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CHAPTER 1

INTRODUCTION

In nature all elements are composed of atoms which are composed of sub-
atomic particles, such as protons, neutrons, and electrons. Why protons and
neutrons stick together in the nucleus, although their electric charges are positive
and neutral, respectively?

In nuclear and particle physics, the smallest particle that they forms protons
and neutrons is called “quark” Quarks are elementary particles in the standard
model which have never been found as isolated particle in nature because they
are held together and confined by one of the four fundamental forces namely the
strong interaction. In the standard model, there are six quark species and their six
antiparticle, they are called “antiquarks” The protons and the neutrons consist
of two quark species and three quarks, “up” quark or u-quark and “down” quark
or d-quark. Mass of u-quark is 2.16 MeV/c?, electric_charge is 2/3e and the mass
d-quark is 4.67 MeV /c?, electric charge is -1/3e (Particle Data Group et al., 2020).
so the masses of proton and neutron should be 8.99 and 11.5 MeV/c?, respectively,
but measurement show around 938.272 MeV /c¢? for the proton and 939.565 MeV/
c¢? for the neutron. What causes the different masses and how can we study the
relation between their masses and the strong nuclear interaction?

Charmonia as bound states of a charm-anticharm pairs provide an inter-
esting opportunity for studying the strong interaction. While the initial quark-

antiquark pair is produced in a hard-scattering process which can be described by



perturbative quantum chromodynamics, the quantum field theoretical formation
of the string interaction in the standard model. The subsequent formation of the
charmonium proceeds non-perturbatively and can be described in effective models
(Voloshin, 2008). One of the objective of A Large Ion Collider Experiment (AL-
ICE) (Alice Collaboration, 2014), performing one experiment at the Large Hadron
Collider (LHC), is the study of charmonium in both proton-proton and nucleus-
nucleus collisions, the latter on creating a quark-gluon plasma, which presumably
influences the production and behavior of quarkonium states.

In this thesis, we focus on the production of two lowest-lying states of
cc, charmed eta meson (7.) and J/v¢ in proton-proton collision at the top LHC
beam energy of 13 TeV. Both of them can provide multitude of hadronic decay
channels, whereas we choose the decay into a proton-antiproton pair final state
that is currently being analyzed within the ALICE group.

The data produced by ALICE are stored in AliEn, The ALICE Environ-
ment Grid Framework. The data study have been done by using AliRoot, the anal-
ysis and simulation framework for ALICE, and AliPhysics to provide the analysis
Vs = 13 TeV that are produced in 2016 until 2018.

The basicidea in the reconstruction of a certain decay channel is the de-
termination of the invariant mass of the decay of products. Hereby, it is necessary
to identify those particles, in our case proton-antiproton pairs, that stem from the
decay of 7. meson and J/1), and separate them from other random pairs of protons
and antiprotons which are produced by other sources, the so-called combinatorial

background.



CHAPTER 11

CHARMONIUM

2.1 Heavy quarkonium

Quarkonium is a composite of a heavy quark and its own antiquark. It is
the simplest system to probe such kind of physics. Two quarkonium systems, char-
monium ¢é and bottomonium bb are used for quantum chromodynamics (QCD)
studies. The strong force provides the interaction between quarks, mediated by
gluons, confining them together in hadrons, described by QCD. Quarks exist in
three different colour states, denoted as red, green and blue. The colour charge
of quarks and gluons in strong interactions is a quantum number similar to the
hypercharge and weak isospin projection in electroweak interactions.

The model to describe the bound c¢ state is non-relativistic QCD
(NRQCD). Quarks are bound by strong force with a gluon as a exchange par-
ticle. Since gluon and photon are massless vector particles, so the QCD is similar
to quantum electrodynamics (QED) for small r.. The potential of single gluon
exchange is Coulomb-like interaction 2.1. At the large distance, both quarks
are confined. Thus, the potential increase without limit which is represented by
distance-independent potential.

4 o

V(r) = 3, + br, (2.1)

where «; is strong coupling constant and b is string tension. Due to the fact

that mass of heavy quark is very large, the system is non-relativistic, quarkonium



can be described in terms of the heavy quark bound state velocity, v << 1, and
by the energy scales. The strong coupling constant can be written as the function
of interaction energy(()) and approximated by

127
(33— 2”-f)’f”(Q2/"\?g(rD)

a,(Q%) = (2.2)

where Agep is the QCD confinement scale and ny is the number of fermion flavors
with mass below ). Since the mass m >> Agep and the coupling constant
as << 1, the process, will be occured. However, this model works only for the
lowest quarkonium states. The charm quark is an elementary fermion with spin %,
thus the spin-dependent effects are considered. There are three spin interactions

as following equation:

0= 3[4 T 25

+Vss(r)[ss+1) - 5],

(2.3)

where the spin-orbit, Vg, and the tensor, Vi, terms describe the fine struc-

ture of the states, and Vg is the spin-spin interaction (Voloshin, 2008).

2.2 Previous charmonium studies

The charm particle is an one of elementary particle in the standard model
which provides unique opportunities for probing the strong and weak interaction.
The charm quark can only decay via weak decays, mediated by a W*-boson, into
a strange or down quark.

There are many experiments doing research on charm particle. The first
charm quark was found in the discovery of the J/v at Brookhaven National Labo-

ratory’s 30-GeV alternating-gradient synchrotron (Aubert et al., 1974) on Novem-



ber 1974 which is known as the November Revolution and this discovery confirmed
the existence of the fourth quark. J/1 is c¢ bound state. Their observation was
made from the reaction p+Be — et + e 4+ x by measuring the e*e mass spectrum.
The next discovery of charm particle was in the usual open charm, i.e. D-mesons
(D° and D) which is the lightest particle containing charm quarks. There are

three laboratories that have done the research on this particle.

1. BaBar collaboration - Observation of a Narrow Meson Decaying to D n®

at a Mass of 2.32 GeV/c? (Aubert et al., 2003).

2. CLEO collaboration - Observation of a Narrow Resonance of Mass 2.46
GeV/c? Decaying to D:Tn® and Confirmation of the D?; (2317) State

(Besson et al., 2003).

3. Belle collaboration - Measurements of the D,; resonance properties pro-

+

duced in continuum e*e” annihilation near 10.6 GeV center-of-mass energy

(Mikami et al., 2004).

From above publication, all of them used ete annihilation data at energies near
10.6 GeV but limited precision results are available, because of the low production
cross-section (Teklishyn, 2014).

Nowadays, the LHC can reach collision energies up to 13 TeV which pro-
vides particles containing bottom quark and these particles produce charmonium
via electroweak decay. Thus, using data from ALICE experiment can provide
the inclusive production of charmoniuin from initial hard scattering process and

bottom-hadron decay.



2.3 Charmonium production

There are two main charmonium production mechanisms. Prompt produc-
tion occurs in the primary parton interaction when their invariant mass m much
larger than the QCD confinement scale Agcp. Secondary charmonium comes from

the electroweak decays of b-hadrons, see figure 2.1.

-4 -4 ¢

=

}r],_., Jhr ..

¢

B*,B" B,

-
-

x|

=

e u.d. s

Figure 2.1 The diagram of the charmonium production from a B-meson decay

(Teklishyn, 2014).

2.4 Decay modes

The particles containing charm quark that we aimed to study is charmed eta
meson(r.). A 7 is the lightest charmonium state that can decay to stable hadron
as final state as shown in table 2:1.. Our interesting decay channel is pp, because
this channel is two-body decay which all charmonium can decay to this mode.
Table 2.2 shows the list of charmonium states decaying into a proton-antiproton
pair as final. 7. has the second largest branching ratio into this decay channel. It
is a relatively clean decay channel and the huge amount of data on tape from the
ALICE collaboration, where no one have ever done an analysis before. So, this

will be an appropriate but challenging research project.



Table 2.1 List of charmed eta meson decay modes (Tanabashi et al., 2018).

N.(1S) decay mode

branching ratio(I'; /T;otar)

KKn
nrtaT
KtK ntrn°

3(ntn™)

Table 2.2 List of charmonium states decaying into a proton-antiproton pair as

final state (Tanabashi et al., 2018).

(7.3+£0.5)%
(1.7£0.5)%
(3.5+0.6)%
(1.8+£0.4)%
(1.52 +0.16) x 1073
(3.6 £1.3) x 103

(1.09 +0.24) x 1073

mass, MeV /c? RIS B.oyps x 1072
no(1S) | 2983.9£05 |0+t(0T)| 1.52+0.16
J/(18) | 3096.900 £ 0.006 | 0-(17) | 2.121 + 0.029
xo(1P) | 341471 +£0.30 | 0+(0+*) | 0.221 £ 0.008
Xa(1P) | 3510.67 £ 0.05 | 0+(1+*) | 0.076 + 0.003

ho(1P) | 352538 £0.11 [0-(1*) | <0.15
X2(1P) | 3556.17 £ 0.07 | 0+(2%) | 0.073 £ 0.003




CHAPTER III

THE ALICE EXPERIMENT

A Large Ion Collider Experiment (ALICE) is one of main projects of Large
Hadron Collider (LHC) located at the border between France and Switzerland.
The objective of this experiment is study the physics of Quark-Gluon Plasma
(QGP) which is a state of matter where quarks and gluons are freed. To observe
this phenomenon, they have different layers of detectors to measure the particles

flying out from heavy ions collision and other collisions, such as Inner Tracking

System (ITS), Time Projection Chamber (TPC), Time of Flight (TOF) detector.

3.1 Large Hadron Collider (LHC)

Large Hadron Collider (LHC) is one of the largest high energy physics
devices that consist of particle accelerator and particle detector. To produce the
particle physies study and to understand mystery of the mteraction of matter in
our universe. The LHC is build at the European Organization for Nuclear Research
(CERN), near Geneva, Switzerland. The LHC has been designed to collide proton
beam, with maximum center-of-mass energy of 14 TeV at a luminosity of 1034
em™2s7! | as will as Lead (Pb) ions with a maximum energy of 2.8 TeV per nucleon

at a peak luminosity of 10*” cm 257! .

3.2 ALICE detector

A Large Ion Collision Experiment (ALICE) is one of main experiment at

the LHC. The main propose of ALICE is study the physics of strong interaction of
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Figure 3.1 The schematic of the layout of the LHC including each of main ex-

periments (Michel, 2020).

matter and the Quark Gluon Plasma (QGP) by means of a comprehensive study
of hadrons, electrons, muons, and photons produced in the collision of heavy nuclei
(Pb-PDb), by collision of ions and heavy ions in the middle of detector.
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Figure 3.2 The schematic of ALICE detector (Tauro, 2017).
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3.2.1 Inner Tracking System(ITS)

The Iuner Tracking System (ITS) is a tracking detector closest to beam
which is built for tracking particles and reconstructing vertex of particle decay with
a very high spatial accuracy. It is also able to contribute to particle identification
of low-momentum particles, and improve the momentum resolution of the Time
Projection Chamber (TPC).

This detector consists of a six-layer silicon detector divided in three types
of detector, with each sub-detector composed of two layers, where the inner two
layers closest to beam pipe are the Silicon Pixel Detector (SPD), the middle two
layers are the Silicon Drift Detector (SDD), and the outer two layers is the Silicon
Strip Detector (SSD). The schematic of these three types of silicon detectors as
shown in figure 3.5. The detection of particle covers the rapidity range of |n| < 0.9
for all vertices located within the length of the interaction diamond (£lo, i.e.
+5.3 cm along the beam direction). The number, position and segmentation of

the layers were optimized for efficient track finding and high impact-parameter

resolution.
ey ‘ o~ o Ny —_—TN
00 ~{SSD [ ™ o
4 . 4 { A 4 k L .I\-‘
- :;, - _'-‘I."‘-/’?T_-f 1L ’l.-/i’ ‘,"_‘.\:\‘.‘( X
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Figure 3.3 The schematic of ITS layers (The ALICE Collaboration et al., 2008).
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In 2019-2020, the ALICE collaboration will upgrade the ITS during LHC
Long Shutdown 2 to use it in the experiment after that in Run 3. The Suranaree
University of Technology helped ALICE to improve a silicon sensor to detect non-
accessible particles within the previous ITS, for example D and J/v¢ mesons and
A} baryons. This due to the fact that they contain heavy quarks, like charm and
bottom, and thus have a relatively short lifetime. After ITS upgrade, SUT plans
to do data analysis on charmed lambda baryon (A}). So before upcoming new

results, this research will be a starting point of data analysis project in the future.

Figure 3.4 Schematics of the Inner Tracking System during (a) Run 2 and (b)

Run 3 (Tauro, 2017).
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3.2.2 Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) is the main tracking detector in
the central barrel of ALICE and is optimised together with the other central
barrel detectors to provide charged-particle momentum measurements with good
two-track separation, particle identification, and vertex determination with a wide
momentum range. It covers the full azimuthal range and a pseudorapidity coverage
of || < 0.9 for the full radial track length, with the active volume spanding a radial
position of 848 < r < 2466 mm, and a large pr is covered from low pr of about
0.1 GeV/c up to 100 GeV/c with good momentum resolution.

This detector consists of a large cylindrical field cage filled with 90 m3 of a
gas mixture of primarily Ar or Ne. When charged particles propagate through the
TPC, they ionise the medium gas and provide electrons, that drifts at a speed of
2.7 cin/ps under the large voltage towards the multi-wire proportional chambers
(MWPCs), as a readout cathode on the end plates. The position of the charged
deposition ou the cathode gives the two dimensional track position in r¢, and the
time taken for the electrons to drift to the end plates gives the track position in

Z-axis,

3.2.3 Time of Flight Detector (TOF)

The Time-Of-Flight detector is a large array of Multi-gap Resistive Plate
Chambers (MRPCs), covering the full azimuthal range with a rapidity coverage
of |n| < 0.9. Tt provides particle identification in the intermediate momentum
range, below about 2.5 GeV/c for pions and kaons, up to 4 GeV/c for protons,
via the measurement of the time of flight of charged particles from the interaction
point to the TOF. The TOF work together with the ITS and TPC for track and

vertex reconstruction and for dE/dxr measurements in the low-momentum range,



13

OUTER FIELD

¢ \\ CHAMBERS

_"\

CENTRAL HV

ELECTRODE * INNER FIE

/ CAGE

Figure 3.5 Schematic drawing of the ALICE TPC (Alme et al., 2010).

which provides event-by-event identification of large samples of pions, kaons, and

protons.

3.3 Detector performance

3.3.1 Tracking

The procedure of particle track finding of central barrel tracking in AL-
ICE detector is shown in figure 3.6. First step is clusterization, which the data
collecting from detector are converted into “clusters” characterized by positions,
signal amplitudes, signal times, etc., and their associated errors. The clusteriza-
tion is performed separately for each detector. The next step is to determine the
preliminary interaction vertex using clusters in the first two ITS layers (SPD).
Subsequently, track finding and fitting is performed in TPC and ITS using the
Kalman filter technique. The found tracks are matched to the other central barrel

detectors and fitted.
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Figure 3.6 Event reconstruction flow in central barrel tracking (Alice Collabora-

tion, 2014).

3.3.2 Particle Identification (PID)

The particle identification in ALICE can either be performed using a single
detector, or using a combination of the signals from more than on detector to
optimize identification. In a traditional way, the PID can be done using number-
of-sigma (no) approach, where a selection is made on the difference between the
measured signal from the detector S and the expected response from the detector S
given a particle species hypthesis H;, divided by the detector resolution o; where
no=8-28 (H;)/o;. . This can be done for multiple detectors to cover different
kinematic regions and particle type.

The TPC performs the PID via measurement of the energy loss per unit
length dFE/dzx, or specific energy loss, which is related to the number of mea-
sured electrons ionised by the charged particle propagating through the TPC. The
specific energy loss of a given particle is describe by the Bethe-Bloch formula,

and in ALICE a parameterisation of this formula, which propose by the ALEPH
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collaboration (Blum et al., 2008). The formula can be written as

P
BPs

1

(Pz —51)4 —ln(P3+ W

f(Bv) = ), (3.1)

where P;_g are parameters form fitting measured specific energy loss. The figure
3.7 shows the specific energy loss of measured tracks in proton-proton collision
as function of the track momentum, along with the Bethe-Bloch characterisations
for different charged particles, which can clearly be seen a separation between the

particle species.

T T T rrrr

ALICE performance
pp.Vs=13TeV
8=02T

L

Energy deposit per unit length (keV/cm)

Momentum (GeV/c)

Figure 3.7 Specific energy loss (dE/dz) versus particle momentum in the TPC in
pp collisions at /s = 13 TeV. The lines show the parametrizations of the expected

mean energy loss (ALICE collaboration, 2015).

The PID capabilities of the TOF detector is shown in figure 3.8, where the
velocity of particle as a fraction of the speed of light 3 is plotted as a function of

momentum.
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Figure 3.8 TOF beta vs momentum performance plot in pp collisions at 13 TeV

(ALICE collaboration, 2020).

3.4 ALICE analysis

3.4.1 AliRoot/AliPhysics, the ALICE analysis framework

AliRoot uses the ROOT (CERN Collaboration, 2014) software as a founda-
tion on which the framework for simulation, reconstruction and analysis is built for
high-energy physics experiments. The GEANT3, GEANT4, and FLUKA packages
perform the transport of particles through the detector and simulate the energy
deposition from which the detector response can be simulated. Except for large
existing libraries, such as Pythia6 and HIJING, and some remaining legacy code,
this framework is based on the Object Oriented programming paradigm, and is
written in C++.

AliPhysics is software repository of the Physics Board which coordinates
data analysis via the Physics Working Groups (PWGs) (ALICE Collaboration,

2019). At present, the following PWG have started their activity:
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Figure 3.9 The general schema of the AliRoot architecture (CERN Accelerating

science, 2011).

PWG-CF - Correlations and Flow;

PWG-DQ - Dileptons and Quarkonia;

PWG-GA - Neutral Mesons decaying into photons,;

PWG-HF - Heavy Flavour;

PWG-JE - Jets;

PWG-LF - Light Flavour Spectra;

PWG-PP - Physics Performance;

PWG-UD - Ultraperipheral collisions and Diffraction;

PWG-MM - Monte Carlo generators and Minimum Bias physics;
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In this research, we will use software from two groups, the PWG-DQ for the
charmonium analysis, and the PWG-LF for the proton-antiproton invariant mass

spectra.



CHAPTER IV

ANALYSIS OF CHARMONIUM DECAY TO

PROTON-ANTIPROTON PAIR

4.1 Analysis Overview

The measurement of charmonium was performed by searching the pairs of
p and p from pp collisions at /s = 13 TeV with the ALICE experiment. The result
of particle collisions from the ALICE detector are stored in the ALICE GRID. The
first section details the process of retrieving the experiments data from the ALICE
GRID using AliRoot framework. After the data has been collected, the next step
is the selection of p and p candidates for reconstructing the four momentum vector
of the charmoniums and invariant mass by energy-momentum conservation. The
production yield of charmonium is drowned by the combinatorial background, in
section 4.6 show the techniques and result of background subtraction. The last
section is signal extraction by using Gaussian function and quadratic function to

obtain the signal distribution and residue background, respectively.

4.2 Retrieving data from ALICE GRID

All data from experiment are stored in the ALICE GRID as ESDs and
AQDs files. ESDs are Event Summary Data and AODs are Analysis Object Data
(ALICE Collaboration, 2010), both are a tree structure which contains the recon-
structed data for each event, namely tracks with particle identification information,

i.e. measured momentum together with information such as the measured vertex
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position and other so called global event properties.

However, AODs and ESDs require huge storage space about petabytes
which is imposible to download these files. The list of run numbers that are
provided by pp collisions in Run 2 from 2016 to 2018, are shown in appendix V.
Each of them require time to submit the analysis task for running the calculation.
Thus, toreduce the process of calculation on huge data files, a new data structure is
introduced for selecting only the specific information that for the analysis at hand.
This new data structure called “AliAnalysisCODEX”. it was used for searching
exotic hadrons, by selecting necessary information of stable particles from ESDs,
such as event properties, the momentum vector of particles, the particle identifi-

cation of the detector, and significance of the signal.

4.3 Event selection of pp collision

After the data was retrieved from ALICE GRID using AliRoot, the next
process is the selection of proton and anti-proton for reconstructing the charmo-
nium candidates. First, considering the event properties, to classify the good pp

collision events, there are three criteria:

e The position of the primary vertex along the beam direction is less than
10 centimeter for avoiding TPC limiting plane, where the primary vertex is

interaction point of pp collision.

« Particle multiplicity is higher than zero to confirm that a collision has oc-

curred and there are produced particles.

e The number of protons and antiprotous passing track selection is at least one
for each, where the candidate tracks are kept to combine with other events

for background subtraction, more explanation in section 4.6.2.
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4.4 Proton and antiproton track selection

The second step is track selection. The proton and antiproton track can-
didates in the midrapidity region (|n| < 0.8) are required to have the following

criteria:

4.4.1 Track quality requirements in ITS and TPC

To select the proton and antiproton tracks that was reconstructed from the

cluster of particle interacting with the tracking systems, such as ITS and TPC.

o There are track hits on the SPD layers of I'TS.
o At least 70 in the TPC.

« Quality of track reconstruction, x?/ndf < 4

o There are track refit in both TPC and ITS.

o The track has no kink.

« A distance of closest approach to primary vertex smaller that 200 mmn in z

direction and-1.05 + 3.5/pk! mm in zy plane.
» Transverse momentum pr > 0.30 GeV/c.

 Pseudorapidity interval |n| < 0.8.

Here is the explanation of the criteria above. Due to the charmonium
being a short-lived particle with a very low decay length( ~ 6 fm), the proton and
antiproton tracks have to move pass the first two ITS layers, the SPD . Hence,
the track should be triggered by at least 2 ITS layers. For the stable proton and

antiproton, both of them have to pass though all the central tracking. To know
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that, the track must be detected by TPC with at least 70 number of clusters.
This number came form the energy resolution of TPC scaling according to the law
04E/dz X 1/4/n, where n is number of clusters in the TPC (Alme et al., 2010). And
the quality of track reconstruction is considered by chi-square of track fitting. For
make sure that ITS and TPC detected the same particle, the track is need to be
refitted in both ITS and TPC. The track required to have no kink to confirm that
the particle do not produce any neutral particle by decays. The distance of closest
approach (DCA) is very useful to separate primary, secondary, and background
tracks. The secondary tracks are produced by either decays or interactions with
the detector, they are unlikely project back to primary vertex. But the secondary
protons and antiprotons from the short-lived particles need to point to primary
vertex. For the DCAs along beam direction (z-axis) are required to be smaller
than 200 mm and the maximum DCAs in transverse plane depend on transverse
momentum. To reduce the background tracks, the TOF is required for identifying
protons and antiprotons. Hence, the transverse momentum of particle is bigger

than 300 MeV /c for reaching the TOF.

4.4.2 Particle identification selection

The charged particle tracks can be elassified by using TPC and TOF signals.
The TPC measures the total energy loss per unit path length of a charged particle
by collecting drifted electrons from the ionized medium. The total energy loss per
unit path length is calculated using the Bethe-Bloch formula, which depends on
charge and rest mass in a fixed momentum bin. Figure 4.1 shows the energy loss
of charged particles vs. their momentum in the TPC.

The TOF is a detector for measuring the time of particles using to pass

the detector to detect their velocity (8) as shown in figure 4.2. The TOF also
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Figure 4.1 Total dE/dz spectrum versus TPC momentum in ALICE TPC from

pp collisions at /s = 13 TeV

identify the particle by mass measurement which is determined by its momentum

and velocity:

m= - (4.1)

Bye’
where 8 = v/cand v = (1 — 32)" /2 But there are various instrumental effect. It

is then preferable to calculate the square of the mass of the particle according to
2 2 1
m-=p (——1) (4.2)

Figures 4.3 and 4.4 show the square of the TOF mass of protons and an-
tiprotons vs. the TPC momentum. The squared mass of these particles is clustered
around the square of the exact proton mass, and there are noticeable signal in the

TPC momenta around 0.5 - 0.9 GeV/c while squared mass higher than 1 GeV?/

ct.

Before we determine the squared mass of proton and antiproton cut, we
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Figure 4.2 Total TOF speed (8) versus TPC momentum in ALICE TOF from

pp collisions at /s = 13 TeV.
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Figure 4.3 TOF mass of protons in ALICE TOF versus TPC momentum of

protons in ALICE TPC.
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Figure 4.4 TOF mass of antiprotons in ALICE TOF versus TPC momentum of

antiprotons in ALICE TPC.

show in figure 4.5 and 4.6 the number of sigma of signal distribution without
squared mass cut in TPC and TOF, respectively. Hereby sigma represent, the
standard deviation for a normal distribution used for describing the signal is used
to select the confidence interval of the signal and reject the outlier signal. There
are noticeable signals from other particles overlaping the proton/antiproton signal
at TPC momenta higher than 1 GeV/c¢ for both norpc and nopor. To reduce
these non-proton signals, we decide to use the loose squared mass interval cut
between 0.7 - 1.1 GeV?/ct.

The results of both TPC and TOF signals after using squared mass cut, is
shown in figures 4.9 and 4.10. The result of norpc and noror is shown in figures
4.7 and 4.8. We see that the signals in TPC still have the noticeable non-proton
background while the signals in TOF are much cleaner.

Figure 4.11 shows the relation between norpc and norop. Normally, the
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Figure 4.5 norpc of proton’s signals in ALICE TPC versus TPC momentum.
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Figure 4.6 nopor of proton’s signals in ALICE TOF versus TPC momentum.

general cut for number of sigmas is 3, but we want to reduce the background from

non-protons in TPC. So we use 2 sigmas for the TPC signal. For the TOF signal,
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Figure 4.8 noror of proton and antiproton signal in ALICE TOF with the

squared mass in the range between 0.7 - 1.1 GeV?/c* versus TPC momentum.
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Figure 4.9 Total dE/dx spectrum with the squared mass in the range between
0.7 - 1.1 GeV?/c? versus TPC momentum in ALICE TPC from pp collisions at

/s =13 TeV

we want to collect all possible proton, we therefore use 5 sigmas for the TOF

signal.

4.5 Charmonium candidates selection using invariant mass

reconstruction

To study short lived particles, the invariant mass is the main variable to
identify the interesting particles from a ton of particle moving out in each collision
event. Invariant mass is the mass of the particle in any frame which can be
calculated by measuring particle’s energy F and its momentum p. Consider the
two-body decay process illustrated in figure 4.14. The parent particle has an
unknown four-momentum p,, and the decay products have 4-momenta p; and py.

From Energy-momentum conservation, the sum of the 4-momenta of the decay
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Figure 4.10 Total TOF speed () versus with the squared mass in the range be-
tween 0.7 - 1.1 GeV?/c* versus TPC momentum in ALICE TOF from pp collisions

at /s = 13 TeV.
products equals the four-momentum of the parent particle:
Pp=p1+ P2 = (Er + B, 1 + p2). (4.3)

The square of the 4-momentum p, provides the square of the mass, m,, of
the parent particle. A measurement of the momenta of the decay products and
calculation of the square of the sum of their 4-momenta can identify the parent

particle species. The mass of the parent particle is given by the square of p,:
Py = ms = (B + Ep)* — |p1 + p2|?,
m2 = E} + 2E1Ey + E} — |p1|* — |p2]® — 2Py - o,

=mi +mj + 2B B — 251 - fa. (4.4)
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Figure 4.11 The relation between norpc and noror of proton/antiproton track

that is measured by ALICE TPC and TOF from pp collisions at /s = 13 TeV.

4.6 Combinatorial Background Estimation

The charmonium candidates are reconstructed from all possible pairs of
protons and antiprotons, including correlated pairs that came from charmonium
decay, and uncorrelated pairs, for example, there are N charmoniums produced in
an event, that decay into N* protons and N~ antiprotons, there are Nt N~ = N?
charmonium candidates and N? — N combinatorial background. In real exper-
imental events there is a huge background of protons and antiprotons not only
stemming from the decay of charmed eta mesons, but e.g. from weak decays of
hyperons or from spallation processes with the detector material. Since the amount
of background sources is large compared to the number of signal events. It is chal-
lenging to find the of signals within the sea of background. The importance of the
background reduction is to increase the significance of signals, which is calculated

by:
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Figure 4.12 Total dF/dx spectrum with the squared mass in the range between
0.7 - 1.1 GeV?/c*, |norpe] < 2, and |nopor| < 5 versus TPC momentum in

ALICE TPC from pp collisions at 4/s = 13 TeV

Significance = ——S— (4.5)

vVS+ B’

where S is number of investigated signals given by integrating of signal
distribution over the confident interval, and B is number of the background under
the signal distribution in the same range. In the ideal, if the estimated background
provide a similar shape to the spectrum and get rid of the rest background, the
best significance is equal to S/ V/S. Otherwise, if the background are a lot more
than the number of signal, the significance become zero.

To optimize the signal for high significance, there are three techniques to

reproduce the uncorrelated pairs distribution to subtract background.
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Figure 4.13 Total TOF speed (8) versus with the squared mass in the range
between 0.7 - 1.1 GeV?2/c? | Inorpa| < 2, and |noror| < 5 versus TPC momentum

in ALICE TOF from pp collisions at /s = 13 TeV.
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Figure 4.14 Kinematics of two-body decays and invariant mass reconstruction.

4.6.1 Like-sign pair method

The invariant mass spectrum of charmonium is reconstructed from protons

and antiprotons, where both have the same properties except their charge, the so-
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Figure 4.15 The invariant mass spectrum of charmonium candidates reconstruct-
ing from proton-antiproton pairs versus its transverse momentum in the midra-

pidity. ly| < 0.5.

called unlike-sign pair distribution. The unlike-sign pair distribution must contain
the correlated pairs of signals, while like-sign pair do not contain any correlation
of signal for the investigated charmed eta meson. Thus, the signal (S) can be
calculated by subtracting unlike-sign pair distribution (N*~) with like-sign pair

distribution (N*1, N~7) using the following equation:
S=Nt"—VNt+tN-—, (4.6)

4.6.2 Event-mixing method

The combination of tracks in the same event must contain some fraction of

the correlated pairs, while the tracks from different events mixed to describe the



34

Unlike-sign pair 1 Unlike-sign pair 2 Two like-sign pairs

Figure 4.16 Sketch two like-sign pairs reconstructing from two unlike-sign pairs.
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Figure 4.17 The positive like-sign pairs of charmonium candidates reconstructing

from proton-proton pairs versus its transverse momentum in the midrapidity |y| <

0.5.

combinatorial background do not contain any correlated pairs. For example, in

figure 4.19, the mixed event pair is reconstructed by using a positive track from
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Figure 4.18 The negative like-sign pairs of charmonium candidates reconstructing
from antiproton-antiproton pairs versus its transverse momentum in the midra-

pidity |y] < 0.5.

event 1 and a negative track from event 2. Thus, the signal (S) can be calculated
by subtracting the same event distribution (SE) with the mixed event distribution
(ME). But the usage of this method needs some care, for instance because each
collision event leads to different particle number of tracks in the detector. There-
fore, the event mixing is only done for events with similar characteristics, e.g. only

using events that have the same multiplicity.

4.6.3 Track rotational method

The correlation between daughter particles is kept in the 4-momentum vec-
tor, where the momentum of two daughters are equal in center-of-mass frame but

point to different directions. Then, those daughters are Lorentz boosted via the
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Figure 4.19 Sketch of a mixed event pair by using positive charged particle from

event 1 and negative charged particle from event 2.
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Figure 4.20 The mixed event background of charmonium candidates reconstruct-

ing from proton-antiproton pairs versus its transverse momentum in the midra-

pidity |y| < 0.5.
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momentum of mother. Therefore, the rotation of the momentum vector without
changing the magnitude of one daughter can break the correlation of that pair.
For example, in figure 4.21, the right sketch shows the 180-degree rotated positive
track, which causes the reconstructed momentum of the mother to not point to
the primary vertex and it becomes part of the uncorrelated background at the
same time. In this method, we implement the algorithm to rotate the proton
(antiproton) track by different angles in the range between 57/6 and 77/6 rad
in azimuth (Adam et al., 2016), where the choosing angle can be anything but
we select random angle around 7 rad for a better control over fluctuations and

breaking more the correlation sufficiently than a smaller angle.

A A
pt
ll..
- p”
4 > >
pr
Before rotating positive track After rotating positive track

Figure 4.21 Sketch of the momentum vector of positive and negative track, where
the positive track is rotated. After breaking the correlation, the reconstructed

momentum of the mother do not point to the primary vertex.

4.7 Background Subtraction

Before subtracting the background from the spectrum, we note that the
estimated backgrounds from both track rotation and event mixing have higher

statistics than the measured spectrum. Hence, these backgrounds are normalized
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Figure 4.22 The positive track rotational background of charmonium candidates
reconstructing from rotated-proton and antiproton pairs versus its transverse mo-

mentum in the midrapidity |y| < 0.5.

to be the same shape as the background of spectrum and provide the distribution
of signal higher than zero. In the case of background from like-sign pairs method,
this backgrounds provides much lower statistics compared to the spectrum in the
same momentum region, as shown in figure 4.24. The invariant mass spectrum of
this figure is represented in different integrated transverse mormentum regions, 2
<pr <4GeV/c,4 < pr <6 GeV/e, 6 < pr <8 GeV/c, and 8 < pr < 12 GeV/c.

To normalize the estimmated background, the background is scaled by the
ratio of events in the spectrum’s background over the events in the estimated
background. The spectrum’s background is determined by selecting the mass
interval that is outside of the expected peak’s region, the invariant mass of J/4 is

about 3.096 GeV/c2. Thus, we use the right-side of the spectrum in the range 3.2
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Figure 4.23 The negative track rotational background of charmonium candidates
reconstructing from proton and rotated-antiproton pairs versus its transverse mo-

mentum in the midrapidity |y| < 0.5.

- 4.0 GeV/c? to normalize the estimated background. The normalized background

(B'(m)) is given by:

I B(m!)dm!’

™y

B'(m) = B(m) (4.7)

where B(m) is the estimated background distribution, S(m) is spectrum of
charmonium candidates, m; and my are the selected minimum and maximum of
the mass interval.

The results of normalizing the background for both event mixing and track
rotation techniques are shown in the figure 4.24 and the results of using both
estimated backgrounds are shown in figures 4.25 and 4.26 for event mixing and

track rotation, respectively, where their distribution provided the similar distri-
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bution shape. Considering the invariant mass after subtraction in each transverse
momentum interval, there is only the invariant mass with integrated transverse
momentum between 6 < pr < 8 GeV/c, which shows a noticeable peak for both
n. and J/¢, and both of them are found in both background subtraction methods.
However, the subtraction leave a lot of residue background event which cannot re-
veal the distribution of signal, especially in lower momentum range that the most
production yield sit at.

Nevertheless, due to the statistic of like-sign background being too low and

high fluctuations, this method is no longer used for signal extraction in the next

section.
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Figure 4.24 Invariant mass spectrum of charmonium candidates with different

integrated transverse momentum regions.
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Figure 4.25 Invariant mass spectrum after subtraction of mixed event background

with different integrated transverse momentum regions.

4.8 Extraction of the signal

Usually, the signal distribution of short-lived particles is describe by Breit-

Wigner function,

Y 1

f(m) = o1 (m — mg)? + T2/4’

(4.8)

where my is the mass of initial particle, T is the Full Width at Halt Max-
imum of the peak, which depends on the lifetime 7 via ' = 1/7, and YV is the
yield of events. However, in the cases where the signal line shape is dominated
by smearing effects, it is often possible to model the signal peak with a Gaus-
sian distribution, where the width ¢ is determined by the resolution of the mass

measurement.
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Figure 4.26 Invariant mass spectrum after subtraction of track rotational back-

ground with different integrated transverse momentum regions.

The signal extraction is performed in two steps and is done utilizing the
RooFit package (Kirkby and Verkerke, 2006). The first step fits the background
distribution via both event mixing and track rotation methods in the sideband
region of the invariant mass spectra by an exponential function. In the second
step the signal is fitted with a double Gaussian function and the full signal-plus-
background distribution is then re-fit using a combined fit function. The combined

fit function has the following form:

¢ ~ (m+4my) Co ~ {m+4ma)
f(m) = coe™ ™ + e 1 4 ——c ¥z | (4.9)

v 2moq V21mog

where ¢y, ¢; and ¢y are normalization coefficients of the exponential and the
double Gaussian function, and o; and m; are the width and mean of the Gaussian

signal function, where 4 indicates each signal peak, assuming that the first peak is
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the 7, signal, and the second the J/1 signal. The number of signals is determined
as the integral of the Gaussian between +30, and the background is determined
as the integral of the background function in the same mass range.

Figure 4.27 and 4.28 show the fitting of 7. and J/4 candidate invariant mass
spectra subtracting background by event mixing and track rotation, respectively.
The fit results are shown in Table 4.1. However, the fitting result show that the 7,
are produced more than J/1, which conflicts to the table 2.2 that J/¢ provided
the higher branching ratio to decay into proton-antiproton pair than 7, meson.

The significance of n, and J/v¢ signal are 3.7 and 1.2, respectively. How-
ever, for a goodness of signal peak, the significance of signal-over-background are
required to be higher than 5 for reliable signal. Due to this analysis, we only found
the peaks in the 6 < pr < 8 GeV/c range, which requires more statistic to improve

the significance.

Table 4.1 The 7, and J/4 fit results from the candidate invariant mass spectra

subtracting background by event mixing and track rotation methods.

Event Mixing | Track Rotation
n. Mass, GeV /c? 2.9625+0.0035 | 2.963510.0038
J/1 Mass, GeV/c? 3.09594+0.0018 | 3.095440.0016
ne 0, GeV/c? 0.0200+0.0033 | 0.0217£0.0036
J/Y o, GeV/c? 0.007240.0012 | 0.0071+0.0010
exponential slope, o -4.029440.0665 | -3.86614+0.0661
ne Signal(30,,) 206 198
J/v Signal(30/y) 65 70
n. Significance(30,,) 3.7 3.7
J/v Significance(30/y) 1.2 1.3
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Figure 4.27 Invariant mass spectrum after subtraction of the mixed event back-

ground.

4.9 Phase space simulation for two-body decays

To understand the behavior of the charmonium decay into proton-anti pro-
ton pair, the simulation will take a role to design the kinematic selection for those
particle. In this work we use PYTHIA, the event generator for the charmonium
production in proton-proton collisions at /s = 13 GeV.

PYTHIA (Sjostrand et al., 2015) is a program for simulating collisions of el-
ementary particles and their evolution from few- body hard-scattering processes to
a complex multi-particle system in the final state. In this work, we use PYTHIAS
together with ROOT (Brun and Rademakers, 1997), the data analysis framework,
to analyze charmonium from the hard-scattering process of proton-proton colli-

sions of a center-of-mass energy of 13 TeV. Due to the low probability of n. and
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Figure 4.28 Invariant mass spectrum after subtraction of the track rotational

background.

J/1 decaying into proton and antiproton and the relatively low implemented pro-
duction cross section in the simulation of minimum bias proton-proton collisions
in PYTHIA, the configuration of PYTHIA was modified to produce only char-
monium in these ecollisions and the decay mode was forced to be 7., J/v — pp
exclusively to increase the available statistics. This simulation also provide the
invariant mass spectra with applying three reproducing background techniques to
find the best best method to subtract the combinatorial background, the results
are shown figure 4.29. Before the background subtraction, we clearly see that the
track rotation method estimates the distribution very close to the shape of the
signal, while the other two left the residue background after subtraction. Track
rotation method also provides the highest significance. Considering the combi-

nation of two particles that used for constructing distribution, track rotation are
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combination of protons and antiprotons that came from the same production as

the signal distribution, while the like-sign pair and event-mixing methods are not

the same.
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Figure 4.29 Invariant mass distribution of 7, — pp candidates in the simulation
of proton-proton collisions at 1/s=13 TeV. The top-left panel displays the invariant
mass distribution of all unlike-sign pairs together with the background distribution
estimated with the like-sign pair, event mixing, and track rotation methods. The
top-left and both bottom panels show the invariant mass distribution with fit

function after background subtraction from the like-sign pair, event mixing, track

rotation method, respectively.



CHAPTER V

CONCLUSION

This thesis has presented a measurement of two lowest-state of charmonium,
charmed eta meson (7.) and J/v in pp collision at /s = 13 TeV with ALICE at
the LHC. The selected decay mode of these particle is 7., J/¢ — pp because this is
hadronic decay which most of charmonium-like particles can decay into this mode,
as shown in the table 2.2, and it is relatively clean decay channel, with an expected
high resolution efficiency and a huge amount of data from proton-proton collision.

The data have been taken from AliEn via using AliRoot and AliPhysics
where we focus on the data of the charge hadron in central barrel tracking detector
from Run2 experiment (2016-2018 periods). To retrieve the data, we implemented
the AliAnalysisCODEX class from AliPhysics to reduce size of the ESDs data for
collectable data.

In the chapter IV, we have implemented the analysis algorithms to work
with the ALICE data. In the selection criteria, the track of protons and antiprotons
are classified by the event and track selection which is using default parameters in
analysis of ALICE data as shown in section 4.3 and 4.4. The particle identification
of protons and antiprotons also performed by sqaured mass of particle in TOF,
where the signals of proton and antiproton have been selected in the squared mass
between 0.7 - 1.1 GeV/c?. Then the protons/antiprotons are identified by using
the number of sigma cut in TPC and TOF, where the value of norpe and norop
cuts are given by 2 and 5, respectively.

The charmonium candidates are reconstructed from all possible combina-~
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tion of protons and antiprotons using invariant mass reconstruction. However,
some candidates are combinations of uncorrelated pairs, also known as combi-
natorial background. To subtract this background there are three techniques to
reproduce the shape of background. First, the like-sign pairs is method to re-
produce the background by combining the same charged particle which do not
contain distribution of the targeted signal. Second, the event mixing reproduces
background by combining tracks from different events. The last method, the track
rotation, this method rotate one of the tracks before combining in between 57 /6
and 77/6 azimutal angle. However, the like-sign pairs method do not provide
enough statistic to subtract the background from the spectra, so we design to
drop this method.

The invariant mass spectra are separate in four different transverse momen-
tum regions. After subtracting the spectra by event mixing and track rotation,
there is only one region that appears the signal peaks of 7. and J/v. Usually, the
signal of short-lived particle is described by Breit-Wigner function, but the signals
in the result is dominated by smearing effect. Thus, the Gaussian function is used
for fitting the signals, where mean and standard deviation of function represent
mass of the particle and resolution of mass measurement.

The fitting results show mass of 1, and J/1) are 2.9625+0.0035 GeV/c? and
3.095940.0018 GeV/c?, respectively, with the significance 3.7 and 1.2, respectively,
where both subtraction method provide similarly results. After comparison of
the fitted results, our analysis provides the invariant masses of both charmonium
closing the database for Particle Data Group (PDG). However the significance of
both peaks are not high enough to guarantee this measurement. Therefore, the
more statistics is required, and the selection criteria is also optimised for lower

momentum charmonium, where most of them sit in.
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Further work, we plan to separate the charmonium production from prompt
and not-prompt proudction, measure the cross-section of 7, and J/4 in pp col-
lison at 4/s = 13 TeV in a midrapidity region and also measure the branching
fraction of n, — pp and J/i¢ — pp. However, this process require the the Monte
Carlo simulation of pp collision in ALICE for measuring the exact number of both

charmonium decay in this process.
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APPENDIX

CENTRAL BARREL TRACKING FOR

HADRON RUNLISTS

The ALICE collaboration provided countless data of particle collisions that
were taken for several years and stored them into ALICE GRID. In this work, we
focus on using the data proton-proton collisions with /s = 13 TeV in central
barrel tracking, which they were collected in 2015 until long shutdown of the LHC
in 2019. We retrieved 2016 - 2018 data from ALICE GRID and the list of periods
and good run numbers as shown in the table 1, 2 and 3 for the data in 2016, 2017,
and 2018, respectively, where the runs represent the event reconstruction of the
signals form central barrel tracking. The list of good run numbers were taken from

ALICE data preparation group.
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Table 1 The list of periods and good run numbers of proton-proton collisions with

/s =13 TeV in central barrel tracking in 2016.

Period Collision System Centre-of-mass energy Number of runlists
LHC16d PP 13 TeV 18 runs
LHC16e PP 13 TeV 11 runs
LHC16g pp 13 TeV 17 runs
LHC16h PP 13 TeV 67 runs
LHC161 PP 13 TeV 14 runs
LHC16j PP 13 TeV 34 runs
LHC16k 199 13 TeV 165 runs
LHC16l PP 13 TeV 58 runs
LHC160 pPp 13 TeV 71 runs
LHC16p pp 13 TeV 42 runs
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Table 2 The list of periods and number of runlists of proton-proton collisions with

v/ = 13 TeV in central barrel tracking in 2017.

Period Collision System Centre-of-mass energy Number of runlists
LHC17¢ pPp 13 TeV 5 runs
LHC17e pPp 13 TeV 5 runs
LHC17f pPp 13 TeV 5 runs
LHC17g PP 13 TeV 31 runs
LHC17h PP 13 TeV 88 runs
LHC17i pp 13 TeV 52 runs
LHC17;j PP 13 TeV 10 runs
LHC17k PP 13 TeV 105 runs
LHC171 PP 13 TeV 127 runs
LHC17m PP 13 TeV 108 runs
LHC170 PP 13 TeV 148 runs
LHC17r PP 13 TeV 28 runs




99

Table 3 The list of periods and number of runlists of proton-proton collisions with

v/s = 13 TeV in central barrel tracking in 2018.

Period Collision System Centre-of-mass energy Number of runlists
LHC18b pPp 13 TeV 25 runs
LHC18c PP 13 TeV 49 runs
LHC18d j8]9) 13 TeV 44 runs
LHC18e 19)9) 13 TeV 41 runs
LHC18f PP 13 TeV 59 runs
LHC18g PP 13 TeV 11 runs
LHC18h pPp 13 TeV 2 runs
LHC18i PP 13 TeV 9 runs
LHC18;j PP 13 TeV 1 run
LHC18k PP 13 TeV 12 runs
LHC181 19J9) 13 TeV 76 runs
LHC18m PP 13 TeV 242 runs
LHC18n pp 13 TeV 2 runs
LHC180 PP 13 TeV 35 runs
LHC18p PP 13 TeV 73 runs
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