well. A difficulty is that the Λc has many decay modes with branching ratios
of less than one percent [8]. Λc has a very short life time, cτ = 59.9 µm [8],
and decays very close to the interaction point. With such a short lifetime,
a secondary vertex fit would not help to further reduce the background. In
this respect, the decay Λc → Λπ+, which has a branching fraction of 1.3% [8],
would be useful to consider since the Λ particle has a relatively large lifetime
(cτ = 7.89 cm) [8]. A secondary vertex fit would in this case be a powerful tool
that can be used as a cut to optimize the signal-to-background ratio. Another
interesting channel to consider is Λc → Λπ+π0, with a branching fraction of
7.1% [8]. Besides the additional Λ particle with its long lifetime and the rel-
atively large branching fraction, the momenta of the final-state particles will
be lower compared to the channel discussed in this thesis which will result in
a more effective PID. This decay channel includes a neutral pion which can
be detected via its two-photon decay. These photons could convert externally
and will give a large multiplicity of clusters in the electromagnetic calorime-
ter. This will likely result in combinatorial background and a reduction in the
detection efficiency. In this case, one might need to consider using machine
learning methods such as exploiting multi-variate analysis (MVA) techniques.

6.2 In-Beam test measurements with the STT pro-
totype at COSY

The task of the tracking detectors is to measure the trajectories of charged par-
ticles through the magnetic fields, leading to measurements of the momenta
of charged particles. In P̄ANDA, such measurements will be provided by four
tracking detectors (see Fig. 3.7 and Fig. 3.8). The STT is one of the main
tracking detectors. The tasks of the STT are to determine the momenta of
charged particles, via a precise spatial reconstruction of particle tracks in com-
bination with a solenoid magnetic field, and to perform particle identification
(PID) by a measurement of the specific energy loss (dE/dx ). The PID infor-
mation of the STT is necessary to separate protons, kaons and pions in the
momentum region below 1 GeV/c. To achieve this goal the development of the
electronic readout of the STT plays a crucial role and it is guided by optimizing
the spatial and energy resolutions. Two electronic readout systems have been
proposed for STT, a system based on FADCs and one based on ASICs. Since
the P̄ANDA detector is still under construction, the tracking performance of
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the STT is studied via in-beam test measurements with the STT prototype.
The data were obtained at the COSY accelerator in Jülich research center with
proton and deuteron beams. The focus of this thesis is on the beam test of
the STT prototype with the FADC read out and it describes the analysis of
data from measurements with proton and deuteron beams. Using two different
beams allow us to investigate the separation power of the STT between the
different particle types. In both tests, the experimental setup was identical and
in each test several beam momenta and high voltage settings were considered.

The STT prototype consists of 128 P̄ANDA straw-type tubes which are ar-
ranged in eight layers of 16 straws. In our experimental setup the straw tubes
were directly connected by 12 m coaxial signal/HV cables to the electron-
ics placed outside of the detector prototype, in the experimental area. The
raw signals from the straw tubes were transmitted via cables to analog and
digital electronics. Placing electronics outside the detector solves radiation
hardness and heat problems for the usage of the STT in the actual P̄ANDA
setup. In the two in-beam test measurements, the feasibility of using an ana-
log readout with shielded coaxial signal and high-voltage cables and low-noise
pre-amplifiers, thereby, avoiding active electronics near the detector, has been
demonstrated. We studied the tracking performance, using signal selection,
calibration and track reconstruction that is followed by residual distributions
and energy measurements. To obtain a good track recognition, in all steps of
the current analysis the track reconstruction efficiency was always considered
above 80%. The spatial resolution is sensitive to the momentum of the par-
ticles traveling through the tubes. For momenta that are close to minimum
ionizing, fewer clusters of electrons reach the wire which leads to a larger un-
certainty in the distance determination of the nearest cluster to the wire. As
the result, the error of this distance is larger which worsens the resolution. The
results of the obtained spatial and energy resolutions for proton and deuteron
beams are summarized in Tables 5.3 and 5.4. The obtained results show that
we have achieved the requirements for spatial resolutions and the energy res-
olution of ∼150 µm and ∼10%, respectively. In addition, the results indicate
that increasing the high voltage by 50 V leads to about a one percentage point
improvement in the energy resolution and 5% improvement in the spatial res-
olution. The goal was to check how spatial and energy resolutions depends on
the high voltage applied to the detector. For the current design of the STT
a moderate gas gain of about 5 × 104 is recommended, because a high gas
gain significantly reduces the tube lifetime. Our obtained results show that
increasing the HV by 50 V leads to the improvement in spatial and energy
resolutions, which is the main goal of STT for PID. Proposing a change in the
chosen HV of STT from 1800 V to 1850 V needs more investigation and opti-
mization, because in this study we did not take into account how the lifetime of
the detector is influenced, and also the behavior at high rate was not addressed.
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The PID performance of our prototype was checked by studying the sepa-
ration power for two different particle types, namely protons and deuterons, at
a similar momentum of 0.750 GeV/c. A clear separation has been observed.
We obtained a separation power of 6.6 between protons and deuterons with
momentum of 0.750 GeV/c, which is very close to the value obtained from
simulations for the momentum of 0.375 GeV/c between protons and kaons (see
section 5.7).

The analysis methods and techniques can be improved by modifying the feature-
extraction algorithm from the raw signal and by modifying the calibration
procedure. One might consider to use different methods to extract the time
reference of each analog signal. For example, a performance study using the
leading-edge or constant-fraction time could lead to different results. For the
calibration, we made use of an empirical function. There might be room for
improvement of this function to get a more accurate determination of the mini-
mum and maximum drift times. Performing tests with muon beams would also
be very beneficial for the reconstruction, since the muons leave clean tracks in
the straw tubes. During our beam test measurement, we encountered some
problems with the pre-amplifiers with low gain and due to frequent tests with
detector, its geometrical stability has not been very optimal. The current setup
needs some mechanical inspection and renovation. Performing tests using cos-
mic rays will also provide us with some information about the performance and
imperfections in our mechanical setup. It is worth to mention that the devel-
opment of the analog part of the readout (cables, shielding, coupling boards)
and the new pre-amplifier and its integration into ADC board is ongoing. In
addition, the work on highly integrated multi-channel sampling ADC coupled
with fast FPGA modules for real time signal-shape analysis is ongoing. In
the work presented in this thesis, we did not use the real-time pulse-shape
algorithms that can be implemented in the FPGAs. For the P̄ANDA experi-
ment, one will make use of these online features. It is, therefore, worthwhile
to perform benchmark studies comparing the results of the online and offline
feature extraction. All the proposed changes in the electronic readout and the
software have to be investigated in beam tests. Finally the optimum, based on
the performance and cost has to be considered for the P̄ANDA experiment.
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Nederlandse Samenvatting

In de vorige eeuw was de Mendeleev tabel in staat de onderliggende structuren
van de grote hoeveelheid chemische elementen aan te tonen, de relaties tussen
de verschillende elementen te onthullen en om het bestaan van nog niet eerder
getoonde elementen te voorspellen. In de zestiger en zeventiger jaren werd er
geleidelijk aan een model ontwikkeld waarmee de tal van elementaire deeltjes,
die werden onthuld in experimenten met versnellers, ingedeeld konden worden
en waarmee nieuwe deeltjes voorspeld konden worden. Dit model staat nu bek-
end als het Standaard Model (SM) van de deeltjesfysica. Elke ontwikkeling dat
verder gaat dan het huidige SM vraagt om verdere en meer precieze metingen
van de eigenschappen van deze fundamentele deeltjes van de natuur.

Wereldwijd creëren veel wetenschappers geavanceerde machines om de fysica
binnen het huidige SM te onderzoeken en de interacties tussen de deeltjes te
begrijpen. Een van deze machines is de toekomstige multifunctionele detec-
tor “antiProton ANnihilatie in DArmstadt” (P̄ANDA). P̄ANDA zal een van
de belangrijkste experimenten zijn bij de toekomstige Faciliteit voor Antipro-
ton en Ion Onderzoek (FAIR), welke in aanbouw is in Darmstadt, Duitsland.
Het P̄ANDA experiment zal botsingen onderzoeken tussen een straal van an-
tiprotonen en een gefixeerd proton of nucleair doelwit. P̄ANDA heeft een
unieke opstelling vergeleken met andere natuurkunde experimenten en zal een
unieke toegang geven tot verschillende onderwerpen binnen het vakgebied van
de sub-atomaire fysica. Eén specifiek aspect van het programma van P̄ANDA
is hadron spectroscopie, met in het bijzonder interesse voor verborgen- en open-
charm spectroscopie en (strange-)baryon spectroscopie.

P̄ANDA bestaat uit verschillende detector onderdelen die elk een bepaalde
taak vervullen. Eén van de belangrijke taken is de reconstructie van de im-
puls van elektrisch geladen deeltjes, die gebaseerd is op informatie verkregen
van de baandetectoren. P̄ANDA heeft vier belangrijke baandetectoren en één
daarvan is de Straw Tube Tracker (STT), een cilindrische detector die bestaat
uit met gas gevulde buizen. De taken van de STT zijn het bepalen van de im-
puls van geladen deeltjes door een nauwkeurige ruimtelijke reconstructie van
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de afgelegde banen gecombineerd met het magnetische veld van een solenöıde,
en het uitvoeren van deeltjesidentificatie (PID) door het specifieke energiev-
erlies te meten. De PID informatie van de STT is nodig om onderscheid te
maken tussen protonen, kaonen en pionen met een impuls minder dan 1 GeV/c.
De elektronische uitlezing van de STT speelt een cruciale rol in het bereiken
van dit doel en is gericht op optimalisatie van de ruimtelijke en energie resolu-
ties. Twee elektronische uitleessystemen zijn voorgesteld voor de STT, een sys-
teem gebaseerd op FADCs en een systeem gebaseerd op ASICs. Aangezien de
P̄ANDA detector nog in aanbouw is zijn de prestaties van de STT bestudeerd
aan de hand van test experimenten met het STT prototype. De data is verkre-
gen bij de COSY versneller in het Jülich onderzoekscentrum met bundels van
protonen en deuteronen. De focus van dit proefschrift ligt op het testen van
het STT prototype met de FADC uitlezing en beschrijft de analyse van data
verkregen door met bundels van protonen en deuteronen. Het gebruik van twee
verschillende soorten bundels zorgt ervoor dat onderzocht kan worden hoe goed
de STT onderscheid kan maken tussen de verschillende type deeltjes. In beide
tests was de experimentele opstelling identiek en werd er geëxperimenteerd met
verschillende bundelenergieën en hoogspanningswaarden. Het STT prototype
bestaat uit 128 holle buizen die gerangschikt zijn in 8 lagen van 16 buizen.
In onze experimentele opstelling waren de buizen met 12 m lange coaxiale
signaal/HV kabels direct verbonden met de elektronica de elektronica welke
buiten de experimentele ruimte was geplaatst. Wij hebben de baan detectie
prestaties bestudeerd door middel van signaal selectie, kalibratie en baan re-
constructie gevolgd door overige verdelings- en energiemetingen. De ruimtelijke
resolutie is gevoelig voor de impuls van deeltjes die door de buizen bewegen. De
verkregen resultaten laten zien dat wij de vereiste ruimtelijke resoluties en en-
ergie resolutie van respectievelijk ∼150 µm en ∼10%. behaald hebben. Verder
laten de resultaten zien dat het verhogen van het hoge voltage met 50 V leidt
tot ongeveer een procent verbetering in de energieresolutie en vijf procent in de
ruimtelijke resolutie. De PID prestatie van ons prototype is getoetst door het
onderscheidingsvermogen voor twee verschillende deeltjes, namelijk protonen
en deuteronen, te meten bij dezelfde impuls van 0.750 GeV/c. Een duidelijk
onderscheid was zichtbaar. Wij hebben een onderscheidingsvermogen van 6.6
verkregen voor protonen en deuteronen met een impuls van 0.750 GeV/c, wat
zeer dichtbij de waarde ligt die is verkregen door simulaties voor protonen and
kaonen met een impuls van 0.375 GeV/c.

De verwachting is dat het P̄ANDA experiment zal voorzien in nieuwe resul-
taten die helpen de zware-baryon sector experimenteel in kaart te brengen. Het
Λc baryon speelt een significante rol in het begrijpen van zowel charm als bot-
tom baryonen. Λc, als lichtste charm baryon, is veelvoorkomend in het verval
van zwaardere baryonen. Er bestaat geen experimentele data voor de reactie
pp̄ → ΛcΛ̄c . Dit kanaal is enkel toegankelijk met P̄ANDA. Een deel van dit
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proefschrift is toegewijd aan het onderzoeken van de haalbaarheid van charm
baryon studies via de productie van ΛcΛ̄c baryon paren. Wij hebben het proces
pp̄→ ΛcΛ̄c gesimuleerd, waarin één van beide Λc baryonen vervalt in p±K±π± .
Het doel van deze studie is aan te tonen wat de capaciteit van P̄ANDA is om
Λc baryonen te meten in termen van massa en impuls resolutie en hoe goed
het signaal gescheiden kan worden van de gigantische hoeveelheid aan achter-
grond. Om een kwalitatief statement te kunnen maken over de productie van
Λc baryon paren gebruiken wij statistische significantie als graad van verdien-
ste (FOM) om de haalbaarheid te evalueren. Het doel is om de gevoeligheid
voor de werkzame doorsnede te bepalen voor een scala aan luminosteiten, die
de verschillende operationele fases van P̄ANDA weerspiegelen. Voor de haal-
baarheidsstudie hebben wij een Monte Carlo simulatie gedaan van het verval
pp̄ → ΛcΛ̄c → p+K−π+p−K+π− met gebruik van het PandaRoot analyse
framework. Voor de reconstructie van de reactie hebben wij twee verschillende
methodes gebruikt waar wij naar refereren als de inclusieve en de exclusieve
analyse. Voor de inclusieve analyse hebben wij alleen de vervalproducten van
één van de charm baryonen gesimuleerd. In de exclusieve methode hebben
wij alle uiteindelijke vervalproducten van beide charm baryonen gesimuleerd.
Voor de inclusieve reconstructie hebben wij een ontbrekende-massa resolutie
van 15.8 MeV/c verkregen met een reconstructie efficiëntie van 14.3%. Voor
de exclusieve methode verbetert de invariante-massa resolutie en een waarde
van 6.8 MeV/c wordt verkregen met een afname in efficiëntie van 4.5%. Voor
de inclusieve reconstructie hebben wij een werkzame-doorsnede gevoeligheid
verkregen van ∼15 nb met 5σ statistische significantie voor een luminositeit
van luminositeit 2 × 1031 cm−2 s−1 P̄ANDA bij een meettijd van een maand.
Deze werkzame-doorsnede gevoeligheid van P̄ANDA zou volgens verschillende
voorspellingen genoeg zijn om een signaal the observeren in de eerste meetpe-
riode van P̄ANDA. Voor de exclusieve modus is alleen een bovenlimiet voor de
gevoeligheid verkregen. Aangezien een deel van deze thesis is toegewijd aan
een testmeting van het STT prototype is daarnaast de rol en bijdrage van de
STT in de PID van ons kanaal onderzocht. Voor ons kanaal heeft de STT een
marginale bijdrage aan de PID prestatie.
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