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Abstract

The Quark-Gluon Plasma is a state of matter that is expected to form at high temperatures and
densities. Therefore, it is expected to be produced in lead-lead ion collisions in ALICE at CERN.
Jets, consisting of fragments of the heavy quarks produced during these collisions, can be used to
study this medium. Specifically, jets containing D°-mesons are considered.

The aim of this study is to assess the systematic uncertainty in the charm jet transverse
momentum distribution in lead-lead ion collisions at /syx = 2.76 TeV. Two procedures, called
the purple and orange to distinguish them, are developed and described thoroughly. In both cases,
the jet transverse momentum distribution is determined using information from the invariant mass
distribution of (K7) pairs. The main difference between the two procedures is the moment of
correction for the efficiency due to selection cuts and detector effects.

The procedures are applied to obtain the jet transverse momentum distribution for four different
sets of selection cuts. Additional cuts in D° transverse momentum were needed in the purple
procedure to remove background influence and improve the jet transverse momentum distribution.
The same cuts were applied in the orange procedure.

Subsequently, the distributions are studied and compared.

The obtained jet transverse momentum distribution for all four selection cut sets are not con-
sistent for both procedures. The distributions for the four sets resulting from the orange procedure
do have similar shapes. The systematic uncertainty is in the order of 1073 (GeV /c)~1.

The obtained results from the orange and purple procedure are also compared to each other.
The jet transverse momentum distributions are not consistent; the systematic uncertainty depends
on the selection cut set used.

Further examination of the purple procedure is recommended, since fluctuations, enhanced by
the correction for efficiency, play an important role.

OThe figure on the frontpage is a diagram of lead-lead ion collisions. [1]
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Chapter 1

Introduction

The world of particle physics is very small: a typical length scale is 107*® m (an attometer). On
a first look, the same is true for energies: they are typically in the order of MeV (~ 10713 J) or
GeV (~ 10719 J) [2]. However, this is a lot of energy relative to the size of the particle. As small
as these numbers might be, the case is entirely the opposite for the number of particles created
in the Large Hadron collider (LHC) after lead-lead ions collide onto each other. There are several
million events registered.

In these lead-lead ion collisions, heavy quarks are produced. The D° particle is a fragment of
such heavy quarks. It is a charmed meson, meaning that contains a charm quark. Also, a Quark-
Gluon Plasma is expected to form for a short while following the collisions. This plasma is a hot,
dense medium in which the quarks are free and with which they interact. The D%meson can be
used to study the primary quarks and the plasma. One way to do this is to study the charm jet
transverse momentum distribution.

The goal of this study is to determine if and how the resulting charm jet transverse momentum
distribution depends on the selection cut set. Data is taken from ALICE, A Large Ion Collider
Experiment. This is an experiment at the LHC. Two methods of analysing the data are also
developed and compared. The aim is to determine the following:

e How stable the resulting transverse momentum distribution of the charm jet is under different
sets of selection cuts.

e How stable the resulting jet transverse momentum distribution is under the two different
procedures.

e What the influence of the efficiency correction is.

The fully corrected! jet tranverse momentum distributions for the selection cut sets are expected
to be the same. Next to that, the distributions will ideally be the same for the two procedures:
the method of analysis should not matter when the same cuts are applied during the analysis.

Investigating these properties will lead to the assessment of the systematic uncertainty in the
jet transverse momentum distribution due to the used procedure and selection cut set.

Before discussing this methods and the obtained results, an introduction to particle physics will
be given in Chapter 2. The focus lies on Quantum Chromodynamics, including the production of
heavy quarks and the influence of the Quark-Gluon Plasma.

The experimental set-up and analysis are described in Chapter 3. First, the relevant subsystems
of the ALICE detector are described. After that, the process of analysing the data set is explained:
first reconstructing the D°-meson and the jet, after that, two different procedures for obtaining jet
transverse momentum distributions.

The results are presented in Chapter 4. In Chapter 5, the obtained results will be discussed
and the resulting jet transverse momentum distributions are compared. The conclusions will be
presented in Chapter 6.

IFully corrected means corrected for: the efficiency of the selection cuts, the number of selected events and
additional cuts made during the analysis procedure.
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Chapter 2

Background

2.1 Introduction to Particle Physics

Humans have always wondered what the world is made up of. Theories about the con-
stituents of the world go centuries back. For instance in ancient Greece, where Leucippus
and his apprentice Democritus suggested the world was made up of indivisible particles:
atoms. Plato felt the concept of atoms did not describe the beauty seen in the world.
Instead he theorised the world was made up of four geometric solids each denoting an
element: fire, air, water and earth [3].

The discovery of the electron in 1897 by J.J. Thomson could be taken as the birth of
elementary particle physics. Rutherford showed in a scattering experiment that most of
the mass and the positive charge of the atom was at the center of the atom: the nucleus.
He named the hydrogen nucleus ”proton”. In 1932, Chadwick discovered the neutral
part of heavier nucle:, the neutron [4].

In the mid 20%" century, research was done into propositions of particles that differed
greatly from the atom. Yukawa proposed another force which bound the protons and
neutrons together, overcoming charge repulsion, namely the strong force. Moreover,
Planck made a first step towards finding the photon when he theorised electromagnetic
radiation should be quantized. But he could not explain why this should be true. Einstein
famously suggested the quantisation was due to the particle-like nature of light. His
suggestion was confirmed in experiments by Milikan and later by Compton [4].

Throughout the 20" century, more particles were discovered. This led to the creation
of the Standard Model of particle physics, in which particles and force carriers describe
the world around us. The interaction of particles and force carriers results in forces. As
shown in figure 2.1, there are twelve elementary particles. The quarks (shown in purple
in figure 2.1) have fractional elementary charge. The leptons (shown in green) have
elementary charge e. Both quarks and leptons come in three generations. The different
types of quarks and leptons are called ”"flavours”. All elementary particles also have
corresponding anti-particles. They have the same mass and spin, but all other quantum
numbers (e.g. charge) are opposite [2].

The force carriers (shown in red) are the gluon (strong force), photon (electromagnetic
force) and the Z° and W¥ bosons (weak force). Gravity cannot be described within the
Standard Model of particle physics. Therefore, it is not complete. Lastly, the Higgs
Boson (denoted in yellow) is the particle responsible for giving particles their mass [6].

The ordinary matter is made up of the lighter particles: the up and down quarks
and electrons. The heavier particles are not very stable and therefore play a smaller role
in everyday life. For instance the charmed meson D° has a lifetime of approximately
4-10713 s [7]; a proton is expected to have finite lifetime of at least 103* years. Note
that the universe has existed for roughly 10'° years.!

IProtons are expected to decay in some Grand Unified Theories, but no one has measured this yet

[s].
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Figure 2.1 — The Standard Model of particle physics. It contains six quarks, six leptons,

four force carriers and the Higgs Boson [5].

2.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a theory of strong interactions between quarks and
gluons, analogue to the electroweak theory.? Just like atoms are bound together by charge
differences and are neutral outwardly, quarks are bound together by ”colour”. There are
three colours; red, green and blue, and the respective anticolours. As an analogue to
the photon, the gluon is the force carrier of colour. However, the gluon itself is coloured
too, which leads to a more complex situation than for electromagnetism. Quarks form
groups (hadrons) so that together they are colour-neutral. This is done in (at least) the
following ways:

Mesons: a quark+antiquark pair. Since all quarks can carry all three colours, a
meson is a superposition of these colour pairs. An example is the neutral pion 7°,

which has quark content u@ or dd. So for the ui state: % [urtiy + ugtiy + upty).

Baryons: a group of three quarks. Famous examples are the proton (uud) and
the neutron (udd).

Tetraquark: a group of four quarks. Researchers have found states of the form
qqQQ and a form with four different flavours. It is not yet understood if the latter
form is indeed one group or two mesons tightly locked together [9].

Pentaquark: the pentaquark is made up of five quarks. Studies such as [10] and
[11] have found results consistent with theoretical properties of pentaquarks.

October 2015
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Figure 2.2 — Comparison of measured a, values to theoretical models [12].

2This section is based on [2].
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The strong force is described by the potential

4 o ()

V= 3, + kr, (2.2.1)
where k is the QCD string tension and «a; the running coupling constant. It is
important to note that a; is not constant at all. It depends on distance and momentum
transfer. Figure 2.2 compares measurements of a; with several theoretical models based
on pertubation QCD. This shows that ay is small when the transferred momentum is
large (or therefore when the distance is small), which corresponds to hard processes. If
the transferred momentum decreases (distance increases), «, increases. The result is that
the quarks are asymptotically free [12]. At small distances, both terms in equation 2.2.1
are very small, meaning that the strong force is actually weak. Here, the quarks are not
bound that strongly to each other. A proposed situation is the Quark-Gluon Plasma,

further described in section 2.4.

At very large distances, the strong force is very strong. The consequence is that quarks
are confined to hadrons. When quarks within a hadron are separated, the potential
increases till a critical distance. At this point, there is enough energy to create a pair of
light quarks. These quarks pair with the original quarks and are yet again in a hadron.
This process is illustrated in figure 2.3.
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Figure 2.3 — When quarks in a hadron are separated, the strong force increases in order
to keep them confined. At some critical distance, the QCD string between them snaps
and a quark pair ¢7 is formed. They pair with Q and Q, again forming a colourless
hadron [13].
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2.3 Heavy Quark Production

The production and hadronization of heavy quarks is discussed in [14]. Light quarks can
originate from many sources in hadron-hadron collisions: valence flavours, pertubative
subprocesses and nonpertubative hadronization. Since they can have so many different
origins, measuring light quarks does not give much information about the initial stages
after the collisions.

However, heavier quarks (c,b,¢*) have masses above the Agcp scale*. They can be
described by pertubative QCD, which are calculations that can be done and thus data
can be compared to theoretical descriptions. Since they are mostly produced at the
initial stages of the collisions and thus have high momenta, they are hard probes. The
heavy quarks radiate gluons and at some point fragment. This sets a cascade of particles
being formed into motion. This cascade is called a jet. Hadrons with a major share of
their original quark’s energy are expected to describe their original quarks well in terms
of direction and momentum, though their momentum may be lower due to energy loss.

3Note that top does not live long enough to form hadrons. [14]
4This is about 200 MeV.
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Heavy quarks can be produced in hadron-hadron collisions in the following ways:

e Pair creation (figure 2.4a): a leading order process, described by gg — QQ or
qq — QQ. Q,Q are produced back to back.

e Flavour excitation (figure 2.4b): a heavy particle scatters off a parton of another
beam and is excited. The process is essentially Qq — Qg and Qg — Qg.

e Gluon splitting (figure 2.4¢): this can happen at the initial- or final-state shower.
The process is gg — QQ. It’s mostly found at final-state-showers, since splitting
at the initial-state mostly results in flavour excitation. This is considered a soft
process [15].

Pair creation is the dominant process at lower energies. The relative contribution of
gluon splitting increases as the energy increases and at very high energies (~ 10* GeV)
gluon splitting may even dominate the production [14].

g
g Q ! @

(a) Pair creation via the processes gg — QQ and q7 — QQ.

Q
g Q g
Q
g g
g

g

O

(b) Flavour excitation: excitation of a
quark by scattering via the process (c) Gluon splitting: one gluon splits into a
Qq — Qq and Qg — Qg. quark pair via the process g - QQ.

Figure 2.4 — Production of heavy quarks using pertubative QCD [14].

As mentioned, the focus lies on the charmed meson D° (and its antipart D_O), containing
either cu (or uc). The decay chain considered is:

DO s KEgF (2.3.1)

with a branching ratio 3.89 & 0.05% [16]. The D is a fragment from a charm quark.
Studies have shown that D carries a major amount of its jet’s energy, which is expected
for a jet coming from primary ¢, quark pair. Thus, studying D° mesons gives a good
impression of the original charm quark and can therefore give information about the
initial stages after a collision. If the charm quark was produced by pair creation, a
similar anti-charm jet can be found going in the opposite direction [15].

The momenta of both the D meson and its jet can be determined. The ratio of
their momenta (energy) can then be calculated. This is the fragmentation function z.
An example of z can be found in figure 2.5. Soft processes (particles with low momenta)
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expectedly have a low value of z whereas hard processes (particles with high momenta)
have a high value of z.

The fragmentation function shows how much momentum of the jet (and thus the
original quark) is carried by the D°-meson. Since the production of charm quarks is not
fully understood, the z distribution gives more information about charm and how its
momentum is distributed to its fragments. However, the z distribution is not often used
since this would lead to unfavourable statictics. Often there are not many entries in a z
distribution.
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Figure 2.5 — Example of a distribution of the fragmentation function z: the ratio of D°
pr and D° jet pr.

2.4 Quark-Gluon Plasma

As mentioned in section 2.2, single quarks are not observed. However, it is believed that
in the very early universe (~ 1076 s), temperatures and quark densities were high enough
for the quarks to be deconfined. This state of deconfinement was named ” Quark-Gluon
Plasma” (QGP). But the universe expanded, cooled down and as such, hadrons were
formed [2].

Several experimental setups were built to study the QGP using high energy heavy
ion collisions. The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Lab-
oratory is one of these experiments. At RHIC, gold ions are mainly used to for heavy
ion collisions. The top centre of mass energy is \/syy = 200 GeV. The QGP was ex-
pected to be a weakly-coupled medium. However, the data points to a strongly coupled
medium, which is present for a short while (~ 10723 s). This medium has near ideal
fluid properties [17].

The QGP is also studied at the Large Hadron Collider (LHC), where lead ions are
collided onto each other to create hot and dense circumstances. The centre of mass
energy of the LHC is currently about \/syy = 5.5 TeV [1]. Heavy quarks such as charm
are expected to form in the initial stages of the collision. This means they experience the
whole evolution of the medium. The heavy quarks are also colour charged and therefore
interact with the medium® [18].

5For instance a photon is not colour charged and does not interact with the medium.
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They lose energy while travelling through the medium in the following ways:

e Elastic scattering: the quarks interacts with the medium by collision. It conse-
quently loses energy. The longer a particle travels through the medium, the more
energy it can lose.

e Gluon radiation: in the presence of the medium, quarks may radiate gluons and
as a result lose energy. Note that this energy loss differs per flavour due to the
dead cone effect. At small angles gluons cannot be radiated. Thus, a radiation free
cone is formed around the particle. This angle depends on the mass of the quark.
The heavier the quark, the less energy it loses. Again, the longer a particle travels
through the medium, the more energy it loses.

The same is true for the jets coming from these heavy quarks. The primary quarks
interact with the QGP, lose energy and radiate gluons. The gluons can also interact with
the QGP. Since its constituents are altered by the QGP, the jet’s energy and momentum
distribution will be altered too, compared to proton-proton collisions.

Jets can also be produced back-to-back. If they are produced closer to the "edge” of
the medium, one jet has to travel for a longer time through the medium than the other.
This means that one jet will lose more energy than the other. It is possible that the
charm quark and its fragments lose so much energy that a jet completely disappears.
This is a process named ”jet quenching” [19].

If the QGP exists, this results in a very different situation compared to proton-
proton collisions where QGP is not expected to form. Thus, comparing to data from p-p
collisions can show if there is a hot, dense medium formed after a collision of heavy ions.
What actually happens in the medium of course depends on the properties of the QGP.
Models, each with different assumptions about the QGP, are also compared to the data
from heavy ion collisions to determine these properties.
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Chapter 3

Experimental Setup and
Analysis

The following sections will describe how the data is collected, reconstructed and analysed.

3.1 CERN

The European Organization for Nuclear Research (CERN) was founded in 1954 to study
the properties of nuclei. Its first accelerator, the Synchrocyclotron, started up in 1957.
As the knowledge of the world of particles expanded, the goal of CERN changed to
testing the Standard Model of particle physics, researching fundamental particles and
beyond. The first dive into particle physics came with the Proton Synchrotron in 1959.
This accelerator briefly had the world’s highest energy, at 28 GeV. Later, research headed
towards anti-nuclei and anti-atoms. The Z and W particles were discoverd in 1983 [20].

Commissioned in 1989 and built in a 27 km circular tunnel, the Large Electron-
Positron collider (LEP) closed in 2000 to pave way for the Large Hadron Collider (LHC).
The LHC started up in 2008 and is still the largest, most powerful particle accelerator
on Earth. Two particle beams, accelerated to nearly the speed of light, travel in seperate
beam pipes before they collide. Superconducting magnets bend their tracks. They also
focus and squeeze the beams, so the chance of a collision increases. The beams finally
meet in one of the detectors: ALICE, ATLAS, CMS and LHCb [21].

In this experiment, lead-lead nuclei are accelerated in the LHC to near the speed of
light. The used dataset is from collisions with a centre of mass energy of \/syy = 2.76
TeV from ALICE.

Figure 3.1 — ALICE detector [22].
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3.2 ALICE

ALICE (A Large Ion Collider Experiment, shown in figure 3.1) has many subsystems
to track particles and measure their properties. A full description of ALICE is given in
[23]. Here, the subsystems relevant for the identification of the D%-meson and its jet are
outlined.

e ITS (Internal Tracking System): six tracking layers record tracks and measure
the deposited charge, therefore providing a measurement of ionization energy loss
dE/dx. This is mainly useful for low momenta; pr < 0.7 GeV/ec.

e TPC (Time Projection Chamber): a drift chamber with a volume of 90 m? to
track charged particles. Similar to the ITS, it tracks the particles and it can also
measure the ionization energy loss dE/dx. Next to that, it measures charge and
momentum. In contrast to the ITS, the TPC can measure up to pr ~ 20 GeV/c.
The Bethe-Bloch formula describes the energy loss:

P P 1
£y :_<p2_54_1n(p3+_)> 321

57 = 5o )P (3:2.1)
where 3 is the velocity of the particle, v the Lorentz factor and P, — Ps are fit
parameters which depend on the particle type. For instance the parameters for
kaons and pions differ, therefore their Bethe-Bloch curve will be distinguishable
too. Thus, the Bethe-Bloch curve is used to identify the particle, as seen in figure
3.2.

e TOF (Time of Flight): an area array of Multigap Resistive Plate Chambers
(MRPC) that measure the arrival time of particles. The resolution is about 80
ps for pions with a momentum around 1GeV /c. The velocity of particles is used to
distinguish them: due to the different masses of particle types, the factor = v/c
will differ. This method is more precise for particles with a lower velocity. At
velocities near the speed of light, 5 ~ 1, making it difficult to distinguish between
particle types.

In both the TPC and the TOF, measured particles are approximated with a gaussian.
A 30 cut is applied when determining what particle has been measured.

The measurements of these detectors are combined to enhance particle identification:
the separation between particles is increased, making it easier to identify them.

180 - : Pb-Pb |Sa=2.76TeV ]
160F % E

TPC dE/dx (arb. units)

0.2 03 1 2 3 4 5678910 20
p (GeVie)

Figure 3.2 — An example of energy loss in the TPC. The lines reflect the curves from the
Bethe-Bloch formula (equation 3.2.1) for different particle types [23].
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3.3 Dataset

The used dataset is LHC11h from 2011. The data is comprised of two sets of runs. The
TPC Good Runs are uniform in the azimuthal distribution. The TPC Semi-Good Runs
have a deviation in some azimuthal region. For the TPC Semi-Good Runs, there are
two subcases: one where the IROC13 had a lower voltage (resulting in a dip in the ¢
distribution), and one where the OROC-C08 was turned off [15].

TPC Good Runs: 167903, 167915, 167987, 167988, 168066, 168068, 168069, 168076,
168104, 168107, 168108, 168115, 168212, 168310, 168311, 168322, 168325, 168341, 168342,
168361, 168362, 168458, 168460, 168461, 168464, 168467, 168511, 168512, 168777, 168826,
168984, 168988, 168992, 169035, 169091, 169094, 169138, 169143, 169144, 169145, 169148,
169156, 169160, 169167, 169238, 169411, 169415, 169417, 169835, 169837, 169838, 169846,
169855, 169858, 169859, 169923, 169956, 170027, 170036, 170081

TPC Semi-Good Runs 1 (IROC-C13 low voltage): 169975, 169981, 170038, 170040,
170083, 170084, 170085, 170088, 170089, 170091, 170152, 170155, 170159, 170163, 170193,
170195, 170203, 170204, 170228, 170230, 170268, 170269, 170270, 170306, 170308, 170309

TPC Semi-Good Runs 2 (OROC-CO08 turned off): 169591, 169590, 169588, 169587,
169586, 169584, 169557, 169555, 169554, 169553, 169550, 169515, 169512, 169506, 169504,
169498, 169475, 169420, 169418, 169099, 169040, 169045, 169044

Only the 10 % most central events are used. The central trigger system of ALICE
is based on the Silicon Pixel Detector (SPD) and two VO-detectors [23]. Next to that,
only events were selected whose primary vertex have a displacement of +10 cm from the
centre of the detector with respect to the beam direction.

3.4 Reconstructing D’-meson

The D°-meson is reconstructed from its decay to pions and kaons (see equation 2.3.1).
The dataset is first analysed using four different sets of selection cuts: ”central”,
"tighter”, "looser” and ”AR”!. The looser and tighter selection cuts are variations of
the central selection cuts.
The tighter cuts have the following changes:

e DCA: 0.010 cm is subtracted from the central cut DCA value.
e (dkdT): 15% of the central cut value is added.

o [cos(Opoint)|xy: 0.05 is added to the central cut value. However, the maximum
possible value for the tighter cut is 0.98.

For the looser cut set, these changes are:

e DCA: 0.015 cm is added to the central cut DCA value.

e (dfdF): 15% of the central cut value is subtracted.

o [cos(Opoint)|xy: 0.05 is subtracted from the central cut value.

The central selection cuts are shown in table 3.1. The tables with the selection cuts
for looser, tighter and AR are given in Appendix I.

The selection cuts are based on the topological displacement of the secondary vertex
from the primary vertex. The typical displacement is ¢ = 123 pm, which is a measurable
length. There are also kinematic cuts on the momenta of the pions and kaons. A lot
of pions and kaons are produced in the collisions, but they mostly have lower momenta.
Therefore, the cuts in 3.1 are more strict for lower D% py.

IThis is a set of selection cuts made by Andrea Rossi [24].
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D% pr (GeV/e) | 23 | 34 | 45 | 56 | 68 | 812 | 12-16 | 16-20 | 20-24 | 24-00
Amp, (GeV/c®) | 0.40 | 0.40 | 0.40 | 0.40 | 0.40 | 0.40 | 0.40 | 0.40 | 0.40 | 0.40

DCA (cm) 0.025 | 0.025 | 0.025 | 0.025 | 0.030 | 0.035 | 0.040 | 0.040 | 0.040 | 0.040
cos(0%) 08 | 08 | 08 | 08 | 08 | 1.0 | 1.0 | 1.0 | 10 | 1.0
Kpr (GeV/e) | 07 | 07 | 07 | 07 | 07 | 07 | 07 | 07 | 07 | 07
7 pr (GeV/je) | 07 | 07 | 07 | 07 | 07 | 07 | 07 | 07 | 07 | 07
[dX] (cm) 01 | 01 | 01 | 01 | 01 | 01 | 01 | 01 | 01 | 01
[d%] (cm) 01 | 01 | 01 | 01 | 01 | 01 | 01 | 01 | 01 | 01
dkdz (10 *em?) | 45 | 36 | 27 | 21 | 1.4 | 050 | 0.10 | 0.10 | 0.10 | 0.10
08(Opoint) 0.95 | 0.95 | 095 | 0.92 | 088 | 0.85 | 0.83 | 0.82 | 0.82 | 0.82
1co5(@point)lxy | 0.993 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998
Lxy 7 5 5 5 5 5 8 6 6 6

Table 3.1 — Central selection cuts for D° of the 10% most central events.

The pions and kaons were identified using information from the TPC and TOF. The
invariant mass of all possible pion-kaon combinations is determined using the invariant

mass relationship
n n
m?ct = (3_E)* = (Q_p)’
i=1 i=1

and conservation of energy and momentum. This results in a mass peak around the D°
mass (from the correct pairs, coming from DY) and background in the form of a slope
(coming from the incorrectly combined pairs). This can be seen figure 3.3.

Due to the selection cuts when analysing the raw data and due to detector perfor-
mance, there is an efficiency in actually finding the D°-meson. The efficiency of measuring
the DY is determined using Monte-Carlo simulations. In this simulation, the true number
of D%-mesons is known. By setting the selection cuts and detector specifications, one can
determine how many D%-mesons are detected. This results in an efficiency distribution.

The efficiency differs for per range of D° pr. Due to the efficiency, any distribution
where D° plays a role ought to be corrected in order to take this into account. The
efficiencies for each of the four sets of selection cuts are shown in figure 3.4.

(3.4.1)

'%2400 ; + + + + +
2200 :— + ++ ﬂ- + +++ +
T
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: 4
1800|— T 1
: i
n T
ek g,
g }
1400 :— + ++H- H

1.75 1.8 1.85 1.9 1.95 2
D° Invariant Mass (MeV)

Figure 3.3 — Example of an invariant mass distribution of (Km) pairs.




12

CHAPTER 3. EXPERIMENTAL SETUP AND ANALYSIS

Comparing Efficiencies

i —AR
012? Looser et
L —— Central
- —— Tighter
0.1— ——
0.08—
0.06/— —
0.04—
0.021 _—
07‘ ren INATATN AR ANV ATATATIN ANUVAT IATATEN FUATEN AYATAEN AATATE A
2 4 6 8 10 12 14 16 18 20 22 24

pt

Figure 3.4 — Efficiency of measuring D° for different ranges of D° pr for four different
sets of selection cuts.

3.5 Reconstructing Jets

A jet is a cone consisting of many particles which are formed when a primary quark
fragments. They are reconstructed using the FASTJET3 package [25]. Jets are found
with the anti-k; algorithm [26]:

1 1
ti Ptj '
dip = — (3.5.2)
iB p%i7 t

where ARfj = (yi —y;)* + (¢ — ¢;)?. pyi is the tranverse momentum of particle 4, y; its
rapidity and ¢; its azimuthal angle. d;p is the distance to the beam. R is a parameter
that has to be set; it is usually in the order of 1.

In this algorithm, the minimum distance of all d;; and d;p is determined. If this
minimum distance corresponds to two particles, those two particles are merged into
one new particle using the relationship between energy, momentum and mass (equation
3.4.1). The new particle remains in the list.

If the minimum distance is from a particle to the beam, then the particle is part of
a jet and taken out. This process continues until there are no particles left: all particles
will be part of a jet. The final situation is illustrated in figure 3.5.

The anti-k; algorithm is defined in such a way that particles with higher momenta
are selected first. Around those hard particles, the jet is build up in a conical method.
The soft particles do not influence the shape of the jet, whereas hard particles do.

Background is approximated with the k; algorithm:

di; = min (p};, p7;) AR}/ R (3.5.3)
dip = pi;. (3.5.4)

The algorithm works the same way as the anti-k; algorithm, but in this case it starts
with particles with lower momenta. This means that soft particles are clustered first.
This makes the algorithm ideal to approximate background of the hard particles.

Nevertheless, reconstructing jets is not easy since there are many particles created
in heavy ion collisions. What is jet and what is background is more difficult to distin-
guish than in a situation with fewer particles being formed, such as p-p collisions. This
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anti-k,, R=1 |

Figure 3.5 — An illustration of reconstructed jets using the anti-kt algorithm. The different
jets are shown in different colours [26].

uncertainty leads to a smearing of the reconstructed tracks of particles and thus of re-
constructed jets. Detector resolution also plays a role in this [23]. Section 3.7 outlines
how this problem is tackled.

3.6 Data Analysis

Two procedures are used in the data analysis, labelled by a colour in order to distinguish
them: the purple procedure and the orange procedure. These are described in Subsections
3.6.1 and 3.6.2, respectively. First, I will discuss the general outline of the analysis.

The analysis is done using the frameworks ROOT and AliRoot. ROOT is an object-
oriented framework made by CERN to process and analyse large amounts of data. Ali-
Root is a framework that is based on ROOT, made for analysing data from ALICE
specifically.

The invariant mass distribution in figure 3.3 is combined with the distributions of jet
momentum and D° momentum. This results in a 3D histogram, of which an example is
given in figure 3.6. A more refined result for one of the axis (D° mass, D° or jet pr) can
be obtained by projecting the other two axes to that axis.

The result of the projection to the D° mass axis is fitted using AliHFMassFitter.
Several options have to be set. The minimum and maximum value on the x-axis are
chosen around the expected DY mass. Background is fitted with an exponential function:

fx) = et (3.6.1)
where cg, ¢; are parameters determined during the fit. Signal is fitted with a gaussian:
(x—p)?
fla) = -2 e "5r, (3.6.2)

oV 2T

where ;1 (DY mass) and o are given by the initial values set in the macro. cs is a parameter
determined during the fit. These values are kept the same throughout the analysis and
can be found in table 3.2.

mass 1.855 GeV/c?
sigma 0.01 GeV/c?
lower mass threshold | 1.71 GeV/c?
higher mass threshold | 2.1 GeV/c?

Table 3.2 — Initial values for fitting an invariant mass distribution of a (Km) pair.
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140
12
B0 100, P(i GeVI9)

Figure 3.6 — A 3D histogram combining jet pr, D° pr and D° mass.

Parameters that are extracted are:

e Mean mass: the mean value of the gaussian signal peak in the invariant mass
distribution.

e Sigma: the broadness of the signal peak.

e Significance: shows whether the resulting mass peak is a fluctuation, or signif-
icantly different from the background. This is shown in amounts of sigma. A
significance of 30 and higher is considered a relevant measurement.

e Signal over background ratio: the amount of signal (mass peak) relative to the
background under the gaussian signal peak.

e Signal yield: amount of entries for each jet py bin.

The jet pr spectrum is determined from the signal yield: for each bin, this is the number
of entries divided by the bin width (dN/dpr). The aim of this analysis is to determine the
jet pr spectrum, which is relevant when studying the presence and properties of the QGP.

For both procedures D° pr ranges from 2 to 12 GeV/c and jet pr from —20 to 23
GeV/c. The ranges of jet pr and D° pr are divided in several bins. For jet pr (in
GeV/c), the bins are:

[~20,—10), [-10,—5), [-5,0), [0,5), [5,10), [10,12), [12,16), [16,19), [19,23).

There are bins containing negative transverse momentum. These are due to the subtrac-
tion of the background. The range [23, 00) is cut since it contains very few entries.
For DY pr, the bins (in GeV/c) are the following:

2,3), [3,4), [4,5), [5,6), [6,8), [8,12).

Note that DY pr starts from 2 GeV/c. The range [0,2) GeV/c has very little signal is
mostly made up of background. The range [12,00) is also cut out: there are very few
entries (o< 10) in this range that do not add to the analysis in a meaningful way.
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3.6.1 Purple Procedure

This procedure starts from a 3D histogram using jet pr, D° pr and D° mass axes. For
a selected jet pp bin:

e For one D pr bin, the invariant mass distribution is determined by doing a projec-
tion of the jet pr and D° pr axes to the D° mass axis. An example of an invariant
mass distribution of K7 pairs is shown in figure 3.7.

e The invariant mass distribution of this D° pr bin is scaled by 1/efficiency of that
bin in order to correct for the efficiency.

e These two steps are repeated for all 6 D° py bins. Then, they are added up.

e The resulting invariant mass distribution is fitted with the initial values in table
3.2. The signal is fitted with a gaussian (equation 3.6.2). The background is fitted
with an exponential (equation 3.6.1).

e From this fit, the mean mass, sigma, signal yield and signal over background ratio
are extracted.

e The signal yield is divided by the width of this jet pr bin. This is an entry to the
jet pr distribution.

This process is repeated for all jet pr bins. Therefore, for each jet pr bin there is an
invariant mass distribution. For each parameter, there is a graph or histogram with the
values for each jet pr bin. The results of this procedure can be found in section 4.1.

00<jetp <5.0,20< D" p. <3

P N
_H_

ol

“F + 4+t

N3 R

. Tty i
sl +H
B -, R ﬁu—-r,—.mm

Figure 3.7 — Example of an invariant mass distribution in one D° pr and one jet pr bin.

3.6.2 Orange Procedure

This procedure starts from the same 3D histogram as in the previous procedure: it uses
jet pr, D° pr and DY mass. For a selected D pr bin:

e The entire range of jet pr and that one D° pr bin are projected to the mass axis.
This results in an invariant mass distribution.

e The invariant mass distribution is fitted with a gaussian for the signal (equation
3.6.2) and an exponential for the background (equation 3.6.1). The mean and sigma
from the gaussian fit are extracted.

e Two regions are defined: [signal with background] and [sideband]. [Signal with
background] has a width of 3 sigma around the mean of the gaussian. [Sideband] is
the area outside a width of 4 sigma around the mean. This is illustrated in figure
3.8a: [signal with background] is shown in red, [sideband] is shown in blue.
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Thus, there are two regions: [signal with background]| and [sideband]. For [sig-
nal with background], the mass range is mean+3sigma. [Sideband] contains two
regions: [lower sideband], ranging from the minimum mass bin to mean—4sigma,;
[upper sideband], ranging from mean+4sigma to the maximum mass bin.

The number of entries for the background under the gaussian signal peak is ex-
tracted from the fit. In figure 3.8a, this is the number of entries in the red region
beneath the red line of the exponential function.

For the [signal with background] region: the mass axis (for its mass range as
described above) and D° pr bin are projected to the jet pr axis. This results
in a yield histogram for the [signal with background] region. This is shown in
figure 3.8b in blue.

The same is done for [lower sideband] and [upper sideband]. The yields of these
two regions are added up. Then, the number of entries of the [sideband] yield is
rescaled such that is has the same number of entries as the background underneath
the gaussian signal peak. This is shown in figure 3.8b in red.

The yield of [rescaled sideband] is subtracted from the yield of [signal with back-
ground]. This results in the yield of [signal] only. The [signal] yield is corrected for
bin width (dN/dpr). An example is shown in figure 3.8c.

This is process is repeated for all D° pr bins. In the end, there is an invariant mass
distribution and jet pr distribution for each D° pr bin. The jet pr distributions are
corrected for efficiency and added up, resulting in one final jet ppr distribution. These
results can be found in section 4.2.

3.7 Unfolding

For the full analysis, the jet pr spectra obtained in the analysis should be unfolded. As
mentioned in section 3.5, the data is smeared due to uncertainties in background and
signal and due to finite precision of the detectors. Therefore, the jet pr spectra of the
above procedures is not the "real” outcome. To get closer to the "real” result, unfolding
is used: this is a method to statistically remove these effects.

Two matrices are used when separate (smaller) Monte Carlo simulations are used:

e Background Fluctuation Matrix: used to remove background fluctuations, ob-

tained from the MC simulations.

e Detector Response Matrix: used to remove detector effects. This matrix is ob-

tained by comparing the results from the ”real” (MC simulated) jet pr distribution
to the obtained (MC simulated) jet pr distributions with detector effects.

These matrices are combined into one matrix, when a full MC simulation is run.
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Chapter 4

Results

In the following two sections, the results are presented for the purple and orange proce-
dure. This is done for the central selection cut set only. The exact same two procedures
were followed for the looser, tighter and AR selection cut sets. These resuls can be found
in Appendix B.

Jet spectra for all selection cut sets are further studied in Chapter 5.

4.1 Purple Procedure

The purple procedure (as described in section 3.6.1) is defined to use the following ranges:
jet pr [-20,23) GeV/c and D° pr [2,12) GeV/c. The distributions are also corrected
for the efficiency caused by selection cuts and detector resolution.

The purple procedure was also done without efficiency correction. In this case, the
procedure described in section 3.6.1 was followed, but no corrections for efficiency were
done.

4.1.1 Invariant Mass of D’-meson

The invariant mass distributions were obtained by projecting the D° pr axis and jet pr
bin to the (K ) pair invariant mass axis. A fit was done using a gaussian to fit the signal
peak and an exponential function to fit the background.

The invariant mass distributions obtained from the purple procedure without effi-
ciency correction is shown in figure 4.2a. The fit for bin [—20, —10) GeV/c failed.

The distribution for the purple procedure with correction is shown in figure 4.2b. The
result for bin [12,16) GeV/c does not have the expected sharper peak, it is a very broad,
low peak. In figure 4.2a, the peak in this bin has the expected shape. Therefore, the
separate D° pr bins were studied for for all jet pr bins. Figure 4.1 shows the separate
DY pr bins for jet pr bin [12,16) GeV/c. It shows that the content in bin [2,3) GeV/c is
mostly fluctuations rather than signal (which would be a well-defined mass peak). The
same is true for the higher jet ppr bins. Thus, the invariant mass distributions can be
improved by cutting D° pz bin [2,3) GeV/c for jet pr bins > 12 GeV/c.

The same cut is done for jet pr bin [10,12) GeV/c. However, this is based on the jet
pr distributions discussed in section 5.2.

Therefore, an extra cut was done: D° pr bin [2,3) GeV/c is cut for jet pp bins > 10
GeV/c. The results for the purple procedure without efficiency correction can be found
in figure 4.2c. There is no clear improvement of the distributions after the cut, seen in
figure 4.2¢, compared to distributions before the cut, seen in figure 4.2a.

The distributions for the purple procedure with efficiency correction and extra D° pr
cut shown in figure 4.2d, show the improvement for the jet pr bins 10 GeV/c and higher
compared to figure 4.2b.
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Figure 4.1 — Invariant mass spectra for separate D° pr bins of jet pr bin [12,16) GeV.
Bin [2,3) GeV/c contains background and little signal.

4.1.2 Parameters

Parameters can be extracted from the fit done in section 4.1.1. The mean mass of D,
sigma, signal over background ratio (s/b ratio) and the jet pp spectrum can be found in
figure 4.3a, presented in jet pr bins. The parameters from the fits on the invariant mass
distributions without efficiency corrections are shown in blue; the parameters taken from
the fit on the distributions with efficiency correction are shown in red. The final jet pr
distribution is also shown: this is the signal yield corrected for the bin width.

Bin [—20, —10) GeV/c has a very low mass and sigma compared to the other bins. The
invariant mass distributions without efficiency correction (figures 4.2a and (figures 4.2c)
demonstrate how little entries this bin actually has. Also, the s/b ratio is very high,
meaning that signal should be very clear: however, this is not true for those figures.
Therefore, this bin has been removed in the final jet pp distributions.

For the higher jet pr bins (> 10 GeV/c) in figure 4.3a, sigma and the s/b ratio
fluctuate a lot. This further adds to the suspicion that fluctuations play a bigger role in
these bins. This is confirmed by figure 4.3b, which shows the parameters for the purple
procedure with D° pr bin [2,3) GeV/c cut out for jet pr > 10 GeV/c. Here, these
parameters are more stable and in accordance with the parameters in the case without
efficiency correction.

The mass of the D%meson is (1864 4= 0.05) MeV/c? [16]. This mass value is within
range of error in the case of the purple procedure without efficiency correction with and
without the extra DY pr cut. In case of the purple procedure, corrected for efficiency, its
extracted mass values are close. However, due to the unrealistic small errors, no good
conclusion can be drawn.



RESULTS

CHAPTER 4.

20

-20.0 <jetp,_<-10.0 Gevic -10.0 <jetp, <-5.0 GeVic -5.0 <jetp, <0.0GeVic -20.0 <jetp_<-10.0 GeVic -10.0 <jetp,_<-5.0 GeVic . -5.0<jetp, <0.0GeVic

10.0<jetp_ <120 GeVic

wf + .

16.0<jetp, <19.0 GeVic 19.0 <jetp_ <230 GeVic

{

19.0<jetp, <230 GeVic

o) 1= (1860:88 + 0.16) MeVic”
5 (30) = (6519664 + 677.15)

(a) Invariant mass distributions of the purple procedure with no correction (b) Invariant mass distributions of the purple procedure with correction

for efficiency. The fit in bin [—20, —10) GeV/c failed. for efficiency. The peak in bin [12,16) GeV/c is unexpectedly flat and
broad.
-20.0 < jet L <-10.0 GeV/c -10.0 < jet P, <-5.0 GeVic -5.0<jet P, <0.0 GeVic -20.0 <jet P, <-10.0 GeVic . -10.0 < jet P, <-5.0 GeVic N 5.0<jet P, <0.0GeVic
=
'

5.0 <jetp, <100 GeVic

0.0<jetp <50 GeVic 10.0<jetp, <12.0 GeVic

e

g888 8

¥y

120<jetp_<16.0 GeVic 16.0<jetp <19.0 Gevic 19.0 <jetp_ <23.0 GeVic

, ﬂ j

16.0 <jetp_ <19.0 GeVic

4= (186351 £ 0.34) Mevic”
S (30) - (38869.60  747.90)

1= (1864.20 £ 0.43) Mevic”
S (30) = (18350.46 + 524.00)

(¢) Invariant mass distributions of the purple procedure with no correction (d) Invariant mass distributions of the purple procedure with correction
for efficiency. For jet pr > 10 GeV/c, D° pr > 3 GeV/c. for efficiency. For jet pr > 10 GeV/c, D° pr >3 GeV/c.
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4.2 Orange Procedure

The orange procedure (as described in section 3.6.2) is defined to use the following ranges:
jet pr [—20,23) GeV/c and D pr [2,12) GeV/c. The distributions are also corrected
for the efficiency.

The orange procedure was can also be done without efficiency correction. The proce-
dure described in section 3.6.2 was followed without correcting for efficiency. This only
affects the final jet pr distribution, as in the steps before this, there is no correction for
efficiency done yet.

4.2.1 Invariant Mass of D°-meson

The invariant mass distributions obtained from the orange procedure is shown in figure
4.4. They are obtained by projecting the D° pr bin and jet pr axis to the (K7) pair
invariant mass axis. Similar to the purple procedure, signal is fitted with a guassian and
background with an exponential function. The [signal] region is indicated in red; the
[sideband] region is indicated in blue. The signal peaks are well-defined.

Note that the distributions are the same for the orange procedure with and with-
out efficiency correction: the efficiency correction is only done when summing up the
presented histograms.
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Figure 4.4 — The invariant mass distributions from the orange procedure. Note that none
of these are corrected for efficiency: this only happens when summing these histograms
up. The [signal] region is indicated in red. The [sideband] region is shown in blue.

4.2.2 Jet Spectrum

The jet pr distribution, shown in figure 4.6a, was obtained by subtracting the yield from
the [rescaled sideband] regions from the [signal with background] regions (indicated in
figure 4.4). These results are also corrected for bin width. Again, these distributions are
the same for the orange procedure with and without efficiency correction.

All bins have the a clear peak around 0 except for bin [8,12) GeV.

In the purple procedure, an extra cut was done: D° pr [2,3) GeV/c was removed
for jet pr > 10 GeV/c. This cut can also be applied in the orange procedure. The only
difference with figure 4.6a is that the contibutions of jet pr bins [10,23) GeV/c of D°
pr bin [2,3) GeV/c are removed. This has no further impact on invariant mass, only on
the final jet pr distribution.

The final jet py distributions for four versions of the orange procedure are shown
in figure 4.6b. The jet pr distribution from the orange procedure without efficiency
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correction is shown in black. The distribution shown in green is from the orange procedure
without efficiency correction where D° pr > 3 GeV/c for jet pr > 10 GeV/c. The
distributions shown in blue and purple are from the orange procedure corrected for
efficiency, without and with the same D® py cut, respectively. Note that the entries for
the range [—10,10) GeV/c are the same for the procedures with and without extra D°
pr cut.

4.2.3 Parameters

Parameters have been extracted from the fit done in section 4.2.1. The mean mass (of
DY), sigma, signal over background ratio (s/b ratio) can be found in figure 4.5. These
are presented in D° pr binning. The jet pr distribution shown in figure 4.5 is from the
orange procedure, corrected for efficiency.

The mean mass, sigma and s/b ratio increase as D° pr increases. This is expected,
since the detector resolution of the ALICE subsystems is less precise at higher momenta.
The significance in all D° py bins are above 3 sigma, meaning that the gaussian mass
peaks in the invariant mass distributions (see figure 4.4) are relevant and not simple
chance.

The experimental value of D° mass (1864 4 0.05) MeV/c? [16]) is within range of
error of most D pr bins.
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Figure 4.5 — Parameters from the orange procedure. Since these are taken straight from
the invariant mass distributions per D° pr bin, they are not corrected for efficiency.
The jet spectrum is corrected for efficiency and shown in jet pr bins.
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(b) The jet pr distributions from the orange procedure. The distributions corrected
for efficiency are shown in blue and purple; the distribution shown in purple is
for the additional D° pr cut. The distributions without efficiency correction are
shown in black and green. The distribution shown in green also has the extra D
pr cut.

Figure 4.6 — Jet pr distributions in the orange procedure.
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Chapter 5

Discussion

5.1 Discussing the Results

For the purple procedure with efficiency correction, the errors of the parameters and
jet spectrum (for instance in figure 4.3) are very small. The fit on the invariant mass
distribution determines the value of the error. Scaling the histogram after this fit does
not influence the size of the error relative to the yield. However, it may be caused by
scaling the separate D° pr bins of invariant mass with 1/efficiency and then add them
up. This is not the real distribution of invariant mass, which could lead to unrealistic
errors.

The parameters for the purple procedure without efficiency correction have more
realistic errors.

The orange procedure has more stable results: in principle, no additional cuts are
needed to improve invariant mass distributions and the parameters behave as expected.

The big difference between the orange and purple procedure is of course the moment
of correction for efficiency. In purple, if there are fluctuations, especially in the lower D
pr bins', they get amplified and therefore play a bigger role. Therefore, an additional
D pp cut was done in section 4.1 to remove fluctuations that distorted the invariant
mass distributions and extracted paramters: for jet pr > 10 GeV/c, D° pr > 3 GeV/c
rather than 2 GeV/c.

This is not the case for the orange procedure, where the correction for background
and fluctuations is done before the efficiency correction. However, in order to compare
the orange and purple procedure, the orange procedure was also carried out with this
additional D° pp cut.

5.2 Comparing Jet Momentum Spectra

For both the purple and orange procedure there are the following versions of the proce-
dures:

e Procedure without efficiency correction.

e Procedure without efficiency correction, where D° pr > 3 GeV/c for jet pr > 10
GeV/ec.

e Procedure with efficiency correction.

e Procedure with efficiency correction, where D° pr > 3 GeV/c for jet pr > 10
GeV/e.

In this section, the obtained results will be compared in order to determine the
behaviour of the jet py distributions under different selection cuts and the two procedures.

ISee figure 3.4: the efficiency in lower DO pr bins is small, therefore the scaling factor 1/efficiency
is very large.
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The purple and orange procedure are compared for four different selection cut sets:
central (these results were shown in Chapter 4), looser, tighter and AR. This comparison
is done to determine how much influence the choice of selection cuts has on the jet pr
distribution. Ideally, the resulting distributions (with efficiency correction and additional
cuts) are the same. However, the distributions may differ due to systematic uncertainties
of the analysis. Note that the distributions without these corrections are not expected
to be the same.

The procedures with and without efficiency correction are also compared in order to
determine the stability of the procedure when there is a correction for efficiency done.
As mentioned in section 5.1, the correction seems to play a bigger role in the purple
procedure than in the orange procedure. In this section, it is shown that this can also
be seen in the jet pr distributions.

In the following figures, all distributions are corrected for the number of selected events.
These numbers are given in table 5.1. They do not differ much: the biggest relative
difference is 1.2%. Note that both the looser and tighter selection cut sets have a lower
number of selected events than the central set. This is expected: the central selection
cuts are "optimal” cuts, meaning that the looser and tighter selection cuts are less than
”optimal”. This results in a lower number of selected events. Next to that, the looser
selection cuts have fewer events than the tighter set. This is unexpected, since the looser
selection cuts and its efficiency (shown in green in figure 3.4) indicate that more events
would be selected, compared to the tighter cuts.

Set of cuts | Number of selected events
Central 7368460
Looser 7331750
Tighter 7356340
AR 7420830

Table 5.1 — Overview of the number of selected events per dataset.

Next to that, the jet ppr bin [—20, —10) GeV/c has been removed from all distributions.
There were very few entries in this bin and fluctuations have a bigger influence than in
higher jet pr bins. This is especially true for the purple procedure.

Figure 5.2 shows all the jet pp distributions from the purple procedure for all four selec-
tion cut sets.

The distributions without efficiency correcion, shown in figure 5.2a, mostly have sim-
ilar shapes. Due to the values of the selection cuts, it is expected that the distribution
for the central cuts to be below the looser set and above the tighter set. The central
selection cuts are more closed than the looser selection cuts. This result in a lower yield
for the central selection cuts. The central selection cuts are less closed than the tighter
selection cuts. This results in a higher yield compared to the tighter selection cuts. This
is indeed true for all jet pp bins.

When DY pr bin [2,3) GeV/c is removed for jet pr > 10 GeV /¢, this still holds for
all bins except jet pr bin [12,16) GeV /¢, which can be seen in figure 5.2b.

The jet pr distributions from the purple procedure with efficiency correction are shown
in figure 5.2c. The entry from the looser set in bin [—10, —5) GeV/c deviates from the
other entries in that bin. However, the invariant mass distribution (which can be found in
Appendix B) show a very flat, broad peak: clearly this is not a correct result. Therefore,
the entry from the looser set in bin [—10, —5) GeV/c can be ignored.

Up to jet pr 10 GeV/c, the distributions have similar shapes and are close to each
other. For jet pr > 10 GeV/c, the distributions are widespread. In the bins [12,23)
GeV/c, D° pr bin [2,3) GeV/c was removed due to fluctuations in the invariant mass
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distributions. There was no such clue for jet pr bin [10,12) GeV/c before, but this figure
illustrates that there are fluctuations in this bin too. Therefore, the same D° pr cut was
done for bin [10,12) GeV/c too.

As seen in figure 5.2d, the distributions in this range after the additional D py cut
are closer to each other. The distribution of the central set is not always between the
distributions of the looser and tighter set. In fact, the distribution of the looser set is the
lowest entry in three of seven? bins. This would indicate the efficiency correction does
not work as it should in the purple procedure, or that additional cuts need to be done.

It is expected that these fully corrected distributions in figure 5.2d are the same or
consistent within range of error. But it is hard to judge whether this is true since the er-
rors are unrealistically small. This is an important disadvantage of the purple procedure
with efficiency correction.

Nonetheless, looking at the difference of the distributions from the AR, looser and
tighter selection cut sets relative to the distribution from the central selection cut set
can give an indication if the fully correction jet pr distributions are consistent. Figure
5.1 shows the jet pr distributions from figure 5.2d with the distribution from the central
selection cut set subtracted from them. There is no symmetry between the deviations of
the tighter and looser selection cut sets, which is expected since the looser and tighter
selection cuts are about the same variation up and down, respectively, of the central
selection cuts.

The major number of entries differ less than 11072 (GeV/c)™! compared to the
entries from the jet pr distribution of the central set. The maximum deviation is around
2-1073 (GeV/e)~ L.
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Figure 5.1 — Difference between the entries from the distributions from the corrected
purple procedure for: the looser, tighter and AR selection cut set compared to the
distribution from the central cut set. These are in green, pink and black, respectively.
The fully corrected purple procedure is not consistent for different selection cuts. Most
entries differ less than 1-107% (GeV/c)™! from the entries of the central set. However,
how much they differ highly depends on the jet pr bin and selection cut set.

2Not considering jet pr bin [—10, —5) GeV/c.
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Figure 5.2 — Comparison of the jet pr distribution from the purple procedure with and without efficiency correction and D° pr cut. The results for AR are in black,
looser in green, central in blue and tighter in pink.
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All jet pr distributions from the orange procedure for all four selection cut sets are
shown in figure 5.4.

Figure 5.4a shows that, as expected, for all jet pr bins the distribution of the central
set is below the distribution of the looser set and above the tighter set. The same is true
for the distributions in figure 5.4b, where D pr bin [2,3) GeV/c contains no entries for
jet pr > 10 GeV/c. The distributions are not expected to be the same or consistent, and
indeed they are not.

The jet pr distributions from the orange procedure with efficiency correction are
shown in figures 5.4c and 5.4d. The latter contains the distributions for the additional
DP pr cut. In both figures, again, the distributions from the central set are between the
distributions from the looser and tighter sets for almost all bins. This indicates that the
efficiency correction is (nearly) correct.

The fully corrected jet pr distributions, shown in figure 5.4d, have similar shapes for
the four sets. However, the distribution of the looser selection cut set is often out of range
of error from distributions of the central set (and others). The distributions of AR and
the tighter selections cut sets are almost always within range of error of the distribution
of the central set.

Figure 5.3 presents the difference between the fully corrected jet pr distributions
from the AR, looser and tighter selection cut sets and the central selection cut set.
The difference between the distributions from the central and AR sets is around 0. As
expected, the deviation of the distribution of the looser and tighter sets from the central
set is approximately mirrored: when the deviation of the tighter set is —Y, the deviation
of the looser set is approximately +2Y.

The maximum difference is about 8-1073 (GeV/c)~!. This is 3 times larger than the
maximum difference in the fully corrected purple procedure. Most entries deviate by less
than 21073 (GeV/c)~!. This is the maximum deviation in the purple procedure.
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Figure 5.3 — Difference between the entries from the distributions from the corrected
orange procedure for: the looser, tighter and AR selection cut set compared to the
distribution from the central cut set. These are in green, pink and black, respectively.
The fully corrected orange procedure is not consistent under different selection cuts.
Most entries deviate by about 21072 (GeV/c)™*. This is the maximum deviation in
the fully corrected purple procedure.
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(c) Jet pr distribution from the orange procedure, corrected for efficiency.
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(b) Jet pr distribution from the orange procedure without efficiency cor-
rection. For D° pr bin [2,3) GeV/c, the contributions of jet pr > 10
GeV/c have been removed.
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(d) Jet pr distribution from the orange procedure, corrected for efficiency.
For D° pr bin [2,3) GeV/c, the contributions of jet pr > 10 GeV/c
have been removed.

Figure 5.4 — Comparison of the jet pr distribution from the orange procedure with and without efficiency correction and D° pr cut.
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The purple and orange procedure with D° pr bin [2,3) GeV/c removed for jet pr
> 10 GeV/c are compared per selection cut set in figure 5.6. The fully corrected jet
pr distributions from the purple and orange procedure are shown in dark blue and red,
respectively. The distributions from the purple and orange procedure without efficiency
correction are shown too, in light-blue and pink, respectively.

First consider the distributions from the procedures without efficiency correction.
They are not expected to be the same, however for some bins they are within range of
error. For the looser selection cut set (figure 5.6¢), the entries are not within range of
error but the shape of the distributions is very similar.

The fully corrected distributions are expected to be the same or consistent within
range of error. Similar to the situation in figures 5.2c¢ and 5.2d, this is difficult to
determine due to the size of the errors of the distributions from the purple procedure.
The difference between the jet pr distributions from the fully corrected orange and purple
procedure per set, shown in figure 5.5, can give an indication if the two procedures are
consistent.

The corrected distributions from the looser set in figure 5.6¢ are not consistent, unless
the errors in its corrected purple procedure distribution are much larger than the errors
in the distribution of the corrected orange procedure.

The jet pr distributions from the corrected purple and orange procedure from the
central (figure 5.6a), tighter (figure 5.6d) and AR (figure 5.6b) selection cut set have
consistent entries in the same five bins. This is also shown in figure 5.5: the difference
between the two procedures is approximately 0.

This shows that the jet py distributions obtained with the fully corrected orange and
purple procedure are nearly the same for the central, tighter and AR selection cut sets.
The systematic uncertainty due to the method of analysis depends on the selection cut
set and jet pr bin, but is mostly no more than 21073 (GeV/c)~t.
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Figure 5.5 — Difference between the entries from the jet pr distributions from the corrected
purple and orange procedures. The central set is shown in blue; AR in black; looser in
green and the tighter set in pink. The consistency of the two procedures depends on
the selection cuts.
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(c) Jet pr distributions for the looser selection cut set.
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(d) Jet pr distributions for the tighter selection cut set.

efficiency correction are shown in pink and light blue. The distributions with efficiency correction are shown in red and dark blue.
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Chapter 6

Conclusion and Outlook

The charm jet transverse momentum distribution is an important observable when it comes to charm
production and studying the Quark-Gluon Plasma that may be produced in Pb-Pb collisions in ALICE.
In this study, the systematic uncertainties in the obtained jet pr distribution due to selection cuts and
method of analysis have been investigated. This distribution was obtained from the invariant mass distri-
bution of (K)-pairs, D%-meson transverse momentum and the transverse momentum of jets containing
a D°-meson.

The following conclusions can be drawn:

e The purple procedure with efficiency correction is very sensitive to fluctuations. The correct cuts in
DO pr have to be made in order to obtain a reasonable invariant mass distribution and consequently
a reasonable jet pr distribution. The errors in the parameters and jet pr distribution resulting from
the corrected purple procedure are unrealistically small. The shapes of jet pr distributions for the
four selection cut sets are not similar.

e The orange procedure with efficiency correction is not very sensitive to fluctuations, since corrections
for background effects are done before correcting for efficiency. The shapes of the jet pr distribution
for the four selection cut sets are similar.

e In case of the purple procedure, correcting for efficiency does not lead to the expected configuration
where the jet pr distribution from the central selection cut set lies beneath the distribution from
the looser selection cut set and above the distribution from the tighter selection cut set. On the
contrary, this configuration is found in the orange procedure.

e The jet pr distribution from the fully corrected purple and orange procedures are not consistent
with itself for various selection cut sets. The systematic uncertainties are approximately 1-1073
and 21073 (GeV/c)~1, respectively.

e The fully corrected purple and orange procedure are not consistent with each other. They are nearly
consistent for three out of four selection cut sets. Moreover, this confirms that the obtained jet pr
distribution depends on the selection cut set.

Especially the purple procedure as described in this thesis is not optimal yet for obtaining the jet
transverse momentum distribution. This procedure can be improved by finding more favourable cuts to
minimise the influence of background, fluctuations and absence of signal. It is also necessary to determine
an approach that results in more realistic errors.

The orange procedure can be studied and optimised in an attempt to reduce the systematic uncertainy
due to selection cuts.

The full analysis also includes unfolding the jet transverse momentum distribution. The results in this
study were not unfolded. Hence, unfolding needs to be worked into the two procedures. In the purple
procedure, this could be done when obtaining the final jet py distribution. In the orange procedure,
the distributions per D° pr bin could be unfolded before correcting for efficiency and adding them up.
Another option would be unfold the final jet pr distribution.

The comparison of the jet transverse momentum distribution for four selection cut sets and two
procedures has resulted in an estimate of the systematic uncertainties of the analysis and at the same
time demonstrated that there is room for improvement.
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Appendix A: Selection cuts

Tables 1, 2 and 3 list the selection cuts on D° and its daughters (pion and kaon) for the 10% most central events
for the looser and tighter cuts and Andrea Rossi’s cuts, respectively.
The tighter cuts have the following changes with respect to the central cuts:

L4 DCAtighter = DCAnormal —0.010

L (dgdg)tighter = (dgdg)normal + 15%(d§dg)normal

L4 |COS(9point)|XY7 tighter = |COS(9paint)|XY, normal + 0.05

o If |cos(Opoint)| xv, tighter > 0.98, then set |cos(Opoint)| xv, tighter = 0.98

The looser cuts have the following changes with respect to the central cuts:

L4 DCAlooser = DCAnormal +0.015

L4 (dgdg)looser = (dgdg)normal - 15%(dlgd8)normal

® |COS(9pomt) |XY, looser

‘Cos(gpoint) |XY, normal — 0.05

DY pr (GeV/e) | 2-3 34 45 5-6 6-8 | 812 | 12-16 | 1620 | 20-24 | 24-00
Amp, (GeV/c®) | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400
DCA (cm) 0.0400 | 0.0400 | 0.0400 | 0.0400 | 0.0450 | 0.0500 | 0.0550 | 0.0550 | 0.0550 | 0.0550
cos(67) 0.8 0.8 0.8 0.8 0.8 1.0 1.0 1.0 1.0 1.0
K pr (GeV/c) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
7 pr (GeV/e) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
[dE| (cm) 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
[d%] (cm) 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
dfdz (10 % em?) | 3.8250 | 3.0600 | 2.2950 | 1.7850 | 1.1900 | 0.4250 | 0.0850 | 0.0850 | 0.0850 | 0.0850
c08(Bpoint) 0.90 | 090 | 090 | 087 | 0.83 | 0.80 | 078 | 0.77 | 0.77 | 0.77
1cos@poimt)lxy | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998
Lxy 7 5 5 5 5 5 8 6 6 6

Table 1 — Looser selection cuts for D° of the 10% most central events. These are a variation of the central cuts.

DY pr (GeV/c) 23 34 45 5-6 6-8 | 812 | 12-16 | 16-20 | 20-24 | 24-00
Amp, (GeV/c®) | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400 | 0.400
DCA (cm) 0.0150 | 0.0150 | 0.0150 | 0.0150 | 0.0200 | 0.0250 | 0.0300 | 0.0300 | 0.0300 | 0.0300
cos(6%) 0.8 0.8 0.8 038 0.8 1.0 1.0 1.0 1.0 1.0
K pr (GeV/c) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
™ pr (GeV/e) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
[dE] (cm) 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
[dx] (cm) 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
dkdz (10-% em?) | 5.1750 | 4.1400 | 3.1050 | 2.4150 | 1.6100 | 0.5750 | 0.1150 | 0.1150 | 0.1150 | 0.1150
c08(Bpoint) 098 | 098 | 098 | 097 | 093 | 090 | 088 | 087 | 0.87 | 0.87
c08(Bpoint)|xy | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998 | 0.998
Do 7 5 5 5 5 5 8 6 6 6

Table 2 — Tighter selection cuts for D° of the 10% most central events. These are a variation of the central cuts.
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Table 3 — Andrea Rossi’s selection cuts for D° of the 10% most central events.
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Appendix B: Results

In this appendix, the results for the looser, tighter and AR selection cut sets are shown. The following definitions
are used for the purple procedure:

e Raw Purple: purple procedure without correction for efficiency.

e Raw Purple with extra D°® py cut: purple procedure without correction for efficiency. For jet pr > 10
GeV/c, DY pr bin [2,3) GeV/c is removed.

e Purple: purple procedure with efficiency correction.

e Purple with extra D° pr cut: purple procedure with efficiency correction. For jet pr > 10 GeV/c, D° pr
bin [2,3) GeV/c is removed.

For the orange procedure there are similar definitions:
e Raw Orange: orange procedure without correction for efficiency.

e Raw Orange with extra D? pr cut: orange procedure without correction for efficiency. In D pr bin [2, 3)
GeV/c, contributions of jet pr > 10 GeV /¢ are removed.

e Orange: orange procedure with efficiency correction.

e Orange with extra DY pr cut: orange procedure with efficiency correction. n D° pr bin [2,3) GeV/c,
contributions of jet pr > 10 GeV/c are removed.

Commentary on the results can be found in the captions of the figures. The literary value of the mass of
the D%meson is (1864 4 0.05) MeV /c2.

Looser selection cut set

In this section, the results from the purple and orange procedures for the looser selection cut set are presented.
Figure 1 shows the invariant mass distributions for the Raw Purple procedure with and without extra D° pp
cut. Figure 2 shows the invariant mass distributions for the Purple procedure again with and without extra D°
pr cut. The parameters from all versions of the purple procedure are shown in figure 3.

The invariant mass and jet pr distributions from the orange procedure are shown in figure 4. The invariant
mass distributions are the same for all versions of orange. The only difference between the jet pr distribution
of (Raw) Orange and (Raw) Orange with an extra D° pr cut is that the contributions of jet pr > 10 GeV/c
in D% pr bin [2,3) GeV/c are removed. The parameters of the Orange procedure (same for all except the final
jet pr spectrum) are shown in figure 5.

The jet pr distributions are compared in figure 6.
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(b) Raw Purple procedure with extra D° pr cut. With the cut, the fit in bin [16,19) GeV/c did not fail,
although the peak is broader than the adjacent bins. This is unusual.

Figure 1 — Invariant mass distributions from the Raw Purple procedure.



-20.0<jetp_ <-10.0 GeVic } -10.0<jetp_ <-5.0 GeVic ) -5.0 <jetp, <0.0 GeVic

§ 26000 ] H
5 LI i +
20000 169 ssof-
18000 E
140} 500
16000 E
14000 120 0=
12000 a00f-
10000 . 100 2 E 2
|1 = (1870.84 £ 0.63) MeV/c 1= (1846.20 + 1.27) MeVIc ssof 1 =(1867.32 + 0.11) MeV/c
S0F 5(30) = (30043.69 * 647.08) Wl  S(30)=(1892576.07 + 77265.07) E S(30)=(20821453 + 1986.62)
T+ T+ T % ey + T T+ - T+ T + —— T+ T+ g ey %
Invariant Mass (1 K) (GeVic? ) Invariant Mass (1 K) (GeVic? ) Invariant Mass (K) (GeVie? )
) 0.0 <jet p, < 5.0 GeVic , 5.0<jet p, < 10.0 GeV/c . 10.0 < jet p, < 12.0 GeVic
0 N o . i
5 HEG H
850} 700] )
) es0) 10f~
750} F
700| ool 160f=
6s0) 550 E
s00) 500 1o
50 F
1 = (1865.98 + 0.08) MeV/c’ 450 1t = (1865.15 £ 0.07) MeV/c® 120p= 1 = (1868.27 + 0.10) MeV/c®
S0 S (30) = (388836.11 + 2409.23) S (30) = (324255.01 + 2071.85) + E S (30) = (68039.61 * 952.88)
I I I I I L 400 I I I I I I L. J I I I I I
T TH T b T Th e b T T e s T
Invariant Mass (1t K) (GeVic” ) Invariant Mass (1t K) (Gevic” ) Invariant Mass (1K) (Gevie” )
" 12.0 <jet p < 16.0 GeVic " 16.0 < jet p, < 19.0 GeVic 19.0 <jet p. < 23.0 GeVic
¢ E £ 120) g 80000
Lo} 70000|
100 ss000)
&0000)
0 55000 =
oF o + +
3 ss000 -
2 E 2 N 2
1= (1869.19 + 0.27) MeV/c F 1 = (1866.30 + 0.22) MeV/c’ 40000 1 = (1865.15 + 0.34) MeV/c
S (30) = (154019.77 + 1912.24) wf  S(30)=(32030.65 + 470.43) sof- S (30)= (5221154 £ 985.83)
T T+ T + P " T T+ T 4 i 3~ = T B T P 3=
Invariant M (1 ) (GeVic ) Invariantbiass 1 K) GeVic ) nvariant iass (1 K) GeVic?)

(a) Purple procedure. The peak in bin [—10,—5) GeV/c is unexpectedly flat and broad. The peak in bin
[12,16) GeV/c is broader and lower than in the adjacent bins. The peaks in bins [10,12) and [16, 19)
GeV/c are very sharp.

-20.0 <jet p. < -10.0 GeV/c X -10.0 <jet p. < -5.0 GeV/c . -5.0 < jet p. < 0.0 GeVic

§zaonu = g
B 2o o + H +
2200 + ol
18000 E
140 s00f=
16000 E
14000 120) 40| :_
12000 soof
10000 . 100 ) E ,
|1 = (1870.84 £ 0.63) MeV/c |1 = (1846.20 + 1.27) MeV/c s H=(1867.32 £ 0.11) MeV/c
Lo S (30) = (30043.69 * 647.08) M S (30) = (1892576.07 + 77265.07) E S (30) = (208214.53 + 1986.82)
™ Th B 5 B o T T i T T+ + T T T g i +
Invariant Mass (1 K) (GeVic® ) Invariant Mass (1t K) (GeVic” ) Invariant Mass (1t K) (Gevie” )
| 0.0 <jet p, < 5.0 GeVic | 5.0 <jet p, < 10.0 GeVic 10.0 < jet p, < 12.0 GeVic
0 o
- RS = +
850} 700]
s0000)
a00)
ss0) F
750) sso00 -
700) o) E
so000 =
os0) 550 3
o00) w0 asoonf-
550 N 2 40000 f~ 2
11 = (1865.98 + 0.08) MeV/c - 11 = (1865.15 + 0.07) MeV/c E 1= (1864.96 + 0.42) MeVIc
50 S (30) = (388836.11 + 2409.23) 0 S (30) = (324255.01 + 2071.85) + s S (30)= (2052831 + 721.38)
. TH T % T+ 3 E TH gx: 5 g ) T 75 TH 5 b )
Invariant Mass (11 K) (GeVic? ) Invariant Mass (1t K) (GeVic” ) Invariant Mass (1 K) (GeVic” )
12.0 <jet p. < 16.0 GeV/c 16.0 < jet p, < 19.0 GeV/c 19.0 <jet p, < 23.0 GeVic
£ o000 £ £ 25000)
H + S0 H
aso00
+ + w000 o
80000
} 24000
75000 22000
2000 E
70000 F
65000 = 30000 20000f=
20000) E
60000 E
26000] 18000f
ssoo0 - E
24000 L
50000 f~ | = (1857.58 + 0.50) MeV/c’ W= (1864.01 + 0.33) MeV/c® + H 16000f= = (1862.93 + 0.51) MeV/c®
45000 = S (30) = (28002.46 * 831.94) + 22000 S (30) = (9715.53 * 394.04) E S (30) = (17375.32 + 592.91)
L L L L L L L h s h s L L
T TF TH

T TS T TS T 7 e TE T TS T 2 g g 2
Invariant Mass (1 K) (GeVic?) Invariant Mass (1 K) (Gevic?) Invariant hass (1 K) (Gevic? )

(b) Purple procedure with extra D° pr cut. The cut did not improve the invariant mass distribution in bin
[12,16) GeV/c. The peaks in bins [10,12) and [16,19) GeV/c are now less sharp.

Figure 2 — Invariant mass distributions from the Purple procedure.



VII

Invariant Mass (TtK) (MeV)

Ratio s/b

(a) Parameters from the (Raw) Purple procedure. Almost all mass values of the purple procedure deviate
from the literary value of D° mass, though it is hard to judge due to the small errors. The values of

Invariant Mass (1K) (MeV)

Ratio s/b

(b) (Raw) Purple procedure with extra D° pr cut. Some mass values from the purple procedure are now

Figure 3 — Parameters from the (Raw) Purple procedure with extra D° pr cut. The parameters from Raw Purple

Mass

1870

1865

1860

1855

1850

1845

-

Mass
—— Unweighted mass
:¥:

KR

SETTTI T T T

|
-15

1
-10 -5 0 5 10 15 20
Jet p, (GeVic)

Signal over background ratio

s/b

Unweighted s/b

——

=10 LLLL A L) L] L) LU LLLL LLLLY LLLL L

—— :*:

|
-15

1 1
=10 =5 0 5 10 15 20
Jetp_ (Gevic)

sigma are mostly the same.

Mass

1870

1865

1860

1855

1850

1845

.

SETTTTI I T

—— Mass
Unweighted mass
q: ——

-15

15 20
Jetp, (Gevic)

Signal over background ratio

0.:

IS

0.:

w

0.

N

s/b
Unweighted s/b

7

o
B

.t

ST I T[T T T T[T

!
-15

———
——
1 1 1 1 1
-10 -5 0 5 10 15 20
Jetp, (Gevic)

Sigma (MeV)

T

dN/dp
[ll

Sigma (MeV)

.

dN/dp

70

6

3

5

=]

4

S

w
S

T

2

S

1

S

10

10

10

E

10

70

6

3

5

S

4

S

w
S

2

S

1

S

10

10

Sigma

—— Sigma
+ —— Unweighted sigma

=¢=Ii++*+

——
1 | | 1 1 1

ST

-15 -10 -5 0 5 10 15 20
Jet P, (GeVic)

Jet P, spectrum

Jet spectrum
Unweighted jet spectrum

—e——

e

=
&
J
o
o
=
-
e

0 25
Jetp, (GeVi)

Sigma
= —— Sigma
F + —— Unweighted sigma
:__._
F _‘_4‘#
E =*=_._
= ———
F ——
E 1 1 1 1 1 1 1
0 -15 -10 = 0 5 10 15 20
Jetp_ (Gevic)
Jet pT spectrum
E Jet spectrum
F Unweighted jet spectrum
E —_—
E ——
B ——
E ——
F o
E —_——
L — -+
=—t— —+ 1,
B 1 1 1 1 1 1 1
0 = 0 5 10 15

0 25
Jetp, (Gevic)

around the literary value. Sigma mostly increases. The jet pr distribution increases at its tail.

are shown in blue; from Purple in red.



VIII

20<D° P, <3.0GeVic 3.0<D° P, <4.0GeVic 40<D° P, <5.0GeVic
g‘-’ﬁ > é 1000y guoo
S 3000) u u
3800)
2800F LLH » 1300|
2600) E_-HLH:L:W:LH [ Signal regior 3600 LL‘:H:LH h £ Signal regio H 2 Signal regio
g_l:L\:_L‘LH:I_:I_H 2 Sideband region 3a00f [ Sideband region 1200f [T Sideband region
2400 ‘—,_t
s e 3
2200 N 1100f
l—‘:L‘:j:L‘:H-\LL‘:HqT h :—LH 3000) h‘l ‘ijLL“:Hp N P
anofl il T i : !
R h R L Aqqht TLuLLLL d 1000 bl
1800 W =(1867.28 + 1.24) Mevic? bl 2600) W = (1862.17 + 2.00) MeV/c? [ W =(1861.42 + 2.64) MeVic?
LL Signif.(30) = (9.9 +1.1) ‘I_L‘LI_:I_L‘ E Signif.(30) = (7.8 + 1.1) F Signif.(30) = (8.6 +1.2)
1600F $(30)=(1277.76 +141.97) S (30) = (1324.19 + 196.64) e S (30) = (103851 + 148.49)
AR P e 2400 nus ny oo e I W B ST R
175 1.8 1.85 175 18 1.85 1 175 1.8 1.85 19
Invariant Mass ('n K) (Gevlc ) Invariant Mass (n K) (Gev/c ) Invariant Mass (n K) (Gev/cz)
5O<D°pT<&0Gevm &O<D°pT<&OGeWc &o<D°pT<1zoeevm
§ 500F 2 F g F
[ [ 240
450~ L [
k =7 Signal regior| S00F £ Signal regior] 220:_ £ Signal regior|

£ Sideband regi =) Sideband region 3 Sideband region

180

w
&
S

ol
Hoo
H_L\_H

160

o =
(it h

Sl g
LT :
140 :{‘L Signif.(30) = (8.5 + 1.3)

300 11 = (1867.46 + 2.66) MeV/c® | =(1868.20 £ 4.21) MeV/c? 1 J = (1861.18 + 4.46) MeV/c?
4 Signif.(30) = (7.5 *1.1) L:L Signif.(30) = (7.7 +1.2) !
k S (30) = (499.68 +78.15) 150l S (30) = (500.06 +84.16) 1 S (30) = (523.46 +83.33) 1
75 18 85 19 195 2 175 18 T85 19 195 2 75 18 85 19 T95 2
Invariant Mass (1K) (GeV/c?) Invariant Mass (1K) (GeV/c?) Invariant Mass (1K) (GeV/c?)

(a) Invariant mass distributions from the orange procedure. This is the same for all defined versions of the
orange procedure. The signal peaks are well-defined.

20<DUpT<&OGeWC &O<D°pT<40GeWc 40<D°pT<5OGeWc

T
"
S
u

s F o g 120F
3 160F 3 3 F
g F g + s
140F 200 1001
120F [
E sof-
100F 150) :
80 —+— + soF
o 100 L
+ TR T+
- :
F _+_ _+_ 5 20 _+_
20 F
b —H s +
1 1 1 1 1 1 b d 1 1 1 1 1 1 E 1 1 1 1 1 1
&0 15 10 5 0 B 10 15 .20 D T T R R ] &0 15 10 510 15 .20
Jet b, (GeVic) Jet P, (GeVlc) Jet P, (GeVic)
50<D° p, <6.0 Gevic 6.0<D° p, <80 GeVic 8.0<D° p, <120 GeVic
g F gt g F
2 sof g soF :
[ r 60
o aof 505— ++
oF o o
E E 30 —+—
20F 20k E +
3 E 20f
10:— _+_ 1'3:‘ 10 ——
—o— of—o—— 0:__0_—0—
L, 1 1 1 1 1 1 £ 1 1 1 1 1 1 1 1 o 1 1. 1 1 1 1 1 1
B T B S S R R B T B S R R SR L s s RS B R U R U]
Jetp, (Gevic) Jetp, (Gevic) Jetp, (Gevic)

(b) Jet pr distributions from the Orange procedure. This is the same for Raw Orange. In case of the extra
D° pr cut, the contributions of jet pr > 10 GeV/c in D° pr bin [2,3) GeV/c are removed. In some D°
pr bins, the yield increases rather than decreases for higher jet pr.

Figure 4 — Invariant mass distributions and jet pr distributions from the Orange procedure per D° pr bin.
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Tighter selection cut set

In this section, the results of from the purple and orange procedures for the tighter selection cut set are presented.
Figure 7 shows the invariant mass distributions for the Raw Purple procedure with and without extra D° pp
cut. Figure 8 shows the invariant mass distributions for the Purple procedure again with and without extra D°
pr cut. The parameters from all versions of the purple procedure are shown in figure 9.

The invariant mass and jet pp distributions from the orange procedure are shown in figure 10. The invariant
mass distributions are the same for all versions of orange. The only difference between the jet pr distribution
of (Raw) Orange and (Raw) Orange with an extra DY pr cut is that the contributions of jet pr > 10 GeV/c
in D% pr bin [2,3) GeV/c are removed. The parameters of the Orange procedure (same for all except the final
jet pr spectrum) are shown in figure 11.

The jet pp distributions are compared in figure 12.
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Figure 7 — Invariant mass distributions from the Raw Purple procedure. The fits look good.
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(a) Purple procedure. The peaks in jet pr range [12,19) GeV/c are slightly sharper than the adjacent bins.
In bin [19,23) GeV/c one point deviates a lot from the fitted background.
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Figure 8 — Invariant mass distributions from the Purple procedure. The peaks in range [12,19) GeV/c are now
more like the peaks in the neighbouring bins. The deviating entry in bin [19,23) GeV/c now fits more with the
background.
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Figure 9 — Parameters from the (Raw) Purple procedure with extra D° pr cut. The parameters from Raw Purple
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(a) Invariant mass distributions from the orange procedure. This is the same for all defined versions of the
orange procedure.
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(b) Jet pr distributions from the Orange procedure. This is the same for Raw Orange. In case of the extra
D° pr cut, the contributions of jet pr > 10 GeV/c in D° pr bin [2,3) GeV/c are removed. The higher
D° pr bins contain relatively more entries to high jet pr bins.

Figure 10 — Invariant mass distributions and jet pr distributions from the Orange procedure per D° pr bin.
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Figure 11 — Parameters from the Orange procedure. Mass, sigma, significance and signal /background ratio are the
same for all versions of the Orange procedure. The jet pr distribution shown is from Orange. The entries in the
mass histogram are higher than the literary mass of D°. Sigma and s/b ratio mostly increase. The significance
is above 3 sigma, meaning the invariant masses found are relevant.
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Figure 12 — Comparison of final jet pr distributions. Shown are: Orange (red), Raw Orange (pink), Purple (blue)

and Raw Purple (light blue). The additional D° pr cut has improved the consistency between the purple and
orange procedure.
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AR selection cut set

In this section, the results of from the purple and orange procedures for the AR selection cut set are presented.
Figure 13 shows the invariant mass distributions for the Raw Purple procedure with and without extra D° pp
cut. Figure 14 shows the invariant mass distributions for the Purple procedure again with and without extra

DO pr cut. The parameters from all versions of the purple procedure are shown in figure 15.

The invariant mass and jet pp distributions from the orange procedure are shown in figure 16. The invariant
mass distributions are the same for all versions of orange. The only difference between the jet pr distribution
of (Raw) Orange and (Raw) Orange with an extra DY pr cut is that the contributions of jet pr > 10 GeV/c
in D% pr bin [2,3) GeV/c are removed. The parameters of the Orange procedure (same for all except the final
jet pr spectrum) are shown in figure 17.

The jet pr distributions are compared in figure 18.
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Figure 16 — Invariant mass distributions and jet pr distributions from the Orange procedure per D° pr bin.
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