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Abstrakt:

Kvarkovo-gluénova plazma je stav horlcej a hustej jadrovejhmoty, ktorého exis-
tencia sa predpoklada tesne po Ve©kom Tresku a ktory méPe byytvoreny pri zra®kach
jadier “a®kych iénov. Jednym z detektorov, schopnych detegva” takéto zra°ky, je ALICE
na urych©ovaf£i LHC v CERNe. Kvarkovo-gludnova plazma mé°eyb 2tudovana pomocou
partonov, ktoré prechadzali touto hmotou. Tieto hadronizuju a vytvaraju jety, kolimované
sp 2ky hadrénov. Tato praca sa sustredi na jety pochadzajle z b quarku, b-jety. V tejto
praci s ukazané vlastnosti b-jetov v pp zra°kach a prebiehgice 2tldie b-jetov v p-Pb
zra®kach na experimente ALICE.
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Title: Analysis of b-jets in pp collisions at 8 TeV
Author: Lukaz Kramarik

Abstract:;

Quark-gluon plasma is a state of hot and dense nuclear matterwhich probably
existed right after Big Bang and which could be created in colkions of heavy nuclei.
One of detectors able to detect these collisions is ALICE at HC in CERN. Quark-gluon
plasma can be studied by observation of partons, which weregssing this matter. These
can hadronize to form jets, collimated shower of hadrons. Té aim of this work is study
of jets originating from b quark, b-jets. In this work, b-jet properties in pp collisions are
shown, as well as ongoing study of b-jets in p-Pb collisionstaALICE experiment.
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Introduction

Quark-gluon plasma (QGP) is new state of hot and dense nucleanatter, that most
likely existed shortly after Bing Bang. In this matter, quarks are decon ned and quasi
free. The properties of QGP are studied in laboratories withexperiments, that are able
to detect collisions of heavy ions. These experiments arege.STAR at RHIC (Relativistic
Heavy lon Collider) in BNL (Brookhaven National Laboratory), ATLAS (A Toroidal LHC
ApparatuS), CMS (Compact Muon Solenoid) and ALICE (A Large lon Collider Exper-
iment) at LHC (Large Hadron Collider) at CERN (Conseil Europ éen pour la Recherche
Nucléaire). These experiments have large volume of detea®) that are constructed to de-
tect large number of particles created in collisions of heavions very quickly and with the
highest possible e ciency. In this work, | will focus mostly on ALICE experiment, that
study proton-proton (pp) collisions, collisions of lead ims (Pb-Pb) and collisions of protons
with lead ions (p-Pb).

Studies of b-jets are presented in this thesis. Via their mesurements, b-quark pro-
duction can be determined. Studies of b-jets in heavy-ion dlisions could also investigate
color and mass dependence of parton energy loss in the quagkion plasma.

The main goal of this thesis is the analysis of properties of fets in pp collisions at
P s =7 TeV. This study compares results from ALICE simulations with results from other
experiments, it also tests properties of jet nding and b-tagging algorithms. | also made a
study of b-jets in p-Pb collisions at™ Syn = 5:02 TeV.

In rst chapter, short introduction in the world of elementa ry particles is shown.
Standard Model is described, as well as quark-gluon plasmand its main properties. Phase
diagram of nuclear matter is also shown.

ALICE detector is described in second chapter. This detectoconsist of 18 subdetec-
tors, only three of them are described in more detail: ITS (Imer Tracking System), TPC
(Time Projection Chamber) and EMCal (ElectroMagnetic Calorimeter).

In next chapter, jets, collimated sprays of hadrons, are desibed. It is focused mainly
on jets in heavy ions collisions, because these are invesitgd in my analysis. Also the most
used jet- nding algorithm, anti- kt is described. At the end of this chapter, two heavy avor
tagging algorithms, which are used at ALICE, are presented.

In fourth chapter, main steps of b-jet analysis from CMS expément is described.
This analysis is described, since CMS rst measured b-jetsni heavy ions collisions. At
ALICE experiment, similar analysis is currently beeing stulied.

Last two chapters shows results of analysis of b-jets in pp ahp-Pb collisions. First
analysis is focused on properties of b-jet tagging and jetnding algorithms in pp collisions.
Results from Pythia simulations are in agreement with results from CMS experimats,
and results of jet properties are reasonable.

Finally, steps of actually running analysis of p-Pb data at ALICE are shown. We focus



mainly on properties of b-jets and its secondary vertices. W are trying to t distributions
of di erent properties of these vertices in simulated data,and to use results of this t in
data. Fits by functions were tested, as well as template ts ¢ data.



Chapter 1

Introduction to quark-gluon plasma
studies

1.1 Natural units

In the eld of elementary nuclear and particle physics, natual units are used. It is
based on universal physical constants, such as speed of ligh elementary chargee, reduced
Planck constant ~ and Boltzmann constant kg . In this system, these constant are xed:
~= c= kg = 1. All physical quantities are expressed in terms of energf. Quantities,
with appropriate natural units and with conversion to Sl units system are in Table 1.1.
Usually, constantsc;~ and kg are not written in units.

Quantity  Natural units Conversion
energy E 1ev = 1602177 10 1°J
momentum E 1eVic =5:344 286 10 28 kgm/s
mass E 1ev/ic? =1:782 662 10 36 kg
temperature E leVikg =11604522 1(67)K
time 1=E 1~=eV = 6582119 10 65
length 1=E 1~c=V =1.9732710 'm
velocity none 1 =c=2:997 924 10° m/s

Table 1.1: Natural units of di erent quantities and their co nversion to Sl units. Data taken
from Ref. [1].

1.2 Standard Model

Currently the most used theory to study elementary particles and interactions is
the Standard Model. It was theoretically predicted in 1970sand it was already experi-
mentally con rmed. This theory includes elementary particles classi ed in three groups
(leptons: electron, muon, tauon and corresponding neutrias; bosonsW*, W , Z9, gluon,
photon, Higgs boson; and quarksu; d;s; c; b; 9, elementary antiparticles and three funda-
mental forces. These forces are weak interaction, strong teraction and electromagnetic
interaction. Each of these forces is intermediated by elermtary particles called bosons.

One of boson is photon and it is exchange particle in electroagnetic interaction.



Photon is particle with no mass or charge, so it propagates &ely and photons do not inter-
act between each other. This is why the range of electromagtie interaction is theoretically
in nite. Every particle could have positive, negative or zero charge. Charged particles are
in uenced by magnetic eld, it can be observed as curvature dtheir trajectories. Photon is
a energy quantum, that can be radiated in di erent processeswhere particles loss energy
or dramatically changes their ight directions (Compton scattering, Bremsstrahlung).

In case of weak interaction, intermediate particles arew*, W and Z9 bosons.
Because of their relatively large massesMy, = 80:385 0:015GeV/c? [2] and Mzo =
91:1876 0:0021 GeV/c? [2]), the range of this interactions is quite short, approxmately
1000 times smaller than dimension of nucleus (1 fm). Actually, in case of low-energy
collision, their range is considered as negligible. In intactions, whereW are participated,
the particle transformations can occur. However, these trasformations should conserve
number of leptons and also other symmetries. Examples of poesses, where one lepton is
transformed to another, are -decays.

Another interaction described by Standard Model is the strang interaction. This in-
teraction is mediated by gluons, carrying so called color drge. Other elementary particles,
that have this color charge are quarks. Three di erent colorcharges of quarks are red, green
and blue, for antiquarks it is antired, antigreen and antiblue. As gluons connect quarks,
they can have di erent combinations of color and anticolor for example red-antired, green-
antiblue). One of consequence of gluon color charge is thatupns interact between each
other.

One of the most important property of strong interaction is asymptotic freedom.
When two quarks are binded by some gluons, energy of this bimadg rises with their mutual
distance. For small distance, quarks are quasi free. If engy is provided to this binding,
quarks are drawn appart from each other. If the provided enggy rises, in some moment it
is more energetically pro table to create new pair of quark ad antiquark from vacuum.
Matter, in which this dependency occurs, is called con ned oclear matter. However, in
case of very large energy density or temperature (170 MeV), this binding is "melted" and
quarks and gluons are free. This kind of matter is called deconed nuclear matter, and
example of it is quark-gluon plasma.

In Standard Model, six di erent quarks are described:u; d; s; c; b; t Their main prop-
erties are in Table 1.2. Standard Model also describe antiquks (1, d,s...), particles of
antimatter, thus have same mass, but opposite charge, quaam spin, baryon number and
other properties as quarks that compose matter.

g m [MeV/ c?] Q [e]
u 2:3707 %/ 3
d 4:8%03 A5
s 95 5 175
c 1275 25 2l 3
b 4180 30 175
t 173210 710 2/ 3

Table 1.2: Main properties of quarksg, their mass m and electric chargeQ. Data taken
from Ref. [2].

In con ned nuclear matter, quarks are binded by gluons to fom di erent hadrons.
All hadrons are composed in such way, that they have no coloharge (so they are "white").
In case of mesons, hadrons composed from two quarks, this isrte by binding of quark
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with color and antiquark with corresponding anticolor. In case of baryons, composed from
three quarks, these should have red, green and blue color dalge. For antibaryons, quarks

are replaced by antiquarks and color is replaced by anticolp so antiquarks should have

antired, antigreen and antiblue color charge.

Another group of elementary particles in Standard Model areleptons: electrone ,
muon , tau particle and three corresponding neutrinos (¢, , ). Asin other cases,
for every particle there is antiparticle. Leptons do not cary color charge, so they are not
in uenced by strong interaction. Every lepton family (lept on and corresponding neutrino)
have its own lepton number, that should be conserved in all tper of interaction.

I m [MeV/ c?] Q [e]
e 0:510998928 0.000000011 -1
. <2 0
1056583715 0:0000035 -1
<2 0
177682 0:16 -1
<2 0

Table 1.3: Main properties of leptonsl, their mass m and electric chargeQ. Data taken
from Ref. [2].

The last particle from Standard Model, experimentally approved in 2012, is Higgs
boson. Its mass isMyo = 125:7 0:4 GeV/c?. It composes Higgs eld, in consequence
of which W and Z gain mass. This explains di erences of masses W , Z bosons and
photon. Higgs boson is massive scalar particle. Its mass isek parameter in model and
it can give a hint on relevance of Standard Model theory or anther theories, such as
Supersymmetry.

Despite the fact that Standard Model describes con nement 6 quarks in mesons
or baryons, particles composed from 5 quarks and antiquarkspentaquarks, have been
observed. The last observation is from LHCb experiment in CRN. They were observed
in decays of { baryons (more details in Ref. [3]). Pentaquarks named K4450)" and
P.(4380)" were intermadiate states in these decays observed in combitions of spectra of
nal products, J= , proton and kaon (Fig. 1.1). These pentaquarks are thus forred of d,
c,c and two u quarks. Quarks in pentaquarks can be tightly bound, or they an form a
meson-baryon molecule. More studies are needed to distinigh between these two options.

One of problems in Standard Model is, that it does not describ gravitational force.
Between two elementary particles, this one is too small to be wrently measured. It is
expected to be intermediated by particle called graviton. Gaviton is probably massless
particle, propagating by speed of light (same as photon) wi spin 2.

1.3 Quark-gluon plasma

As already mentioned, example of decon ned nuclear matters quark-gluon plasma.
It is a new state of hot and dense nuclear matter, that is expeed to exist during Big
Bang. This matter could be actually created in accelerator egeriments, by colliding nuclei
of heavy ions and thus creating large temperatures and derig@s of matter.

Astrophysical arguments for Big Bang, and maybe presence of Q&are:

11
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Figure 1.1: The mass spectrum ofl= and proton combinations from g I J=K pde-
cays. The data are shown as red diamonds. The predicted coiihutions from the P.(4450)
and P.(4380)" states are indicated in the purple and black distributions, respectively. In-
set: the mass ofl= and proton combinations for a restricted range of the Kaon ad proton

mass, where the contribution of the wider R(4380)" state is more pronounced. Taken from
Ref. [3].

" Cosmic Microwave Background (CMB). It is isotropic radiatio n in universe, and it
corresponds to black body spectrum of temperature 2.73 K. Tis con rms theory of
creation of atoms and hadronisation after Big Bang. It was obsered in 1965 by A.
Penzias and R. Wilson and they received Nobel Prize for thisni 1978.

" Observed ratio of primordial helium to total mass of baryons, 0.25. This is matching
to theoretical value from theory of primordial fusion of nudei.

" Hubble's law (1929). It describes expansion of universe fim observations of mutual
distances between Earth and galaxies.

Nuclear matter have its own phase diagram, that can be seen iRkig. 1.2. It shows
state of matter for di erent temperatures and barychemical potential. Barychemical po-
tential g is energy needed to add one baryon to system. As we can see, c@&d nuclear
matter (hadrons) exists for temperatures below 170 MeV for g =0 MeV. For barychem-
ical potential bigger then 1200 MeV and temperatures down toapproximately 100 MeV,
there exists state called color superconductor.

There exist two di erent phase transition from quark-gluon plasma to hadrons. For
low g < 350MeV (dashed line in Fig. 1.2) it is cross over transition. It is rather fast change
of states, that can not be described by some derivations of #grmodynamical variables. For
higher g, there is rst order transition. Between cross over transition and rst order
transition, for 200 MeV< g < 500 MeV, there is critical point (E in Fig. 1.2). Search of
this point is one of goals for heavy-ions physics, since itsrecise position in phase diagram
is still unknown.

In the evolution of the heavy-ion collisions, di erent phases are distinguished. Schematic
description of this evolution is shown in Fig. 1.3 In rst phase, there are many inelastic
collisions between nuclei. After this phases, system beca@amearly stable, and in this state

12
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Figure 1.2: Phase diagram of nuclear matter, in space of baoghemical potential g and
temperature T. Solid line shows transition betweeen partons and hadronsral it ends in
critical point E, dashed line shows cross-over transition. Bottom solid linehows barychem-
ical freeze-out.Taken from Ref. [4].
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Figure 1.3: Description of heavy-ion collisions in one spa&c(z) and one time (t) dimension,
light cone. Showed the evolution of these collisions: critial temperature of phase transition
Tc, temperature of hadrochemical freeze-oufl, and temperature of thermal freeze-out
Tio . Taken from Ref. [4].
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qguark-gluon plasma could exist. Because of expansion of the/stem, temperature is de-
creasing. When it drops to critical temperature T¢, con ned nuclear matter start to be
formed in process called hadronisation. For g = 0 MeV, this temperature is expected to be
around 170 MeV. When temperature drops below temperature dfiadrochemical freeze-out
Tch, hadron gas is present. In this medium, inelastic collisios still occur. System continues
in its expansion and below somel;,, there are no inelastic collisions betweeen hadrons.
This is point of thermal freeze-out, and for g =0 MeV it occurs at temperature close to
critical temperature. For higher g, it occurs at temperature around 10-20 MeV smaller
than critical temperature.
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Chapter 2

ALICE detector

ALICE (A Large lon Collider Experiment, Fig. 2.1) is one of the four experiments
situated at LHC (Large Hadron Collider) at CERN (Conseil Européen pour la Recherche
Nucléaire). Other experiments at LHC are ATLAS (A Toroidal L HC ApparatuS), CMS
(Compact Muon Solenoid) and LHCDb.

LACCORDE »—

% ABSORDER)

TRACHKING ™
_CHAMBER ./

7 S
( DFOLE
: ,// /A SacrET )
# «'} / MU FLTERD

e

TR
(PNDFVD ™) &

WNOTS

e,
4 - TRIGGER
Ly _CHAMBER /

Figure 2.1: General schematic view of ALICE detector and itscomponents. Taken from
Ref. [5].

LHC is 27 km long circuit, that works in di erent phases. Phase called Run is the
working phase, when collisions and measurements occur. Ong phase called Long Shut-
down (LS) there are no collisions, and LHC is being upgraded rorepaired. Inéﬁun 1
(2010-2013), there were collisions of protons (pp) at maxial energies of collisions s =7
TeV?!, Pb nuclei (Pb-Pb) at maximum energy per colliding nucleon @ir © Syy = 2:76 TeV

175 is total energy in CMS of colliding particles, it is also inva riant mass of the CMS. p§ =
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and protons with Pb nuclei (p-Pb) at P Syn = 5:02 TeV. In Run 2, that begun in 2015,
collision systemps are the same and energies are planned to hpproximately double for
heavy ions and’ s =13 TeV for pp collisions.

The goal of ALICE detector (Fig. 2.1) is to study di erent pha ses of nuclear matter,
such as hot nuclear matter (QGP) or cold nuclear matter, and he phase transition between
QGP and hadronic matter. This detector consists of 18 di eret subdetector systems, that
are specialized for detection of low energy particles and fg with very high energy, mo-
mentum and space resolution. Central barrel of detector ismclosed in solenoid. Detectors
in central barrel, from closest to the beam pipe to furthest me are Inner Tracking System
(ITS), Time-Projection Chamber (TPC), Time-of-Flight (TO F), Ring Imaging Cherenkov
(RICH), High Momentum Particle IDenti cation (HMPID), Tra nsition Radiation Detector
(TRD), ElectroMagnetic Calorimeter (EMCal) and PHOton Spectrometer (PHOS). In a
forward beam direction there are systems for muon detectignpartially enclosed in dipole
magnet. Zero Degree Calorimeter (ZDC) measures amount of ileons, that did not par-
ticipate in collisions and it is situated 116 from interaction point. Some of subdetectors,
that are the most important for our studies, will be introduced, as they were designed
before LS1 upgrades. Data and informations in this chapter ere taken from Ref. [5].

2.1 Inner Tracking System (ITS)

ITS is used to detect position of primary vertex (places, whees collision occured),
secondary vertices (places, where heavy hadrons decayedjdato track particles with low
transverse momentumpy < 200 MeV/ ¢ 2. It is situated as close to beam pipe as possible
and it covers pseudorapidity interval < 0:9 and full azimuthal angle. It consists of 6 layers
of detectors, as it can be seen in Fig. 2.2. Two innermost laye are SPD (Silicon Pixel
Detector), next two are SDD (silicon drift detectors) and two outermost are SSD (Silicon
Strip Detector).

In Table 2.1 are shown di erent properties of all layers of ITS. SPD is used for
reconstruction of position of primary vertex and for measuements of impact parameters
of tracks, coming from heavy avour decays. SDD measures maly energy loss of particles,
that aids in further particle identi cation in ITS. Finally , SSD is used for matching track
with signals from other detectors, mainly TPC. It provides also information about energy
loss of particles.

2.2 Time-Projection Chamber (TPC)

Detector situated around ITS is TPC. Itis lled by 90 m 2 of Ne/CO,/N , (90/10/5).
In this drift gas, signals from charged particles are transprted on either side of central
electrode to the end plates. At each end plate, there are muHwire proportional chambers.

TPC is the main tracking detector that o ers measurements ofmomentum of charged
particles, particle identi cation and helps with determin ation of vertex position. For fully
reconstructed tracks (with signals also in ITS, TRD, TOF) it has coveragg j < 0:9 and
for reduced tracks (reconstructed with lower resolution)j j < 1:5. It covers full azimuth
angle. Momentum range, that could be detected, is from 0.1 G& c to 100 GeV/c.

p . . . .
m? + m2 + 2Epo M2, where my.2 are masses of colliding particles andE o is their energy.
2Transverse momentum pr is value of momentum in 2D space perpendicular to the directi on of colliding
particles (or to the beam direction).

16



R,=43.6 cm

Figure 2.2: Layers of ITS detector. Taken from Ref. [5].

Layer Type Position Resolution
rfem  zfem] r [ m] z[ m]
; pixel 32 ﬂi 12 100
S 00 227 -
2 strip jgg jgé 20 820

Table 2.1: Properties of layers of ITS detector: type of detetion system, its distance from
beam piper, length along beam pipe from center of ITS to both sides z, its resolution in
r space (perpendicular to beam pipe) and in beam directiorz. Data taken from Ref. [5].
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Resulting position resolution is from 800 m in outer radius to 1100 m in inner
radius of TPC. In beam direction it is from 1100 m to 1250 m. Energy loss resolution
for isolated tracks is around %6, depending on multiplicity of tracks in collision. Energy
loss in detector and associated momentum of passing partelcan be used for particle
identi cation. Performance of particle identi cation in T PC is showed in plot in Fig. 2.3.
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03 0.4 1 2 3 4 5678M0 20

p (GeVic)

Figure 2.3: I.Bnergy loss, @& /d x spectrum versus momentum in the ALICE TPC from pp
collisions at™ s =7 TeV. Taken from Ref. [6].

2.3 Electromagnetic calorimeter (EMCal)

Main purpose of EMCal is measurement of jet quenching in hegvions collisions over
the large kinematic range, also for high p. It is able to measure neutral energy of jets,
thanks to this it can measure full jets. It is situated right under ALICE magnet, so around
4.5 m from interaction point. It covers j j < 0:7 and azimuthal angle interval with size

= 107 . In azimuth, its situated opposite to PHOS (PHoton Spectrometer). Position
of EMCal in central barrel is shown in Fig. 2.4.

EMCal is Pb-scintillator, that is segmented into 12 288 towes of 6:0 6.0 24:6 cmd,
all directed to interaction point. Every tower contains alternating layers of Pb (thickness
1.44 mm) and polystyrene base scintillators (BASF143E + 1.%pTP + 0.04 %POPOP,
thickness 1.76 mm). Every tower is optically isolated.

Resulting energy resolution isl5%= E 2%/[7] for jet measurements andlzf’/cpp E
1, 7% [7] for measurements of electrons and phcbtons. Position ofeetromagnetic showers
is measured with precision of 1.5 mm + 5.3 mm  Egeposit [7], that is nearly the same in
all directions.
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Figure 2.4: Position of EMCal in central barrel of ALICE detector. Taken from Ref. [5].
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Chapter 3

Jets In collisions

Jets are de ned as collimated sprays of hadrons, produced aifragmentation of high-
energy quarks or gluons. After hadronisation, some heavy lilons can be formed, especially
if some heavy quark fragmented to form a jet. These heavy hadns decay to light hadrons,
which can be also contained in jet cones.

Di erent types of jets are considered, depending on partongquark or gluon) from
which they were formed (fragmented): usdg-jets (mother paticle could be one of light
quarks u, s, d or gluon), c-jets (mother particle is ¢ quark) ad b-jets (mother patrticle is b
quark). After hadronisation, this particle is contained in relevant hadron, so for example, if
mother b quark fragments, after hadronisation, there are fer light hadrons and B hadron.
The last one decays to lighter hadrons, which are detected.

3.1 Motivation for jet studies

Jets are considered as one of the most important probe of theaptonic medium, that
can be created in collisions of heavy ions. In case of pp calibns, jet production can be
quite satisfyingly predicted by pQCD calculations and viceversa, so pQCD calculations
can be improved by jet measurements. Jets can be also used ttudy hadronisation and
hard scattering. Collisions of protons are usually used asference of measurements in p-Pb
or Pb-Pb coallisions. In these cases, measured jet productis could be suppressed, mainly
for central collisions.

This suppression could be expressed by nuclear modi catiofiactor Raa , usually
de ned as

1 Y(AA)
I\lcoII Y(pp) 1

whereY (AA) and Y (pp) are particle yields in heavy ions and pp collisions (usuallyn some
speci ¢ range of momentum or pseudorapidity) andN g is number of binary collisions of
nucleons in heavy ions collisions, that depends on centrai of collision. If Raa < 1,

production is suppressed, in cas®aa > 1, production is enhanced. MeasuredRaa for jets

in Pb-Pb collision at ™ Syn = 2:76 TeV is shown in Fig. 3.1, taken from Ref. [8]. We can
observe strong suppression for jetsRaa slowly rise with higher transverse momentum of
jet.

Raa =

(3.1)

By comparing jet production in pp and Pb-Pb collisions, the properties of produced
medium can be studied. These are mainly temperature of the nuigum, its shape or energy
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Figure 3.1: Nuclear modi cation factor Raa of fully reconstructed jets (reconstructed using
anti-ktR < 0:2) and requiring a high pr leading track, pr > 5 GeV/c) in the 0-10%
centrality bin, for transverse momentum of jet 30 GeV/c < p%’?j’;fm < 120 GeV/c measured
by ALICE experiment. Taken from Ref. [8].

loss of particles in it. The last one is expected to be di erenfor gluons, light quarks and
heavy quarks (more details in Ref. [9] ). For b quarks, it is epected to be smaller than for
c-quarks, which is smaller than for light quarks or gluons. his energy loss dependence on
particle mass is one of our motivation to study heavy avour jets. Because of large mass
of b quark, it is expected to be created right after the collison, in hard scattering. So b
quarks experience the full evolution of the system, that maks them an excellent probe
of medium properties. They enable us to study redistribution of lost energy of quarks in
medium or possible modi cation of b quark fragmentation in medium.

3.2 Jet- nding algorithms

Jet reconstruction occur in space de ned by pseudorapidity and azimuthal angle
. Coordinates of axis of jet in this space are
_XOER X ER

= EJ ;= ; (3.2)

where E7 is total transverse energy of jet, and ' are coordinates of particles in jet and
E are energies of these particles. Transverse energies in déions could be replaced by
transverse momentumpr .

After tracks and energies of particles in event are reconsticted, di erent algorithms
can be used to nd and reconstruct jets. There are di erent requirements on these algor-
tihms, the most important are:

Infrared safety: soft particle should not change number and properties of rem-
structed jet.

" Collinear safety: in sense of reconstructed clusters, two particles with low reergy
or mass, propagating close to each other, should not be misnthed as one more
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energetic particle and vice verse. Analysis of energeticidter have serious in uance
on e ciency of jet reconstruction.

Order independence: after reconstructions, resulting jets should be same in paon,
hadron and detecter level. This could be tested in MC simulabns of collisions.

Independence on detector geometry and granularity.

" Maximum jet- nding e ciency vs. CPU time.

3.2.1 Cone algorithms

Cone algorithms rstly search the most energetic particlesin - space of event.
These clusters should have larger energy than set up threslibovalue, if it is, they are
tagged as seedf,. After that, all particles, which distane from seed is smaller as threshold
value of R (R = 2+ 2) are inherited in a jet cone. Then, all particles in actual je
cone are considered to nd new seed. It is a weighted center aictual jet cone. This new
seed is used to construct new jet cone, in a same way as befoReocess repeats, till some
stability of shape of jet or jet axis cone is achieved.

The problem is, that these algorithms are not usually collirear and infrared safe.

3.2.2 Clustering algorithms

Another group of algorithms for jet reconstruction is clustering algorithms. They are
based on nding some kind of weighted distance beetwen paxles (, j) de ned as

2
. = mi p .pP ij .
dij = min(ky;;ky; D2 (3.3)
where parameterp de ne in uence of transverse momentum of particle vs. its gemetrical
properties, parameterD assures minimal distance between reconstructed jets,

A G DR GR N & (3.4)

and kr; is de ned for every particle i as
kti = %sin i (3.5)

where ; is azimuthal angle of particle andE; is its energy. Then distance between beam
and patrticle i is de ned as
diB = k?i: (36)

For event, all dg and djj are calculated. From these numbers, the smallest one is chas
If it is some of dj , so particlesi and j are merged and later considered as one particle,
for which energies, momentum and distances should be recalated. If it is some of djg ,
particle i is tagged as jet (in later steps, more particles are "hidden"in this one). This
steps are repeated, till all particles are part of jets.

Algorithm, that used p = 2 is called k& algorithm, for p = 0 it is called C/A
(Cambridge/Aachen) algorithm and for p= 2 it is anti-k t. The last is actually the most
used one, it was used in our analysis, too.
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3.3 Heavy avour jets

Secondary vertices are places, where heavier hadrons ded¢aysome daughter parti-
cles, so multiple tracks can be coming out from them. These &cks are speci ¢ for their
large displacement from primary vertex (interaction point), this is also how these secondary
vertices are found in data. The invariant mass of secondaryertex is

2 X 2 X 2
Minv = ( Ei)* k " pik5 (3.7)
i [
where E; are energies of particles coming out from secondary vertexnd p; are their
momentum. Distance of secondary vertex from primary vertex Lyy, depends on decay
length of meson decaying in this vertex.

As already mentioned, b-jets contains B hadrons, mainly B mgsons. They are heavy,
so also secondary vertices created after they decay have d@rinvariant mass ( 5 GeV/c?).
Lifetime of B meson is large, their ight distance is 500 m. Fig. 3.2 shows the geomet-
rical schema of b-jet.

Secondary vertex

Decay length
Impact parameter :
L

Primary vertex

Figure 3.2: Geometry of jet, showing jet axis, decay length fosecondary vertex (y) and
impact parameter of track (vertex).

3.4 Tagging of b-jets

Measurements of b-jets in heavy ions collisions were alrepdsuccessfully done at
CMS experiment, see Ref. [10]. Algorithms used for b-taggmexploit from B meson or b-
jet properties described before. Simple Secondary VerteXSEV) algorithm uses properties
of secondary vertices in jet, whereas Track Counting (TC) ajorithms uses properties of
tracks in a jet (e.g. large displacement). Performance of ery algorithm in these algorithms
is expressed by b-tagging e ciency and its udsg-jets and cgts mis-tagging e ciencies.
E ciency of tagging for a given jet avor is ratio of number of tagged jets of a given
avor to all jets of a given avor. Mis-tagging e ciency is de ned similarl. Its name di ers,
because it refers to jets, we do not want to tag (other kind of ¢ts as searched). To estimate
value of e ciencies, simulation data are be used, because thnumber of real jets is needed.
E ciencies strongly depend on selected values of discrimiators.

Example of binding of b-tagging and mis-tagging e cienciesfor di erent values of dis-
criminators and for di erent b-tagging algorithms is shown in Fig. 3.3. It can be observed,
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that for all algorithms, higher b-tagging e ciency means also higher mis-tag e ciencies.
This is natural property of discriminators, our goal is to sé up them in a such way, that
c-jets and usdg-jets are rejected, but b-tagging e ciency § high enough.

CMS Si ion, \/s = 7 TeV CMS Simulation, \/s = 7 Te
S, A e > T T TR
= E i e £ F o
% E TCHE A S = TCHE
© [ - TCHP © [« TCHP
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= €8V 4 = [ =csv
€021 Luday | E BRSNS ™ 7 S
B B
A-I....‘ C .l .A ._[_.‘
(o)} ol F o " H i H
-8 n_". ‘,g‘ 10—2:_.. .‘.5 e
3103 et / : i
o | i
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0010205040506070805"1 00102030405060708051
b-jet efficiency b-jet efficiency

Figure 3.3: On the left usdg-jet and on the right c-jet misidenti cation probabilities as

functions of the b-jet e ciency for di erent b-tagging algo rithms at CMS and for di erent

values of their discriminators, for simulation of pp collisons at ™ s =7 TeV. Taken from

Ref. [10].

3.4.1 Simply Secondary Vertex algorithm

Firstly, all secondary vertices in event are found. This is @ne with two (high e ciency
- SSVHE) or three (high purity - SSVHP) prolongated tracks, depending on analysis strat-
egy or data statistics. For b-tagging, di erent properties of these secondary vertices could
be used, mostly it is their invariant mass or distance from pimary vertex. Mostly, from all
secondary vertices in jet, we choose only secondary vertextv the furthest distance from
primary vertex and use its properties. At rst, some cuts are applied on distributions of
variables to construct (b-)tagged sample, that is expectedo have reduced number of light
jets. E ciency of this cut has signi cant in uence in furthe r b-tagging e ciency. After
that, another cut is applied on this b-tagged sample. All seondary vertices passing it, are
considered as b-jets.

Example of discriminator is the variable called signed igh distance
Lxy = Lffy sign(Lxy Prjet); (3.8)
where Lf(’y is value of ight distance of secondary vertex (shown in Fig.3.2) and sign of
scalar product is positive, when SV is in same direction fronprimary vertex as transverse

momentum of jet prjet , and negative, when it in opposite direction. Another varizble, that
can be used is signed ight distance signi canceSLyy. It is de ned as

L
SLyy = 2 (3.9)

Ly
where Ly is value of signed ight distance of secondary vertex and ,, is its error.

3.4.2 Track Counting algorithm

As a rst step, impact parameter of every track in jet dg is calculated, then it is
projected along jet axis. Then, these are ordered in decrei@g order. The third value is
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used as discriminator and it is compared with some threshold/alue. If it is bigger than
threshold, jet is tagged as b-jet. Actually at ALICE, typical threshold value is 100 m.
With this value, achieved b-tagging e ciency is  0:1.

Current results from this algorithm for ALICE MC data are shown in Fig. 3.4. In right
column, we can observe comparison of b-tagging e ciency andnis-tagging e ciencies for
c-jets and usdg-jets. In tagging algorithms, our goal is to sppress mis-tagging e ciency
in comparison with b-tagging e ciency. As we can see in Fig. 34, usdg-jet mis-tagging
e ciency is suppressed by factor 10 to 100, but c-jet mis-taging is by factor only around
10. Even for small values of transverse momentum of jet, rati of c-jet mis-tagging to b-
tagging e ciency is around 0.2, so in data 2@ of jets tagged as b-jets could be c-jets. We
should also be conscious of b-tagging e ciency of 0.1, so witthis setup, we are actually
able to nd only 10% of real b-jets.
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Figure 3.4: Current perforn}gnce of Track Counting algoritbm at ALICE, for Pythia
simulation of pp collisions at™ s =7 TeV. First line compares b-jets and c-jets, second line
b-jets and usdg-jets. In left column, distributions of impact parameter with respect to jet
axis of the third most displaced track in jet (discriminator), in right ratio of other avour
mis-tagging e ciencies and b-tagging e ciency. Threshold value for third most displaces
track in Track Counting was 100 m. Taken from Ref. [13].

This algorithm could also work with signed impact parameterof track, that is de ned
analogously as for secondary vertex (Eq. 3.9).
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Chapter 4

Results of b-jet studies from other
experiments

As already mentioned, b-tagging was successfully done at CMexperiment. | would
like to present analysis as it was made in Ref. [11] , becausae@of our goals is to reproduce
steps in this analysis. This articlepshows measurements ofjet fraction (ratio of b-jets to
inclusive jets) in pp colisions at” s = 2:76 TeV and Pb-Pb collisions at " syn = 2:76
TeV, and compare two di erent algorithms for b-tagging, Simply Secondary Vertex and
Jet Probability algorithms and results from Pythia simulations. Method using secondary
vertices is described in more details.

For SSVHE algorithm, impact parameter signi cance variable was used as discrim-
inator. Jet Probability (JP) algorithm calculates probabi lity, that one track comes from
primary vertex, and then calulate this probablity for jet, u sing all tracks in it. The per-
formance of discriminators for this two b-tagging algorithms is shown in Fig. 4.1. We can
observe b-jet e ciency vs. usdg-jet and c-jet mis-tag e ciencies in pp and Pb-Pb collisions.
All these informations were calulated using MC data fromPythia and Hydjet simula-
tions. The red cross shows value of SSVHE discriminator useid analysis. For this value,
mis-tag e ciencies are smaller for pp collisions and also Qet e ciency is slightly higher
for pp collisions. For Pb-Pb collisions, resulting b-taggng e ciency is around 45% with
rejection of c-jets by factor 10 and usdg-jets by factor 100.

Fig. 4.2 shows distribution of secondary vertex mass in datadagged by SSVHE
discriminator (so it is not distribution of all secondary vertices, but only these, that have
bigger probability to be in b-jet). Unbinned maximum likeli hood template t was used to
t data, and resulting contributions of b-jets, c-jets and u sdg-jets are shown. For this t,
templates for di erent kinds of jets were constructed usingMC data. In tting, relative
contributions of di erent kinds of jets may vary, but their s hapes are xed. The resulting
precision of t, 2/NDF is also shown in Fig 4.2. It is small enough, so ts were casidered
as successful. We can observe, that for higher secondary tex mass the contribution from
b-jets is also bigger.

From distributions, b-jet purity can be extracted. It is de ned as fraction of true b-
jets in SSVHE-tagged sample (Fig. 4.2). Resulting distribtion of b-jet purity for di erent
transverse momentum of jet is shown in left in Fig. 4.3. Thereis a comparison of b-jet
purity of SSVHE-tagged sample in MC Pythia and Hydjet ) data and from template
ts in data. These two are consistent in full range of transvese momentum. Also b-tagging
e ciency was calculated from simulations and this was compaed for SSVHE method and
for Jet Probability algorithm. As it can be observed in Fig. 4.3 right, two b-taggers have
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Figure 4.1: The b-jet tagging e ciency vs. the light jet (top ) and charm jet (bottom) mis-
tag e ciencies for simulated pp events from Pythia (left) and simulated Pb-Pb events
from Pythia embedded inHydjet (right) for the SSVHE and JP discriminators. The red
cross marks the working point of the SSVHE discriminator usd in this analysis. Taken
from Ref. [11].
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Ref. [11].
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nearly same e ciency around 4% for transverse momentum80< pt < 200 GeV/c. Small
di erence between them is used in calculation of systematiancertainty.
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Figure 4.3: Left: The b-jet purity extracted from template ts to the SV mass distributions,
compared to the input simulation. Right: The tagging e cien cy of the SSVHE discrimina-
tor from simulation and from the reference tagger method. Taen from Ref. [11].

From shown gures and results, b-jet fraction for every pt range can be calculated

as tagged
N; P
brac = — (4.1)
jets
where th;gged is number of tagged jets by SSVHEN ets is number of all jets, P is the

purity and is e ciency of algorithm, both plotted in Fig. 4.3. The left p anel in Fig. 4.4

shows resulting b-jet fraction for 0-1006 centrality Pb-Pb collisions as a function of jet pr.

This fraction is 229  3:5% without signi cant dependence on jet transverse momentum.
The values fromPythia and Hydjet are also shown, and they are slightly smaller than
results from data, but within error these two are consistent The right panel in Fig. 4.4

shows same comparison for pp collisions. Results froRythia are consistent with results
from data, and b-jet fraction is again around 3%, with small drop for 80 < pt < 100

GeV/c.

Centrality dependence of b-jet fraction is shown on left in kg. 4.5. It is also around
3% with no dependence on centrality within uncertainties. Theright panel in Fig. 4.5 shows
the ratio of the b-jet fraction in 0 100% central Pb-Pb to pp collisions. In the lowest pt
bin, it is around 1.6, but with a very large uncertainty. In th e other bins, it is consistent
with unity. The b-jet nuclear modi cation factor Raa can be calculated as the product of
the ratio of b-jet fraction in Pb-Pb and pp collisions (shown in the right panel in Fig. 4.5),
and the inclusive jet Raa (0.50 0.01 (stat.) 0.06 (syst.) [12]) and has a value of 0.48

0.09 (stat.) 0.18 (syst.), for 100< pt;jet < 120 GeV/c.
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Chapter 5

Study of b-jets in pp collisions from
Monte Carlo data

In the following, the analysis of data that | have performed wil be described. In this
chapter MC productions LHC13d9 (879 000 events analysed) ahLHCpl3d14 (2 108 800
events analysed) were used. These are simulations of pp dsibns at”™ s = 7 TeV from
Pythia generator [14]. For this analysis, | used Aliroot software \ith Fastjet package [15],
used to nd jets in collisions. Detector response was done i Geant package [16].

Before analysing b-jet, nding of all inclusive jets is needd. This was done using
anti-kt algorithm from Fastjet package. Di erent values of paramater R were tested: 0.2,
0.4 and 0.7. The output of this jet- nding algorithm is array of all jets, array of all nal
state particles (detected in detector) in jet for every jet and array of all MC particles (these
are not usually in nal state, this information is available only in MC data) in jet for every
jet. The last one was used for my next step, b-jet tagging.

5.1 Algorithm of HF-jet identi cation in MC

Two di erent MC b-tagging method were tested.. They use MC information about
particles, so it could not be used in data.

One algorithm search for mother particle in MC array of particles in jet, for every
particle in every jet. If mother particle is b quark, jet containing it is tagged as b-jet.

By default, ALICE use algorithm, that search for mother B hadrons. Schema of
algorithm is as follows:

1. For every jet, look in its array of MC particles. For every particle, do as follows:

2. Search for its mother particle (particle, which decayed ¢ produce this particle). Find
its PID.

3. If mother patrticle is b or ¢ hadron:

(a) Calculate its distance AR from a jet axis, in - space.
(b) f dR < dRy, (dierentd Ry, tested):
i. If mother particle is b hadron =) jet is tagged as b-jet, stop loop over
MC particles in jet.
ii. If mother particle is ¢ hadron =) save it and its properties to di erent
array, continue to search for b hadron (step 2).
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4. When the loop over all MC particles in jet is ended and it hasnot been tagged as
b-jet, look in array where c-particles are saved (from step @)ii). If it is not empty
=) tag jet as c-jet.

5. If jet is not tagged as b-jet or c-jet, tagg it as light jet.

5.2 Properties of b-jets

In order to study how many B hadrons are used for b-tagging (tleir dR < d Ry ), |
plotted their d R distribution (Fig. 5.1). For this, | searched for B hadrons in every event.
After | found one, | calculated its distance from jet axis of every jet in event and plotted
the shortest one. We can observe, that this distribution hasmaximum around dR = 0.25
and then it drops nearly exponentially. In ALICE, for b-tagging dR¢, < 0:7 is mostly used.
As we can see in Fig. 5.1, this method use approximately 80 of all B hadrons. Other B
hadrons are not used for b-tagging.

In following study, anti-k + with R < 0:4 and in HF-jets tagging dRy,, < 0:7 were
used.

Pythia simulation, pp VYs=7 TeV
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Figure 5.1: Distance of B meson from closest jetil in MC pp collisions. In MC b-tagging,
B mesons with dR < 0:7 are usually used.

Another attribute of B mesons, that can be studied, is numberof daughter particles
created after they decay, shown in Fig. 5.2. Di erent type ofdaughter particles were com-
pared, as well as di erent mother B mesons. In my analysis, | ampared distributions of
number of all daughter particles, charged ones and those witpr > 1 GeV/c. | compared
these distributions for all B mesons created in collisionsKig. 5.2a) and for B meson that
were used for b-jet tagging (R from any jet was smaller than dRy,, used in analysis, Fig.
5.2b). We can observe, that distribution for B mesons, useddr b-jet tagging, is shifted
to higher number of daughter particles. Mean number of chargd particle from all B decays
is 2, for B mesons used for b-tagging it is 2.5. Same results are observed for number of
daughter particles with pt > 1 GeVi/c.

Comparison of b-jet's transverse momentumprjer and transverse momentum of B
meson in it Pr:meson IS Shown in correlation histogram Fig. 5.3. In spite of obvios small
statistics, we can see thar:meson  1:5pT;jet. It is in accordance with present results from
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Figure 5.2: Number of all daughter particles (blue), chﬁrgd (red) and with pr > 1 GeV/c
(green) from B meson decays in MC pp collisions at s = 7 TeV, (a) for all B mesons
created in collisions; (b) for B mesons in tagged b-jets.

ALICE experiment [13].
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Figure 5.3: Correlation of B-meson transverse I5110menturrpT;meson and according b-jet
transverse momentumprjet, MC pp collisions at ™ s =7 TeV.

5.3 Fraction of HF-jets in pp collisions

Fraction of HF jets is de ned as number of HF-jets (b-jets or cjets) divided by
number of inclusive jets. It was study in CMS experiment for pts with pr.jet > 80 GeV/c
[11]. However, in ALICE, the goal is to study jets with smaller prietr. | studied b-jet
fraction for O < pt;et < 40 GeV/c. Results are in Fig. 5.4. | compared b-fraction resuls
from di erent options in b-tagging algorithm. For b-fracti ons in Fig. 5.4a, | used tagging
by mother B meson (red circles) and by mother b quark (green sgares). For c-tagging |
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used only hadrons with c-quark. In all cases, | used anti-k with R < 0:2 and in HF-jets
tagging dRy, < 0:2 (HF particle inside b-jet). As we can see, b-jet fraction is fowly rising
to approx. 2 % and results are same for b-tagging by mother meson and motheuark. For
these options, c-jet fraction is slowly rising to approx. 12%. In Fig. 5.4b, there are results
of HF-jet fractions for anti-k 1 < 0.4 and dRy, < 0:7. In this case, statistical errors are
also plotted. Results are close to results in Fig. 5.4a.
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Figure 5.4: Fraction of b-jets and c-jets in MC pp collisionsat = s =7 TeV, with di erent
MC b-tagging and jet- nding methods, (a) c-jets tagged by maher meson, b-jets tagged
by mother meson and quark, distance between jet and mother ptcle < 0.2, anti-k 1 R <
0.2; (b) c-jets tagged by mother meson, b-jets tagged by mo#r meson, distance between
jet and mother particle < 0.7, anti-k 1 R < 0.4.

In CMS experiment, b-jet fraction around 2 % for pr;jer < 40 GeV/c was measured

[17]. From our results of analysis ofPythia data we can see, thatPythia gives approxi-
mately reasonable fraction of b-jets.
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Chapter 6

Performance of the ALICE seondary
vertex b-tagging algorithm

6.1 Template tting of p-Pb data

In this section, tting of distributions of di erent variab les is described. | have done
this analysis in collaboration with Physical Working Group - Heavy Flavour Correlations
in Jets (PWG-HFCJ) at ALICE experiment and results were presented in meetings of this
group. Goal is to study distributions of di erent variables describing properties of b-jets
in MC data and then use this study to t real data from p-Pb coll isions. That can help
to extract b-jet purity in data, which can be used, for example, to study b-jet fraction in
data, as it was done at CMS experiment (Ref. [11], chapter 4).

In my analysis, | worked with these MC p-Pb data from MonALISA Repository for
ALICE :

" LHC13b4 _x: Jet-Jet Pythia6 (Perugia 2011), repeat of LHC 13b4, 0.5T, LHC13b
anchors, 9 961 800 events;

" LHC14g3b: production with light quark sample in p; hard bins and Hijing underlying
event, LHC13bcde anchors, 61 555 500 events.

Energy of collisions Wasp Syn = 5:02 TeV. | also worked with sample of minimum-
bias p-Pb data recorded in Run 1. Data (MC or real) rstly passed analysis to nd all
secondary vertices and their properties. For this, o cial group's code was used. It is built in
Aliroot since version VAN-20150409. This vertex- nder co@ use Simply secondary vertex
algorithm with 3 prolongated tracks. In case of MC data, it cauld be determined, from
which particle decay secondary vertices are produced, sodly are tagged accordingly (b,
c, usdg). There are di erent variables, that results from this code.

6.1.1 Distribution of variables

In Fig. 6.1, there is distribution of distance of most displaced vertex in jet from
primary vertex (collision area) Lyy for b-jets, c-jets and usdg-jets. Distributions are resuls
of analysis of LHC13b4_ x data. Di erent shapes of three distributions can be observed.
All three distributions are falling exponentially, but the gradient di ers. Number of usdg-
jets is always the highest, bud this distribution is falling quickly. Gradients of distributions
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of b-jets and c-jets are falling slower, the smallest gradi@ is for b-jets. For values of
Ly & 0:3 cm, the number of b-jets is even higher than for c-jets.
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Figure 6.1: Distance of most displaced vertex in jet from prinary vertex Ly, in MC p-Pb
collisions for b-jets (red), c-jets (black) and usdg-jets black).

Distribution of signed impact parameter is shown in Fig. 6.2 As already mentiones,
signed impact paramaterSL,y is de ned as value of impact parameter of furthest secondary
vertex in jet from primary vertex Ly divided by its error |, , SLxy = Lyy= L,, . We can
observe nearly same behavour of shapes of three distributis (b-jets, c-jets and usdg-jets)
as for distributions of Ly in Fig. 6.1. Number of b-jets is bigger than number of c-jets ér
SLyy & 10.

These shape particularities are also observed for other viables. In our analysis we
work only with one vertex by jet, we use the properties (varidles) of the farthest one.
They can be used for tagging in real data, where there is onlyre distribution for all
jets (so sum of distributions for b-jets, c-jets and usdg-j&s). It could be done by tting
distributions in MC, and use sum of these ts to t distributi ons in data. So, if from MC
normalized distribution for b-jets fy, c-jets f; and usdg-jetsf ,sqg are resulting, normalized
data distribution is tted by

fal = Pofot Pcfct pusdgf usdg> (6.1)

where pp, pc and pysdqg are purities of b-jets, c-jets and usdg-jets in data. Thesera results
of this t. In case, we would like to t non-normalized data, w e used

Najifar = Npfp+ Nefe+ Nusdgf usdg> (6.2)

where Ngi, Np, Nc and Nysqg are numbers of all jets, b-jets, c-jets and usdg-jets. Last
three are results of this t. In my analysis | used mainly casein Eq. 6.1.

Next step is to make high-purity sample, and it is common for MC and for data.
Motivation for this is to make shapes of distributions even nore distinguishable/di erent.
This sample is usually called (b-)tagged. In our cases it is @he by rejecting jets with
vertices, which are (with some e ciency) expected to come fom light decays, or which are
reconstructed with big error. This rejection is realised bymaking cut on some properties
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Figure 6.2: Distance of most displaced vertex in jet from pmnary vertex, divided by its

error Lyy =, in MC p-Pb collisions.

of secondary vertices. In this case, | made cuts on dispersiof vertex ( v« ) and on signed
impact parameter of vertex (decay lenght of particle decayig in this vertex). By rejecting
vertices with small SL,y, vertices reconstructed with big error or coming from shortlived
particles are eliminated. In next steps, dierent these three combinations of cuts were
compared, from the loosest one to the most strict:

- vix < 004, S ny > 5,
- vix < 002, S ny > 5,
- vix < 002, S ny > 10

6.1.2 Fitting by functions

| was trying to t di erent MC tagged distributions (cuts vix < 0:04, SLyy > 5,
vix < 0:02, SLyy > 5, i < 0:02 SLy, > 10) of secondary vertex invariant mass by
probability distribution functions. For this, MC data from LHC13b4 _x were used. Di er-
ent distribution functions were tested. Three of them are slowed in Fig. 6.3: Exponential,
Novosibirsk and Bukin probability distribution functions. Distributions were t in dier-
ent ranges, these were tuned to assure convergence of t and minimize 2=NDF of t.
Results of 2=NDF for this three functions, and tted ranges are in Tab. 6.1.

In Fig. 6.3a, there is exponential t of distribution after i ts maximum. These ts
where done with good precision, as we can see in Tab. 6.1, biitwe want to t data using
Eqg. 6.1, it is not feasible. Problem is that three exponentih functions have nearly same
slopes. Motivation to t also a "peak" (grow) in distributio ns came from this problem.

Fit by Novosibirsk distribution is in Fig. 6.3b. This distri bution is de ned as
0 1

2
(n_q) 2
7+

Pnov(X) = exp @ A (6.3)

NI =
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\ | Exp. | Nov. | Bukin |

Range min. 1.0 0.0 0.5
max. 5.0 5.0 5.0
b-jets 423 | 834 | 3.48
S c-jets | 39.23| 16.29| 15.87
usdg-jets | 0.89 | 9.19 | 6.76

Table 6.1: Precisions of ts by exponential (exp.), Novosilirsk (nov.) and Bukin distribu-
tions, in speci ed ranges for b-jets, c-jets and usdg-jets idtributions.
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Figure 6.3: Fits to b-tagged SV mass distributions in MC p-Pbcollisions: (a) exponential
PDF, 0.8 - 5 GeV; (b) Novosibirsk PDF, 0.8 - 5 GeV; (c) Bukin PDF, 0.5 - 5 GeV. Functions
resulting from ts compared with real distributions in MC.
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where p__
(X Xg)sinh = In4

"ina

Xo is parameter describing peak position, is width of this peak and is parameter
describing tail of distribution.

g=1+ (6.4)

The Bukin function is given by

0 D 1
2+1 2In2 P2

P(X;Xp; pi; )= Apexp@—p—— (x Xﬂ,)_ + X Xi In2A ;
o 2+1  )2n 2+1+ Xp  Xi

(6.5)
where = ;andx;= x;forx<x,and = ,andxj= X, forx X, and

P
X1;2 = Xp + p 2|n2 'p?l l , (66)

parameter X, is the peak position, , is the width (FWHM/2.35) and is an asymmetry
parameter. Fit of SV mass by this function is shown in Fig. 6.8.

In all cases, results of ts by functions were not plausiblelf the well- tting functions
would be found, it would probably be only some empirical dedption of shape of distribu-
tion, without any physical reasons. Also search for a functn, that decribes physics behind
these distributions, is hadrened by fact, that we are tting tagged samples.

6.1.3 Template ts

Fitting of distributions by analytical functions was not su ccesful, so we decided to
try template ttig method. In this method, shapes of distrib utions for di erent jet avours
from MC are taken exactly just as they are, and then real data & tted as in Eq. 6.1.
As shape of MC distributions are taken exactly, we need to supres ideally all statistical
uctuations (they could modify tting of data), for this big data samples are needed.

Firstly, we wanted to test, if this method could even work in our case. For this,
instead of real data we used MC data, that were only sum of b-js, c-jets and usdg-jets
distributions, taken also as templates {p, fc and f ysqg in Eq. 6.1) in this case. At rst sight,
it could be obvious, that these method should result in puriies with good precisions (also
compared to real purities from MC), but experiences from tting by functions, especially
close slopes of tails of ditributions and resulting disabity to t data, were suasive enough
to make to this test.

For this, MC data LHC14g3b were used. We used all three alreadmentioned cuts to
construct b-tagged samples. Results of ts are di erent jetpurities (Eq. 6.1), we compared
these with real ones (as MC data were tted). This comparisonis in Tab. 6.2 and ts are
shown in Fig. 6.4. As it could be observed, purities are neaylsame and errors of ts are
very small. Also shape of real and tted distributions are nearly same. This approves, that
template tting method could work and could be precise.

After template tting method was approved as working in somecircumstances, it was
also applied on data, so templates (shapes) of MC b-jets, @fs and usdg-jets distributions
were used to t real data. As MC data, LHC14g3b was taken and fo real data minimum
bias p-Pb collision were taken. Results of this for three dierent tagged samples are in
Tab. 6.3 and in Fig. 6.5, where, especially for more strict ct$, an obvious lack of data is
observed. Actual minimum bias data sample have small stattics, especially for the most
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wix < 0:04 wix < 002 | i < 0:02

Slyy > 5 SLyy > 5 | SLyy > 10

b-jets t 0:289 0.007| 0:41 001|070 001
real 0.2898 0.4132 0.7029

cets t 0:06 001 | 0:07 001 0:08 001
real 0.0551 0.0746 0.0823

usdg-jets t 066 001 | 051 001|021 002
real 0.6550 0.5121 0.2147

Table 6.2: Purity of b-jets, c-jets and usdg-jets resultingfrom template tting of di erent
tagged samples of secondary vertex mass distributions coraped to input values of these
purities, in MC data from p-Pb collisions at P Sy =5:02 TeV.
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Figure 6.4: Template ts to di erent b-tagged SV mass distributions in MC p-Pb collisions:
0:02. Functions resulting from ts compared with real distribut ions in MC.
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strict cut, that was used to construct b-tagged sample Lxy= L,, > 10, yx < 0:02), that
is also partially motivation to use looser cuts on date to costruct b-tagged samples.

For this results, there is no data or other results to make corparisons, so we could
only work with some preliminary expectations. As it could beseen in Tab. 6.3, errors of
resulting purities are small and 2/NDF of ts are close to 1. In comparison with Tab. 6.2,
b-jet purities are sligthly higher and stay nearly constantfor all three cuts. For more strict
cuts, purities of c-jets are higher and purities of usdg-jet are smaller, what is in accordance
with our expectations (more strict cuts on b-tagged sampleseject usdg-jets). In all cases,
it is good and positive, that this method converged with suchsmall errors, and that values
of resulting purities are changing (for di erent cuts) approximately same as we expected.

vix < 0:04 vix < 0:02 vix < 0:02

Slyy > 5 SlLyy > 5 | SLyy > 10

b-jets 0:46 0:06 | 0:44 0:08 | 0:49 0:09

c-jets 0:36 0:08 | 0:45 0:09 | 0:48 0:09

usdg-jets | 0:18 0:09 | 0:11 0:12 | 0:03 0:13
2/NDF 0.78 0.97 0.70

Table 6.3: Purities of b-jets, c-jets and usdg-jets, and preision of t % resulting from
template tting of di erent tagged samples of secondary vertex mass distributions in data
from p-Pb collisions at™ Syny = 5:02 TeV.

Next step could test, if di erent MC templates results in same b-jet purities. After
that, two or more dimensional ts could be tested also. More dmensions means more
variable (properties) of secondary vertices (jets), that & used in same time, to results in
one value of b-jet purity.

6.2 Secondary vertex algorithm performance in p-Pb colli-
sions

Results showed in this section were presented in form of paast in International
Conference on New Frontiers in Physics 2015. Poster, that veacreated by me and Gyulnara
Eyyubova, Ph.D, can be seen in Appendix A.

Studies presented in this section are MC based: p-Pb coll@ins atp Sy =5:02 TeV
were generated withPythia and HIJING. Jets were reconstructed with anti-kt algorithm,
R = 0:4. Secondary vertices were reconstructed using 3 prolongatdracks, that should
have pr.trac > 1 GeV/c.

As already described, tagging e ciency of algorithm is in uenced by cuts on di erent
dicriminating variables. To study di erent tagging and mis tagging e ciencies of Secondary
vertex algorithm, signed ight distance signi cance SLyy was varied. Results of this study
are in Fig. 6.6. In Fig. 6.6a, b-tagging e ciency vs. mistaggng rate for di erent cuts on
SLyy and for constant cut on dispersion of vertex i < 0.02 cm is shown. It can be
observed, that for higher b-jet e ciencies also mistaggingrate of c-jets and usdg-jets is
rising. Mistagging rate of c-jets is always higher than misagging rate of usdg-jets and it
varies from 26 up to 20%.

One of cuts in Fig. 6.6a,SLyy > 10 was chosen to plot e ciencies vs. transverse
momentum of jet. This is showed in Fig. 6.6b. E ciency of b-tagging is around 206 for
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(a) (b)
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Figure 6.5: Template ts to dierent b-tagged SV mass distributions in data from p-Pb
collisions: (@) Lxyy= ,, > 5 wx < 0:04 (b) Lyy= L, > 5 wx < 0:0Z (C) Lyy=r,, >
10, wix < 0:02

(@ (b)

Figure 6.6: (a) E ciency vs. mistagging rate of SV tagging with di erent cuts for 30 <
pr < 40 GeV/c. The cut on dispersion of the SV vertex is xed, < 0:02 cm, the cut on
signed ight distance signi cance SLyy is variated. (b) E ciency of tagging algorithm as

a function of jet transverse momentump{%g, , for cuts < 0:02cm, SLy, > 10.
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(@) (b)

Figure 6.7: (a)Comparison of SVD unfolding of b-jet spectri with 2 matrices: detector
matrix for all inclusive jets and for b-jets. Both matrices are combined with background
uctuation matrix from MC. Ratio of two unfolded results. (b ) SVD unfolding for tagged
spectrum with combined matrix for 2 scenarios: the measurethgged b-jet spectrum is rst
unfolded and then corrected for e ciency as a function ofp%e”; the measured tagged b-jet
spectrum is rst corrected for e ciency as a function of pi*¢ and then unfolded. Ratio of

two unfolded results.

full displayed prjet range, while mistagging rate of c-jets is slowly rising fron8% to 7%.
Mistagging e ciency of usdg-jets is suppressed enough, itenaximum value is smaller than
0.1%.

6.2.1 Unfolding corrections

Described b-tagging algorithm and its properties is used fiob-jet spectrum recon-
struction. Important step in this reconstruction is jet unf olding. The measured jet spectrum
m(x9 is a convolution of the true jet spectrumt(x) and detector response functiorA(x; x9),
obtained from MC simulations,

Z

m(x% = dxA(x;x3t(x): (6.7)

In practice, spectra are histograms and detector responseuriction is matrix (2D his-
togram). In this analysis, SVD (singular value decompositbn) unfolding was used. Two
di erent detector matrices were used: matrix used for all irclusive jets and for b-jets. Both
matrices were also combined with background uctuation matix from MC. Comparison
of unfolding results, done with these 2 matrices is in Fig. &a. There can be seen ratio of
them vs. transverse momentum of jet20 < pt;jet < 50 GeV/c. Ratio is consistent with 1,
so these 2 methods are equivalent and b-jets can be unfoldedtivmatrix for all inclusive
jets.

As already mentioned, jet spectra should be corrected alsoyke ciency of tagging al-
gorithm. Two di erent scenarios of these corrections weredsted. In rst one, b-jet spectrum
is rst corrected for e ciencies and then unfolded, in other one b-jet spectrum is unfolded
and then corrected for e ciencies. These scenarios are comaped for 20 < prjet < 50
GeV/c, results are in Fig. 6.7b. This ratio is again constant with 1 so it was veri ed, that
the correction order does not give signi cant di erences inthe resulting spectrum.
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Conclusions

The aim of this W%I’k was to introduce b-jet studies, to show rsults of analysis of
b-jets in pp collisions at” s =7 TeV and some steps of actually running analysis of b-jets
in p-Pb collisions at ™ Syy = 5:02 TeV.

| presented how jets could be detected and found at ALICE exp@ment and conse-
guently tagged as b-jets. The most used jet- nding algorithm is anti-kt, for b-tagging in
data Simply Secondary Vertex, Track Counting and Jet Probalility algorithms are used.
MC tagging algorithm of b-jets searches for mother b-quark 6B hadron within some
distance from jet axis.

Last two chapters of this work showed my results. At rst, it w ere di erent properties
of MC b-jet tagging algorithms in pp collisions. | compared d erent values of jet cone radius
in anti-kt algorithm, as well as required distance between jet axis anchother b quark or
B hadron in b-tagging algorithm. Finally, using these information, | showed that result of
b-jet fraction in Pythia data is same as results from CMS experiment.

In the last chapter, | showed part of analysis of PWG-HFCJ graup at ALICE ex-
periment. Goal of this analysis is to tag b-jets, to study b-gt fraction and purity in p-Pb
collisions. Di erent variables of jet properties were tted. We tried to t distributions of
secondary vertex mass by probability distribution functions. This tting was unsuccessful,
so we tried template tting method. Actual results show, that these method could be used
in data.

Actually, template tting method is tested in more details. We will try to test it also
in data from pp collisions. Also other b-jet analysis are ruming simultaneously at ALICE,
for example b-jet unfolding or b-tagging by high energy eletons. In my following studies,
| will focus on studies of b-jet tagging e ciencies for di er ent values of discriminators of
tagging algorithms in pp collisions.
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Appendix A

Poster presentation from
International Conference on New
Frontiers in Physics 2015

International Conference on New Frontiers in Physics 2015 as hosted in the Confer-
ence Center of the Orthodox Academy of Creta in Kolymbari. It started on August 23 and
ended on August 30. 23 di erent posters were presented. Ond them was "Performance of
the ALICE secondary vertex b-tagging algorithm”, that was created by me and Gyulnara
Eyyubova, Ph.D.

To acces to full quality of poster, see in Ref. [18].
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