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Abstract

The continuum of electron-positron pairs, produced in heavy-ion collisions, provides
an excellent probe of the quark-gluon plasma and a possible chiral symmetry res-
toration, since these particles do not undergo strong final state interactions and
hence carry information about the in-medium properties of hadrons to the detect-
ors. To extract possible signatures, it is important to work with an electron sample
of high purity, i.e. not contaminated by other particles. Dielectrons are also stud-
ied in proton-proton collisions to provide a crucial reference for the measurement in
heavy-ion collisions.

This thesis presents an analysis performed on a data set of pp collisions at /s =
7 TeV measured with the ALICE detector at the Large Hadron Collider. The aim
of this work is to optimize the electron identification and to reduce the hadron
contamination. For that, four different combinations of particle identification (PID)
criteria are compared regarding the statistical significance S/og of their dielectron
signals and their electron purities. The analysis shows that one can achieve good
electron identification efficiencies and high electron purities by combining the specific
energy loss signals measured in the Inner Tracking System and the Time Projection
Chamber with the information of the Time of Flight detector. With such a PID
selection one obtains a dielectron signal with a purity higher than 82% reaching up
to 96%, depending on the invariant mass.



Kurzdarstellung

Das Kontinuum von Elektron-Positron Paaren, produziert in Schwerionenkollisionen,
enthilt wichtige Informationen {iber das Quark-Gluon Plasma und die mogliche
Wiederherstellung der chiralen Symmetrie, da diese Teilchen nicht iiber die starke
Kernkraft wechselwirken und daher Informationen iiber die Eigenschaften der Had-
ronen im Medium enthalten. Um mdgliche Signaturen dafiir zu extrahieren, ist es
wichtig, Elektronen mit hoher Reinheit zu identifizieren, d.h. das mdéglichst wenige
andere Teilchen als Elektronen fehlidentifiziert werden. Dielektronen werden auch in
Proton-Proton Kollisionen gemessen, um eine unverzichtbare Referenz fiir die Mes-
sung in Schwerionenkollisionen zu dienen.

Diese Arbeit stellt eine Analyse vor, die einen Datensatz von pp Kollisionen bei
/s = 7 TeV untersucht, der mit dem ALICE Detektor am Large Hadron Collider
aufgezeichnet wurde. Das Ziel dieser Arbeit ist die Optimierung der Elektronen-
identifikation und die Reduzierung der Hadronenkontamination. Hierzu werden vier
verschiedene Kombinationen von Detektorsignalen zur Teilchenidentifizierung beziig-
lich der statistischen Signifikanz S/og ihrer Dielektronen-Signale und der Reinheit
der Elektronenkandidaten verglichen. Die Analyse zeigt, dass man gute Elektron-
enidentifikationseffizienzen sowie eine hohe Reinheit der Elektronenkandidaten er-
reichen kann, indem man die spezifischen Energieverlust-Signale des inneren Silizium-
Halbleiterdetektors und der Zeitprojektionskammer mit Informationen des Flugzeit-
detektors kombiniert. Das Signal, das man mit solch einer Elektronenidentifizier-
ung erhilt, besitzt eine Reinheit von mehr als 82%, die in Abhéingigkeit von der
Dielektronenmasse bis auf 96% ansteigt.

vi



Chapter 1
Introduction

Dileptons, i.e. electron-positron or muon pairs, are one of the most useful probes to
study the quark-gluon plasma (QGP) and chiral symmetry restoration (CSR). The
QGP is an extreme state of matter where quarks and gluons are deconfined. Under
normal conditions, hadronic matter consists of confined quarks that interact via the
exchange of gluons, the carriers of the color-charge in the strong interaction, as
described by the theory of quantum chromodynamics (QCD). The quarks are bound
into color-neutral baryons (three quarks) and mesons (one quark and one antiquark)
and cannot be observed as single particles with a determined color charge. However,
at high energy densities of 1 GeV/fm? [1] and high temperatures of ~ 160 MeV a
new medium is created, the QGP, where quarks and gluons are deconfined, i.e. no
longer bound to hadrons. The QGP as a whole must still be color-neutral. This
state of matter is of great interest to physics since it may have existed in the early
universe, a few microseconds after the big-bang, and could still exist in the core of
very dense neutron stars. The only way to investigate QGP experimentally is to
create it in the laboratory. For that, heavy ions, like gold or lead nuclei, are collided
at very high energies. Such experiments are carried out at the Relativistic Heavy
Ion Collider (RHIC) at the Brookhaven National Laboratory in the USA and at the
Large Hadron Collider (LHC) at CERN in Switzerland. The latter reached in 2015
center of mass energies \/s = 13 TeV in proton-proton collisions and 5.02 TeV per
nucleon-nucleon pair in lead-lead collisions, which are the highest energies reached so
far in a collider experiment. In a lead-lead collision, the nucleon-nucleon interactions
produce many particles which constitute a hot and dense matter where the quarks
undergo deconfinement. The medium expands and the energy density decreases, so
that hadronization occurs, i.e. the quarks are confined in hadrons again. Properties
of the QGP can then be derived from the particles created in the collision.
Furthermore, investigating nuclear matter under extreme conditions can improve
our understanding of quantum chromodynamics since chiral symmetry is predicted
to be restored along with the transition to the deconfined phase. Chirality is a prop-
erty of particles which distinguishes between left-handed and right-handed particles.
If the chiral symmetry is conserved, left- and right-handed particles do not mix with
each other. This would be the case if quarks had zero mass, but the non-vanishing
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quark masses lead to a mass term in the QCD Lagrangian that breaks the chiral
symmetry explicitly. However, this term is not sufficient to explain the big mass
difference between chiral partners, like the a; and p mesons (Am = 500 MeV). Be-
sides the explicit symmetry breaking in fact, chiral symmetry is also spontaneously
broken due to the vacuum expectation value of the quark condensate, (Gq), being
not equal to zero. If chiral symmetry is conserved, the potential of the system is
symmetric with a symmetric ground state, where deviations in any direction do not
cost energy and hence produce massless particles. In the case of a spontaneously
broken symmetry, the previous potential minimum becomes a local maximum and
the system is described by a symmetric potential with an infinite number of degen-
erate ground states. The random choice of one of them breaks the symmetry of the
system and small deviations in direction of the local maximum cost energy, hence
producing massive particles. Numerical QCD calculations show that at high temper-
ature and/or high baryon density deconfinement of quarks and gluons takes place.
This leads to a vacuum expectation value (Gg) » 0 and a symmetric ground state of
the potential, i.e. chiral symmetry is restored. Furthermore, lattice QCD calcula-
tions predict a partial CSR to occur already before deconfinement, as can be seen in
figure [I.1} which shows the order parameters of deconfinement (on the left) and of
chiral symmetry (on the right) as a function of temperature [2]. The deconfinement
order parameter approaches 1 for high temperatures, while the chiral symmetry order
parameter goes to zero. Already below the predicted phase transition temperature
of 160 MeV, chiral symmetry is largely restored. This restoration affects the hadron
spectral properties, i.e. mass m and width I'. For example, the spectral functions of
the a1 and p mesons must have the same shape after CSR. It is unclear how this is
realized in nature but two different predictions exist: the Brown-Rho scaling, where
both particle masses become smaller than in the broken symmetry, and broaden-
ing, where the widths get larger. This was already investigated by experiments at
the SPS (Super Proton Synchrotron) and RHIC, and the data seem to prefer the
broadening hypothesis [3H8].

To investigate CSR after the collision, a probe is needed that carries information
about hadron spectral properties to the detectors, i.e. it must be related to the
hadrons in medium and must leave the collision system without undergoing strong
final state interactions. The perfect and only known probe is found in dileptons
coming from vector meson decays, like p, w and ¢, since their invariant masses mee
correspond to the masses of the vector mesons at the time of the decay and, as they
undergo only electromagnetic interactions, they do not strongly interact with the
hadronic medium after being emitted. The most appropriate is the p meson since it
decays in the medium due to its short life time (7 = 1.3 fin/c) in comparison to the
life time of the medium, which is » 10 fm/c. With 7 = 23 and 44 fm/c respectively,
the w and ¢ mesons decay mostly after the hadronization process, i.e. the dileptons
do not carry information about their in-medium properties. The chiral partner of
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Figure 1.1: Order parameters of deconfinement (left) and of chiral symmetry (right)
as a function of temperature [2|. Chiral symmetry is predicted to be largely restored
already at T = 160 MeV, while quarks and gluons are still subject to confinement
effects.

the p meson, the a1, is not appropriate to study CSR since it decays in three pious,
which can strongly interact with the medium after emission.

Dileptons are produced by different processes at all stages of the collision, hence
their invariant mass spectrum contains various contributions. From this spectrum
not only information about CSR can be gained, but also effects of the QGP on
heavy quarks can be studied from modifications of the intermediate mass region, i.e.
1.2 <mee < 2.9 GeV/c. Dileptons are also a useful tool to determine the temperature
of the produced medium by measuring the energy spectrum of thermal radiation,
i.e. virtual photons with a non-zero mass, v*, which can convert to electron-positron
pairs.

To extract possible hints for chiral symmetry restoration or QGP from the con-
tinuum of e*e” pairs, it is essential to work with a high purity sample of electrons
and positrons, i.e. that is not contaminated by hadrons. Besides in heavy-ion col-
lisions, it is important to study dielectrons also in proton-proton collisions, where
QGP and CSR are not expected due to the insufficient energy density, in order to
have reference data which are crucial for the interpretation of the heavy-ion data. In
this thesis, a data set of 200 million proton-proton collisions at /s = 7 TeV measured
with ALICE (A Large Ion Collider Experiment) at the LHC in 2010 is analyzed with
the aim of obtaining a high purity electron sample. The ALICE detector is described
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in the next Chapter, followed by a detailed analysis description in Chapter 3. Results
and summary of the analysis are discussed in Chapter 4 and 5, respectively.



Chapter 2

Particle Identification with ALICE

2.1 Setup of the ALICE Detector

The ALICE apparatus, shown in figure comprises seventeen detector sub-
systems divided into three categories: central-barrel detectors, forward detectors
and the muon spectrometer. The central-barrel detectors are used to reconstruct
charged particles and photons. The reconstruction of charged particles is possible
for pr > 0.15 GeV/c in the pseudorapidity range |n| < 0.9 over the full azimuthal
angle. Transverse momentum, pr, is the projection of the momentum vector onto
the transverse plane, perpendicular to the z-axis, which is defined as the beam dir-
ection, while pseudorapidity, 7, is defined as follows:

nz—ln(tang) (2.1)

with 6 being the polar angle, i.e. polar angles from 45° to 135° are covered. The
central-barrel detectors are enclosed in a solenoid magnet with a magnetic field of
0.5 T parallel to the z-axis that allows the pr determination of charged particles.
These are the Inner Tracking System (ITS), Time Projection Chamber (TPC), Trans-
ition Radiation Detector (TRD), Time Of Flight (TOF), two electromagnetic Calor-
imeters (PHOS and EMCal) and a ring imaging Cherenkov detector (HMPID - High
Momentum Particle Identification Detector) [10]. These subsystems are used to
identify charged particles up to 20 GeV/c [10].

The forward detectors, like VO and ZDC (Zero Degree Calorimeter), are located
at small polar angles and used for global event characterization and triggering [11].
A trigger decision is used to select events for readout.

This analysis makes use of the ITS, TPC and TOF detectors, which are described
in the next sections. The V0 detector is shortly described as well because it served as
minimum bias (MB) trigger to record the data set used for this work. Although the
TRD is specialized in the identification of electrons, it will not be used here for two
reasons: first, in 2010 only seven of the 18 super-modules of the TRD were installed,
which leads to a limited acceptance of the detector, and second, it identifies electrons
only for pr > 1 GeV/c [10], while this analysis focuses on the electron identification
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Figure 2.1: Setup of the ALICE detector system [@]

at lower momenta. The usage of the TRD is foreseen in the analysis of new data from
the second period of LHC operation (2015-2018), for which all the TRD modules
were installed and included into data taking.

2.1.1 Inner Tracking System

The Inner Tracking System (ITS) is the first detector surrounding the beam pipe.
The ITS is used for primary vertex determination, secondary vertices reconstruction
and particle identification at low transverse momenta. The primary vertex is defined
as the collision point while a secondary vertex is the decay point of a long-lived, i.e.
weakly decaying, particle. Other important tasks of the I'TS are to reconstruct tracks
of particles going through dead zones of the TPC (due to the azimuthal segmentation)
and to improve momentum and angular resolution for particles reconstructed in the
TPC [11].

Six cylindrical silicon layers compose the I'TS, as shown in figure The inner-
most two layers are Silicon Pixel Detectors (SPD), the following two are Silicon Drift
Detectors (SDD) and the two outer layers are Silicon micro-Strip Detectors (SSD).
The SPD has to cope with very high track densities (up to ~ 50 particles per cm? in
Pb-Pb collisions) and is a crucial element of the primary vertex determination. The
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Figure 2.2: The ITS detector [@]

SSD matches the tracks from the TPC to the I'TS measuring the track position in
two dimensions (¢ and z). Together with the two middle layers it also contributes
to the particle identification providing energy loss information, thanks to the analog

signal readout .

2.1.2 Time Projection Chamber

The Time Projection Chamber (TPC) surrounds the ITS and is the main component
of the ALICE detector. A schematic view can be seen in figure[2.3] Its main tasks are
to measure charged particle momenta with good two-track separation and to identify
particles via their specific energy loss . The TPC is made of a cylindrical field
cage, separated in two parts by a high voltage electrode at the center, and multi-
wire proportional chambers with cathode pad readout at each endplate. Between the
endplates and the central electrode a voltage of 100 kV is applied to create a uniform
electric field along the cylinder axis, which is aligned with the beam direction. The
field cage is filled with a Ne/CO2/N2 (90/10/5) gas mixture, optimized to reduce
multiple scattering. Transverse momenta of charged particles can be measured over
a large interval, from 0.1 GeV/c up to 100 GeV /¢ [11].

The TPC is a gaseous ionization detector, i.e. the charged particles created in a
collision ionize the TPC gas, producing free electrons. These electrons drift towards
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Figure 2.3: Setup of the TPC detector [12].

the endcaps under the influence of the electric field and reach the readout chambers,
where their position and arrival time are accurately measured [12]. The position
measurement allows the reconstruction of a two dimensional projection in the trans-
verse plane (x,y) of the trajectory of the ionizing particles. The third dimension is
reconstructed from the time of arrival at the endplates (relative to some external
reference such as the collision time of the beams from the LHC [12]), since the drift
velocity of the electrons from ionization, given by

v T (2.2)

Mme

is approximately constant while traversing the gas (with 7 the mean collision time, F
the electric field, e the elementary charge and m, the electron mass) [13]. Therefore,
from the drift time one can calculate the production point along the beam axis [14].
In this way the complete trajectory in space is precisely determined for all charged
particles.

2.1.3 Time Of Flight Detector

The Time-Of-Flight (TOF) detector is a cylindrical shell consisting of an array of
Multi-gap Resistive Plate Chambers (MRPCs) with a modular structure and a high
and uniform electric field over the full volume of the detector, which is filled with
a gas mixture containing carbon, fluorine and sulfur [11]. It can improve track re-
construction when coupled with the ITS and TPC detectors. The main function
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of the TOF is to help with the particle identification in the low and intermediate
momentum range (pion and kaon identification up to 2.5 GeV/c and proton iden-
tification up to 4 GeV/c) [15]. This is possible thanks to the information that this
detector provides about the time of flight 1o of the particles since, from the known
momentum p and track length [, this can be related to the particle velocity

l

= (2.3)
trorc
and mass [16]
2t2
m=2L_P CLOF_L (2.4)
By ¢ 12

2.1.4 VO Detector

The VO detector consists of two arrays of scintillators, the VOA and the VOC: the
first one is located 340 cm from the interaction point on the opposite side to the
muon spectrometer and covers the pseudorapidity range 2.8 < |n| < 5.1, the second
one covers the range -3.7 < |n| < —1.7 and is fixed on the front face of the hadronic
absorber of the muon spectrometer (see figure [L1]. The VO system is mainly
used for trigger definition, like the minimum bias trigger. For the 2010 pp data
the MB trigger required a coincidence signal on both sides of VO (that indicates
a beam-beam interaction), a hit in the SPD layers of the ITS detector (a hint for
activity in the central pseudorapidity region, i.e. an inelastic pp collision) and the
rejection of interactions between the beam and the residual gas in the beam pipe.
Besides the trigger function other important tasks of the V0 detector are to measure
luminosity, particle multiplicity and centrality of the collision (i.e. the initial overlap
region of the colliding nuclei in heavy-ion collisions), as well as to monitor LHC beam
conditions [17].

2.2 Particle Identification Methods

2.2.1 Track Reconstruction

The method used for track finding and fitting in the central barrel is the Kalman
filter algorithm [11]. The track reconstruction consists of four steps: finding tracks
in the TPC, propagating them to the I'TS, following the tracks again outwards and
prolonging them inwards again in the final stage of the reconstruction.

In the first step, the seeding for the Kalman filter is done, i.e. a set of initial seed
values for the track parameters is determined for each track candidate. To do that,
one uses the space points reconstructed in the TPC and starts combining the points
from the outermost pad rows, following then the track towards the center of the
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TPC. For each pad row where a space point compatible with the track prolongation
is found, the track parameters are updated, taking into account energy loss and
multiple scattering. This procedure is done twice, first assuming that the track
originated from the primary vertex and then assuming that it comes from a secondary
vertex.

In the second step, the tracks reconstructed in the TPC are propagated in the
outer layers of the ITS. The track parameters are updated when a space point is
found within the search window around the track prolongation. If several space
point candidates are found, each of them is followed independently from the others
towards the innermost layers of the I'TS. In this way, every TPC track has more than
one path candidate in the ITS and the right one is chosen only at the end on the
basis of a x? minimization method.

In the third step, the track is followed from the innermost ITS layers outwards.
Since the track parameters are much more precise than in the first step, it allows
discarding points incorrectly assigned before. In this step, the tracks are followed
also beyond the TPC: they are matched with hits in the TOF and associated with
space points in the TRD, HMPID and PHOS.

For the last step, the Kalman filter is reversed again and the tracks are refitted
from the outside inwards. With this step, the final values of the track parameters
are obtained.

To find tracks of particles that go through dead zones of the TPC, i.e. for which no
seeding for the Kalman filter is possible, an additional step can be done considering
only the space points that remain in the ITS after removing the points already
assigned to tracks [11].

After track reconstruction, one of the track parameters, the bending radius r,
can be used to determine the transverse momentum of charged particles, which is
independent of the particle mass:

GeV
pr=03—" . qrB, (2.5)
Tm
where ¢ is the particle charge and B the magnetic field.

2.2.2 Specific Energy Loss

The TPC detector and the four outer layers of the ITS (SDD and SSD) provide
information for particle identification (PID) by measuring the mean energy loss of
the particles per unit path length (dE/dx). The energy loss of charged particles
when traversing material is due to the Coulomb interaction with the electrons bound
in the atoms of the matter. These interactions ionize the gas in the TPC and ex-
cite the electrons from the valence band to the conduction band in the ITS layers,

10
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respectively. Typical values needed for the creation of one electron/ion or one elec-
tron/hole pair are around 30 eV for gases and 3.6 eV for silicon (which corresponds
approximately to the band gap energy) [16].

The mean energy loss of relativistic particles traversing matter is given by the
Bethe-Bloch equation [13], which describes the average dE/dx as a function of the
particle velocity 8 =v/e:

dFE _ QZ 1|1 Qmeczﬁz'VQTmax 2 5(/87)
R o e R S

Here are v = 1/1/1 - 82, Z and A the atomic number and atomic mass of the absorber,
z the atomic number of the incident particle, T4, the maximum kinetic energy that
can be transferred to a free electron in a single collision, I the mean excitation
energy in eV, § (87) the density effect correction and K = 47 Narimec® (N4 is the
Avogadro’s number). An example of the Bethe-Bloch function for positive muons in
copper is shown in figure . For low energies, (~dE/dz) is proportional to 1/32. The
minimum of the energy loss lies at Sy = p/Mec ~ 3. This is a broad minimum called
MIP (Minimum Tonizing Particles) region. For higher energies, in the relativistic rise
region, the energy loss increases like In (8v) approaching the Fermi plateau region for
higher velocities. If the measured dE/dx function is combined with the momentum,
the mass of the particles can be easily derived, i.e. particles with different masses
can be distinguished from each other, as it can be seen in figure [2.5

In the TPC, the energy loss of a traversing particle is measured by clusters, a
combination of hits in the readout pads which are assumed to have been generated
from the same ionizing particle. This means they correspond to the energy loss
per track length [14]. The total energy loss is the sum of several single scattering
processes and therefore undergoes statistical fluctuations due to the number of these
processes and to the details of every individual collision. Hence the total energy loss,
and with it the signal of the clusters, follows a Landau distribution, which has a
long tail at higher energies that comes from rare large energy transfers in a single
scattering. Because of this tail, the mean energy loss and the most probable loss do
not coincide.

The Landau distribution can be approximated by a Gaussian distribution using the
method of the truncated mean, which consists of discarding some of the scattering
processes with very high energy loss. In the TPC, this is done removing 40% of the
clusters with the highest signal from the calculation of the sum, while in the I'TS only
the two or three lowest out of four signals provided from the SDD and SSD layers
are used [11]. In figure the dE/dx distribution of the TPC is shown as a function
of momentum. The black lines correspond to the expected value for the energy loss
of one particle according to the Bethe-Bloch formula (2.6). The spreading is due
to the limited resolution of the detectors (» 5.5% for pp collisions in the TPC and

11
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Figure 2.4: Stopping power (- (dE/dx)) for positive muons in copper as a function
of By [13].

~ 11% in the ITS). With this method, particles can be identified very well, except for
momentum regions where the dE/dx curves overlap and for higher momenta where
the bands merge because of the Fermi plateau.

Projecting the dE/dx distribution for a given momentum range, one gets a roughly
Gaussian curve for each particle type: e, m, K, p, d. Using the mean and the width
(0) of a Gaussian fit, the dE/dx spectra can be parametrized around the mean energy
loss value expected for each particle type. For that the mean energy loss is subtracted
from the measured dE/dx value and then the result is divided by the width of the
fit:

dE/dx - (dE/dz),
noTPC = [dz — (dE/dz),

(2.7)
OdE/dx,i

The energy loss is than expressed in number of sigmas for each particle, with the
considered particle type centered at zero. Figure 2.6] shows the no, distribution as a
function of momentum in the TPC.

From the Gaussian fits of the energy loss distributions one can also get the separ-
ation power between two particle types A and B [18]:

Noiy - B~ (0ol 29

with 04 and op being the widths of the Gaussian fits for the two particles A and B.

12
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For example, the separation power between electrons and pions in the TPC in the
momentum range 0.2<p<2 GeV/cis 2 60.

The ITS energy loss distribution is parametrized in the same way and is expressed
in nagTS for each particle type.

2.2.3 Time of Flight

Measuring the time of flight of charged particles, the TOF detector provides addi-
tional information that can be used for PID in the momentum ranges where the TPC
energy loss curves of different particles cross each other. The start time for a TOF
measurement is given by the T0 detector, which consists of two Cherenkov counters,
TOA and TOB, placed in two opposite sides of the interaction point covering, respect-
ively, the pseudorapidity regions —3.28 < 7 < -=2.97 and 4.61 < n < 4.92 [10]. The aver-
age time measured by the two T0 sub-detectors is used as start time: tg = (ta +tB) /2.

For the measured time of flight, a Gaussian is considered as response function of

the detector |18]:
(tror —t;P)? ]

(2.9)

(tror)
i ~ —ex
9i\UTOF o p 952

with tror the time of flight measured from the TOF detector, ¢;" the expected

time of flight for each particle type and o = /U?FOF + 02, the total time of flight
resolution, composed of the resolution of the TOF measurement (oror, which also

includes the uncertainty on the start time of the measurement) and the uncertainty
on the reconstruction of momentum and track length (oyec) [18].

From the measured time of flight and the reconstructed track length, the velocity
spectrum of charged particles as a function of the rigidity p/z (with the charge z) can
be determined, as shown in figure 2.7} Every band corresponds to one particle type
(positively charged particles on the right side and negatively charged on the left side),
while the data outside the bands are due to fake matches of tracks from the TPC to
the TOF signal. For momenta lower than 0.3 GeV/c the particles cannot reach the
detector since their tracks are bent too much by the magnetic field, hence no TOF
signal is available. As it can be seen, the TOF information provides good PID in the
momentum range lower than 4 GeV /¢, while for bigger momenta the bands merge
with each other. This can be easily understood looking at the separation power for
two particles A and B with the same momentum but different masses [16]:

ta—t L
NorQF = ta=tpl _ |m? - m3|. (2.10)
OTOF 2p°oTOF

Hence two particle types cannot be easily distinguished from each other if their mass
difference becomes small compared to their momenta.
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Figure 2.7: Velocity 8 of charged particles as a function of momentum over charge
measured with the TOF detector in p+p collisions at /s =7 TeV [@]

The TOF signal in a given momentum range can be parametrized around the
expected velocity value for each particle type, similar as done for the energy loss
spectra in the TPC and ITS detectors, i.e. the signal is fitted with a Gaussian. After
parametrization a no-distribution as a function of momentum is obtained for each
particle type, with no defined as:

. _ [3°XP
notor B0 (2.11)

i
ag;
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Chapter 3
Data Analysis

In this chapter, the analysis is described in detail. It is performed on a data set
of pp collisions at /s = 7 TeV with the primary goal of optimizing the electron
identification and reducing the hadron contamination. First, several event and track
selection criteria are applied to assure a good track quality and then different PID
sets are used to identify electrons. After that, the e*e™ pair analysis is performed
and the hadron contamination is measured.

In this analysis, ‘electrons’ means electrons and positrons together if not stated
explicitly. Furthermore, the analysis is performed charge integrated as both electrons
and hadron background are produced charge-symmetric at LHC energies.

3.1 Electron ldentification

3.1.1 Event and Track Selection

Besides requiring the minimum bias trigger, other event selection criteria are applied
in order to reject background events such as beam-gas interactions and cosmic rays.
The most important one is a vertex requirement: only events with reconstructed
vertex and at least one track contributing to the vertex determination are used for
the analysis. Then, the vertex is required to be within 10 ¢m in z direction from
the geometrical center of the ALICE central barrel detectors. The main limitation
here is given by the ITS coverage, since the SPD layers are 28 ¢cm long (14 c¢m from
the center), i.e. for vertices outside this range no hit on the SPD is available, which
however is needed for the MB trigger and to assure a good track quality. This vertex
selection is also needed to have a uniform acceptance in the TPC for tracks with
In] < 0.8.

From these events, only tracks that originate from a particle with pr > 0.2 GeV/c
and that have been reconstructed in the pseudorapidity range |n| < 0.8 are accepted.
These limits are given from the detector acceptance of the central barrel detect-
ors. Other important selection criteria are applied in order to select only primary
particles, i.e. particles that are produced in the initial pp collision or from electro-
magnetic decays. For that, the distance of closest approach of the track to the vertex
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Chapter 3 Data Analysis

is required to be less than 3 cm in z direction and less than 1 cm in the xy plane.
Furthermore, secondary particles that originate from weak decays are rejected using
the kink topology: if the track has a kink at some point, it means that the primary
particle decayed but one of the produced particles has not been reconstructed and
only the track of the other one can be seen, which moves in another direction with
respect to the primary particle. The track of this particle is then rejected.

Some other criteria are required for the track reconstruction in the ITS and TPC
detectors. For the I'TS, the particle must have left a hit in the first SPD layer. This
requirement removes external conversions of photons beyond the beam pipe, since
a photon converting in the detector material leaves no trace in the first SPD layer.
Furthermore, this improves the track parameters near the vertex. Then, for the track
reconstruction in the I'TS, at least four clusters must have been used. With this cut,
it is assured that at least two clusters carry dE/dx information.

In the TPC, at least 80 out of a maximum of 159 available clusters and at least 100
crossed rows are required to have been used for track reconstruction. The number of
crossed rows is equal to the number of clusters plus the number of missing clusters
used to reconstruct the track, with a missing cluster being assigned to the track if a
cluster is found on one of the two neighboring pad rows. Finally, the x? per number
of clusters of the track in the TPC is required to be lower than 4, since a large x?
means that the track reconstruction is not unequivocal, or that two tracks very close
to each other were reconstructed as one.

3.1.2 PID

For the electron identification, the no. distributions of particles detected in the ITS,
TPC and TOF, that survived the track cuts explained in the previous section, are
considered as a function of momentum. As these spectra, shown for example for the
TPC in figure [2.6] contain not only electrons, but also pions, kaons, protons and
deuterons, a certain no, range has to be selected in order to identify electrons and
remove hadrons.

The biggest contamination in the electron sample comes from pions, since they
are the particles most copiously produced in a collision, being the lightest hadrons.
Their production rate is also much larger than the electron one, as pions are produced
via strong interactions. Since the TPC has a good electron/pion separation, a first
attempt to identify electrons is to select them via the na;fPC vs. p distribution. For
that, electrons candidates are required to fall into the nU;FPC range of —1.5 to 3,
independent of momentum. The cut is asymmetric since the pion band lies below
the electron band, hence the selected nagpc range must be narrower for negative
values.

Besides the electron selection, a pion rejection is needed since the separation power
between electrons and pions is momentum dependent. A simple electron inclusion cut
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Figure 3.1: no T distribution as a function of p after an electron inclusion cut in

-1.5 <noXFC < 3 and pion rejection in nolFC < 4.

would then leave a big amount of contamination in the momentum ranges where the
electron and pion bands merge. Hence, pions are rejected independent of momentum
for notPC < 4. The resulting nolFC distribution is shown in figure [3.1] as a function
of momentum up to 8 GeV/c. The effect of the pion rejection can be seen for
p 2 4 GeV/c since for nolPC < 0 entries are missing in the histogram. As one
can see, also for smaller momenta most of the pions have been removed. However,
the selected electron sample still contains kaons and protons, as the bands of these
particles cross the electron band for p » 0.6 GeV/c and p » 1 GeV /¢, respectively.
This means, cutting only on TPC does not allow distinguishing electrons from kaons
and protons in all momentum ranges.

Therefore, the additional information provided by the TOF detector has to be
used. As shown in figure using nJeTOF can achieve a good separation of electrons
from kaons and protons. The distribution shown there is obtained after applying
a TPC cut as explained before. A TOF cut can be applied as well in order to
reject kaons and protons. For that, the no’eTOF range from —3 to 3 is selected in the
momentum range 0.4 to 5 GeV/c. This range is chosen because above 5 GeV/c the
particle bands merge not allowing PID anymore, as can be seen in figure 2.7 while
for momenta below 0.4 GeV /c the electrons either do not reach the TOF detector or
they reach it with a very small inclination angle with respect to its surface, which

leads to a high probability of fake matches. The resulting no. distributions of the
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Figure 3.2: noOF distribution as a function of p after a TPC cut in 1.5 < no t¢ < 3

and pion rejection in noEPC <4,

TOF and TPC detectors after these selection criteria are shown as a function of p
in figure [3.3]

In the combined TPC/TOF cut, it was required to always have a hit in TOF.
This means that, since not for all tracks a match in TOF can be found, the tracks
reconstructed only by the TPC are rejected, which leads to the elimination of ~ 50%
of the found electron candidates. An alternative to this, is to require the TOF signal
only if a good match has been found. In the case that no TOF match is found, the
track is not rejected but a default time-of-flight tTor = 99999 ps is assigned to the
particle. This leads to a value of 8 » 0.2, which corresponds to the band made of
particles that do not have a match in TOF in the g vs. p distribution shown in figure
Since this band is more than 1000 away from the electrons, it does not affect
the electron identification after a TOF cut. Combined with a TOF ‘if available’ cut,
the ITS signal has to be used to discriminate the particles that were not matched in
the TOF detector. The ITS can be used to improve the particle identification since
the kaon and proton bands cross the electron band at other momenta than in the
TPC due to a different detector material, which leads to different energy loss curves.
Hence, the third cut combination is called ITS/TPC/TOFif. The TPC and TOF
cuts remain the same as for the previous one (except that the TOF signal is required
only if available). On the ITS, a cut is applied in the no!™ range from -5 to 1 for

e

the whole momentum range (0.2 < p < 100 GeV/c). As it can be seen in figure
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Figure 3.4: TOF § distribution as a function of p. The band at 8 ~ 0.2 is due to
tracks that get a default value of tTor = 99999 ps when no TOF match is available.
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and pion rejection in noltC < 4. A cut in -5 < nolTS < 1 can remove most of the

kaons and protons.

which shows the na,IBTS distribution as a function of p after a TPC cut, this allows
the rejection of most of the kaons and protons. The resulting no. distributions for
all three detectors after the ITS/TPC/TOFif cut are shown in fig. [3.6

As it can be seen in figure below 0.4 GeV/c no hadron band is crossing the
electron band, i.e. the selected na},TS range could be extended up to 3o in this
momentum region. This is done for the fourth cut combination considered in this
work, i.e. the TPC and TOF cuts remain the same as in the ITS/TPC/TOFif cut
described before, but the ITS cut is modified: the range -5 < nol™ < 3 is selected
for 0.2 < p < 0.4 GeV/c¢, while above 0.4 GeV/c the cut is applied already at 1o as
before. The resulting no, distributions for all three detectors after this cut are shown
in fig. 37

For a better overview, these four PID sets that are the basis of the analysis fol-
lowing in the next sections are summarized in table [31]
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Figure 3.6: ITS, TPC and TOF no. distributions as a function of p after a TPC cut
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e
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Figure 3.7: ITS, TPC and TOF no. distributions as a function of p after a TPC cut

in -1.5 < noXTC < 3 and pion rejection in noltC <4, a TOF cut in -3 < nol°F < 3

for 0.4 < p < 5 GeV/c (only if available), and an ITS cut in -5 < nol'> < 3 for
0.2<p<0.4 GeV/cand -5 < nol™ < 1 for p> 0.4 GeV/c.
| ITS | TPC | TOF
applied cut nol™ | p (GeV/e) | notfC | p (GeV/e) | notOF | p (GeV/e)
TPC only - - 15-3] 02100 | — -
TPC TOF — — -1.5-3| 02-100 | -3-3 04-5
ITS TPC TOFif -5-1]02-100 | -1.5-3| 02-100 | -3-3 04-5
ITSmod TPC TOFif | -5-3 | 02-04 | -15-3| 02-100 | -3-3 04-5
-5-11| 0.4-100
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3.2 Electron Pair Analysis

3.2 Electron Pair Analysis

Since in electromagnetic decays electrons are always produced in pairs, like in the
decay of the p hadron: p — e*e”, a pair analysis aims to identify the origin of
electrons. As in an event several e*e” pairs are produced from different decays,
the source of each electron is a priori unknown. Therefore, each electron has to be
combined with all other electrons coming from the same event. In this way, one
obtains three different distributions: all e*e™ pairs, N,_, and two like-sign pairs,
N, and N__. The N,_ distribution is then composed of physical and combinatorial
pairs. The physical pairs can be only of unlike-sign type. They originate from hadron
decays, photon conversions or correlated semileptonic charm and bottom decays.
This last source produces e*e” pairs that do not come from the same particle, but
are correlated through flavor conservation. Therefore, they are considered physical
pairs. The combinatorial pairs can be both like-sign and unlike-sign and are the
result of the combination of each electron with all other electrons of the same event,
i.e. they are not correlated. Hence, the like-sign spectra, N,, and N__, contain no
physics information and give a direct measure of the combinatorial background.

From the single track information, the transverse momentum of the pair and the
invariant mass me. can be determined as follows:

DT,ce = PT,+ + DT,- (3.1)

m2, = (ps +p_)° = (Bs + B)” - (§s + )7, (3.2)

with E. = \/p3 +m2, m. = 511 keV/c? the electron mass, p = (pz,py,pz) =
(pr cos ¢, prsin ¢, pr cot @) the electron momentum vector, which is determined by
the measured quantities pr, ¢ and 6.

3.2.1 Signal and Background Estimation

For each PID set introduced in [3.1.2] the distribution of all e*e™ pairs, N,_, is
studied as a function of invariant mass, integrated over all pair py. Since these
spectra contain also the combinatorial unlike-sign pairs, i.e. unlike-sign background
(B:-), a method has to be used to describe this combinatorial background. Bi_ is
therefore estimated from the geometric mean of the like-sign pairs distributions, N, .

and N__:
B+_ = 2\/ N++N__ (3.3)

For a proper description of the background, a correction factor has to be applied
to formula because of the different acceptance for like- and unlike-sign pairs in
the central-barrel detectors. This is due to the fact that positively and negatively
charged particles are bent in opposite directions by the magnetic field. Hence, the
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different charge combinations will be lost at different kinematic configurations due
to detector acceptance effects. For this correction, the mixed events can be used,
since they preserve the acceptance difference between like- and unlike-sign pairs. The
event mixing method consists of combining electrons from different events to pairs,
which are then by definition uncorrelated. This can be done with many events to
describe the mixed event spectrum with negligible statistical uncertainties. Again,
both like- and unlike-sign pair distributions are considered: M,_, M,, and M__. The
acceptance correction factor R is then the ratio of the unlike-sign pairs distribution
and the geometrical mean of the like-sign pairs distributions:
R=— e (3.4)
2/ My M__
Hence, the complete description of the background is obtained multiplying the
unlike-sign background from real events, B,_, by the R factor from mixed events:
B=B, -R-/N.N_.— (3.5)
M M__
This method, that makes use of both real and mixed events, has to be applied since
M,_ # B,_. This is due to the fact that some e*e™ pairs can be correlated even if
they do not come from the same parent particle, in the case that one of the pairs and
the source of the other pair originated from the same particle, i.e. the electrons have
the same grandparent. This can be easily understood looking at the Dalitz decay
of a neutral pion: 7° - v e*e”. As the photon can convert to an e*e” pair, the
electrons of this decay are correlated with the electrons of the direct Dalitz decay,
since the total mass must be smaller than the pion mass. In mixed events, however,
the correlation is lost. Therefore, the mixed events unlike-sign pairs distribution
cannot be directly used to describe the background.
Subtracting the total background B from the distribution of all unlike-sign pairs
from real events, i.e. N,_, the physical signal .S is obtained:

S=N,_ -B (3.6)

The unlike-sign pair, background and signal spectra are shown for all four cuts in
figure As can be seen, the spectra have a similar trend for all cuts, with the
combinatorial background always being the main contribution to the N,_ spectrum.
A small peak can be seen for all four cuts in the mass bin from 3 to 3.2 GeV/c?. This
region corresponds to the J /1) meson, which has a mass of 3.096 GeV/c? and decays
into a e*e” pair with a branching fraction of » 6% [13|. The w and ¢ mesons, with
m =0.782 and m = 1.019 GeV/c? 13| respectively, cannot be seen as a peak because
of the big underlying continuum.
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Mass regions in GeV/c? Main dielectron source
Mee < 0.1 70 Dalitz decay
0.1 < mee < 0.3 n Dalitz and v* decay (in heavy ions)
0.3 < mee < 0.7 modifications of p meson
0.7 < mee < 1.2 p, w and ¢
1.2 < mee < 2.8 charm decays and thermal dielectrons (in heavy-ions)
2.8 < Mee < 3.2 J/
Mee > 3.2 semileptonic bottom decays

Table 3.2: Main dielectron sources and corresponding invariant mass regions used to
rebin the unlike sign pair, background and signal spectra.

To reduce statistical fluctuations, the spectra shown in figure [3.8| can be rebinned
according to some specific invariant mass regions, where the production or the decay
of a particular particle is expected: below 0.1 GeV/c? the main dielectron source is
the ¥ Dalitz decay, in the mass region between 0.1 and 0.3 GeV/c? thermal radiation,
i.e. the decay of virtual photons v, is expected to contribute significantly in heavy-
ion collisions on top of n Dalitz decays, between 0.3 and 0.7 GeV/c? modifications
of the p meson are expected, for 0.7 < m < 1.2 GeV/c? dielectron pairs come from
decays of p, w and ¢ mesons, in the continuum region between 1.2 and 2.8 GeV /c? the
main sources are thermal dielectrons in heavy-ion collisions and semileptonic decays
of charm mesons, between 2.8 and 3.2 GeV /c? electrons come from the decay of the
J /1 meson, and above 3.2 GeV/c? semileptonic decays of bottom mesons give the
main contribution to electron pair production. The mass regions are summarized in
table [3.2] After rebinning the unlike-sign pair, background and signal spectra are
divided by the respective bin width and are shown for all four cuts in figure [3.9

3.2.2 Signal to Background Ratio and Statistical Significance

For a proper comparison of the different PID sets, the ratio of signal and background
as well as the significance of the signal, S/og (with og the statistical uncertainty on
S), are studied as a function of invariant mass. The mass rebinning introduced
in the previous section was used again to get a non-fluctuating estimate of these
distributions.

The S/B ratio is relevant for the systematic uncertainty on mixed events normal-
ization, if they were to be directly subtracted from the N,_ distribution to obtain
the signal. In this case, the background is given from the mixed events unlike-sign
pairs distribution, M,_, multiplied by a normalization factor, «, needed since for
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Figure 3.9: Unlike-sign pair (N,_), background (B) and signal (S) spectra for all
four selection criteria after mass rebinning according to table .
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each real event many mixed events are created:

B = M+_ (3-7)
:>S:N+__a M+_:N+__B (3-8)

Since the absolute systematic uncertainty due to the background normalization on
the signal is equal to the one of the background (AS = AB), the relative error of the

signal becomes:

AS AB AB B

s S B S
i.e. the relative error on the background divided by S/B. Hence, a small S/B ratio
leads to a high uncertainty on the signal. The S/B distribution as a function of
invariant mass is shown for all four PID cuts in figure up to S/B = 1 (for
Mee > 3 and mee < 0.1 Ge\//c2 not all four PID cuts can be seen as some of them
have a bigger S/B value). This is the most interesting region, since for S/B > 1
the typical relative error of the signal is negligible. However, as it can be seen,
the distributions fluctuate despite the mass rebinning not allowing to make a clear
statement about which PID set has the best S/B ratio.

(3.9)

The significance is the inverse of the relative statistical uncertainty on the signal
(05/S). Since the N,_ and B mass spectra contain count rates that are described
by Poisson distributions, their statistical uncertainties are given by the square-root
of the yields:

oN,. =N =V S+ DB;
op=VB. (3.10)

The signal statistical uncertainty is then given by the quadratic sum of the errors on

N,_ and B:
os=v\/0% +0%=\/(S+B)+B=V5+2B, (3.11)

so that for the statistical significance one obtains:

S5 (3.12)

os /S+2B

The significance as a function of invariant mass is shown for all four PID cuts in
figure [3.11]

The distributions clearly show that the TPC-only cut yields the largest S/og
ratio in almost all invariant mass bins. Hypothetically, the PID set with the higher
significance is the most appropriate to identify electrons, but in figure it can

already be seen that, after applying a cut only on the naeTPC vs. p distribution, the
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Figure 3.10: S/B ratio as a function of invariant mass for all four PID cuts.

selected electron sample still contains a big amount of kaons and protons that are
considered as electrons in the pair analysis biasing the signal.

After the TPC cut, the PID set with the highest significance is the
ITS/TPC/TOFif one. However, it is important again to take into account the
contamination of the signal that comes from hadrons misidentified as electrons,
since the like-sign mass spectra do not completely eliminate these hadrons from the
unlike-sign spectrum. This happens, if hadrons are produced in resonance decays
as unlike-sign pairs. For example, consider the decays of a p meson in two pions
(p - n*m") and of an 1 meson in three pions (n - 7%7*7~). If the charged pions
are misidentified as electrons, the subtraction of the like-sign background would
eliminate two pairs made of one pion coming from the p decay and one from the n
decay, but the other two combinations, i.e. the two pairs of pions coming from the
same decay, would be handled as signal.

Therefore, a contamination study is performed for the TPC and ITS/TPC/TOFif
cuts and discussed in the following sections.

31



Chapter 3 Data Analysis

EBOZ —4— TPGcut
U-S- 20 :_+ —— TPCITOF ct
Eﬁ' C + ITS/TRCTOFI eut
60:_ —¥— ITSmod/TPC/TOR cut
E ——
so- '
40 *
30—
Y
20|
10 Y —y—
L T ! —— :
O
e b b b e b b beeon b b
0 05 1 15 2 25 3 35 4 45 5

Inv. Mass (GeV)

Figure 3.11: Statistical significance S/og as a function of invariant mass for all four
PID cuts.

3.3 Signal Purity Studies

3.3.1 TOF-based Approach

The contamination of the TPC-only cut cannot be estimated using the no ¢

p distribution since, as can be seen in figure [3.1] the kaons and protons cannot be
separated from the electrons in the selected nU;FPC and p ranges, i.e. it is impossible
to know how big the fraction of hadrons contained in the selected electron sample
is. To do that, the naeTOF vs p distribution after applying a TPC cut has to be
considered, since it provides a very good separation of electrons from kaons and
protons, as shown in figure [3.2

For the hadron contamination estimation, this distribution is studied in intervals
of 0.1 GeV/c for 0.4 < p < 1.2 GeV/c. For momenta bigger than 1.2 GeV /¢ much less

data are available, hence it is not possible to study the distribution in such narrow

VS

32



3.3 Signal Purity Studies

E T T T T T T T T T T T T T T T T T
510'= o 3
o C A I
) C A 7
10°E - E
B R ’.ﬁ j
[ + ?Q' M+#L
+ " #
1 02 E_ w*#*: f*#m ﬁﬂﬁﬁ* + _E
S gt g, | ST ]
N i *++W#+++# -
- #+ 1 ]
i
10 EW * -
1 E
| I | | | I | | L1 1 1 | L1 1 1 | L1 1 1 | | I | :
-10 -5 0 5 10 15 20

TOF number of sigmas Electrons

TOF

.~ spectrum integrated in the momentum range 0.5 < p < 0.6 GeV/c.

Figure 3.12: no

momentum ranges. Instead, the intervals 1.2 -1.4,1.4-1.6, 1.6 -2 and 2 - 8 GeV/c
are considered. For each momentum range, the distribution is fitted by a model in
order to understand the background contained in the electron sample. After the fit,
the contamination can be extracted for each momentum interval. For convenience,
the purity of the electron sample is determined instead of the contamination, which
however is connected to the latter in a very simple way, since the sum of the two
quantities is equal to 1, by construction. The determined purity is the average of the
electron and positron purities.

The nagOF spectrum, obtained after integrating over momentum for 0.5 < p <
0.6 GeV /¢, is shown in figure up to 2009F. As it can be seen, the electrons are
centered at zero, while the kaon and proton peaks are not visible since they are more
than 200 separated from the electron signal (note however that the separation power
is momentum dependent). The biggest source of contamination at low momenta are
fake matches of tracks from the TPC to the TOF signal, i.e., in figure[3.12] the wide
plateau under the electron peak. Fake matches can also clearly be seen in the § vs.
p distribution (figure : they correspond to the data outside the expected particle
bands and are independent of the velocity. To extract the purity of the electron
sample for 0.5 < p < 0.6 GeV /¢, the distribution shown in figure has to be fitted.
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For that, the signal, i.e. the electron peak, and the background, i.e. the plateau under
the peak (or for higher momenta the hadron peaks), are first fitted separately with
two different functions since this allows to find the best fit parameters to describe
them. But first, an initial assumption has to be made for the fit shape. As it can be
seen in figure the electron peak is not a perfect Gaussian, but has a tail on the
right side. This is due to a not optimal parametrization of the TOF g distribution
and the fact that electrons can lose energy via bremsstrahlung while traversing the
ITS and TPC detectors. Because of this energy loss the electrons slow down and
their time-of-flight increases compared to the momentum which is measured before
the energy loss. Therefore, to describe the electron signal an inverse Crystal ball
function is chosen, given by the following formula:

<o

_<x—f>2) =
f(x,z,0,a,m) = exp( 20° ;Z 7 (3.13)

A'(B+%£)_ , ZEZ>a

where

The inverse Crystal ball consists of a Gaussian with mean z and width o, that merges
into a falling power-law function at a certain z-value «. The last free parameter, n,
indicates how quickly the power-law function drops. For the background, a fifth order
polynomial is used in this momentum range. After fitting signal and background
individually to seed the parameters, the sum of the fit functions is used to fit the
whole data maximizing the loglikelihood. The fitted not©F spectrum for 0.5 < p <
0.6 GeV/c is shown in figure As it can be seen, the Crystal ball and the
polynomial describe very well the electron signal and the underlying fake match
background, respectively. The figure also shows that the electron peak has a width
that is not equal to one, suggesting again that the nol°¥ parametrization is not

perfect. The quality of the fit is also confirmed by the pull distribution, which can
be seen in the lower part of the figure. The pull distribution is defined as follows:

D-F
N~ 3.14
AD (3.14)
i.e. it is the difference between data (D) and total fit function (F'), divided by the
error on the data (AD), i.e. v/D. This means, it indicates how much the fit differs
from the data. A fit of good quality yields a Gaussian pull distribution with mean
of zero and root-mean-square of 1, i.e. with most values spread between —2 and 2.
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Figure 3.13: nU;FOF spectrum for 0.5 < p < 0.6 GeV/¢, fitted with the sum of a
Crystal ball function (for the electron signal) and a fifth degree polynomial (for the
background). The fit reveals a contamination of 13.21% for the TPC cut in this
momentum region. The pull distribution is spread between -2 and 2, indicating a
good fit quality.

After fitting the naeTOF distribution, it is possible to determine the purity P of
the electron sample as follows:

P-= I (3.15)
with S the signal function integrated over the whole nol©F region and F' the total
number of candidates. For the momentum region in figure[3.13] the purity amounts to
13.21+0.08%), i.e. only this fraction of the candidates selected after the TPC cut are
really electrons and the rest are fake matches, kaons or protons. For higher momenta,
the amount of fake matches is much smaller, but it can still be assumed that they
constitute a part of the electron band. This has to be taken into account when fitting
the data. Therefore, a polynomial background function is fitted under the electron
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peak for all momentum ranges (where no underlying plateau can explicitly be seen
under the electron peak, a zero degree polynomial is used).

Since the separation power between electrons and kaons is momentum dependent,
the kaon peak gets closer to the electrons with increasing momentum. This can be
clearly seen in figure [3.14} for 1.0 <p<1.1 GeV/c and 1.1 <p < 1.2 GeV /c kaons are
~ 100 separated from the electrons and the two peaks can be fitted individually. For
the kaon fit a Gaussian is used as their energy loss via bremsstrahlung is suppressed
by their much larger mass. In the momentum range from 1.2 to 1.4 GeV/c however,
the kaon and electron peaks fully overlap and the kaons cannot be fitted separately
anymore. Therefore, another method has to be used to take this into account: it
is assumed that the kaon to electron ratio does not change significantly at high
momenta. It amounts to ~ 2.2-1072 for 1.0 < p < 1.1 GeV/c and to ~ 3.2-1072 for
1.1 < p< 1.2 GeV/c, a small difference for our purpose. Then, the ratio of the last
momentum range is used to correct the purity for momenta higher than 1.2 GeV/c,
i.e. it is subtracted from the purity value obtained from the fit.

Also the separation power between electrons and protons changes with momentum.
For 1.4 < p < 1.6 GeV/c, the proton peak lies at 200, for 1.6 < p < 2 GeV/c at 150, and
for momenta higher than 2 GeV/c it overlaps with the electron peak and cannot be
fitted individually with a Gaussian anymore. This is shown in figure Therefore,
the same method as for the kaons is applied: the proton to electron ratio of the
previous momentum range (~ 3.6-1072) is used to correct the purity for p > 2 GeV/c.

The fits of the momentum intervals not discussed here can be found in Appendix
A. The purity extracted from the fits is shown as a function of momentum in figure
[3.16] The statistical uncertainties on the purity are smaller than the marker size.
As the figure shows, for momenta lower than 1.5 GeV /¢, the purity of the electron
sample selected by the TPC-only cut is very low: it lies between 2% and 40% with
exception of the range 0.7 < p < 0.8 GeV /¢, where it amounts to ~ 62%. These values
are clearly due to the kaon band for 0.4 < p < 0.7 GeV/c and to the proton band for
0.8 < p< 1.4 GeV/e, as well as to fake matches, while for 0.7 < p < 0.8 GeV/c the
purity gets higher since this is the momentum interval that separates the kaon and
proton bands (see fig. [3.2)). For p > 1.5 GeV/c the electron sample shows a higher
purity, which reaches its maximum for high momenta (2 < p <8 GeV/c). This comes
from the fact that, in the na;fPC vs. p distribution the kaon and proton bands merge
for high p with the pion band (fig. , hence the pion rejection cut removes most
of them.

The purity distribution demonstrates that the statistical significance (S/og) of
the TPC-only cut is that high because the signal of the selected electron sample
contains a very big amount of hadrons. Hence, the TPC-only PID set is not the
most appropriate to identify electrons and the TOF and ITS detectors have to be
used to improve the electron identification. The purity of the ITS/TPC/TOFif cut,
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Figure 3.16: Purity of the TPC-only cut as a function of momentum.

which has the second highest significance (see fig. , is investigated in the next
section.

3.3.2 TPC-based Approach

In order to determine the purity of the ITS/TPC/TOFif cut, the electron selection
is applied only in the ITS and TOF, while on the TPC no cut is performed, neither
electron inclusion nor pion rejection. In this way, the hadrons surviving the ITS and
TOF selections are still present in the noeTPC distribution, as well as the hadrons that
can be rejected with a TPC cut, as shown in figure [3.17] Therefore, fitting this dis-
tribution allows estimating the purity of the I'TS/TPC/TOFif PID set. However, to
take into account both electron inclusion and pion rejection, the nag PC distribution
has to be included in the study as well. Hence, not PC is considered as a function of

noXTC as shown in figure integrated over all momenta. As it can be seen, the

pion rejection is necessary since after an electron inclusion cut in -1.5 < naeTP C<3,
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Figure 3.17: no X T distribution as a function of p after an ITS and TOFif cut. The
pions, that could be rejected with a TPC cut, as well as the kaons and protons that
survived the ITS and TOF cuts, are still contained in the selected sample and can
be used to estimate the purity of the ITS/TPC/TOFif cut.

still some pions are left in the selected sample, in particular at high momenta. The
shown distribution is considered again in momentum intervals in order to obtain the
purity of the PID set as a function of p. The considered momentum ranges are the
same as for the TOF fits, but since the TPC provides PID information down to
0.2 GeV /¢, the ranges 0.2 < p < 0.3 and 0.3 < p < 0.4 GeV/c are included in the study.

For each momentum interval, the distribution is projected onto the naeTPC axis twice:
without pion rejection, i.e. integrated over all na;fpc, and with pion rejection up

to 40, i.e. for nol¥C > 4. Both obtained no !¢ distributions are then fitted. For
the fit, signal (electrons) and background (hadrons) are first fitted separately with
two different functions, i.e. a Gaussian and the sum of several Gaussians or of a
Gaussian and a polynomial, respectively. Then, the whole distribution is fitted with
the sum of the signal and background functions maximizing the loglikelihood again.
The fits allow then to determine the purity of the electron sample by dividing the

electron fit function (S) by the total fit function (F'), both integrated in the range
TPC

-1.5<no, "~ < 3, since this is the interval of the electron inclusion cut in the TPC:
3
S
P= I-BL (3.16)
JasF
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Figure 3.18: nottC vs. noIFC distribution, integrated over momentum. The black

lines indicate the electron inclusion range of the ITS/TPC/TOFif cut, while the red
line shows the pion rejection cut. The distribution is studied in momentum intervals
in order to determine the purity of the ITS/TPC/TOFif cut.

From the fitted distribution, also the relative efficiency € of the selection for electrons
can be determined. For that, the integral of the signal function for 1.5 < noI7C <3

is divided by the integral of the signal function in the whole noXT¢ range:

3
€= IATL) (3.17)

S

Hence, the efficiency measures the quantity of electrons contained in the electron
sample after the electron inclusion and the pion rejection cuts, with respect to the
total number of electrons selected by ITS and TOF. However, the efficiency does not
take into account the signal loss due to the pion rejection and a possible bias on the
electron sample introduced by it.

In this section, only the momentum intervals are discussed where the kaon and
proton bands cross the electron band in the nolT¢ distribution. The remaining
momentum ranges, where the determination of the purity is straightforward, can
be found in Appendix B. Figure [3.19] shows the momentum ranges 0.4 < p < 0.5,
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0.5<p<0.6 and 0.6 < p < 0.7 GeV/c, in which the kaons cross the electron band,
both without pion rejection and with a 4o, cut. The effect of the pion rejection
can clearly be seen: after the cut only a very small amount of pions is left. The
figure also shows that all three peaks (electrons at ~ 0, pions on the left and kaons
on the right) are well described by a Gaussian, or by the sum of two Gaussians in
the case of the pions (for some other momentum ranges even three). The pion peak
cannot be described by a single Gaussian, since the pion energy loss is measured
very precisely and a large amount of data is available for them, hence in a 0.1 GeV/c
wide momentum interval the pion distribution is actually the sum of many Gaussians
with different means and widths for different momentum ranges. For the kaons and
protons less data are available so that a single Gaussian is sufficient to describe their
peaks. Furthermore, from the fit can be seen that the electron Gaussian lies not
exactly at 0 and has a width o # 1, which indicates a not optimal parametrization
of the noXPC distribution. Figure also shows that not all values of the pull
distribution are spread between —2 and 2, indicating that the fit is not perfect. This
could come from the imperfect model for the signal and background description.
The fits can still provide decent values for the purity and the efficiency, since they
are stable enough to extract the values and no structure is recognizable in the pull
distribution, meaning that the fit function follows the trend of the data. As it can
be seen, for p between 0.4 and 0.5 GeV /¢, the kaon band is very close to the electron
band, with a separation power of only 20. Still, the kaons can be fitted separately
from the electrons. In the next momentum range, 0.5 < p < 0.6 GeV /¢, the two bands
fully overlap. This is taken into account when determining the purity of the sample.
For that, the kaon to electron ratio of the previous range (~ 7.8-1072) is subtracted
from the purity estimated by the fit. For 0.6 < p < 0.7 GeV /c the kaon band is between
the electron and the pion bands and can be fitted separately again, while for higher
momnienta it merges with the pion band. In this momentum interval, also the proton
peak can be seen. However, it is more than 100 separated from the electrons, hence
can be neglected in this fit. The protons come closer to the electron band for higher
momenta, showing the same behavior as the kaons: they can be fitted separately up
to p =1 GeV/e, where however the separation power is only ~ 0.60, hence the purity
is very low (» 82%). Then, in the momentum range 1.0 < p < 1.1 GeV /¢, the proton
and the electron bands fully overlap. Therefore, the same method is applied again:
the proton to electron ratio of the previous momentum interval (~2.3-107!) is used
to correct the purity. In the next momentum range, 1.1 <p < 1.2 GeV /¢, the proton
peak lies on the other side of the electrons and can be fitted separately again, while
for even higher momenta it merges with the pions. The fitted naeTPC distributions
for 0.9<p<1.0,1.0<p<1.1and 1.1 <p<1.2 GeV/c are shown in ﬁgurefor no
pion rejection as well as for the 40, cut.

The purity and the efficiency as a function of momentum are discussed in the next
chapter.
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Figure 3.19: no TC distribution without pion rejection (left) and 4o, cut (right) in
the momentum range 0.4 <p < 0.7 GeV/c. It can clearly be seen how the kaons cross
the electron band in this momentum range.
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the momentum range 0.9 < p < 1.2 GeV/e. It can clearly be seen how the protons
cross the electron band in this momentum range.



Chapter 4
Results

In this chapter, the purity and the efficiency of single electrons are discussed as
a function of momentum for the ITS/TPC/TOFif selection. Then, from the single
electron result the purity of dielectrons is determined as a function of invariant mass,
and finally, the purity of the signal is extracted.

4.1 Single Electron Purity and Efficiency

From the fits of the no "¢ vs. nolTC distribution discussed in the last section of
the analysis chapter, the purity and the efficiency of the I'TS/TPC/TOFif PID set
has been extracted as a function of momentum.

The purity vs. p distribution can be seen in figure both without pion rejection
and 40, cut. The statistical uncertainties on the purity are smaller than the marker
size. As shown in the figure, for the lowest momentum range, 0.2 < p < 0.3 GeV /¢, the
purity of the cut without pion rejection amounts to » 90%, while the 40, cut increases
it significantly: the purity becomes ~ 100%, since the pion rejection removes all pions,
and the kaons and protons are still more than 150 separated from the electrons, hence
they do not contaminate the electron sample. In the next momentum interval, 0.3
to 0.4 GeV/c, the purity is still » 100% both for no pion rejection as for the 4o,
cut, denoting a very good separation between pions, electrons and kaons in this p
range. Then, a continuous drop of the purity is observed in the next three momentum
ranges, due to the kaon band which gets closer to the electron band overlapping with
it for 0.6 < p < 0.7 GeV/c. In this interval, the pion rejection increases the purity from
a value of » 82% to ~ 90%. For p between 0.7 and 0.8 GeV/c the kaons merge already
with the pions while the protons are still more than 100 separated from the electrons,
hence the purity increases again, reaching a value of 95% without pion rejection and
of 97% with 4o, rejection. After that, the crossing of the protons through the electron
band is easily recognizable in the purity trend from 0.8 to 1.4 GeV/c: the values of
the purity get smaller with increasing momentum until they reach a minimum of
~ 76% for 1.0 < p < 1.1 GeV/c, where the protons and electrons overlap. Here, one
can notice that the purity of the 40, cut (75.5%) is lower than without pion rejection
(76.5%). This is likely due to the fact that after the 40, cut only few candidates are
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Figure 4.1: Purity of the ITS/TPC/TOFif selection as a function of momentum in
p-+p collisions at /s = 7 TeV.

left to fit the pion peak and hence the background cannot be described very precisely.
This relative difference of 1.3% also means that the absolute systematic uncertainties
of the fits have to be at least 1.3%. For higher momenta (p > 1.1 GeV/c) and no pion
rejection, the purity first increases as the proton band merges with the pion band,
reaching a value of » 92% for 1.4 < p < 1.6 GeV/¢, and then drops again, getting
very low (~ 47%) for p > 2 GeV/c. This is due to the momentum dependence of
the separation power between pions and electrons. The 40, cut instead leads for
p > 1.1 GeV/c to higher purity values in each momentum interval, since the pion
rejection removes not only pions but also kaons and protons. For momenta higher
than 1.4 GeV /e, the purity reaches very high values of ~ 99%.

To summarize, the 40, cut always provides higher purity values compared to no
rejection, with exception of the momentum interval from 0.9 to 1.1 GeV/c, where,
however, the difference is only 1.3%. Hence, one can safely say that the pion rejection
significantly improves the electron identification in the TPC.

46



4.1 Single Electron Purity and Efficiency

}‘ 1 T T T T T T T T T T T T T T T T T T T T T T
U — -
c L i
Q0 _ ]
9 . ® i
0.95— o ¢ e * ]
L - -
— e ) . i
L > -
»
0.9 — - bt 7
»

L » i
: .* i
0.85— —
i » #® no pion rejection ]
0.8 - ® 4o, rejection ]
O 75_| L1 1 | | L1 1 | | | I 1 | | | | | | 11 | | | 1 I_

' 0.5 1 1.5 2 2.5

p [GeV]

Figure 4.2: Relative efficiency of the ITS/TPC/TOFif selection as a function of
momentum in p+p collisions at \/s =7 TeV.

In figure [£.2] the relative efficiency of the ITS/TPC/TOFif cut is shown as a
function of momentum both without pion rejection and with a 40, cut, with again
statistical uncertainties smaller than the marker size. Since for the determination of
the efficiency only the electron fit function is considered, the efficiency is expected
to be approximately constant. However, as can be seen in figure 4.2] it fluctuates
between ~ 85% and ~ 95% without pion rejection and »~ 82% and ~ 97% with a 40,
cut. This is mainly due to the non-optimal parametrization of the naeTPC distribution
at the calibration step of the ALICE data reconstruction, since this leads to different
means and widths of the Gaussians fitted to the electron peak for different momenta,
hence to different efficiency values. Figure [.2] also shows that in some momentum
ranges the relative efficiency of the 4o, cut is higher than without rejection. This
comes from the signal loss due to the cut on no'*C: this removes also a small fraction
of electrons, which however affects only the integral of the electron fit function in the
whole noFC range (the denominator in formula , and not the integral in the

e
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range —1.5 < no FC < 3. Hence, with the denominator getting smaller, the efficiency

seemingly gets higher.

Since the ITS/TPC/TOFif cut has the second highest statistical significance with
a purity much higher than the TPC-only cut, it proves to be the most appropriate
to identify electrons among the PID sets analyzed in this thesis. Hence for this set,
first the purity of the dielectron pairs is determined from the single electron result
and then the signal purity is calculated in the next sections.

4.2 Dielectron Purity

For the dielectron purity, the three dielectron distributions obtained from the com-
bination of each electron with all other electrons coming from the same event, i.e.
N,_, Ny, and N__, are considered again. The purity of a dielectron pair is given by
the product of the two single electrons purities, which are assigned to the electrons
composing the pair depending on their momentum:

Pe. (mee) :Pel (pl)'Pez (p2) (41)

From the momentum vectors of the single electrons, the invariant mass of the pair
can be determined according to equation Hence, the pair purity can be studied
as a function of invariant mass. However, since an invariant mass value can be
obtained through different combinations of momenta, for each of these values one
gets a purity distribution instead of one fixed value, therefore the mean purity is
considered. Figure shows the mean pair purity as a function of invariant mass
for all three charge combinations: Py, , Py,, and Py . As it can be seen, the
three distributions have a very similar trend with a mean purity always higher than
85%. The highest values are reached for me. < 0.7 GeV/ 02, where it amounts to
90-95%. Then, the purity drops down to ~ 85% in the intermediate mass region
and increases again for high invariant mass values, although with bigger fluctuations
for mee higher than ~ 3 GeV/cQ, which are due to the large statistical uncertainties
of the data. The trend of the purity distributions reflects the purity of the average
momentum of the single electrons composing a pair with a certain invariant mass:
small invariant mass values are most probably obtained by the combination of two
low-momentum electrons, which have a very high purity. In the intermediate mass
region, the average single electron momentum is higher and has a higher probability
to fall into the ranges where kaons and protons cross the electron band, i.e. where the
purity is lower. Therefore, also the mean dielectron purity is lower. For even higher
invariant masses, the average momentum of the single electrons is higher too, which
corresponds to higher single purity values. Hence, the dielectron purity increases
again.

48



4.2 Dielectron Purity

S +
o e nln
) o.fa ‘s *ﬁ ++*%+ ﬁ
0.355_ ".“d“”*:: _E
= | 4 Positvesign paire ]
sl [ — :
07:.|..|....|....|....|....|....|....|....:

"0 0.5 1 1.5 2 2.5 3 3.5 4
Inv. Mass (GeV)

Figure 4.3: Mean dielectron purity as a function of invariant mass in p+p collisions
at /s =7 TeV.

4.2.1 Signal Purity

From the dielectron purity distributions Py, , Py,, and Py__, the signal purity of
the ITS/TPC/TOFif cut can be derived. It can be calculated from the purity of
the unlike-sign pairs, Py, , which is equal to the weighted sum of the signal and
background purities, Pg and Pp, since N,_ =5+ B:

S B
Py, = Ps- + Pp - : 4.2
N = Py =+ P (4.2)
From this equation, one obtains the purity of the signal:
Ps=(Py, -N._-Pp-B)/S
B B
=Pn,_-|=+1|-Pp-—, 4.3
M- (s ) Bg (43)
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Figure 4.4: Signal purity of the ITS/TPC/TOFif PID set as a function of invariant
mass in p+p collisions at \/s =7 TeV.

with Pp the weighted sum of the like-sign purities:

PB=PN++'%+PN__'F- (44)
The signal purity of the ITS/TPC/TOFif cut is shown in figure as a function
of invariant mass. As it can be seen, the signal shows a purity higher than ~ 82%.
For some invariant mass values, the purity presents large statistical errors, which
are due to small S/B ratios. The signal purity distribution reflects the fact that the
dielectron signal contains a variety of physics sources, therefore it varies more than
the purity of the N, _ distribution, which is dominated by combinatorial background.
However, a trend roughly similar to the unlike- and like-sign purities in figure 4.3
can be recognized: for low and high invariant mass values the signal purity is higher,
while the lowest purity values appear in the intermediate mass region, a behavior that
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originates again from the average single electron momentum changing with invariant
mass.
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Chapter 5
Summary and Outlook

In this thesis, four different PID sets were analyzed with the aim of optimizing the
identification of electrons produced in pp collisions at /s = 7 TeV. The criteria
used to decide which of them is the most appropriate to identify electrons were the
statistical significance S/og of the dielectron signal, studied as a function of invariant
mass, and the single electron purity as a function of momentum. A combined electron
selection in the noe vs. p distributions of the ITS, TPC and TOF detectors, showed
the second highest statistical significance and a high single electron purity (75-100%),
while the PID set with the highest S/og ratio showed a very low purity, denoting
a large hadron contamination of the signal. Therefore, the ITS/TPC/TOFif cut
proved to be the most appropriate to identify electrons among the four analyzed
in this thesis. For this set, the dielectron purity and the purity of the signal were
determined as a function of invariant mass. The signal shows a purity higher than
82%.

In the future, one could optimize the model used to fit the data in order to extract
the single electron purity, since the fits were not perfect although stable enough
to determine the purity. For example, instead of parametrizations of signal and
background shapes, templates could be used, which are a description of the energy
loss distributions of the particles obtained via Monte Carlo simulations. A study of
the systematic uncertainties of the fits should be performed too. Furthermore, an
ITS/TPC/TOF cut which always uses the TOF signal, instead of requiring it only if
the particle hit the detector, could be analyzed in order to check if it leads to a higher
purity without losing in statistical significance. Finally, a fine tuning of the PID sets
could be done, i.e. the limits of the electron inclusion in each no. vs. p distribution
as well as of the pion rejection in the TPC could be changed, in order to see if this
leads to a higher statistical significance, although an approximate estimation of this
was done before performing the analysis presented in this thesis, and showed that
the variation of the significance is mostly negligible.

The main result of this thesis, the signal purity of the ITS/TPC/TOFif PID
set, will be used in the dielectron analysis of the LHC 2010 pp data which will be
published soon. Furthermore, the framework developed for the data analysis of this
thesis can be used to improve the electron identification in the analysis of the 2010
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Pb-Pb collision data. This work can also be an input for the analysis of the 2015 pp
data at /s = 13 TeV, where the gas filling the TPC detector has changed (Ar/COq
instead of Ne/CO2), and hence the PID sets for the electron identification must be
tuned again since the detector response is different.
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Figure B.1: nolFC distribution without pion rejection (left) and with a 4o, cut
(right) in the momentum ranges 0.2 < p < 0.4 GeV/c. From the fits the purity and
the relative efficiency of the ITS/TPC/TOFif cut are extracted.
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Figure B.2: nolF¢ distribution without pion rejection (left) and with a 4o, cut
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Figure B.3: nolF¢ distribution without pion rejection (left) and with a 4o, cut
(right) in the momentum ranges 1.4 < p < 8.0 GeV/c. From the fits the purity and
the relative efficiency of the ITS/TPC/TOFif cut are extracted.
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