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ABSTRACT

A feasibility study for the D° meson (Open charm) measurements by its decay
into two daughter particles, D° — K~ and 7*, in central Pb+Pb collisions and
Ar+Ar collisions at SPS energies is presented. The study of open charm mesons
which carries important information about the initial stages of the nucleus-nucleus
collision at relativistic energies, will be a powerful tool to investigate the properties
of the hot and dense matter produced in such collisions. To generate the physical
input we use AMPT (A MultiPhase Transport model) event generator. We employed
GEANT4 to describe particle transport through the experimental setup. The study is
done assuming NA61/SHINE experimental setup supplemented with a future vertex
detector that allows for precise vertex reconstruction in the target proximity. This
detector will be used ultimately to measure open charm mesons in nucleus-nucleus
collisions at energies accessible at CERN-SPS. The simulation results shows that
the measurements are feasible. This thesis discusses the results obtained, based on
the predicted yields of D° mesons. It also addresses the issue of vertex detector
optimization, with the emphasis on the prospect of the development of a vertex

detector based on CMOS technology.
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CHAPTER I

Introduction

The physics of ultra-relativistic heavy ion collisions connects nuclear physics with
high energy physics of elementary particles. Ultrarelativistic energies refer to the
energy regime where the kinetic energy exceeds the rest energy significantly and

7 refers to heavy atomic nuclei. Nuclear physics deals with

the term “heavy-ions
complicated objects like nuclei while on the other hand high energy particle physics
is mainly concerned with more elementary particles like leptons and quarks.

Collisions of subatomic particles at relativistic energies allow us to study the prop-
erties of hot and dense nuclear or hadronic matter in terms of elementary interactions.
Quantum Chromodynamics (QCD) is the theory of strong interactions which funda-
mentally describes hadronic matter. Hadrons exists in two forms known as baryons
and mesons. Baryons are made up of three quarks while mesons consist of a quark
antiquark pair. It is believed that shortly after the Big-Bang, at the beginning of the
Universe the matter was dominated by deconfined quarks and gluons that formed a
medium known as the Quark Gluon Plasma (QGP).

There are two important features of QCD, namely asymptotic freedom and color
confinement. Asymptotic freedom is the property according to which the attraction

between quarks is weak at short distances and as the quarks are separated, the at-

traction becomes stronger. Asymptotic freedom in QCD was discovered by Gross,



Politzer and Wilczek [2, 3]. It allows precise predictions for high energy physics
experiments in the hard-scattering regime based on the perturbative quantum field
theory framework [4]. Colour confinement [5] is another striking feature of QCD.
According to this phenomenon, quarks and gluons can not be directly observed due
to their colour charge and are always bound within hadrons.

QCD predicts a phase transition between hadronic matter and partonic matter.
This partonic matter of strongly interacting nature forms above the so called critical
density. One of the earliest reviews, presented by Shuryak in 1980 [6], stated that
“When the energy density exceeds some critical value of (& 1GeV/fm?), matter no
longer exists in the form of hadrons (protons, neutrons, etc.) but of their fundamental
constituents, quarks and gluons”. Numerical calculations of QCD (Lattice QCD)
predicts a phase transition temperature of approximately 170 MeV (1 MeV ~ 1.1604
x 10'9K) (at baryon chemical potential gz = 0) [7] known as the critical temperature
T.. Quantitative predictions of Lattice QCD calculations [8] at zero net baryon density
(up = 0) find that the phase transition is a rapid crossover.

At higher temperatures and baryon densities, the hadrons in ordinary matter
melt into their constituent quarks and gluons which can move freely and form a new
phase, the QGP. Figure 1.1 shows the nuclear matter phase diagram of temperature
(T) versus baryon chemical potential (up) illustrating the different phases of strongly
interacting matter.

Heavy-ion experiments at the Relativistic Heavy Ion Collider (RHIC) and the
Large Hadron Collider (LHC) study strongly interacting matter at extremely high
temperatures and low values of the net baryon density (i.e. small values of ug).
In this region of the phase diagram, QCD predicts the transition to be a smooth
crossover from hadronic to partonic matter. Lattice QCD calculations and analytical
calculations suggest a critical point at larger pup. Beyond the critical point, one

expects a first order phase transition from hadronic to partonic matter in the regime
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Figure 1.1: Sketch of the Phase diagram, of strongly interacting matter as a function
of temperature and baryochemical potential [1]. Thermal model analyses
of heavy ion collision data at AGS, SIS and SPS energies provide the
hadrochemical freeze-out points (dots).

of higher up and lower temperatures. The phase transition region is depicted as the

light green coloured band. The solid curve along the freeze-out points in Figure 1.1

represents the parameterisation from a statistical hadron gas model with constant

baryon density pp = 0.75pg [1]. The freeze-out points are obtained by a statistical
model analysis from particle ratios measured in heavy ion collisions [9, 10, 11]. It can
be seen from the figure that the matter with extremely high pp and relatively low
temperature exist inside the neutron stars.

Relativistic heavy ion collisions provide a unique opportunity to create strongly
interacting matter at high temperature and density. Such hot objects are often called

“fireballs 7. The space-time evolution of the fireball created in high energy collisions

is shown in Figure 1.2. This figure shows two different scenarios which depend on



the collision energy. The left-hand side of the figure shows a purely hadronic scenario
where the energy density is not sufficiently high for the formation of QGP. On the
right-hand side, the scenario with the creation of QGP is shown. In the QGP forma-
tion scenario there is a pre-equilibrium phase of 7 &~ 1fm/c (time given in the local
frame) during which the produced partons rescatter both elastically and inelastically.
After some time a local thermal equilibrium is obtained, leading to the formation
of QGP (the red region in the figure). As the QGP expands collectively and cools
down to a temperature around the critical value T,, the hadronization takes place, a
process in which hadrons are formed from the quarks and gluons. During hadroniza-
tion, the system passes through a mixed phase composed of deconfined quarks and
hadrons (represented by the yellow shaded band) before the complete transformation

to a hadron gas is achieved.

Hydrodynamic

Evolution Pre-Equilibrium

Phase (< 1)

a) without QGI/ \\ b) with QGP =
B

A

Figure 1.2: Representation of the space-time evolution of the fireball [12]. The purely
hadronic scenario (i.e. no QGP formation) is depicted on the left-hand
side while the right-hand side illustrates the expected evolution of the
system including QGP formation.



In the conventional picture, the hadrons interact inelastically in the hadronic
stage until the chemical freeze-out is reached when the system’s inelastic collisions
cease. After the chemical freeze-out, the energy of the rescattered hadrons is not high
enough to change the yields of the different species. The system then continues to
evolve through elastic collisions until a stage called kinetic (or thermal) freeze-out is
reached. This occurs when the relative distance between particles is larger than the
range of the interaction, so that elastic collisions among them cease. At this stage,
the kinematic properties of the hadrons, in particular their momentum distributions,
become fixed. Therefore, the transverse momentum spectra of the emitted particles
reflect the conditions of the thermal freeze-out. The system breaks up into free
hadrons that travel to the detection system. In this framework, the chemical and
thermal freeze-out take place at two different instants in time.

Another model termed as single freeze-out model, also known as Cracow model, as-
sumes that the chemical freeze-out and the thermal freeze-out occur simultaneously.
This means that hadrons decouple completely when the thermodynamic parame-
ters reach the freeze-out condition and thus no particle rescattering is present after
the freeze-out. The resulting thermal distributions are then folded with a suitably
parametrized hydrodynamic expansion, which involves transverse and longitudinal
flow. The decay of resonances, including cascades, are incorporated in the Cracow
model [13, 14].

Relativistic heavy ion collisions enable the creation of hot and dense strongly
interacting matter over a wide range of temperatures and densities in a controlled
laboratory environment [15]. Thus these collisions allow us to explore a stage of
the early universe which was dominated by QCD matter. According to the standard
cosmological model [16], the universe went through an inflation followed by a reheating
period before entering a cooling process. At time t ~ 107'2s after the Big-Bang

the electroweak phase transition took place as temperature dropped to the scale



of 100GeV. Then at t ~ 107%s after the Big-Bang, the universe reached to the
temperature on the order of 100 MeV. At this temperature, the QCD phase transition
occurred and quarks became confined in hadrons [17].

The available energies for relativistic heavy ion collision rapidly increased with
the development of new accelerators i.e. from /syy ~ 2.3GeV at the Bevalac ex-
periment, \/syy = 5GeV at the Alternating Gradient Synchrotron (AGS), \/syy =
17.3GeV at Super Proton Synchrotron (SPS) to the Relativistic Heavy Ion collider
(RHIC) which accelerated fully stripped Au ions to a collision energy of \/syy =
200 GeV. Presently, the Large Hadron Collider (LHC) at CERN reaches the highest
collision energies providing Pb on Pb reactions from /syny = 2.76TeV to \/syn =
5.5 TeV [18, 19]. The goals of heavy ion collision experiments are to study the QGP
and more generally the phase diagram of strongly interacting matter. Present exper-
iments can scan a large area of the phase diagram (refer to Figure 1.1), by varying
the center-of-mass energies /syn of colliding nuclei. In addition, the system size is
also an important parameter that can be controlled experimentally and allows for
further systematic exploration of the phase diagram. The experimental programs at
the LHC facility [20] and the RHIC facility [21, 22, 23] have provided conclusive ev-
idence of the formation of a deconfined state of matter in heavy-ion collisions where
the quarks and gluons are the relevant degrees of freedom. Already at SPS energies,
several observables are predicted, including phenomena like strangeness enhancement
and J/v suppression, which can be interpreted as signatures of the QGP phase tran-
sition [24, 25, 26]. In order to establish the energy dependence of rare processes such
as production of D mesons and multi-strange hyperons, it is necessary to perform
high statistics measurements of Pb+Pb collisions at SPS energies. Indeed it is widely
recognized that the measurement of mesons containing heavy flavour is of great impor-

tance for a better understanding of nucleus-nucleus reactions at relativistic energies

27].



This thesis presents the results of a feasibility study for the measurements of
D° meson (open charm) production by its decay into two daughter particles, D —
K~ + 7t in central Pb+Pb collisions at the top SPS energy of 158A GeV and a
lower energy of 40A GeV as well as in the lighter Ar+Ar system at 158A GeV. For
simulation of the reactions, we used the AMPT (A Multi-Phase Transport Model)
event generator. We employed the GEANT4 application to describe particle transport
through the experimental setup. The actual measurement is planned within the
NA61/SHINE experiment [28], which is a fixed-target experiment at the CERN SPS.
The simulation results show that open charm measurements are feasible if the current
NAG61/SHINE detector is supplemented with a future Vertex Detector which allows

for a precise track reconstruction in the proximity of the target.

Chapter 2 describes the physics motivation behind the open charm measurements.
Chapter 3 comprises a description of the existing NA61/SHINE experimental setup
at the CERN-SPS. In Chapter 4 we describe in detail the simulation framework and
the reconstruction procedure for D° mesons. Chapter 5 presents the Vertex Detector
technology, the detector response model and cluster simulation. Chapter 6 describes
the results and discussion and finally Chapter 7 concludes the whole thesis.

This thesis is supplemented with an appendix which describes radiation damage

in silicon detectors.



CHAPTER II

Physics motivation

In high-energy heavy ion collisions charm production is one of the important
topics of theoretical as well as experimental research. It is widely recognised that the
measurements of mesons containing heavy flavour help to better understand nucleus-
nucleus reactions at relativistic energies. Due to the large mass, charm quarks are
produced mainly at the early stage of relativistic heavy ion collisions and remain
conserved during the fireball evolution [29].

The perturbative QCD (pQCD) based approach has been used for the interpre-
tation of open and hidden charm experimental data [30]. This approach is based on
the assumption that pQCD can describe charm production in elementary nuclear and
hadronic collisions and that charmonium creation is due to the binding interaction
between c¢ quarks. In nucleon-nucleus (p+A) and nucleus-nucleus (A+A) reactions
a created charmonium state encounters subsequently interacts with the surrounding
matter [31]. The standard approach assumes that a perturbatively produced charm
quark forms a bound state with a lighter quark (d, u or s) for open charm produc-
tion [32]. It was pointed out that available precise results on charmonium yields in
p+A collisions are difficult to understand within the standard approach [33]. In 1997
Gorenstein and Gazdzicki [34, 35] observed that the J/1 yield in A+A collisions is

proportional to the pion multiplicity and that the data may be explained by sta-



tistical production of J/1 at the hadronization stage. The statistical approach was
also applied to open charm production, and it assumed that charmed quarks and
anti-quarks are generated in the partonic phase according to the available partonic
phase space. As in the standard approach, statistically produced charm quarks bind
to light quarks to form charmed hadrons. The pQCD based and statistical estimates
of open charm yields for central Pb+Pb collisions at 158A GeV differ by a factor of
about 30 [34]. The predicted system size dependence in these two approaches is also
very different.

Figure 2.1 shows the measured yield of J/¢ production in In+In and Pb+Pb
collisions at /syy = 158 GeV as a function of centrality which is represented by the
number of participating nucleons N4, scaled to pQCD predictions assuming normal
nuclear absorption in the medium. It is observed that the yield is consistent with
pQCD at the lower number of participants, however there is a significant drop of
the ratio above N4+ ~ 200. This effect is known as anomalous J/1¢ suppression.
This suppression reaches ~ 20-30% for central Pb-Pb collisions. This phenomenon
was initially related to the onset of QGP formation in the high density phase of
nucleus-nucleus collisions (for details see Ref. [36]). However, other possibilities like
interactions with co-moving hadrons can not be ruled out by this data [37, 38].

Further confirmation of the QGP formation hypothesis requires more charm pro-
duction data. The multiplicities of various mesons in central Au+Au collisions from
AGS to RHIC energies [27] as predicted by the Hadronic String Dynamic (HSD)
model are depicted in Figure 2.2. The predictions are based on the charm production
cross sections fitted to the experimental p+N and 7+N data assuming that the total
charm production in A+A reactions scales with the total number of nucleon-nucleon
collisions [39]. It is seen that the open charmed hadron yields are much higher than
the yields of the J/1) mesons particularly below the top SPS energy. Thus it is feasi-

ble and intended to measure open charm production both at maximum and medium
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Figure 2.1: J/4 suppression pattern measured in In+In (dots) and Pb+Pb (triangles)
collisions, as a function of the number of participants Nyq [40]. The boxes
around the In-In points represent correlated systematic errors. The shaded box
on the right shows the uncertainty in the absolute normalisation of the J/¢
yields for the In-In interactions.

CERN-SPS energies in experiment NA61/SHINE (Super proton synchrotron Heavy
Ton and Neutrino Experiment).

In the context of the phase transition between normal hadronic matter and the
QGP, the charm-quark degrees of freedom are of special interest [39, 41]. It was
predicted that c¢¢ meson states should no longer be formed in the coloured QGP
medium due to colour screening [31, 42]. Indeed the measurement of J/i) mesons
by the NA38/NA50 and NAGO experiments found a suppression in Pb-+Pb collisions
measured at the top SPS energy. On the other hand, the measurements of di-muon
production provide hints of an enhancement of charmed meson production.

The NA50 experiment published data on di-muon production in p+A collisions
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Figure 2.2: Collisions energy dependence of the multiplicities of 7, 0, ¢, K, K=, D, D
and J/v in central Au+Au collisions predicted by the Hadron String Dynamics
(HSD) model. This figure is taken from [27].

at 450 GeV/c and Pb+Pb collisions at 158A GeV/c in 2001. The p+A results are

well described in terms of known sources like Drell-Yan processes and semi-leptonic

decays of charmed mesons. However, an enhancement of pair production in the

invariant mass region between ¢ and .J/¢ meson masses was observed in A+A data.

Figure 2.3 depicts the linear increase of the enhancement with the number of
participants. The enhancement reaches a value on the order of three for central Ph-
Pb collisions compared to the proton induced reactions. This increase may be related
to enhanced production of charmed hadrons but alternative scenarios can not be ruled
out by this data [43]

The NAGO collaboration published data on di-muon production in In+In collisions
at the top SPS energy [44]. They confirmed the di-muon enhancement in the invariant
mass range between the ¢ mass and J/1) mass first seen by the NA50 collaboration
[43]. As mentioned above, the effect was tentatively attributed to an enhancement of

open charmed meson production. The detailed analysis of the statistically more accu-
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Figure 2.3: Di-muon enhancement in nucleus-nucleus collisions plotted as a function of the
number of participants Npq-¢. The enhancement (relative to nucleon-nucleon
collisions) increases linearly with Npqq¢ [43].

rate spectra from the NA60 collaboration showed that the enhanced component had

an effective temperature 7¢;; which increases continuously with increasing invariant

mass in the range below 1GeV/c? followed by a relatively sudden drop (of 50 MeV)

for masses above 1 GeV/c? (see Figure.2.4).

The observed increase of the effective temperature (T.ss) in the lower mass region
can be attributed to hadronic sources coupled to the expanding medium, however, it
is hard to associate the observed T,y above 1 GeV to any known standard sources
like Drell-Yan production or/and open charm fusion (see Figure 2.4). The NA60 col-
laboration proposed an interpretation in terms of creation of a muon radiation source
at the early collision phase which they attributed to QGP [44]. This interpretation is
based strongly on the D mesons production limits deduced from the di-muon data in

a model dependent way. These limits can/should be verified by direct measurement
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Figure 2.4: Inverse slope parameter T.r¢ of the excess mT spectra vs dimuon mass. The
bands show the inverse slopes for the Drell-Yan and open charm contributions
as provided by the simulation code Pythia. Drell-Yan is not subtracted for the
LMR (Low Mass Region) data M < 1GeV/c? (triangles), The IMR (Interme-
diate Mass Region) data (closed circles) correspond to the present work.[44].

of open charm production in nucleus-nucleus collisions at SPS energies.

Recently, it was pointed out by Satz [45] that only precise measurements of both
open and hidden charm production will allow the construction of observables that
can provide information on the in-medium behaviour of quarkonia in a model inde-
pendent way. The nuclear modification factor R44 (which is most commonly used
to study medium effects) was measured at RHIC for high and low transverse mo-
mentum pr for both J/1 and D mesons [46, 47]. The plot in Figure 2.5 (left side)
depicts high transverse momenta at which R4 for J/¢ and D mesons are consistent.
According to Satz [45], this indicats the absence of medium effects (no suppression
nor enhancement) for J/v¢ as such effects would be seen as a deviation from the open
charm Ra4. In contrast, Figure 2.5 (right side) shows that at low pr the value of
Ra4(D) is consistent with unity, wheres R4 of (J/1) shows significant suppression,
which increases with the centrality.

Thus J/1 suppression at RHIC energies is really an effect of final state interaction.

Such a study performed for different energies and centralities should reveal a new
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Figure 2.5: Comparison of nuclear modification factors R4 for J/¢ production to open
charm production at high (left) and low (right) transverse momenta based on
RHIC data from the PHENIX and STAR experiments [46, 47, 48].
phenomenology of charm dynamics in the medium. It is important to compare hidden
and open charm production in the same phase space region and to precisely measure
both charm states. The measurement of D meson production from their semi leptonic
decays (as done so far at LHC and RHIC) should be replaced by more accurate direct
measurement. This provides the key motivation to measure open charm production

in Pb+Pb collisions at the CERN-SPS.
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CHAPTER III

NA61/SHINE experiment

3.1 Experiment overview

The NA61/SHINE experiment (Super proton synchrotron Heavy Ion and Neutrino
Experiment) is a fixed target experiment at the CERN SPS [28]. This experiment
was started in 2007 and it reuses most of the detectors of its former experiment
NA49 with important upgrades. The main physics goals of this experiment include
nucleus-nucleus (heavy-ion) collisions which are used to investigate the properties
of the transition between quark-gluon plasma and hadron gas by energy scans with
various ion beams (Be, Ar, Xe, Au, Pb) at energies from 13A GeV to 158A GeV
and hadron beams (p, m) at 13GeV/c to 150 GeV/c with a variety of fixed targets
(C, Be, Ca, La, Au, Pb). The physics program also includes the study of high
transverse momentum phenomena in proton-nucleus and proton-proton interactions.
Hadron-nucleus interactions are measured to constrain the calculations of neutrino
beam properties within the T2K experiment (Tokai to Kamioka, Japan) [49]. The
NAG1/SHINE experiment is located in the H2 beam line of the Super Proton Syn-
chrotron (SPS) of CERN. The CERN accelerator complex is shown in the Figure 3.1
and the part relevant for the NA61/SHINE experiment is depicted in Figure 3.2.

During the normal operation with protons or ions, the beam is received from

Proton Synchrotron (PS) where the energy is boosted up to 14 GeV/c and delivered
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to the SPS. In the SPS, protons can be further accelerated up to 400 GeV/e, the
maximum energy attainable by the field of the bending magnets. The maximum
energy per nucleon for ions depends upon the type of nucleus and scales with the
charge to mass ratio Z/A. Secondary beams (ions, hadrons, electrons, muons) of
energies from 10 to 360 GeV/c are produced by interactions of the primary beam
protons with the T2 target located at the beginning of the H2 beam line. Dipole
magnets (BENDs) in the H2 beamline allows the selection of the momentum and

quadrupoles (QUADs) are used to focus the beam.

3.2 Detector description

The NA61/SHINE detector setup includes beam position detectors (BPD), Cherenkov
counters (C) and scintillation counter stations (S) located upstream of the target. The
main particle tracking devices used in the experiment are two Vertex Time Projection
Chambers (VITPC1 and VTPC2), a GAP TPC and two Main TPCs (MTPC1 and
MTPC2). The Time of Flight detectors (ToF), which are used for hadron identi-
fication, are located behind the MTPCs. The Projectile Spectator Detector (PSD)
measures the energy of projectile spectators and delivers information on the collision
centrality. The experimental setup is depicted in Figure 3.3 [50]. The location of the
future Vertex Detector(VD) is indicated by an arrow. It will be located downstream
of the target, at a distance of about 50 cm to the front of the active VIPC1 volume.

The VD detector will be able to provide precise tracking at target proximity:.

3.2.1 Beam position detectors and trigger

The NA61/SHINE experiment uses three Beam Position Detectors (BPDs). Each

BPD measures the transverse position of the trigger-selected beam particle. These
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Figure 3.1: The accelerator complex of CERN [51].
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detectors are basically multi-wire proportional chambers located at distances of up to
30 m upstream of the target. The chambers are filled with Ar/CO, gas mixture and
are equipped with a cathode strip readout (32 strips with 1.5 mm pitch) providing
a resolution of 200 pum in the orthogonal direction. The active area of the detectors

is on the order of 48 x 48 mm?. Each detector consists of two orthogonal wire (15



NAEG1/SHINE

Figure 3.2: Schematic diagram of the part of the CERN accelerator complex relevant
for NA61/SHINE ion and proton beam operation (top view, not to scale)
[51].
pm thick tungsten) planes sandwiched between three cathode planes made of 25 ym
aluminized Mylar foils. The reconstruction algorithm finds a cluster in each plane
which is a set of the adjacent strips with signal amplitudes above a threshold value.
In order to determine the position of the beam particle, the centroid method is used
by which an average of the strip positions weighted with the signal amplitudes on the
strips is calculated for the cluster.
The intersection point of the extrapolated beam trajectory with the target is used
as the primary event vertex in the reconstruction. The accuracy of the beam position

extrapolated to the target is 40 ym for Pb and 170 pm for proton beam [28]. The
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Figure 3.3: The layout of the NA61/SHINE experimental set-up (horizontal cut in
the beam plane, not to scale) with indicated position of the future vertex
detector.

layout of a BPD detector is shown in Figure 3.4.

The trigger system of the experiment is capable of handling and selecting different
reactions for variety of beams (pions, kaons, protons, ions) and targets as required by
the NA61/SHINE physics programme. The trigger decision is based on input from
the scintillator beam counters, the Cherenkov detectors which identify beam particles
(hadrons or ions), and the PSD calorimeter which is used for centrality selection (ion

collisions).

3.2.2 Time Projection Chambers

Time Projection Chambers (TPCs) are used for charged particle tracking and

identification in the NA61/SHINE experiment. There are four large volume TPCs,
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Figure 3.4: The schematic layout of a BPD detector. The cathode readout planes,
the wire planes and the closing windows are shown.

two Vertex Time Projection Chambers (VITPC1 and VTPC2) and two Main TPCs
(MTPC1 and MTPC2). The VTPC’s are located inside the magnetic field of large
aperture magnets while the MTPCs are positioned downstream of the magnets. The
two identical super-conducting dipole magnets provide a maximum total bending
power of 9 Tm at currents of 5000 A with field strengths of 1.5T and 1.1 T. More
details about the magnets can be found in [52].

In addition a smaller TPC (GAP-TPC) is placed between two VTPC’s whose
purpose is to measure particles emitted at forward angles. The TPC tracking system
allows reconstruction of over 1000 tracks in a single Pb+PDb interaction. These devices
consist of a large volume of gas in which particles leave a trail of ionization electrons.
A uniform vertical electric field is established by a surrounding field cage which is
made of aluminized Mylar strips that are kept at the appropriate electric potential by
a voltage divider chain. The electrons drift with constant velocity towards the read-
out chamber where their arrival time, position, and total amplitude of the signals are
measured with proportional wire chambers. This process is illustrated in Figure 3.5.

The MTPCs are filled with a gas mixture of Ar/CO; in the proportion of 95/5
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Figure 3.5: Schematic of operation of a TPC showing a charged particle traversing
the sensitive volume of the detector (from [52]).

\-

by volume and have a readout surface area at the top of 3.9 x 3.9 m? and a height
of the field cage of about 1.1 m. The track signals are read out by 25 proportional
chambers providing up to 90 measured points and ionization samples on each particle
trajectory. The VTPC’s, on the other hand employ a gas mixture of Ar/COs in the
proportion 90/10 and consist of a gas box with 2.0 x 2.5 m? top surface area and
0.67m depth. The readout of each VTPC is performed by 6 proportional chambers on
the top which provide up to 72 measurements and ionization samples on the particle
trajectories. More details about the TPCs can be found in [52]. The GAP-TPC [53],
located between VI'PC-1 and VTPC-2, is an additional tracking device placed on the
beamline. It covers the gap left for the beam between the sensitive volumes of the
VTPC’s and MTPC’s.

In order to reduce the number of J-electrons, beam pipes filled with helium were
installed in the gas volume of the VI'PC’s. This significantly reduces the secondary
interactions which as a result suppress the background and thus also improve the
uncertainty of centrality reconstruction. With He beam pipes, the number of ¢-

electrons are reduced by a factor of about 10.
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3.2.3 BPD-TPC alignment

The main vertex reconstruction works in such a way, that if only a BPD track is
fitted, then the X,Y coordinates of the main vertex are those taken from the BPD
track, irrespective of the reconstruction mode (pp/pA), where pp corresponds to
the proton-proton collision system while pA is analogous to proton-nucleus collision
system. This is because the BPD’s transverse accuracy is better than that of the
TPC’s. The BPD-TPC alignment is important in order to remove the bias from the
main vertex position. The determination of z position of the main vertex is different
for each interaction, for pp it is fitted with the tracks from TPC, while for pA it is
taken as the geometrical center of the target. The BPD-TPC alignment is applied

for both pp and pA modes. For the analysis, cuts applied are as follows:
(i) T2 - standard interaction trigger used for the event selection.
(ii) Incident particle position is measured in all 3 BPD’s.

(iii) Check the fit quality of the main vertex.

(iv) For the pp, the reconstructed z position of the main vertex should lie within the

longitudinal dimension of the target, -590.0 cm < z < -570.0 cm.
(v) Only VTPC1 tracks considered to assure points close to the main vertex.

Bx, By are the impact parameters of tracks in x and y directions respectively and
are defined as the difference between the back-extrapolated track transverse position
at 7 of the main vertex and the transverse position of the main vertex. In order to
find the most probable value for the peak positions of the distributions of Bx and By,
the histograms were fitted with a Q-Gaussian distribution (a special case of a Tsallis

VB

distribution given by f(z) = Feq(—BxQ) ) [54] which gives satisfactory fit quality
q
for most of the 2009 data sets (as apposed to Lorentzian and Gaussian distributions).

This analysis is performed for several data sets from 2011 through 2013.
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Four track topologies are studied separately: right side positive (RST+), right
side negative (RST-), wrong side positive (WST+), and wrong side negative (WST-).
Tracks which follow the standard trajectory to which the TPC pads are optimized
are called right side tracks while those bend away from standard trajectory and have
poor resolution are termed as wrong side tracks.

An example for Be+Be at 20A GeV from 2013 is depicted in Figure 3.6 which
shows Bx, By distributions with Q-Gaussian fits and which illustrates track impact
parameter for all tracks. The corrections are taken from all tracks for a single run.
Figure 3.7 and Figure 3.8 shows the fit results for the topology study for Bx and By
respectively, separating the four track classes which were defined above. An estimate
of the systematic uncertainty is given by the average difference between the highest
and lowest values of the peak positions over several runs. From a given reaction,
several runs are considered to check the time stability. The corrections, i.e. the
transverse shifts applied to the BPD positions, are calculated as weighted averages

while errors are determined as the variance of the weighted mean.
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Figure 3.6: Bx,By distributions with Q-Gaussian fits
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Figure 3.8: Fit results for the topology study for By for the Be+Be at 20 AGeV
2013 data separated into right side positive/negative and wrong side pos-
itive/negative tracks.

3.2.4 Time of Flight detector system

The Time of Flight (TOF) detectors are mainly used for hadron identification.
TOF measurements supplement the particle identification by energy loss (dE/dx)
measurement in the TPCs. The NA61/Shine experiment inherited two segmented
time-of-flight detector walls TOF-L(eft) and TOF-R(ight) from the NA49 experiment
which are depicted in the experimental setup Figure 3.3. In order to also fulfill the

requirements for the T2K physics program, a new TOF-F(orward) was constructed
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and is located behind the MTPCs. The particle identification (PID) method relies on
combining the dE/dx measurements from the TPC’s and mass-squared measurements
from the ToF-F, which yields a high purity particle separation with large momentum
range. At lower momenta, the ToF- F allows good particle separation while, dE/dx
information is required for higher momenta. The selection of particle yields with
a very high efficiency over the whole momentum range becomes feasible with the
combination of both measurements. The time of flight of the particle depends upon
the start signal that is given by one of the trigger detectors (S1 scintillator counter)
used in the trigger logic and the stop signal produced by the readout of the TOF
detector element which was hit by the particle. The TOF-F is made of 64 scintillator
bars with photomultipliers (PMTs) read out at both ends. The TOF-F has a time
measurement resolution of about 115 ps, while TOF-L and TOF-R have resolution of
60 ps [28]. The particles mass squared can be calculated from the time of flight t, the

length 1 of the track trajectory, and the momentum p obtained from the TPCs.

m? = (S~ 1) (3.1)

3.2.5 Projectile Spectator Detector

One of the upgrades of the NA61/SHINE experiment is a construction of the for-
ward hadron calorimeter referred to as the Projectile Spectator Detector (PSD). The
PSD’s main purpose is to measure the energy of projectile spectators and to provide
information on the centrality of nucleus-nucleus collisions. The precise event-by-event
measurement of the energy of the projectile spectators allows us to determine the
number of nucleons participating in the reaction. High energy resolution in the PSD
can be obtained over a very broad energy range from 10 GeV to 30 TeV and it yields

a low uncertainty in the determination of the number of interacting nucleons even for
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peripheral collisions. The energy measurement with high precision and granularity,
allows one to separate different contributions (protons, neutrons, fragments) and pro-
vides the possibility to determine the reaction plane of the event. More information

on the PSD can be found in [55].
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CHAPTER IV

Open Charm simulation

4.1 Simulation overview

A feasibility study was done for the measurements of D mesons (open charm) with
the NA61/SHINE experiment at the CERN-SPS via its decay into two daughter par-
ticles, a kaon and a pion. Such measurements are difficult due to the low probability
of D° meson production. Various decay channels of D° mesons are listed in Table 4.1.
For our simulation, we consider the two-body decay channels D° — K~ 4 7+ and
D' = Kt + 7~ which are easiest to measure and are considered bench mark hadronic
decay channels of open charm mesons.

This study was done for central Pb+Pb collisions at the top SPS energy of
158A GeV and the lower energy of 40A GeV, as well as for Ar+Ar collisions at
158A GeV energy. For the physical input of the simulation, the AMPT (A Multi-
Phase Transport Model) event generator was used to produce 200k Pb+Pb 0-10%
central collision events. The AMPT model also provides a good background descrip-
tion which in this study include mostly charged hadrons- predominantly pions and
kaons [56].

The AMPT model predicts a low average multiplicity of 0.01 for D0+EO per cen-
tral Pb+Pb event. This value seems to be under predicted with respect to PYTHIA

results scaled to number of binary nucleon-nucleon collisions in central Pb+Pb equal
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to 0.21 [57]. The HSD (Hadron String Dynamic) model predicts a multiplicity of 0.2

(see Figure 2.2). Because the HSD model was tuned to properly describe available

p+A and 7+A charm production data at SPS energies [39], we scaled the AMPT

multiplicities to the prediction of the HSD model. The predictions from the HSD

model also seems to be consistent with the PYTHIA predictions.

Table 4.1: Hadronic decay channels [58] that are most suitable for the reconstruction
of open charm mesons in the NA61/SHINE experiment.

Meson Decay Channel cT Branching Ratio
DY DY 5 K- + 7t 122.9pum  (3.914+0.05)%
DY D — K~ + 7" + 7" + 7~ 122.9um (8.1440.20)%
Dt Dt - K- +7nt 4+ 7t 311.8um  (9.240.25)%
Df Df - Kt + K «nt 149.9um  (5.50+0.28)%
D+t Dt DVt (61.942.9)%
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Figure 4.1: Transverse mass distribution from AMPT for kaons produced in central
Pb+Pb collisions at 40A GeV. The effective temperature (7,sf) is on the

order of 115 MeV.

Within the generated statistics, the AMPT event generator does not generate
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significant numbers of open charm mesons at the lower energy of 40A GeV. However,
we observe that the slope parameter of the transverse mass distribution and the
width of the rapidity distribution for kaons do not change by more than 10% when
the energy changes from 158A GeV to 40A GeV. In order to describe the phase space
for D° mesons at the lower energy, we assumed changes in the shapes of my — mqg
distributions similar to those observed for kaons. Figures 4.1 and 4.2 depict the
transverse mass distributions for kaons at 40A GeV and 158A GeV with effective

temperature (7.sf) is on the level of 115MeV and 120 MeV respectively.
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Figure 4.2: Transverse mass distribution from AMPT for kaons produced in central
Pb+Pb collisions at 158A GeV. The effective temperature (T.s) is on the
order of 120 MeV.

Figure 4.3 shows the illustration (from GEANT4) of the D" meson decay into
its daughter particles K~ and 7. This figure shows the helium vessel including the
target and four Vertex Detector (VD) stations. The red and blue tracks represent

the daughter particles K~ and 7t respectively. The c7 (the decay path length)
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of D° mesons is approximately 123 um. In order to distinguish between primary
and secondary vertices, a high resolution detector is required. Thus our feasibility
study also addresses the issue of VD optimization with emphasis on the prospect of

developing a VD based on CMOS technology.

Helium Vessel \

1

Target TPC

Figure 4.3: Decay of a D° meson into two daughter particles kaon (blue track) and
pion (red track) as seen by the VD and VITPCI1. Also the helium vessel,
the target, the VD stations and the Time Projection Chamber (TPC) are
shown in outline.

4.1.1 The AMPT model

In order to understand the numerous observables measured at the RHIC (Rela-
tivistic Heavy Ion Collider) e.g. rapidity distributions and elliptic flow, transverse
momenta and centrality dependences of various particles, many theoretical models
have been developed. These models include the thermal models [59, 60] based on the
assumption of global chemical and thermal equilibrium, the hydrodynamic models

[61, 62] based only on the assumption of local thermal equilibrium, and transport
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models [63, 64] that treat non-equilibrium dynamics explicitly.

The AMPT was developed to describe non-equilibrium many-body dynamics.
This model simulates nuclear collisions for both p+A and A+A systems for ener-
gies in the range of about \/syy = 5 (AGS) to 5500 GeV (LHC). It includes initial
parton interactions, the transition between parton and hadron phases of matter, and
hadron interactions [65, 66]

The AMPT model consist of four main components:

1. simulation of initial conditions which are given by the HIJING model [67, 68]

and include the momentum and spatial distributions of minijet partons,
2. modelling of parton interactions by Zhang’s Parton Cascade (ZPC) model [69],

3. conversion between parton and hadron matter by the Lund String Fragmen-
tation model [70, 71] in which strings are stretched between the interacting

partons and the resulting strings are converted into hadrons

4. and finally the scatterings among the resulting hadrons are described by a rel-

ativistic transport (ART) model [72].

ART is the relativistic transport model developed for Alternating Gradient Syn-
chrotron energies. Figure 4.4 shows the rapidity distributions of negatively charged
particles (upper left), of net-protons (upper right), charged kaons (lower right) and
charged pions (lower left) in central Pb+Pb collisions at the CERN-SPS. Experi-
mental data for the 5% most central Pb+Pb collisions from the NA49 Collaboration
[73, 74] are compared to calculations using the AMPT model (curves). It is seen that
the AMPT model is able to make predictions with an accuracy of ~ 20% for charged

particles multiplicities.
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Figure 4.4: Rapidity distributions in central (b = 3 fm) Pb+Pb collisions at \/sSyy =
17.3 GeV. Circles and squares are experimental data, while dashed curves
are results from the AMPT model using default a and b parameters as in

the HIJING model [56].

4.1.2 Vertex Detector model

In our simulation GEANT4 is used to describe the particle transport through
the NA61/SHINE experimental setup supplemented with the future VD. The VD
modelled in GEANT4 consists of four VD Stations (VDS1, VDS2, VDS3 and VDS4)
located at distances of 5cm, 10cm, 15cm, and 20 cm downstream of the target re-
spectively. The external transverse dimensions of the stations are 2 x 4cm? (VDS1),
4 x 8em? (VDS2), 6 x 12cm? (VDS3) and 8 x 16cm? (VDS4). More than 99% of

pions and kaons originating from the decay of D° mesons are detected by stations of
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these dimensions.

Each station consists of a layer of silicon with thickness of 50um, an epoxy glue
layer of 50um and a carbon fiber carrier of 300um. In order to let the beam ions pass
without interaction, the central part of each station has a square hole of size 3 x 3 mm?.
The stations and the target are enclosed in an aluminium vessel as depicted in Figure
4.5. The vessel is equipped with thin front and back kapton windows and is filled with
helium gas at atmospheric pressure to minimize multiple scattering of the produced

particles.

Exit Window

\
/‘ \ Aluminum Plate

Figure 4.5: The helium vessel containing four VD stations, the carbon fiber supports
and water cooling tubes.

4.2 Vertex Detector environment and performance

During the sensor exposure time (115.2 us) the devices will collect particles pro-
duced in hadronic nucleus-nucleus interaction as well as d—electrons produced by

beam ions passing through the target. In order to obtain more quantitative pre-
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dictions on the radiation load and requirements for the two-particle separation we
generated a sample of minimum bias Pb+Pb collisions at 158A GeV for the first type
of particles. To account for the d—electrons, we simulated electromagnetic interac-
tions of Pb beam ions passing through the 200 um thick Pb target. The anticipated
beam intensity in the spill during data taking is 10° Hz which leads to 500 Hz hadronic

interactions in the target.

4.2.1 Vertex detector occupancy

From the numbers above one can estimate the probability of recording only a single
hadronic interaction in one frame to be about 5%. At the same time the sensor will
collect on average = 10 bunches of d—electrons generated by passing beam ions.

The most critical area is the first Vertex Detector station (VDS1) where the track
occupancies are about 5 tracks/mm? /event for 0-10% central Pb+Pb collisions shown
in Figure 4.6 (right) and 1.6 tracks/mm?/event averaging over minimum bias Pb+Pb
collision shown in Figure 4.6 (left), and 0.04 6 —electrons/mm?/event from the Pb ions
traversing the 200 ym Pb target is depicted in Figure 4.7. The occupancy significantly
decreased towards the outer regions of VDSI.

The probability of an empty frame is 95%, of a single event is 4.7%, and for
pile-up is 0.12%. In case of one pile-up (one center and one semi-peripheral event)
the probability of single pixel occupancy is on the level of 0.25% including 0.01%
contribution from d—electrons. Even in the very challenging case when one central
and one semi-peripheral Pb+Pb event is collected in one frame, the estimated single
hit occupancy in the most illuminated part of the sensor is 0.75%. To get the last
value we assumed that one particle hitting the sensor generates a cluster containing

on average 3 pixels [75].

35



y [cm]
>
y [em]

1

0

o
=)
=)

05 0.5

-1

-1 0.5 0 0.5 1
X [em] 4 05 0 0.5 1

X [em]

Figure 4.6: Hit occupancy for the most inner part of the detector. Left: the hit
occupancy for minimum bias Pb+Pb collision, Right: the hit occupancy

for the 0-10% central Pb+Pb collisions. The scale refers to the average
number of hits/mm?/event.
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Figure 4.7: The hit occupancy for d—electrons/mm?/event from the Pb ions travers-
ing the 200 pym Pb target.
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4.2.2 Size of VD stations

The hit distribution (x,y) generated by signal tracks in the first vertex detector
station (VDS1) is depicted in Figure 4.8. It is observed that for VDS1 99.5% of signal
tracks are localized within the 2x 4 cm? box indicated by the dotted black lines. Note
that in order to cover the remaining 0.5% one needs to extend the station in the X
direction almost by a factor of 2. For the stations VDS2, VDS3 and VDS4 stations
we just extended the size of these stations in proportion to their distance from the
target and obtained 0.7%, 0.8% and 0.9% of signal tracks lost outside the defined

station dimensions respectively.

- o o ; .
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Figure 4.8: Distribution of hits in the first vertex detector station (VDS1).

4.2.3 Fluence estimates

It is expected that during the data taking period the VD will be exposed to a
high level of radiation. The sensor performance can deteriorate due to the effects of
non-ionizing energy loss (NIEL) see Figure A.1. In order to perform the fluence esti-
mates, two sources of particles are considered, namely, particles produced in hadronic
nucleus-nucleus interactions and d—electrons. In case of this application the parti-

cles that mainly contribute to hadronic interactions are pions and protons. Based on
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the anticipated beam intensity and the interaction rates the particle fluxes through
the VD detector have been calculated. Integrating the fluxes over 1 month (in 1-2
months NA61/SHINE can collect about 50M central Pb+Pb events) and by using the
so-called displacement damage function [90] (see appendix), we obtained the values
on the level of 2.6 x 10" n,,,/em? and 4.2 x 10" n,,, /em? for —electrons and hadrons,
respectively in the most illuminated area of the sensors. Tests of MIMOSA-26 (Min-
imum Tonizing MOS Active pixel sensor) sensors in proton beam proved that these
devices can handle fluences up to 3x 10 n,,/cm?. So this radiation tolerance provides

a large safety margin for use in NA61/SHINE application [76].

4.3 Track reconstruction

Track reconstruction is based on the hits generated by a particle traversing the VD
(VDS1-VDS4) stations and Vertex Time Projection Chambers (VITPC1 and VTPC2).
The tracks which are accepted in the VI'PC detectors are only considered. Similarly
to the standard NA61/SHINE data reconstruction procedure, the track length in
the active volume of the two VI'PC’s must be greater than 80cm. The magnitude
of the reconstructed track momenta is smeared out according to the experimental
momentum resolution of NA49 [52].

The position resolution for each station is assumed to be 4 ym which is consistent
with the results obtained during beam tests of a telescope based on MIMOSA-26
sensors [76]. The realistic tracking is based on Hough Transform (HT) which is

basically a feature extraction technique and is discussed in the following section.

4.3.1 Hough Transform

The HT method was introduced and patented by Paul Hough in 1962 [77]. The
main purpose for the HT was to detect straight lines in the pictures. The original

transformation equation based on the slope-intercept parametrization of lines, was
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improved by Richard Duda and Peter Hart, in 1972 to identify positions of arbitrary
shapes, most commonly circles or ellipses, and it was named the generalized Hough
Transform [78]. The main application of this technique in particle physics was to
identify lines and arcs in the photographs obtained from cloud chambers. The tech-
nique was improved by the use of angle-radius parametrization given by the following

equation.

r =xcost 4 ysinf (4.1)

The HT procedure is based on the normal parametrization of a line in two dimen-
sions. A straight line can be specified with such parametrization by its distance r from
the origin and the angle # of its normal, see Figure 4.9. The line detection procedure
is normally implemented by considering the quadruled grid as a two-dimensional his-
togram or array of accumulators. The HT has many interesting features which can
be utilized in many applications e.g. simultaneous detection of several lines and it is

also very robust to noise produced by isolated noisy measurements.

=

Figure 4.9: Concept of hough transform, normal straight line parametrization.
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4.3.2 Tracking Algorithm

The realistic tracking algorithm in our simulation is based on the HT technique
using slope parameters. For each VD station we performed a simultaneous trans-
formation in the z and y direction assuming a narrow corridor for the track origin.
Thus, for each hit we obtain a, and a, slope parameters plotted in a 2D histogram as
shown in Figure 4.10. This procedure examine every station, so if e.g. there are 4 hits
generated by single track, they should be described by same a, and a, parameters
generating 4 counts in one bin or due to some hit position spread, these 4 counts are
spread into the neighbouring bins. The Figure 4.10 shows the HT space for 1 event
in Ar+Ar reaction at 158A GeV energy. One can see from figure, that the bins with
three or more counts which are generated by tracks are located in the central region.
The bins with one count only are due to the fake hits included in the reconstruction
procedure. We assumed a fake rate on the level of 107 /pixel/frame which was de-
termined by the test measurement of MIMOSA-26 sensors [76]. These fakes are a
feature of MIMOSA-26 sensors and are due to statistical charge fluctuations (thermal
noise) in silicon.

In order to handle the cases where hits generated by one track split into the
neighbouring (2,3 or 4) bins the clusterization procedure was developed. Two such
cases are shown in Figure 4.11. The big squares refer to the number of counts in a
specific bin. These counts if not 0, are shown by drawn numbers. The small squares
show the location of GEANT track in a, and a, space. Note, that the bin size used
in the 2D histogram is 1.5 times bigger than the average experimental cluster size in
a, and a, space generated by one track.

The clusters which contain at least 3 hits on at least three different stations
are considered for the analysis. The tracks are extracted from clusters by fitting
each possible combination of hits occupying different stations with a weighted linear

regression. A track is created for a x? value less than the predefined cut value. The
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Figure 4.10: The reconstructed tracks are represented for 1 Ar+Ar reaction event in
HT space at 158A GeV energy.

-0.027

-0.028

-0.029

-0.03

-0.031

-0.032

-0.033

0.098 0.099 0.1 0.101 0.102 0.103 0.104 0.105 0.106
a

X

Figure 4.11: The clusterization procedure, the big squares refer to the number of
counts in a specific bin. These counts if not 0, are shown by drawn
numbers. The small squares show the location of GEANT track in a,
and a, space.
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track extraction procedure allows one to extract tracks from the two merged “track-
clusters ”"with the number of hits on the level of 8.

The track set generated from one cluster is cleaned in such a way that, among
two or more tracks sharing same first hit, the track with the smallest y? is selected.
Figure 4.12 shows the tracking results for 1 event in the selected region of a, and
a, parameters in HT space. In the figure the reconstructed tracks are represented
by circles (red color), while squares (blue color) depict the initial GEANT tracks.
The numbers represent the counts in HT space. One can see that in the selected
region almost every GEANT track is reconstructed which indicate, that the described
tracking algorithm is very efficient. More quantitative studies of tracking efficiency

and fake-track contamination will be provided in section 4.3.4.
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Figure 4.12: The tracking results for 1 event, in the selected region of a, and a,
parameters in HT space. In the Figure squares represent GEANT tracks
(blue color), while circles depict reconstructed tracks (red color), the
numbers represents counts in HT space.
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4.3.3 Track matching

Within a stand alone VD detector tracking concept, the VD tracks contain only
topological information and have to be matched with VIPC tracks to obtain infor-
mation about track momentum and PID (Particle Identification). The matching is
done on the plane defined by entry windows of VI'PC1. The tracks reconstructed in
VD (VdTracks) are extrapolated in the forward direction to the matching plane. For
VTPC tracks two cases are considered. If a track hits the entry window of VI'PC1
the extrapolation is not required. If however, the track enters the active volume of
VTPC1 for z > z,4en Or enters only VIPC2, it is extrapolated backward in a uni-
form magnetic field to the matching plane. This matching procedure in illustrated in
Figure 4.13 where the extrapolated VD and VTPC tracks are represented by red and
yellow arrows respectively with tails at the matching plane.

To verify whether the extrapolated VD and VTPC tracks match to each other
(belong to the same particle) we define positions and slope differences at a matching
plane in the horizontal (dz, da,) and vertical ( dy, da,) directions. The distributions

of dx, dy, da, and da, for all possible combinations of VD and VIPC tracks are

1/ /
/A

/xtrapoated VTPC track
dx — deviation in x

\ ' dy — deviationiny
dax — deviation in x-slope
day — deviation in y-slope

shown in Figure 4.14.

Figure 4.13: Tlustration of VD and VTPC track matching.
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The peaks located at 0 on top of the large combinatorial background are related to
the right matching and are clearly seen for each parameter. Applying a simultaneous

cut on each parameter significantly reduces the background and allows for right tracks

selection.
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Figure 4.14: The distributions of dx, dy, d,, and d,, for all possible VD and VTPC
tracks.

Moreover it was found, that the widths of the matching peaks noticeably depend
on a track’s momenta which accounts for the use of momentum dependent cuts. In
Figure 4.15 I plotted the distribution of dx versus track momentum. It is clearly seen
that the dx is much broader at lower momenta due to multiple scattering effects. The
solid lines on the plot show the polynomial fit to a 1o deviation in dz. As it was
difficult to obtain a single fit in the whole range, two different fits were performed,
one for 0 < pr < 5 GeV/c (red line) and another for pr > 5 GeV/c (blue line). Figure
4.16 shows the distribution of a variable, A, which represents the deviation from a

perfect matching (in space of dz, dy, da, and da,) in the units of o, and which is
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defined by the equation 4.2

2 dv?2 d? d2
A= |0 4 Uy ey 4.2
o2 + 0'5 + ogz agy ( )

The o values for each of the four parameters depend upon the momentum, and
are calculated from the fit as illustrated in Figure 4.15. The red line shows A for all
possible VD and VTPC track pairs, while the blue line shows A only for the true
combination. It is seen that cut on the level of A.,;, = 5 allows one to select 99.5%

of true combinations with the random matching contamination on the level of 0.3%.
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Figure 4.15: Distribution of dz versus track momentum. Inserts show dz distribution
at the two selected ranges of the momentum.
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Figure 4.16: Distribution of A variable (for definition see text) where red line shows
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4.3.4 Performance of tracking procedure

To diagnose performance of the tracking procedure we developed a methods for
calculating the tracking efficiency and fake contamination. The track efficiency is the
ratio of reconstructed tracks that match any of the GEANT reference track to the
number of all GEANT reference tracks. We select primary tracks and tracks that
originate from the D° while the tracks originating from hyperon decays are not well
tracked by the current algorithm, and thus are excluded. In the analysis the fake
tracks are those tracks which has no correspondent GEANT track. Thus the fake
contamination is defined as the ratio of number of all reconstructed tracks minus the
number of reconstructed tracks that match any of the GEANT reference track to the
number of all reconstructed tracks.

Figure 4.17 and Figure 4.18 represent the tracking efficiency and fake contamina-
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Tracking efficiency and fake contamination for all tracks
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Figure 4.17: Tracking Efficiency and fake contamination as a function of x? cut for
all reconstructed tracks.

Tracking efficiency and fake contamination for signal tracks
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Figure 4.18: Tracking Efficiency and fake contamination as a function of x? cut for
all signal tracks.

tion plotted as a function of a x? cut for all reconstructed tracks and signal tracks,
respectively. The efficiency increases with the increasing value of x? cut. The average

number of fakes is on the order of 2%. The efficiency of the signal tracks is almost

47



Counts

Counts

saturated at a x? cut value of 1.

4.3.5 Track position uncertainty

The primary GEANT track from the primary interaction point is extrapolated

to each station and a corresponding associated uncertainty is determined for each

VD station. These uncertainties are used for the weighted regression fit in the track

extraction procedure. The uncertainty increases with the distance from the primary

interaction position due to multiple scattering. Figure 4.19 shows the prepared fits

for each station. The sigma value clearly shows the increase of uncertainty for each

VD station. The deviation from the Gaussian distribution is due to the convolution

of different particle momenta. We however did not apply momentum dependence

analysis, thus the VD tracking does not rely on the momentum information.
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4.4 Analysis and background reduction

D mesons decay at a distance of a few hundred microns from the interaction point.
In order to select pion and kaon pairs that originate from the D° decay, the decay
vertex needs to be reconstructed with a precision on the order of 10 um. The vertex
resolution of the present TPC based tracking system of the NA61/SHINE experiment
is much worse than required for D° decay vertex reconstruction and identification.
Thus, a high resolution VD is required which allows precise track reconstruction in
the proximity of the target. Figure 4.20 shows the invariant mass distribution of
pion-kaon pairs from central Pb+Pb collisions at 158A GeV. It is obvious that the
background is higher by several orders of magnitude compared to the D° —|—EO signal.

In order to reduce the combinatorial background, four cuts were applied:
(i) cut on the track transverse momentum pr,
(ii) cut on the track impact parameter d ,

(iii) cut on the longitudinal position V; of the track pair vertex relative to the primary

interaction point,

(iv) cut on the parent particle impact parameter D. .
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Figure 4.20: The invariant mass distribution of all pion-kaon pairs in central Pb+Pb
collisions at 158A GeV with the D° signal at 1.86 GeV shown separately.

The first two are single-particle cuts, while the last two are two-particle cuts. It
must be emphasized that the proposed VD will provide the required precise tracking
information near the target for the cuts (ii)—(iv). The graphical definitions of the cut
variables and their distributions are illustrated by Figures 4.21 and 4.22 respectively.

The transverse momentum distribution of signal and background tracks are shown
in the top left diagram in Figure 4.22. The signal spectrum is shifted to higher values
of pr compared to the background. Thus rejection of low pr tracks significantly
reduce the background while the low fraction of the signal will be removed.

The track impact parameter d, the distance of the closest approach between the
back-extrapolated track and the primary interaction vertex is defined in Figure 4.21
(a). The distributions of d for background and signal tracks are depicted in Fig-
ure 4.22, top right. The spread of the d ~ 0 peak of the background is related to
multiple scattering in the target and detector material as well as to limited detector

resolution for the tracks originating from the primary interaction (thin gray/black
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Figure 4.21: The Sketch of the decay topology withe the graphical definitions of the
cut variables.

arrows). The displacement between the primary interaction point and the D decay
vertex results in a larger value of d for tracks originating from decays of D% (red
arrows). Rejection of tracks with small values of d will remove mostly background.

V., the longitudinal position of the track pair vertex relative to the primary inter-
action point, is defined in Figure 4.21 (b). As can be seen in the bottom left plot in
Figure 4.22, the V, distribution of the background peaks sharply around zero and gets
the largest contribution from pairs of primary interaction tracks. This contribution
can be largely removed by rejecting low V, pairs.

The parent particle impact parameter D is the distance of closest approach be-
tween the primary interaction vertex and the reconstructed trajectory of the D
meson. Figure 4.21 (c¢) shows an example of the reconstructed trajectory of a D°
(blue arrow) which decays into a measured pair of tracks (red arrows). Because D°

originates from the primary interaction vertex moreover, for signal pairs the value
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Figure 4.22: Distributions of pr, d, Vz and D variables for background (blue) and
signal (red). For a description of the two background distributions for
D see the text. Dotted vertical lines show the optimized cut values.
of D is peaked at zero, where it overlaps with small fraction of the background see
Figure 4.22, bottom right. For the background pairs, which are located at d are cor-
related with the peak at V, = 0. This can be seen from Figure 4.22 which shows that
by applying the V, cut, the background peak in the signal region of small D values is
reduced by the factor of 20. The long tail of the background is associated with pairs
formed e.g. from a track that comes from the primary interaction point and another
that originates from a decay. This tail can be removed by rejecting pairs with large
D values.

The cuts described above were optimized in order to obtain a maximum of the
signal to noise ratio (SNR). The vertical lines in Figure 4.22 depict the optimal
values of the cuts. In the further analysis, only tracks that satisfy the conditions
pr > 0.4GeV/c and d > 40 um as well as pairs of tracks that satisfy V, > 500 ym

and D < 22 pm are accepted.
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Figure 4.23 shows the initial invariant mass distribution (black) in central Pb+Pb
collisions at 158A GeV and the effect of subsequent application of the cuts: namely,
after the cut on pr (magenta), cut on py and d (yellow), cut on pr, d and V, (blue)
and finally cut on pr, d, V, and D (red). When the complete set of cuts is applied,
the D° + D" signal peak emerges at the DY invariant mass of 1.86 GeV. With the
developed background reduction strategy the signal is suppressed by a factor of 1.8,

while the background in the signal region is reduced by a factor of 10°.
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Figure 4.23: The invariant mass distribution for pion-kaon pairs for 200k central
Pb-Pb collisions at 158A GeV. The D° + D" open charm signal clearly
emerges at 1.86 GeV with all cuts applied.

4.5 Technology of the Vertex Detector

The MIMOSA-26 [79] sensor has been selected as the basic detection element
for the VD stations. MIMOSA-26 is basically a CMOS sensor whose architecture
is based on MIMOSA-22 (Monolithic Active Pixel Sensor (MAPS) with fast binary
readout). The floor view of the MIMOSA-26 sensor is depicted in Figure 4.24. This

sensor is based on smaller feature size (0.35 ym) technology. The sensitive area of the
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chip is about 1.06 x 2.12 cm?. The sensor matrix is composed of 576 x 1152 pixels
with a 18.4 um pitch. The pixel design is based on self biased diode architecture.
The thickness of the epitaxial layer is 14 um. In MIMOSA-26 all the pixels in a row
are read out simultaneously and the rows are read one by one in a rolling shutter
mode. This approach leads to a readout time of 115.2 us at an operation frequency
of 80 MHz. Amplification and Correlated Double Sampling (CDS) units are included
in each pixel. After analogue to digital conversion, digital signals pass through a zero
suppression circuit and are then stored in memory. In order to perform read and
write operations simultaneously, two memory banks are implemented in the sensor.
As shown in Figure 4.24, an analogue output is implemented for test purposes on one
side of the sensor (on the top). On the other side (the bottom part) of the sensor,

the signal processing units are located.

Block diagram of MIMOSA-26

8 x analog out (obsolet)

v

[ Solactable analogue outputs ~ 200 pm ]
Readout Pixel Array
sequencer
1152 x 576 E
?
| Sensor array (21200 x 10600 um?)
Coll. discri- =
1 Column-evel Disciminator
minalors |
/{ ~215mm \\
Slow control Zero suppr. Output Bias DACs (Threshold
interface (JTAG) computer memory generation...)

Figure 4.24: Schematic of the MIMOSA-26 chip showing the basic architecture.
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In order to determine the requirements for the detector, a simulation framework
was developed. The MIMOSA-26 was selected because of the expected very high
hit occupancy of 5 hits/mm? /event in the inner region of the first VD station for
central Pb+Pb collision at 158A GeV (see section Vertex detector occupancy). Such
high hit occupancy cannot be handled by existing micro-pattern gas detector due to
their one dimensional readout and with their accessible pitch size of 100 um, they are
not able to seperate two particles for the expected occupancy in the NA61/SHINE
experiment. On the other hand, MIMOSA-26 provides two dimensional readout with
high pixel granularity. MIMOSA-26 sensors can be reduce to 50 um thickness which
results in a small contribution of sensor to the material budget compared to the
mechanical support, readout cables and cooling fluid. MIMOSA-26 is suitable for
charged particle detection with hit density up to 10°/cm?/s. Proton beam tests of
MIMOSA-26 sensors proved that these devices can withstand fluences of up to 3 x
10" n.,/cm? which provide a sufficient safety margin for use in NA61/SHINE [79]
(see section Fluence estimates).

Table 4.2 shows a comparison of MIMOSA-26 technology performance with that
of Hybrid and Charge-Coupled Device (CCD) technologies [80, 81]. It seems that
only MIMOSA-26 can fulfill the requirements of the NA61/SHINE application and
we use this device as the basic detection element of the VD stations.

Table 4.2: The NA61/SHINE requirements and limits for different chip technologies.

(1) and (2) refer to non ionizing and ionizing doses respectively, per week
of beam on target.

NAG61 Hybrid CCD MIMOSA-26
Resolution. < 5pm 30 pm < 5 pm 3.5 pm
Mat Budg. ~0.1%X, ~1% X, ~0.1% X, 0.05% X,
Rad.Tol.(1) 3 x 10%n.,/ecm? > 10" n.,/em? < 109n,/cm? > 103 n,,/cm?
Rad.Tol.(2) ~1krad >10 Mrad ~1Mrad >300 krad
Time res. ~100 ps 200 ns ~1000 ps 115.20 ps
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CHAPTER V

Vertex Detector studies

5.1 Particle detection with silicon detectors

Silicon charged particle detectors are made from wafers of silicon having surface
contacts forming a p-n junction. In order to fully deplete a detector a reverse bias
voltage (=~ 100 V) is applied. The electric field separates the charges (electron-hole
pairs) produced by ionising radiation, and thus avoids recombination. Electrons drift
toward the anode, while holes drift to the cathode. This collected charge produces
a current pulse on the electrode, whose integral equals the total charge generated by
the incident particle, i.e. it is a measure of the deposited energy.

Valence band free electrons can be excited to the conduction band by electromag-
netic interaction or thermal excitation. Electromagnetic interactions can be caused,
for example by photons with energy higher than E,, the band gap (e.g.visible light),
or by charged particles traversing the depletion region. Minimum ionizing particles
excite roughly 80 electrons pairs per um of particle trajectory. As electrons move
towards the conduction band they leave behind holes, thus generating 80 electron
hole pairs per pum of silicon. Besides the energy deposition due to charged particles
it is important to describe the interaction of x-rays in silicon. These particles are
typically absorbed and excite a fast primary electron. This electron is slowed down

by exciting secondary electrons to the conduction band. The number of electron hole
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pairs generated in this local interaction is given by equation 5.1 [82] below

- EX—Ray

- = 1
‘ 3.6eV (5.1)

The free charge carriers generated by the radiation can be used to produce an
electrical signal from the silicon detector. The corresponding current pulse can be

directly detected which depends upon the detector material.

5.2 Pixel detector technologies

Traditionally hybrid and Charge Coupled Device (CCD) [80, 81] technologies are
used in silicon pixel detectors. In hybrid pixel semiconductor detectors, the pixel
sensors and the readout electronics are fabricated separately and then joined together
by bump bonding (hence the name hybrid). The pixels can have a surface areas as
small as 50 x 50 pm. Such devices provide spatial resolution of around ~ 30 pm, their
radiation tolerance is on the order of 10'* n.,/cm? [80, 81] and the time resolution
(time precision with which the detector can identify a particle hit) is about 20 us.
However, due to bump bonding between sensor and front end chip the material budget
is rather high.

CCDs are based on the principle of sideways depletion of a double diode structure.
The charge is confined in a single well by potential barriers. The stored charge
packets are subsequently transferred to the neighbouring column towards the readout
electronics. CCDs provide very high granularity with pitch size on the order of 10
pm along with a large detector area. As they can be thinned down to a low material
budget of = 0.1% X, (radiation length) they are an attractive solution for tracking
devices. But on the other hand CCDs have a poor radiation tolerance < 10° n,,/cm?

because radiation induced defects trap charge during transfer.
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5.3 Monolithic Active Pixel Sensors

Monolithic Active Pixel Sensors (MAPS) are low voltage CMOS sensors [83].
These sensors allow one to integrate the readout electronics and detector element
on the same substrate. They are produced by a standard industrial process and
hence are low cost devices. The technology provides a good compromise between rate
capability and sensitivity. MAPS achieve very good spatial resolution on the order
of & 3.5 um. Their thickness can be reduced significantly below < 0.05% X, without
any performance loss [84]. MAPS sensors can tolerate a non-ionizing radiation dose

of about 10 n.,/cm?. The cross-section of a MAPS device is shown in Figure 5.1.

Particle trajectory

Preamplifier (one
per pixel)

Diffusing free electrons

Figure 5.1: Schematic view of the cross section of a MAPS device [85]. The epitaxial
layer is shown in cyan. The distance between collecting diodes is 20pum.

A MAPS sensor consists of three different P-doped silicon layers, i.e. the substrate,
the P-well and a very thin moderately doped epitaxial layer which forms the sensitive
volume of the device. This sensitive layer lies between the substrate and the P-
well as shown in Figure 5.1. The doping levels of the substrate and the P-well are

several orders of magnitude higher than that of the epitaxial layer. A minimum
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ionizing particle (relativistic particle with charge z = + e) produces excess carriers in
the (low-resistivity) epitaxial layer at a rate of about 80 electron-hole pairs per pm
particle trajectory in the volume.

The liberated electrons diffuse thermally inside the layer and are trapped due to
the repulsive layer of P+ /P- junctions [86]. The charge produced in the sensitive layer
is collected by N-wells which are the charge collection diodes. The total thickness of
the epitaxial layer is on the order of 10-20 pum and the charge collection time for
a typical pixel pitch of 20 um is about 100ns. The charge is collected by thermal

diffusion and possible distribution over a cluster of pixels.

5.3.1 Pixel readout

Conventional MAPS chips are designed as an array of pixels with the readout and
processing electronics located at the periphery of the chip. Every pixel in the array
is connected to an analogue output and can be accessed by selecting the row line by
means of two shift registers. The pixels are read sequentially and will be referred to as
serial readout. Their output signal is multiplexed and driven by an output amplifier
to the outside world. Once all pixels in the matrix have been read out, the process
re-starts from the first pixel. In general, the time resolution is equal to the readout
time of a frame. A typical readout time for the serial readout approach is on the
order of 1 ms. The time needed to read out a complete pixel matrix is obviously
proportional to the time needed to read out an individual pixel and depends on the
number of pixels in the matrix. A speed up can therefore be achieved by subdividing

this matrix and performing the readout by several parallel output channels.

5.4 Development status of the MAPS sensors

The latest generations of the MAPS sensors include MIMOSA-25 [87] and MIMOSA-

26 [79]. As the MIMOSA-26 sensor is selected as the basic detection unit for the future
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vertex detector, its main features are summarized here. This sensor was fabricated
with a technology that uses a feature size of 0.35 yum, smaller than in previous MAPS
sensors. The chip features a sensitive area of about 1.06 x 2.12 cm? with the pixel pitch
of 18.4 um, resulting in 576 x 1152 = 663.5k pixels per chip. In MIMOSA-26 all pixels
in a row are read simultaneously and the rows are read one by one in a rolling shutter
mode. With an operational frequency of 80 MHz the chip readout time is 115.2 us.
The device performs on chip data processing. Each pixel includes an amplification
and Correlated Double Sampling (CDS) unit and each column end is equipped with a
discriminator. After analogue to digital conversion, digital signals pass through zero
suppression circuits. The digital signals are processed in parallel on 18 banks, then
stored row by row in the memory. Two memory banks are implemented in the sensor
to perform read and write operations simultaneously [79].

An important argument for selecting the MIMOSA-26 chip was that these sensors
can be thinned to 50 pm thickness. This means that the sensor itself constitutes only
a small fraction of the total material introduced by mechanical support, cooling fluid

and readout cabling.

5.5 Detector response model

A detector response model developed for the Compressed Baryonic Matter (CBM)
experiment [88] was evaluated for possible use in the present vertex detector study.
The model consists of two important modules namely, Digitizer and Hit-Finder.
These hardware related modules were adopted to the framework developed for the
NAG61/SHINE experiment. The digitizer simulates the signal charge integrated in
different pixels starting from the traversal points of simulated tracks. It defines the
trajectory of the particle in the detector as a straight line between the entry and
exit point of the particle. Secondary particles produced within the station itself are

ignored. The digitizer does not react to neutrons and gammas and also ignores the
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contribution from nuclear fragments. It calculates the trajectory through the sen-
sitive volume of the sensors which typically is much thinner than the station. It is
assumed that the charge deposited by the incident particles in the epitaxial layer has
a Landau-distribution.

The two kinds of digitizers commonly used to describe the charge transport
through the MAPS sensors are the Lorentz and the Gauss digitizer. The digitizer
used in the present simulation is the Lorentz digitizer which provides a good descrip-
tion of the diffusion process of charge in the undepleted MAPS. The algorithm uses
a two dimensional Lorentz peak to distribute the charge of the individual segment
onto the different pixels. On the other hand, the Gauss digitizer models the charge
transport and diffusion in depleted sensors (like strip and hybrid-pixel detectors). It
assumes that charge is dispersed by diffusion while collected by the depletion voltage
of the sensor. The digitizer module generates the so-called digis that contain the

charge in units of electrons.

5.5.1 Cluster simulation and reconstruction

The Hit-Finder module, as used in the present study, simulates the noise of the
readout chain. It also offers the possibility to simulate fake hits. Due to the excessive
CPU consumption this feature was not used. Based on the input from the digitizer
module, the hit finder generates digitized hits representing data from the MIMOSA-26
Sensors.

A charged particle passing through a MAPS detector generates an amount of
charge which then diffuses in the sensitive volume until it is collected by several
neighbouring diodes, forming thus a cluster of firing pixels. The reconstruction of
the hit of the charged particle is based on the information provided by the cluster of
pixels. First, the clusters of pixels are identified and next, the reconstruction of the

impact point (hit) is performed. The reconstruction algorithm for clusters is based on
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the signal-to-noise ratio (SNR) of the individual pixels given by the equation below:

N

SNR =

(5.2)

where si.(n) is the charge measured on the k' pixel of the n'"

event, and ny is
the estimated random noise of the k' pixel. The signal-to-noise ratio is used because
it allows to eliminate the so-called hot pixels showing high noise fluctuations but no
significant signal charge. Once a seed pixel (pixel with highest signal to noise ratio)

is identified, one defines the first, the second and the third pixel coronas around it as

illustrated in Figure 5.2.

29 35
29 36
27 37
26 38
25 39
48 40
47 41

Figure 5.2: Depiction of the first (yellow), second (blue) and third (light blue) coronas
around the seed pixel, shown in red.

The seed pixel has by definition the index 0. The first pixel corona is defined
by the pixels with indices from i=1 to i=8, the second one has indices from i=9 to
i=24 and the third one is defined by pixels from i=25 to i=48. Typical cluster sizes
are geometrical regions of N = 5x5 or N =7x7 pixels. This is motivated by the
observation that this number of pixels is sufficient to collect the diffusing charge.

This group of pixels is now considered as a cluster candidate.
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Counts

Counts

During the analysis it was observed that many clusters contain more than one seed
pixel candidate. In order to avoid double counting, a seed pixel candidate, which is
located in the accepted cluster of another seed pixel with higher SNR, is considered as
neighbour of the latter. The candidate is therefore removed from the list of seed pixel
candidates and cannot generate its own cluster. The cluster finding algorithm repeats
the process until all clusters are identified. For all four VD stations the difference
between x and y positions of the reconstructed hit and the original GEANT4 hit

point are depicted in Figures 5.3 and 5.4 respectively.
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Figure 5.3: Difference of X position between reconstructed hit and GEANT hit
(FWHM = 2 pym ))

63



4] F 0 =
- VD§1 = r VDs2
% N 54000 -
2500 :
o O F-
200 - 30002—
250
1500 |- :
r 2000
100 - 15002—
1000 |-
500~ F
: 500 £~
I NN WL S WL G SN W TR T Y. SR N SN R N
50T 0008 -0.006 0004 0002 0 0002 0.004 0006 0008 0.01 50T 0008 -0.006 0004 0002 0 0002 0.004 0.006 0008 0.1
Dyfmm] Dy[mm]
0 @50
‘54500 - vhs3 5 r Vos4
F ) L
G - Qum
3600 - r
o0 300
25002— C
0 -
15002— L
1000 - 1000:—
5002— C
E b L L N
L TR TR T R R R R H07 3006 0006 0004 0002 0 0002 0004 0006 0008 001
Dy{mm) Dy[mm]

Figure 5.4: Difference of Y position between reconstructed hit and GEANT hit
(FWHM = 2 um )).

The resolution obtained from the CBM sensor model is about 2 pgm which is a
too good spatial resolution compared to the value from the test measurements that
is 3.5 pm [76]. In our vertex detector simulation we therefore did not employ the
CBM detector response model. Instead applied smearing of GEANT hits position
according to the uncertainty of 4 pm which is slightly larger than the experimental

value.
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CHAPTER VI

Results and discussion

6.1 Analysis results

The exact identification on a track by track basis is not possible in the whole
phase space accepted by NA61/SHINE experiment. The analysis is done both with
perfect particle identification (PID) and not utilizing the PID information, therfore
the results are expected to lie between these two extremes. For the analysis assuming
perfect PID, the species type is known for each track. The left panel of Figure 6.1
shows the invariant mass distribution with all the cuts applied and assuming perfect
PID for Pb+Pb reaction at a collision energy of 158A GeV. The figure also depicts
a fitted curve that represents a sum of exponential (background) and Gaussian (signal)
functions. To calculate the yields of signal (S) and background (B) the distributions
are interpreted over +3¢ range around D° mass. This plot is compared to the one in
the right panel of Figure. 6.1, which presents results of the analysis without utilizing
the PID information. In this case for each unlike-sign pair of tracks, two hypothesis,
corresponding to D® and DO, are tested — namely assuming that the negative track
in the pair is kaon and the positive is pion and reversely. The comparison of the two
plots shows that a much higher background is observed in the analysis without PID.
Nevertheless, it is feasible to extract the signal yield even in such an analysis and

the yield of D° and D’ is found to be consistent with that obtained in analyis that
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assumes perfect PID.
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Figure 6.1: The invariant mass distribution of pion-kaon pairs after full background
reduction for 200K central Pb+Pb collisions at a beam energy of
158A GeV. The red curve represents a fit with the sum of exponential
(background) and Gaussian functions (D° signal). Left: analysis done
using PID information. Right: analysis not utilizing the PID information
(see text for more explanation). The D° + DO signal peak emerges at D°
invariant mass of 1.86 GeV.

The SNR and the total D° 4+ DO yield (S) are extrapolated to a sample of 50M
central Pb+Pb events which is the anticipated event number collected during 1-2
months of NA61/SHINE data taking. For 158A GeV energy the total yield of D°+ DO
is about 64k for the PID and no-PID case and the signal to noise ratio (SNR) ratios
are 246 and 197, respectively.

Figure 6.2 presents the invariant mass distribution of pion-kaon pairs for Pb+Pb at
the lower collision energy of 40A GeV with all the background reduction cuts applied.
Only the analysis with PID is shown here. The total yield of D° + DP9 is on the level
of 2k for the PID and no-PID cases, and the corresponding SNR ratios are 11.3 and

2.1, respectively.
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Figure 6.2: The invariant mass distribution of pion-kaon pairs after full background reduc-
tion for 200K central Pb+Pb collisions at a beam energy of 40A GeV. The red
curve represents a fit with the sum of exponential (background) and Gaussian
functions (D signal). The D° peak is clearly visible at 1.86A GeV.

I have also performed the calculations for the lighter system of Ar+Ar collisions
at a beam energy of 158A GeV. Figure 6.3 shows the invariant mass distributions of
pion-kaon pairs for 500k events from 0-10% central Ar+Ar collisions at 158A GeV
beam energy assuming perfect PID and no-PID scenarios. The cuts optimized for
central Pb+Pb collisions at 158A GeV were applied. Again the yields were integrated
over 3¢ range around the D° mass and the SNR and the total D° + D° yield (S)
are extrapolated to a sample of 50M central Ar+Ar events. For analysis with and
without PID, the total yield of D° 4+ DO is approximately 4k and the SNR ratios are

equal to 67 and 3.2, respectively.
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Figure 6.3: The invariant mass distribution of pion-kaon pairs after full background reduc-
tion for 500K central Ar+Ar collisions at a beam energy of 158 A GeV. The red
curve represents a fit with the sum of exponential (background) andGaussian
functions (DY signal). Top: analysis using PID information. Bottom: analysis
without utilizing the PID information.

The results obtained for open charm measurements at the top SPS energy of
158A GeV and the lower energy of 40AGeV for Pb+Pb reaction and at 158A GeV
for Ar+Ar reaction, using the two analysis types — with and without PID — are

summarized in Table 6.1. It is obvious from the table that the measurement of open
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charm production seems to be feasible in the NA61/SHINE experiment at the top
SPS energy of 158A GeV as well as at the lower energy of 40A GeV if the experiment

is upgraded with the proposed vertex detector.

Table 6.1: Simulation results for the measurement of DY production in the decay
channel D° — K~ + . The signal to noise ratio (SNR) and the total

D+ D’ yield (S) are extrapolated to a sample of 50M central Pb+Pb
events and Ar+Ar events.

Reaction Energy 158A GeV 158A GeV 40A GeV  40A GeV

PID perfect no perfect no
Pb+Pb  S/B 17 1.0 1.0 0.07

SNR 246 197 11.3 2.1

S 64k 64k 2k 2k

S/B 23 1.9 - -
Ar+Ar SNR 67 3.2 - -

S 4k 4k - -
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CHAPTER VII

Summary and conclusion

Direct measurements of hadrons containing charmed valence quarks provide im-
portant information about the initial stage of nucleus-nucleus collisions at relativistic
energies. So far there is no direct measurement of the production of open charm
hadrons at SPS energies whereas charmonium states J/1, 1, x have already been mea-
sured by the NA50/NAG60 experiments in Pb+Pb and In+In reactions at 158A GeV.

This thesis presented a feasibility study of DY meson (open charm) measurements
with the NA61/SHINE experiment at the CERN SPS. The measurements are chal-
lenging due to the low multiplicity and short life time of D° mesons. The decay path
length of open charm hadrons is on the order of 100 pm. Thus in order to distin-
guish between the primary production and secondary decay vertex a high resolution
VD is required. The design, geometry and detection technology for such a VD was
discussed.

This study was done for the measurement of D° mesons via its decay into two
daughter particles, D* — K~ +7", in central Pb+PDb collisions at the top SPS energy
of 158A GeV and the lower energy of 40A GeV, and for lighter system of Ar4Ar at
158A GeV. As physics input we generated 200k 0-10% most central collisions using
AMPT event generator. It provides a good description of the background consisting

of charged hadrons, mostly pions and kaons. The AMPT model predicts an average
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multiplicity of 0.01 for D‘H—ﬁo per central Pb+Pb event. This value seems to be
underpredicted with respect to PYTHIA results for p+p collisions and scaled to
number of binary nucleon-nucleon collisions in central Pb+Pb reactions (0.21) as
well as with respect to the prediction of the HSD model (0.2). As the HSD model
was tuned to properly describe available p+A and w+A charm production data at
SPS energies, we scaled the AMPT multiplicities to the values predicted by the HSD
model.

Within the 200k statistics, the AMPT event generator does not generate open
charm at the lower energy of 40A GeV. However, we observed that the inverse slope
parameter of the transverse mass distribution and the width of the rapidity distri-
bution for kaons do not change by more than 10% from 158A GeV to 40A GeV. In
order to describe the phase space for DY at the lower energy, we assumed changes in
the transverse mass distributions similar to those observed for kaons. The total yield
was taken as predicted by the HSD model.

We employed GEANTA4 to describe particle transport through the NA61/SHINE
experimental setup supplemented with a VD to allow precise tracking in the proximity
of the target.

Our simulation shows that the combinatorial background under the D*+D° peak
in the invariant mass distribution for kaon-pion pairs is much higher than the signal.
Thus in order to extract the signal, we had to suppress the large combinatorial back-
ground. For this purpose we developed so called background suppression cuts applied
to both single particles and particle pairs as described in detail in chapter 4.

The event reconstruction uses information on the hits in the VD stations as well
as the track information from the current NA61 setup. Only the tracks which are
accepted in the VI'PC’s are considered, namely we require, that the track length in
the active area of VI'PC1 and VTPC2 must be greater than 80 cm. Values found by

the NA49 experiment for VI'PC’s momentum and position resolution are used. For
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the VD simulation we used a position resolution of about 4 ym. The realistic track
reconstruction is done based on the Hough Transform method. The tracks from the
VD were extrapolated to the front of the VI PC for matching with the VT PCs tracks.

By using the developed simulation framework we were able to determine the re-
quirements for the VD in terms of radiation tolerance, spatial resolution, material
budget, readout speed and hit occupancy. Our simulation results show that the hit
occupancy in the first station of the VD generated by a single central Pb+Pb collision
at the top SPS energy of 158A GeV reaches a value of about 5 hits/mm?/event in the
innermost part of the detector. Such a high occupancy cannot be handled by existing
micro-pattern gas detectors mostly because of their one-dimensional readout even for
a hardly achievable strip pitch size on the order of 100 ym. Thus the MIMOSA-26
sensor whose architecture is based on the Monolithic Active Pixel Sensor (MAPS)
with fast binary readout was chosen as a basic detection element of the VD stations.
The size of the chip is 13.7mm x 21.5mm and the sensor matrix is composed of
576x1152 pixels with 18.4 um pitch. This device is suitable for charged particle de-
tection with a flux of up to 10* hits/mm?/s and provides a resolution of 3.5 pum in
both orthogonal directions. The sensor is 50 pm thick and the total thickness of the
detector is on the order of 0.3% X.

During the experiment, the VD is expected to be exposed to a high dose of ra-
diation which can degrade the sensor performance. Based on the anticipated beam
intensity and the interaction rates, the particle flux through the VD was calculated.
Integrating the flux over 1 month (in 1-2 months NA61/SHINE can collect about
50M central Pb+Pb events) and using the so-called displacement damage function,
fluences on the order of 2.6 x 10" n,,/cm? and 4.2 x 10" n,,/cm? were estimated in
the most illuminated area of the sensors for d—electrons and hadrons, respectively.
Tests of MIMOSA-26 sensors in a proton beam proved that these devices can handle

fluences up to 3 x 10" n,,/cm? thus providing a large safety margin for using them
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in the NA61/SHINE application.

The analysis is done both with perfect particle identification (PID) and without
PID. The yield of D® and D" is found to be consistent with that obtained using PID.
For Pb+Pb collisions at 158A GeV energy the total yield of D°+D" is on the order
of 64k for the PID and no-PID cases and at the lower energy of 40A GeV the total
yield of D0+EO is on the order of 2k for the PID and no-PID cases respectively. In
case of Ar+Ar reaction at 158A GeV for analysis with and without PID,the total
yield of DY4+D’ is on the order of 4k. Thus from the analysis of simulated events,
we find that the extraction of the D0+EO signal seems to be possible at the top
SPS energy of 158A GeV as well as at the lower energy of 40A GeV. The Monte
Carlo simulation results show that open charm measurements are feasible with the

NAG1/SHINE experiment, if it is supplemented with a new, high precision, VD.

This Thesis reports on the technical work motivated by the future experimental
program of the NA61/SHINE Collaboration at the CERN SPS. This work is sup-
ported by the Foundation for Polish Science — MPD program, co-financed by the
European Union within the European Regional Development Fund and the National

Science Centre of Poland, grant UMO-2012/04/M /ST2/00816.
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APPENDIX A

Radiation damage in silicon detectors

A.1 Fundamental radiation effects

Silicon detectors are widely used in a hostile radiation environment. This radiation
exposure not only results in the damage of the detectors but also has consequences
for the operation of the device. The radiation damage mechanism in silicon is divided
into surface damage and bulk damage, which are caused by two interaction chains
resulting from ionizing and non-ionizing radiation. The ionizing radiation deposits
energy into the electron gas of the material. This interaction destroys the chemical
bindings but does not harm the silicon crystal as atoms keep their position in the
crystal. The irreversible damage caused by this radiation is at the interface between
silicon and SiOs (silicon dioxide). SiOs is the most commonly used insulator in micro
circuits. These two materials have different lattice constants resulting in the formation
of irregular bonds at the interface. Ionizing radiation breaks these bonds and hence
modifies the electrical properties of the material. Damage occuring at the interface
it is referred to as surface damage. Non-ionizing radiation causes bulk damage by

creating defect states in the band gap of the silicon structures. Like impurities these

5



defects degrade the properties of the bulk silicon. Non-ionizing radiation can also
knock out atoms from the crystal lattice. This type of damage is mostly caused by
neutrons, while electrons and photons can not reach the momentum transfer required

for displacing an atom. So the latter cause mainly ionization damage.

A.1.1 TIonizing radiation

Ionizing radiation damage is caused by charged particles and photons with en-
ergy higher than that of UV-light. The SI-unit of ionizing radiation is Gray (G, =
1 J/K,). lonizing Energy Loss causes surface damage due to the accumulation of
positive charges in the oxide (SiO2) and at the Si/SiO. interface. lonization in the
oxide, however, is not fully reversible and may cause steady changes of the interface
properties.

The ionizing particles can create electron/hole pairs in SiO5 even though this ma-
terial has a high band gap (8.8 eV ). These pairs created in the oxide either recombine
or move in the case of an applied electric field. The mobility of the conducting elec-
trons is substantially higher than that of the holes and thus without recombination
they escape towards the neighboring conducting structures. Because of a lack of ther-
mal electrons in the conducting band, the holes cannot recombine and diffuse to the
opposite border of the SiOy. With a certain probability, they are trapped by defect
states present in the transition zone between SiO, and silicon before they can accept
an electron from the semiconductor. The number of trapped holes, which at room
temperature keep their positive charge, is limited by the number of corresponding
precursors to a surface density of Qg ~ 3 x 102 cm™2 [89]. The defects generated

by ionizing radiation can be repaired with hydrogen in an annealing process.
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A.1.2 Non-ionizing radiation and the NIEL-model

Non-ionizing radiation has small impact on the region between silicon and SiO,
which is full of lattice imperfections due to the different lattice constants of the two
materials. However this radiation mostly causes bulk damage in the sensor material
which is one of the factors limiting the use of silicon detectors in the high radiation
environment of high energy physics experiments. The bulk damage is caused by high
energy particles (hadrons, leptons, photons) which displace atoms from their lattice
site. The resulting silicon interstitial and left over vacancy (Frankel pair) migrate
through the silicon and finally form the point defects. If the energy transferred to the
first atom is high enough, a cascade of further displacements, which is referred to as
a defect cluster.

The energy required to remove an atom from the lattice site depends upon the
direction of the recoil of the atomic nucleus with respect to the crystal lattice. For
silicon the mean threshold energy is on the order of 25eV [89]. About 190 eV kinetic
energy is required to displace an atom with protons or neutrons while for electrons
the minimum kinetic energy is about 260 KeV due to their lower rest mass. A min-
imum energy of 15KeV and 4.6 MeV is required for protons/neutrons and electrons
respectively for generating defect clusters.

The semi-empirical Non Ionizing Energy Loss (NIEL) [91, 92] model describes
how the radiation damage produced by different particles with different energies can
be scaled. The NIEL hypothesis assumes that any displacement damage induced
change in the material scales linearly with the amount of energy used in displacing
collisions. In this model there is no absolute unit for the deposited energy, rather
this energy is normalized to the energy deposition of a reference particle which is a
1 MeV reactor neutron. Thus the non-ionizing dose is given in units of n.,/cm?, the

2

energy deposition of 1 MeV neutron penetrating 1cm* of the detector surface. The

non-ionizing dose generates primary vacancies and interstitials in the crystals which

7



create defect states in the band gap. These act as generation and recombination

centres which ease thermal generation of minority carriers and increase the leakage

currents in the collection diodes of the silicon detectors. Figure A.1 shows the NIEL

factors of different particles as a function of their energy normalized to a 1 MeV

neutron. The neutron equivalence is given by

gbeqlMeV = Xﬁb (Al)

where x = 0.62/5 for electrons and 0.62 for particles from hadronic interactions

from Figure A.1.
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Figure A.1: Displacement damage function D(E) normalized to 95 MeV mb neutrons,
as a function of particle energy. The factors are normalized to 1 MeV

neutron equivalent. This figure is taken from [90].

The primary defects are not fixed in the material but diffuse in the detector

material at room temperature resulting in some desired and undesired implications.
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This diffusion of defects could result in the regeneration of the crystal lattice upon
interstitial atoms filling a vacancy or moving to the edge of the crystal. In both cases,
the defect is cured and the phenomenon is termed as beneficial annealing. On the
other hand, if the outcome of the diffusion is more defects, like two vacancies or a
vacancy and an oxygen atom bound with each other, the process is called reverse
annealing. This causes much more damage to the detector than the primary defects.

These defects increase the leakage current which, however, can be reduced by cooling.
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