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Abstract:

Heavy quarks are mainly produced by hard processes during the early
stage of heavy-ion collisions and before the formation of the quark—gluon
plasma (QGP). As most of the heavy quarks are expected to propagate
through the medium during its evolution, they can encode information on
different stages of the medium. The D? meson is the lightest meson con-
taining a charm quark. Measurement of modifications to D° production
in heavy-ion collisions relative to a proton-proton collisions can be used to
study properties of the nuclear medium. In 2012, the STAR experiment
at RHIC recorded Cu+4Au collisions at the center-of-mass energy per nu-
cleon pair of /sy = 200 GeV. Measuring D production in asymmetric
Cu+Au collisions allows to probe charm quark production in a system with
different geometry than the symmetric Au+Au collisions. In this Diploma
thesis, the first measurement of the D mesons in Cu+Au collisions is pre-
sented. The D° mesons are reconstructed via the hadronic decay channel
(D® — K~7T). The invariant yield and the nuclear modification factor of
DY meson are shown as a function of transverse momentum. These results
are then compared with existing results from Au+Au collisions at the same
collision energy and corresponding centrality.
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Abstrakt:

Teézké kvarky jsou prevazne produkovany tvrdymi procesy béhem pocatec¢nich
fazi srazek tézkych iontu, dfive nez dochazi k formovani kvark-guonového
plazmatu (QGP). U vétsiny tézkych kvarku se predpokladé jejich pruchod
médiem béhem evoluce media, tudiz mohou poskytovat informace o mediu.
DY mezon je nejlehéi mezon obsahujici puvabny kvark. Méfeni modifikace
produkce DY mezonu ve srazkich tézkych jader vuéi proton-protonovym
srazkam lze pouzit ke studiu vlastnosti jaderného media. V roce 2012
experiment STAR na RHICu zaznamendval srazky Cu+Au s energii na
nukleonovy par /sy = 200 GeV. Méfeni produkce D? v asymetrickych
srazkach Cu+Au umoznuje studium produkce puvabného kvarku v systému
s odlisnou geometrii nez symetrické srazky Au+Au. Tato Diplomové prace
piindsi prvni mereni DY mezonu ve srézkach Cu+Au. D° mezon je rekon-
struovdn v hadronovém rozpadovém kanalu (D° — K~7t). Invariantni
vytézek a jaderny modifikacni faktor D® mezonu je zobrazen v zavislosti na
piicné hybnosti. Vysledky jsou poté porovnany s vysledky z Au+Au srézek
pri stejné energii srazky a odpovidajici centralité.
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Introduction

Birth of the modern nuclear and particle physics can be traced to the Joseph
John Thompson, who in the 1897 discovered electron during his studies of
cathode discharge. From J. J. Thompson originated the ”pudding” model
of the atom, where electrons are point-like objects with negative charge in
the positively charged volume of the atom. Next great breakthrough was
experiment of Ernest Rutherford who discovered positively charged nucleus
of atom. This experiment consisted of irradiating of the gold foil by the a-
particles. In the next few following years the neutrons, positrons, neutrinos
and many subatomics particles were discovered.

With the still increasing numbers of sub-atomic particles the question
about what is the fundamental building block of the nature arise again. By
studying of Deep inelastic scattering in the late 1960‘s it was found, that
protons have an internal structure - partons. In 1962 Gell-Mann [I] and
Zweig [2], completely independently, comes with quark model. Subsequently
partons were identified as a quarks. Quark model was later developed into
the theory of the strong interaction - the quantum chromodynamics.

Strong interaction have two distinct features: confinement and asymp-
totic freedom. The strong interaction, in basic approximation, behaves as
an inverse function of the distance between quarks. For small distances be-
tween quarks the strong interaction is almost negligible, but with increasing
distance the intensity of the strong interaction increase. This behavior is
known as an asymptotic freedom and it implies the nonexistence of free
quarks - the confinement.

Collins and Perry in 1975 comes with prediction of superdense matter
consists of quarks than of hadrons [3]. In the case of specific conditions,
quarks are not longer confined within matter and becomes a free particles.
This requires extreme densities of matter which can be found, for example,
in neutron stars, black holes and early after the Big bang [3]. Matter formed
from the free quarks and gluons is called quark-gluon plasma and is believed,
that the Universe was in the state of quark-gluon plasma a few microsecond
after the Big bang. This is illustrated in Fig.

One of the main part of contemporary high-energy physics are ultra-
relativistic heavy-ion collisions, in which hadronic matter is under extreme
conditions and quark-gluon plasma is created. This phase of matter can

19
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Fig. 1: History of the Universe with highlighted distinctive phases. In the
time t ~ us the Universe is believed to be in the state of quark-gluon plasma.
Distinctive eras of the Universe are shown. Taken from Ref. [4].

be studied by various method. One of method is to measure production
of different types of particles in heavy-ion collisions and compare results
with data from proton-proton collisions. Obtained difference tell us, how
much quark-gluon plasma modified production of particles and how particles
propagates through quark-gluon plasma.

Theme of this Thesis is analysis of the DY in Cu+Au collisions at V3NN = 200 GeV.
Main goals are quality check of Cu+Au data, DY reconstruction in hadronic
decay channel D° — K~7t (and charge conjugates), calculating recon-
struction efficiency, invariant yield and nuclear modification factor. Measur-
ing D° production in asymmetric Cu+Au collisions allows to probe charm
quark production in a system with different geometry than the symmetric
Au+Au collisions.

This diploma thesis is divided at two main parts. First part consist of
three chapters and is mainly mentioned as introduction part. This part dis-
cuss experimental setup, overview of theory and experimental results about
DO from STAR, ALICE, CMS experiments.
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Second part, which started with Chapter 4, describes analysis of DY in
Cu+Au collisions. Chapter 4 shows required cuts, methods of particle and
background identification, and raw yield of D” meson. Chapter 5 describes
how detector efficiencies were obtained and final reconstruction efficiency
of DY meson. In the Chapter 6 systematic uncertainties are shown with
description of their origin and how significant they are. Last chapter, Chap-
ter 7, is dedicated to overview and discussion of this thesis final results,
the invariant yield and nuclear modification factor of D? meson in Cu+Au
collisions. These results are compared to the results from Au+Au collisions.

Results of this Diploma thesis were approved by the STAR collabora-
tion and presented as the poster at the XXVI international conference on
ultrarelativistic heavy-ion collisions: Quark Matter 2017.
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Chapter 1

Experimental setup

In this chapter the experimental setup will be described. At first will be de-
scribed Relativistic Heavy Ion Collider (RHIC), than the Solenoidal Tracker
at RHIC (STAR) detector and sub-detectors of the STAR. After that de-
scription, current and planned physical runs of RHIC are mentioned. End
of the chapter is dedicated to brief overview of the RHIC future: new exper-
iment sPHENIX and possible upgrade to an Electron-Ion Collider (EIC).

1.1 RHIC

RHIC is located at Brookhaven National Laboratory (BNL) on Long Island,
New York state, USA. RHIC is a synchrotron (storage ring) based accelera-
tor, scheme of the RHIC complex is shown in Fig. One of the main goal
of RHIC is to study the quark-gluon plasma. The formal RHIC proposal was
issued in August 1984, actual construction began at 1991. The construc-
tion of RHIC was completed in 1999 and the first physics run took place in
June 12, 2000. Two Au beams were collided with center-of-mass energy per
nucleon /sy = 28 GeV [5]. RHIC itself consists of two independent rings
- called ”Yellow” and ”Blue” - where in the Blue ring the beam orbits in
the clock-wise direction and in the Yellow ring beam orbits in the counter
clock-wise direction. The maximal energies of collisions at the RHIC are
VSNN = 200 GeV for ions and /s = 510 GeV for protons [7].

To accomplish its goals, RHIC is capable of colliding several different
systems such as polarized protons, deuterons and isotopes of 3He, %Al,
%Cu, %ﬂAu, %g’SU. There were symmetrical collisions p+p (and polarized
p+p), Cu+Cu, Au+Au, U+U. Besides symmetrical system, RHIC is able
to collide also several non-symmetrical geometries: p+Au, p+Al, d+Au,
He+Au, CutAu [7]. RHIC is the only spin-polarized collider in the world.
Even some fixed target experiments takes place at RHIC [8]. Cu+Au col-
lisions will be more described in the Chapter 2, which is dedicated to the
theory overview. Summary of collisions energies, species combinations and

23
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PHOBOS
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LINAC

Fig. 1.1: Layout of Relativistic Heavy Ion Collider and it‘s pre-accelerators.
Taken from Ref. [6].

luminosities is show in Fig.

RHIC energies, species combinations and luminosities (Run-1 to 16)

AutAu
U+U

1215 20 23 27 39 56 62 130 193 200 410 500 510

Center-of-mass energy \/s“ [GeV] (scale not linear)

Fig. 1.2: Summary of collisions energy, species combinations and average
store luminosity from Run 1 (2001) to Run 16 (2016) at RHIC. Taken from
Ref. [7]
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RHIC originally hosted 4 large experiments:

e Solenoidal Tracker at RHIC

e Pioneering High Energy Nuclear Interaction eXperiment (PHENIX)
e PHOBOS

e BRAHMS

Nowadays only one of the original four detectors at RHIC are still ac-
tive: STAR. Detectors PHOBOS, BRAHMS and PHENIX is already fin-
ished their physical program and are no longer active.

1.2 STAR detector

The STAR detector main purpose is to study hot and dense nuclear matter in
heavy-ion collisions via detecting, tracking and identifying charged particles
in mid-rapidity. STAR detector consist of a room-temperature solenoid
magnet with full field strength B = 0.5 T which surrounds most of the
detector sub-systems. Magnetic field is parallel to the beam-pipe axis. The
STAR. detector]|is a combination of 13 sub-detectors, where 6 sub-detectors
are azimuthally symmetrical (from inner to outer):

e Heavy flavor tracker (HFT)? which consist of:
PiXeL detector (PXL)

Intermediate Silicon Tracker (IST)
Silicon Strip Tracker (SST)

Time of Flight (TOF)

Time Projection Chamber (TPC)

Barrel ElectroMagnetic Calorimeter (BEMC)
e Muon Telescope Detector (MTD)

STAR has also following forward detectors (forward rapidity region 1.086 < n < 2):

e Endcap Electromagnetic Calorimeter (EEMC)

e Forward GEM Tracker (FGT)

The last three detectors provide fast trigger:

!As in 2016.
2Installed from Run 14 to Run 16.
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e Vertex Position Detector (VPD)
e Beam-beam counter (BBC)

o Zero degree Calorimeter (ZDC)

Schematic view of the STAR detector is show in Fig.

|Time Projection Chamber ﬁ Time Of Flight | | Barrel ElectroMagnetic

a1 Calorimeter
e
Muon Telescope 77 =
Detector (2014) -y Vertex Position
: Detector
Magnet
\
=
4
&

Heavy Flavor Detector (2014-2016)

Fig. 1.3: Schematic view of the STAR detector at RHIC. Courtesy of Alexan-
der Schmah and Jakub Kvapil from the STAR Collaboration

For purpose of this work only the following sub-detectors will be de-
scribed in more detail : TPC, TOF, and VPD as they are crucial for this
thesis data analysis.

1.2.1 Time Projection Chamber

Time Projection Chamber (TPC) is primary tracking sub-detector of charged
particles . In addition, TPC provides particle identification via their specific
ionization energy loss.

The TPC is cylindrical tracking detector with outer diameter royt = 4 m
and inner rj, = 1 m , with length 4.2 m (Fig. and full azimuthal angle
(0<¢p<2m) coverage. Pseudorapidity coverage is £+ 1.0 units [9].

Internally TPC is divided into two halves (at z = 0) along the beam pipe
by the Central Membrane. Voltage of membrane is —28 kV. The membrane
serves as a TPC cathode. Internally TPC is further divided by a equipo-
tential rings which forms the field cage. Multi-wire proportional chambers
(MWPC) serve as an anode, and with the membrane and the field cage cre-
ating together an uniform electric field of E ~ 135 V/cm. Cylinder volume
of the TPC is filled with P10 gas (10% of methane and 90% of argon) with
pressure 200 Pa above the atmospheric pressure.
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Sectors

Outer Field Cage

& Support Tube
Inner

Field
Cage

Sector
Support—Wheel

Fig. 1.4: Schematic view of Time Projection Chamber sub-detector of the
STAR. Taken from Ref. [9].

The MWPC are divided into 12 sectors. In each sector there are 13 inner
and 32 outer pad rows. In total MWPC consist of 136 560 read-outs pads.
Fig [1.5] shows geometry of one section of MWPC.

Quter Pads Inner Pads
6.2 mm x 19.5 mm 2.85 mm x 11.5 mm
Total of 3,942 Pads Total of 1,750 Pads

Row 1 thru 8 on 48 mm Centers
6.7 x 20 mm Centers Row 8 thru 13 on 52 mm Centers

Cross Spacing 3.35 mm

/ 600.00 mm from DETECTOR CENTER
-
-

-

r
87 x3.35 =291.45mm
|
3.35 mm CROSS SPACING
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Fig. 1.5: Schematic view of the anode pad plane. Taken from Ref. [9].
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Charged particle traversing the volume of TPC ionizing P10 gas. Elec-
trons then drifts towards anode at an average velocity ve drige = 5.45 cm/ps,
resulting in maximum drift time in the TPC t,ax arit, = 40 ps. Drift velocity
depends on temperature and pressure inside TPC.

1.2.2 Time of Flight detector

Time-of-Flight detector (TOF) is designed for the measurement time of flight
of particle and together with TPC to obtain information about masses and
velocity of particles passing through TPC and TOF. TOF consist of Barrel
TOF (BTOF) and the Vertex position Detector (VPD).

BTOF consist of 120 trays that cover full azimuthal angle and pseudo-
rapidity at + 1.0 units. Sub-detector itself is based on Multi-gap Resistive
Plate Chamber (MRPC) technology, which using collection of currents in-
duced by alternation of electric field that is caused by electron avalanches
created in detector gas. Each tray of BTOF has 32 MRPC modules, each
module containing 6 pads. Geometry of BTOF is shown at Fig.

local Y
TPC One Modqle .
upVPD VPD
east u:tesl local Z (p
O S B “+" _To

ToF TPC center _

Y N
V]

n~o0 n~1
32 modules per Tray Z

6 MRPC pad (cell or channel) per module in ¢ direction

Fig. 1.6: Geometry of Barrel Time of Flight detector. Taken from Ref. [10]

The VPD is a coincidental detector and consist of two identical parts
on the west and east side of the beam pipe, 5.7 m from centre of STAR
detector. Each part consist of 19 cylindrically shaped channels of lead layers,
scintillator and a photo-multiplier tube. The VPD measures the start time
and BTOF measure stop time. Then can be obtained equation

stop time — start time = T,
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where 7 is particle time of flight.

1.3 Recent and planned runs

Run 15 consisted of 22.4 cryo-weeks and takes place from 24.01.2015 to
28.07.2015. During Run-15 3 types of collisions takes place: p+p, p+%87Au
and p+2%Al. Collision system are listed in Tab.

System VNN [GeV /nucleon-nucleon] T L [pb~!]
Polarized p+p 200 10.9 weeks 382
Polarized p + 137 Au 200 5.1 weeks 1270
polarized p + 27Al 200 1.9 weeks 3.97

Tab. 1.1: Overview of Run 15. The /snyn is a total energy per nucleon-
nucleon pair, T is duration of each type of collisions, L is a total delivered
luminosity. Taken from Ref. [7].

For the year 2016 there were 20 cryo-weeks. Run 16 started at 25.01.2016
and ended at 29.07.2016. Specific informations about Run 16 are in Tab.
1.2

ystem SNN |GeV /nucleon-nucleon nb™
S GeV /nucl 1 T L [nb~!
197Au + 1TAu 200 14.4 weeks ~ 52.2
d + 37Au 200 8 days 289
d + 137Au 62 6 days 44
d + 37Au 20 11 days 7.20
d + 27Au 40 7 days 19.5

Tab. 1.2: Overview of Run 16. The ,/snN is a total energy per nucleon-
nucleon pair, T is duration of each type of collisions, L is a total delivered
luminosity. Taken from Ref. [7].

Run 17 started at 21.02.2017 and should end in July 2017. Specific
informations about Run 17 are in Tab.

For the Run 18 main goal is to take data about isobaric collisions Ru+Ru
and Zr+Zr [11]. Collisions of isobaric nuclei {Ru and §57Zr provides an op-
portunity to study chiral magnetic and chiral vortical effects. Nuclei will
collide at /sy = 200 GeV and is planned to collect 1.2 - 10? events. Chi-
ral effects are long discussed and experimental results so far support chiral
magnetic effects, chiral magnetic wave and chiral vortical effects. Ratio of
charged particle multiplicity created in Ru+Ru and Zr+Zr collisions is al-
most identical (excluding 0-5% most central collisions) but they had different
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System V5NN [GeV/nucleon-nucleon]  Duration [week]
Polarized p+p 500 13
p+p 500 1
CeC - 2
Au+Au 62.4 4

Tab. 1.3: Overview of Run 17. The /sy is a total energy per nucleon-
nucleon pair, CeC is a Coherent electron Cooling. Taken from Ref. [11]

nucleus deformity B2. For Ru 89 = 0.158, for Zr B2 = 0.08 - these are results
from e-A scatteringﬂ Overview of Run 18 is show in Tab.

System ,/sxn [GeV/nucleon-nucleon] Duration [week]

Ru+Ru 200 3.5
Zy+7r 200 3.5

Au+Au 27 2

Tab. 1.4: Overview of Run-18. The ,/snn is a total energy per nucleon-
nucleon pair. Taken from Ref. [11]

Due to different deformation of nucleus and number of protons, the initial
magnetic field would be different for Ru+Ru and Zr+Zr collisions. Theoret-
ical calculations for initial distribution of magnetic field are shown in Fig.

If there really are chiral magnetic and chiral vortical effects, then those
eB

effects should be functions of (— )?cos[2(1B —rp)], where e is elementary

charge, B is magnetic field, m. is mass of pion, ¥ p is a angle of the magnetic
field and ©rp is a angle of the reaction plane of a given event [I1].

1.4 Future of the RHIC

1.4.1 STAR

The STAR collaboration has many experimental plans beyond 2020, which
are supported by the Nuclear Science Advisory Committee (NSAC) 2015
Long Range plan. This document emphasize importance of the RHIC and
STAR in the research that studies properties of QGP and the spin structure
of the proton [I2]. Summary of proposed plans and upgrades can be seen in

Fig. [L.9,

3 According different sources - comprehensive model deductions - deformity parameter
is B2 = 0.053 for Ru and B2 = 0.217 for Zr, which is the quite opposite to results from
e-A scattering [11].
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Fig. 1.7: Panel (a): The Glauber model multiplicity simulation for Ru and
Zr. Panel (b): Ratio of the Glauber model multiplicity. The solid lines rep-
resents calculations with Glauber model, dashed lines represent calculation
with comprehensive model deductions. Taken from Ref. [I1].
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Fig. 1.8: Panel (a):Initial magnetic field for Ru+Ru and Zr+Zr collisions.
Panel (b): Ratio of distribution versus centrality. The solid lines represents
calculations with Glauber model, dashed lines represent calculation with
comprehensive model deductions. Taken from Ref. [11].

Proposed items of the physics program envisioned by the STAR Collab-
oration are [I3]:

e Studies of the nuclear parton distribution and fragmentation functions.

Understanding of the nature of the pomeron and potentially discover-
ing the odderon.

Extension of gluon polarization results down to low-x.

Constraints on the transport coefficients é and ¢ near the critical tem-
perature T..



32 CHAPTER 1. EXPERIMENTAL SETUP

e Constraints on the 341D hydrodynamics and temperature dependence
of relevant QGP properties.

To achieve these goals several hardware upgrades are required, namely
[13]:

e inner TPC (iTPC): improving tracking and mid-rapidity resolution,

e Event Plane Detector (EPD): improvement of event plane resolution,

e Forward Electromagnetic and Hadronic Calorimeters (fCal): extend-
ing forward calorimetry capabilities,1

e HFT+: Replacing PXL layer with next generation Monolithic Active
Pixel Sensor (MAPS) technology and new electronics,

e Streaming: Implementing new read-out electronics on most detectors,

e Replacing the BSMD readout.
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Fig. 1.9: Summary of the STAR 2020+ plan and the required upgrades to
perform these measurements. Taken from Ref. [13].

1.4.2

sPHENIX

One of the major upgrades of RHIC experiments since it‘s operational start is
project sSPHENIX. PHENIX collaboration proposed at 2012 a major upgrade
of the PHENIX detector which should open new possibilities for studying
of QGP, but technically the sPHENIX is completely new detector. This
upgrade was approved in 2015.

sPHENIX collaboration proposed mainly the following measurements

[14]:
e jets,
e b-tagged jets,

e photons,
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e charge hadrons and their correlations,

e measurement of T particles family.

The sPHENIX detector should consist of (from inner to outer layer)lﬂ
[15]:

e MAPS detector

e Inner Tracker (INTT)

e Time Projection Chamber (TPC)

e Electromagnetic calorimeter (EMCal)

e Inner hadronic calorimeter (IHCal)

e Solenoid magnet

e Outer hadronic calorimeter (Outer HCal)

The MAPS detector, the inner-most tracking detector, is based on tech-
nology used for the ALICE Inner Tracking System upgrade design. Resolu-
tion of the decay vertex should be DCA,, < 70 pm [15].

INTT detector should provide continuity in tracking between MAPS and
TPC, DCA determination and pile-up rejection. It consists of 4 layers of Si
strips.

The TPC, the outer-most tracking detector, is located between 20 and
78 cm in radius, expected effective hit resolution is 250 ym. The main goal
of the TPC is to provide momentum resolution for particles between 0.2 and
40 GeV/c in pr. A continuous read-out of the TPC is planed.

The electromagnetic calorimeter is a tungsten-scintillating fibre sampling
calorimeter with silicon photo-multipliers read-out system.

The hadronic calorimeter is a sampling calorimeter. It is divided into two
pieces - outer (HCal) and inner (IHCal) hadronic calorimeter. IHCal consist
of non-magnetic metal and scintillator located inside the bore of solenoid
magnet. Outer HCal is outside of the cryostat.

Magnet of sSPHENIX is taken from the BaBar experiment. It is a solenoid
magnet with operating current I,, = 4596 A and maximal intensity of mag-
netic field B = 1.5 T. The solenoid magnet is already transfered to the
BNL.

The sPHENIX collaboration expects that the sSPHENIX detector should
be fully operational at the RHIC run 2021 and take first date in 2022. More
about sSPHENIX can be found at the Proposal of sSPHENIX [I4] and [15].

“In the most recent variant from the November 2016
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1.4.3 eRHIC

Proposed Electron Ion Collider (EIC) is a great step at experimental pos-
sibilities in high energy physics. Proposed idea of colliding electrons with
heavy ions opens many new areas of research which are not possible reached
with current experimental technologies. For a few lets name a gluon satu-
ration, test of QCD at small scales of the zﬂ precise measurements of spin
distribution inside a proton, etc. Realization of EIC at RHIC should bear
name eRHIC. More about eRHIC can be found at [16]. The proposed layout
of the eRHIC is shown in Fig.

FFAG Recirculating Electron Rings ERL Cryomodules

1.3-5.3 GeV = <
6.6-21.2 GeV = Beam Dump 4

/ Energy Recovery Linac,
1.32 GeV
Coherent < Polarized

Electron/Cooler Electron Source

S

Detector |

hadrons
Detector |

electrons

100 meters
—

' From AGS

Fig. 1.10: The layout of eRHIC collider. Taken from Ref. [16].

®Defined by the Eq.
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Chapter 2

Theory overview

Experiments at the RHIC discovered a new phase of matter called the quark-
gluon plasma (QGP) in Au+Au collisions at /syy = 200 GeV in 2004 [17].
The QGP is produced in heavy-ion collisions with high energy densities,
where temperature of system cross the critical temperature T, = 170 MeV
[18]. One possible way to study QGP is by looking at modification of various
particle production in heavy-ion collisions (where is QGP created) compared
to a binary collision scaled spectra from proton-proton collisions. In order
to have better understanding of hard process in QGP in this chapter we
review hard processes, heavy-ion collisions, quark-gluon plasma, D? meson
will be discussed.

2.1 Variables used for the description of the heavy-
ion collisions

In this section, a few basic variables commonly used in high energy and
heavy-ion physics will be presented. Such a variables are: Mandelstam vari-
ables, rapidity and pseudorapidity, impact parameter, centrality, invariant
yield and the nuclear modification factor.

2.1.1 Mandelstam variables

For a basic binary collision, as shown in Fig. the Mandelstam variables
can be defined as:

s = (p1 +p2)2 = (p3 +p4)2 (2.1)
t=(p1 —ps3)* = (p2 — pa)° (22)
u=(p1 —pa)* = (p2 — p3)° (2.3)

where p1, p2, ps and py are four-momentum defined according to Fig.
They are Lorentz invariant. The Mandelstam variables fulfill:

37
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pP3

P1 0 D2

P4

Fig. 2.1: Schematic view of a collision of two particles. Four-momenta of
the particles are labeled as p1, p2, P3, P4-

s+t+u:Zm?, (2.4)
i=1

where m; is the mass of the i-th particle in the collisions. The index
goes from 1 to the number of involved particles.

Total energy of one ion in the heavy-ion collision can be expressed as
Npair/2 - /3NN, where Np,ir is the number of nucleon-nucleon pairs and
V/sNN is the the energy of the nucleon-nucleon pair at the centre-of-mass
system.

2.1.2 Rapidity and pseudorapidity

The rapidity variable y is defined as:

1. F

() (2.5)

where F is total energy of the particle, p, is longitudinal momentum of the
particle in the direction of the axis z. Variable defined according to the Eq.
2.5|is Lorentz additive along the z-axis.

Total energy E and longitudinal momentum p, can be extracted from
known rapidity via following equations:

E = mypcoshy (2.6)

Pz = mrsinhy (2.7)
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Where my is transverse mass of the particle, defined as:

mp = y/m? + p3 (2.8)

The pseudorapidity 7 can be seen as an alternative to the rapidity y. It
is defined by the following equation:

n= —ln(tang), (2.9)

where angle 6 is the angle of the deviation of the particle from the beam
axis. Pseudorapidity is equal to rapidity only for the massless particles.
Experimentally is much easier to measured the pseudorapidity than the
rapidity.

2.1.3 Impact factor and centrality

The centrality of the heavy-ion collision is defined via the impact factor b.
Let R; and Ry be the radius of the first nucleus or the second two colliding
nuclei, respectively. Then the parameter b belongs to the interval (0, Ry +
Ry). Impact parameter gives the distance between the center of gravity of
each nucleus at the moment of the collision. For the b ~ 0 collisions are
referred as a head-on or most central collisions, collisions with the b ~ Ry
+ Ry are the peripheral collisions, for the b = R; + Ro the collisions are
ultra-peripheral, in this case there is no physical contact between nucleus
but still there is a electromagnetic interactions between them. According
the value of the parameter b the centrality of the collisions can be defined
or more precisely division of all collisions into the centrality classes. Impact
parameter b cannot be measured directly but have to be measured indirectly,
mainly via the multiplicity variable. Multiplicity is a number of the produced
charged particles per collision where higher multiplicity corresponds to lower
values of the impact parameter. Exact division into centrality classes can
vary from various experimental and theoretical collaborations, an example
of one such division is show in Fig. For calculating the centrality the
Glauber model [20] is used.

Protons and neutrons which took place in collisions are called partic-
ipants, proton and neutrons which not took place in collisions are called
spectators. Fig. shows example of one collision with highlighted partici-
pants and spectators.
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Fig. 2.2: Centrality distribution as a function of charged particles multiplic-
ity Nen. Npart represents the number of participants in the collision. Taken
from Ref. [19].

Projectile Spectator

 Impact parameter

Target Spectator

Before collision After collision

Fig. 2.3: Definition of participants and spectators in heavy-ion collisions.
Taken from Ref. [21].
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2.1.4 Invariant yield

Invariant yield for any particle X can be defined as:

N 1 Nx 1
d¢ppoTdy 27TPTAPTAQ €total Nev ’

(2.10)

where B is the branching ratio of particular decay channel, pr is the
mean transverse momentum in the bin of width Apt and Ay is the rapidity
interval. The Nx is the X raw yield in a given pp and Ay interval, €iotal
is a total reconstruction efficiency of X and N, is the number of analyzed
events.

2.1.5 Nuclear modification factor

Because the QGP created in heavy-ion collision exists just for a very short
time (typically 7 ~ 10 fm/c), only indirect methods of measurement are
possible. One option is to compare particle spectra from the system where
QGP is created, heavy-ion collisions, with the system without QGP, the
proton-proton collisions. In the case of the heavy-ion collisions there will
be difference, in the comparison to the proton-proton collisions, in the final
particle spectra due to interaction of quarks and gluons with the strongly
interacting medium.

One possible variable for the study of QGP is the nuclear modification
factor, R4 4, which is defined as:

1 d*N/dydpgA
(Nbin) A2N/dydp’

where (Npin) is the average number of the binary (nucleon-nucleon) col-
lision in one heavy-ion collisions for given centrality class of heavy-ion col-
lisions, d2N/ dydp‘%A represents a yield from the nucleon-nucleon collisions,
d*N/ dydp”} represents a corresponding particle yield from the proton-proton
collisions. Three cases for values of R44 can be distinguished. The R4z
> 1 represents the situation when particles production is enhanced against
p+p collisions. For Ry4 = 1 particles production behave the same as in
binary scaled pp. Finally, Rq4 < 1 represents the situation when particles
production in heavy-ion collisions is suppressed with respect to scaled p+p
collisions.

Raa = (2.11)

2.1.6 Bjorken z and Feynman x

Hard-scattering processes (including heavy flavor production) are described
by means of Bjorken z, xpj, and Feynman x, xp. Both variables are Lorentz
invariant, and if some process can be described by xp; then it can be de-
scribed by the zg as well. The z g7 is defined by Eq. [22]:
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Q2

- 5
2mpv

TBj (2. 12)
where Q2 is a squared transferred momentum, m,, is a mass of the parton, v
is a transferred energy. The xp; belongs to the interval (0, 1). This variable
was originally defined in deeply inelastic scattering (DIS) as a relativistically-
invariant variable describing the final state of the electron in high-energy e+p
scattering. In the DIS the zp; represents momentum fraction of a proton
which is carried by the parton.
The zp is defined by Eq. [22]:

A X
A ’
pZ(maz) \/5

(2.13)

where p‘g is the longitudinal momentum of particle X in the p+p CM frame
and p)Z( Magz 15 the maximum momentum that particle X can have in this frame
depending on the energy of the collision and the masses of the particles. The
zp can reach values from -1 to 1. Positive values of the zr mean that the
particle is moving in the direction of the beam, particle with negative values
of the xr is moving in the opposite direction. High absolute values of the
x correspond to high energies and high rapidity in the Laboratory system.

2.2 The Standard model of the particle physics

The Standard model of the particle physics (SM) is a theory describing 3
of the 4 known fundamental interactions (strong, weak, electromagnetic,
gravitational) [23]. Particles included in the SM are: 6 gauge bosons gluon,
Wt/=, 29, ~, (spin = h) and H (spin = 0) which intermediate fundamental
interactions and 12 elementary fermions (spin = h/2). Fermions are further
divided to 6 leptons: electron (e), muon (u), tau (1), electron neutrino (ve),
muon neutrino (v,), tau neutrino (v;), and 6 quarks: up (u), down (d),
charm (c), strange (s), top (t), bottom (b). Each fermion has also its own
antiparticle. Table of SM particles is shown in Fig. [2.4 Mathematically
the Standard model is a non-abelian gauge theory with the symmetry group
SU3)e x SUR2), xU(1)y.

The fundamental interactions included at the SM are:
e Strong interaction - described by quantum chromodynamics (QCD)
e Weak interaction - described by electro-weak theory (EWT)

e FElectromagnetic interaction - described by quantum electrodynamics

(QED)
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Fig. 2.4: Particles of the Standard model and their interactions. Taken from

Ref. [24].

Weak interaction and electromagnetic interaction are united in the elec-
troweak interaction.

According the Standard model, quarks form the mesons - a bounded
state of a quark and an anti-quark, and baryons - a bounded state of three
quarks. Mesons and baryons are collectively called as a hadrons. In the past
few years there are reported observations of tetraquark [25]- a bounded state
of four quarks, and pentraquark - a bounded state of five quarks [26].

2.3 Strong interaction

The strong interaction is described by quantum chromodynamics. It is a
non-abelian field theory with SU(3). group of symmetry. QCD defines a
new quantum number - color charge or color. There are 3 basic colors:
red (r), green (g), blue (b). To any of these colors an anti-color exist.
Gluons carry combination of color and anti-color charge. Totally, 8 combi-
nations intermediate strong interaction (white or colorless combination of
gluon is non-physical):
1

_ 1 _
rg,rb, bg, g7, gb,bb, — (r7 — qg), —(r7 + gg — 2bb
g,rb,bg, g7, g \/5( 99) 6( 99 )
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Fig. 2.5: Schematic view of gluons interactions in Feynman diagrams. Taken
from Ref. [27]

All observed hadrons are colorless. Two main distinct features of strong
interactions are asymptotic freedom and confinement (more about this
features below). In the QCD the gluons can interact between themselves as
shown in Fig. 2.5

The Lagrangian of QCD is given by [23]

Loen = Y Pa.a(i9"0udab — 9"t AS — mybab) g s — iF;ﬁFWﬂ (2.14)

q
where over repeated indexes is summed. The 1), , are quark-field spinors
of quark ¢ with mass m, and color charge a that goes from 1 to 3 (one index
for one color charge). The v* are Dirac gamma-matrices. The AE are gluon
fields, where C' goes from 1 to 8, as there are 8 types of gluons. The tacb are
3 x 3 matrices representing generators of the SU(3). symmetry group. The

Fﬁ, is field-strength tensor which describes interactions between gluons and
which is defined as [23]:

Fi = 0 Al — 0,4 — gofapcABAC, (2.15)
where
[tAatB] = ifABCtC7
where fapc are structure constants of the SU(3). group.

The fundamental parameters of QCD are the coupling constant of the

2
Strong interaction gs (coupling constant can be equally written as: as = i—s
T

) and masses of each quark m,.

2.3.1 Asymptotic freedom

Asymptotic freedom can be explained via the so-called Cornell potentia]lﬂ
[22]. The Cornell potential describes interaction between two quarks at

!This potential is used as general QCD potential, but was primarily derived for
quarkonia (quarkonium - a bounded state of heavy quark and its own anti-quark.
Charmonium — cg, bottomium — bb)



2.3. STRONG INTERACTION 45

T =0 [22):

Vir)= 3, +or, (2.16)

where oy is a alternative expression for the coupling constant of strong
interaction, r is a distance, o is a string tension constant which represents
tension of color field between valence quarks in meson in string model. As

o
can be seen from [2.16| for small distances, Coulomb term — dominates and

potential is repulsive for quark-antiquark pair. However, fgr large distances
linear part of potential, or linearly rises and is responsible for color confine-
ment.

The effective QCD coupling constant «; in the terms of renormalization
theory can be expressed as [27]

47 127

=S ~ ,
Boln(u?/Apep) — 25In(Q2/A?)

(2.17)

where Sy is a beta function, u? is a renormalization scale, AéCD is the
scale of QCD. In second expression A? is cutoff parameter unique for each
value of Q2. As can be seen from for fixed By > 0, the o have only p?
functional dependence, so with increasing p? effective constant oy decreases.
This implies that for short distances or for high transferred momentum
coupling constant goes to 0 and quarks and gluons behaves as free particles.
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Fig. 2.6: Measurements of the strong coupling constant a. [28]

2.3.2 Color confinement

As had been already mentioned above, all observed hadrons are without
color charge, or can be said with white color charge. From behavior of the
Cornell potential at larger distances coupling between quark and anti-
quark gets stronger to the point when enough energy is stored in color field
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and new pair of quark and anti-quark is created. Color field is often depicted
as string, schematics of this process is shown in Fig. 2.7

This model can explained why any particle with bare color charge have
not been observed, but this model does not have an analytical proof within

QCD.

Jo__ee @
S S— N S—

t

Fig. 2.7: Schema of a string breaking mechanism and creation of a quark-
antiquark pair. [2§]

2.4 Hard processes

Generally all interaction in particle or heavy-ion collisions can be divided
into two main groups:

e Hard processes

e Soft processes

There is no clearly defined and generally acknowledged separation be-
tween those two groups, but the hard processes can be defined as pro-
cesses with transferred four-momentum squared Q? greater than hundreds
of GeV/c , and/or processes that can be described by the perturbative QCD
(bQCD) [19] [22.

Hard probes can be defined as objects created by the hard processes, and
can be listed as:

e Hard jets and partons with high pr
e Heavy quarks and hadrons with open flavor

e Heavy quarkonia (J/¢, T) and theirs excited states

Direct photons

Production of W/~ and Z° bosons
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Creation time of all hard probes is smaller than the creation time of
the QGP, thus creating of the hard probes is not influenced by the QGP.
Subsequently probes propagates through the QGP and interacting with the
medium hence they may serve as a probes of QGP.

2.4.1 Factorization theorem QCD

The main idea of the factorization theorem is to divided the formulas to
part which can be described (and enumerated) by non-pertubative QCD a
to part which need to be computed via pertubative QCD. This idea come
from assumption, that any parton-parton interaction occurs much quicker
that any long-distance interactions (but still within QCD space-time scale)
that happens before or after the collision itself. If this assumption is true,
than nucleus can be treated as system of free partons.

One of the main goals of QCD is computation of cross section of high
pr partons collision. For high energy partons collision the production of
new parton with high momentum can be computed by QCD factorization
theorem. [19]:

Ao B, = fura(21,Q%) ® fiyp(w2, Q%) @ dofimd (21, 22,Q%) ® Den(z,Q7),
(2.18)
where:

hard 2
do—agi)c(xla x2, Q )7

is the perturbative cross-section enumerated to the order of renormal-
ization constant oy

fa/A(l'laQQ)a

is a parton distribution function (PDF) - a probability of finding

. . Pparton .
quark ¢ with momentum fraction z = “£" in nucleon A. Non-
Prucleus

perturbative term of the factorization theorem:.

Dc—}h(zu Q2)7

is a fragmentation function (FF) describing the probability of frag-

mentation of the outgoing parton c into the observed hadron h with

momentum z = phaﬂ. Non-perturbative term of the factorization

Prucleus
theorem.
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Fig. 2.8: Hard scattering sub-processes in QCD. On the left side: (a)-(h)
show different sub-processes for quarks ¢, antiquarks ¢ and gluons g. On the
right side: figures of the lowest order diagrams involving initial state ¢ and g

scattering. Equations represents cross-section of the particular interaction.
Taken from Ref. [22]

In the case of nucleus-nucleus collision, implies, that total hard
inclusive cross section scale as

doli? = A- B-do)s", (2.19)

where A and B is number of nucleons in each of colliding ions. dagg’"d is
total hard inclusive cross for p + p collision.

In Fig. can be seen numerous sub-processes of QCD. First three sub-
processes are analogues of processes from QED, respectively Moller, Bhabha
and Compton scattering. Test of validity of these processes in QCD was one
of the first proofs of validity of QCD [22].

2.5 Heavy-ion collisions

The goal of heavy-ion collisions is to produce and study the QCD matter
under high temperatures and pressure, e.g. the QGP.

Time evolution of a heavy-ion collisions can be divided into 7 phasesE| -
1 pre-collision phase and 6 phases that follow after collision:

2This division depends on author, in all of this work division according the [I9] is used.
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1. Incoming hadrons - described by saturation models and by color glass
condensate approach.

2. Hard scattering - described by pQCD. Highest energy density, creation
of heavy quarks and hard probes. Time of the hard scattering is
s ~ 0.1 fm

w

. Glasma/strong fields - described by classical field theory.

B

. Gluons and quarks out of equilibrium - described by kinetic theory.

5. Gluons and quarks at equilibrium - described by hydrodynamics.

6. Freeze out. The numbers and types of hadrons does not change any
more.

freeze out

hadrons in eq.
}—> hydrodynamics
gluons & quarks in eq.

C

Q

luons & quarks out of eq. — kinetic theory

strong fields — classical EOMs

Z (beam axis)

Fig. 2.9: Timeline of heavy-ion collision with highlighted phases of collisions.
Taken from Ref. [19]

Today, primarily two isotopes of heavy-ion are collided: 37Au at RHIC
in the range \/snn = 7.8—200 GeV and 23°Pb at LHC with \/snn = 2.76 5.02
TeV.

2.5.1 Cu+Au collisions

In 2012 for 5.5 weeks, Cu+Au collisions took place at RHIC. Isotopes S5Cu
and %87Au were collided with energy ,/sxn = 200 GeV. Primary motivation
of Cu+Au collisions was a measurement of this system as a control geometry
for Au+Au collisions, because according the Glauber model, the number
of participants in Cu+Au central collisions should agree with semi-central
Au+Au collisions. Cu+Au system is asymmetrical both in longitudinal and
transverse direction. Sketch of this system is show in Fig. [2.10]

Another study possibilities at Cu+Au collisions are studies of flow ef-

fect created by initial asymmetric density profile which leads to asymmetric
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pressure gradient and chiral effects due to sizable initial electric field, which
pointing from Au to Cu. This may lead to a charge dependence of the
directed flow.

a) Reaction Plane X b) Transverse Plane
Cu Spectator
0
target(n<0) . projectile(n>0)
@ 2
participant zone

Au Spectator

Fig. 2.10: Schematic imagination of a Cu+4Au collision. a: View from a
reaction plane. b: View from transverse plane. Taken from Ref. [29].

2.6 Quark-gluon plasma

As already has been said above, RHIC published compelling evidence about
existence of a new hot and dense state of matter called quark-gluon plasma
in 2004. Two main characteristics of QGP is deconfinement and restoration
of chiral symmetry.

Quarks and gluons cannot be observed as free particles in normal condi-
tions. But in the case of high temperatures or high densities the hadronic
matter goes through the phase transition and quarks and gluons becomes
free particles. This phenomena is called as the deconfinement, which is in
accordance with QCD [3]. For high temperatures Cornell potential has
to be rewritten as [22]:

4 o _
Vir)=—= par
(1) 3, P+ »

1 — exp™Hd"
o— "

: (2.20)

1 1
where pg = pg(T) = — is Debye screening mass. For r < — matter
D Hd
is in normal conditions and quarks and gluons are confined in the hadronic
1
matter. But for r > — deconfinement occurs, quarks and gluons are free.

Critical temperatllfrcé is about T, = 170 MeV. One of the main goals of
current heavy-ion physics is to find exact critical temperature T, position of
the critical point in the phase diagram of the hadronic matter and nature of
the phase transition. In the case of LHC energies the matter goes through
the cross-over.

Partons with high momentum are predominately created via the hard-
scattering in the early stage of a collision before formation of the QGP.
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Quark-Gluon Plasma
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Fig. 2.11: Phase diagram of matter with dependence of Temperature 7" on
Baryon Chemical Potential pup. Taken from Ref. [30].

As they subsequently propagate through the QGP, they interact with this
medium and are losing energy via inelastic processes (for example radiative
energy loss and emission of soft gluons) and via elastic processes (collisional
energy loss). For all quarks and gluons the hierarchy of radiative energy loss
in the medium is presumed as [22]:

AE(9)rad > AE(Q)rad > AE(C)rad > AE(D)rad, (2.21)

where A FE,.q is radiative energy loss in the medium for gluons g, light quarks
q (u,d,s), charm quark ¢ and bottom quark b. The top quark is not men-
tioned because its decay long before (7¢ gecay ~ 0.1 fm/ c? [23]) the formation
of the QGP. But recent experimental results from the STAR, ALICE and
the CMS collaborations indicateﬂ, that the charm quarks have a similar
magnitude of the energy losses as the light quarks.

2.7 D" meson

DY meson is a bounded state of v and ¢ quark (for DO quark composition
is cii), with invariant mass mpo = (1864.84 £ 0.007) GeV/c? [23]. First
discovered at SLAC in 1976, DY is the lightest meson containing charm
quark. For this feature, D is often used as one of the first probes of the
medium.

Charm quarks are mainly created at initial hard scattering with the
minimum value of Q% = 2mparmc?, with the corresponding space-time scale
7. ~ 0.1 fm. Production of D% in heavy-ion collisions can be studied via

3This results are described in the Chapter 3.
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semi-leptonic decay or by hadronic decay. Study of DY meson production
via semi-leptonic decay is only indirect since this channel cannot give access
to parent hadron kinematics and is more influenced by decay of hadrons
with bottom quark. But the semi-leptonic channel is easily triggered and
have higher branching ration. Hadronic decay gives the complete access to
parent hadron kinematics, but they have smaller branching ratio and larger
combinatorial background. Schematic view of both decay channels is shown

in Fig. B12

Fig. 2.12: Fragmentation of a ¢ quark to DY meson and two main D° meson
decay channels. [10]
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In this analysis the D mesons are reconstructed via the hadronic decay
channel D — K~7t. The branching ratios are shown in Fig. The 7
mesons are the lightest mesons with the rest mass m o = 134.9766 £ 0.0006
MeV/c? and m,+ = 139.57018 4 0.00035 MeV/c?. Quark composition of
7t )/ n7is ud / ud respectively. The K mesons are the mesons with the rest
mass Mo = 493.677 & 0.013 MeV/c? and my+ = 497.614 4 0.024 MeV /2.
Quark composition of KT / K™ is us / us respectively [23].
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Chapter 3

Overview of experimental
results

In this chapter a brief overview of experimental results from measurement of
D mesons in various collision systems will be discussed. Results are from the
STAR experiment at RHIC and from the ALICE and CMS experiment at
LHC. Moreover published results about modification of production of J/1
from the Cu+Au collisions at PHENIX detector at RHIC will be discussed.

3.1 Results from the STAR experiment

Production of DY meson at STAR was measured in numerous systems. For
this overview the results from p+p collisions at /s = 200 GeV [31] [32] and
Au+Au collisions at /syy = 200 GeV [33] [34] were chosen.

3.1.1 p+p results

The data sample consisted of minimum-bias p+p collisions at /s = 200 GeV'
from 2009. D° and D** were reconstructed via hadronic decay channels,
(D — K~7* and (D* — D). D? was reconstructed in the pr inter-
vals 0.6 - 2.0 GeV/c and D* 2.0 - 6.0 GeV/c. Resulting invariant yield of
DY is shown in Fig.

Differential cross section for D and D*t were extracted as is shown
in Fig. To get charm quark production cross-section, D and D**
cross sections were divided by the charm quark fragmentation ratios 0.565
+ 0.032 (¢ — DY) and 0.224 + 0.028 (¢ — D). Results were compared to
the theoretical models - FONLL (Fixed-Order-Next-to-Next-Leading Loga-
rithm) pQCD and PYTHIA calculations. Measurements are consistent with
the upper limits of FONLL pQCD calculations. For comparison, PYTHIA
6.416 with various tunes were usedl The total charm cross section at

'Full discussion of tunes and results is given in [31].

55
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Fig. 3.1: Raw DO signals in different pr bins after like-sign (panels a, c) and
track-rotation (panels b, d) subtraction. Taken from Ref. [31].

In Fig. can be seen preliminary results from p+p collisions at /s =
200 GeV from 2012. These results are compared with published results from
2009 [31] and FONLL.

3.1.2 Au+Au results

The data sample consisted of Au+Au collisions with /syy = 200 GeV from
2010 and 2011, total of 820 - 10° of minimum-bias and 240 - 10° central events
were collected. D° production was measured via hadronic decay channels
DY - K~ 7T and DO — Kt7~. Momentum range was 0.2 < pp < 6.0 GeV/c.
The D meson invariant mass was reconstructed via same-event method and
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Fig. 3.2: Calculated cross section of c¢ with theoretical prediction - FONLL
pQCD (left side) and PYTHIA (right side) Both panels shown same exper-
imental data. Result from the PHENIX experiment are shown as the blue
dotted line. Taken from Ref. [31].
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Fig. 3.3: Production cross-section of ¢¢ in p+p collisions at /s = 200 GeV
from 2012 data. Blue symbols are data from 2009, red symbols are pre-
liminary results from 2012 data. The vertical bars (brackets) represents
statistical (systematic) uncertainties. Taken from Ref. [32].

combinatorial background was reconstructed via mixed-event methodﬂ Dif-
ferential invariant yield of D° is shown at
Fig. m shows the measured Ra4 in D? in peripheral (40-80 %), central

2These methods are discussed in the Chapter 4.
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Fig. 3.4: Differential invariant yield of D? with centrality dependence. The
solid symbols represents result from Au+Au collisions with different cen-
trality classes, the open circles represents p+p results. Taken from Ref.

(10-40%) and most central (0-10 %) Au+Au collisions. Result from most
central collisions are compared to the several theoretical models. In case of
the data from peripheral collisions (40-80 %) there is no clear evidence for
suppression, as all results are close to unity within experimental uncertain-
ties. For central collisions (10-40%) there is some evidence of suppression
in region pp > 3.0 GeV. The most central (0-10 %) collisions shows clear
evidence of suppression, R44 is about 0.5 for pr > 3.0 GeV/c. These re-
sults are consistent with measurements of electron from heavy flavor hadron
decays and light hadrons. These results are compared to the theoretical
models: TAMU [35], SUBATECH [36], Torino [37], DUKE [38] and LANL
[39].

In 2014, the HFT was fully installed within STAR, which improves the
heavy flavor measuring capacity of the STAR. Result from the data analyzed
with the HFT compared with the data from Run 10 and 11 are shown in
Fig. [3.6| The HFT results shows similar behavior as the data from the Run
10 and 11. More importantly, both results of the D meson R4 follows
same trend as R44 of the pions in the region py > 3 GeV/ec.



3.2. RESULTS FROM THE PHENIX EXPERIMENT 59

2F ' F T
g 40-80% (a) | 10-40% (b) |
—~ 150} 1 f
! i T1 + 1t fii
c oite o meE .
5 osl. ¢ A | S S
S - 1t
cu 0 I I 1 I I I 1 I
L 0 2 4 6 0 2 4 6 8
S 2 STARAu+AUSD + X @ 200 GEV Central 0-10% -
g T _® S © -
= A SUBATECH I
5 e N T T e Torino _
o - Duke w shad. -
S ~ / Duke w/o shad. .
— 1= M2 N BRI LANL I:
@ - ' .
Q£ B ’
S osh .
Z r g
[ | | | i
0 0 2 4 6 8
P, (GeV/c)

Fig. 3.5: Raa of DO as function of pr from Au+Au collisions for various
centrality classes: 40-80% (a), 10-40% (b) and 0-10% most central collisions
(c). Most central data are compared with model calculations: TAMU (solid
curve), SUBATECH (dashed curve), Torino (dot-dashed curve), Duke (long-
dashed and long-dot-dashed curve) and LANL groups (filled band). Taken
from Ref. [33].

3.2 Results from the PHENIX experiment

At Run 12 detector PHENIX also taken data from Cu+Au collisions. Mainly
modification of J/1 have been studied - measured from leptonic decay chan-
nel. Results are shown at Production of J/i at Cu+Au collisions is
more suppressed than at Cu+Cu collisions but less than at Au+Au colli-
sions.
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Fig. 3.6: Ra4 of DY as function of pr from the most central Au+Au collisions
in comparison with R44 of pions. The blue points represents data from
2010/2011, blue circles represents data taken with the HFT. Red squares
represents pions from 0-12 % central collisions. Taken from Ref. [34].

3.3 Results from the ALICE experiment

The ALICE detector at LHC as dedicated heavy-ion collision experiment
have same goal as STAR: study the QGP. At LHC are collided following
systems: p+p, p+Pb, Pb+Pb. Maximum energy for p+p collisions is /s =
13 TeV, for Pb+Pb is \/syny = 5.02 TeV. Measurement of DY at p+Pb and
Pb+Pb collisions will be discussed. In this section the D meson stands for
D° D*, and D*t mesons.

3.3.1 p+Pb results

The p+Pb collisions serves mainly as control geometry to study the cold-
nuclear matter (CNM) effects. The CNM effects are not related to formation
of QGP and originates from initial and final state effects. Following effects
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Fig. 3.7: Measurement of J/¢ Rj4 as function of centrality in Cu+Au
collisions with /sy = 200 GeV, with comparison with Au+Au, Cu+Cu
and d+Au results. Taken from Ref. [40].

can be included as CNM effects [41]:

1. Initial-state nuclear effects on the parton densities. Often called as a
shadowing (positive modification) and anti-shadowing (negative mod-
ification)

2. Initial-state energy loss

3. Final-state absorption on nucleons

In the case of no CNM effects, Raa for p+Pb is equal to unity. If CNM
effects are presents in the p+PDb collisions, then Raa for p+Pb is is different
from unity.

The D were measured at p+PDb collisions and reconstructed via hadronic
decay channel. In Fig. [3.8 are shown invariant masses of D mesons. The
Raa for p+Pb and differential cross section for D? meson are shown at
combined with data from Pb+Pb collisions. No clear evidence for suppres-
sion (or lack of suppression) is shown, as data are equivalent with unity
within experimental uncertainties.

3.3.2 Pb+Pb results

In Fig. is shown comparison of D mesons and J/v¢, from decay of
B mesons (J/1 data are result of CMS collaboration), R44 as function of
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Fig. 3.8: Raw invariant mass of D° (left column), D** (center column), and
D** (right column) for two centrality classes from p+Pb collisions. Taken
from Ref. [42].
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Fig. 3.9: Left panel: comparison of average D, DT and D** nuclear mod-
ification factors R,4 measured in p+Pb collisions and in the 0-7.5% most
central Pb+PDb collisions as a function of pt. Right panel: differential cross
section for D? meson as a function of center-of-mass rapidity yoars. The
continuous and dashed lines represent expectations based on pQCD calcu-
lations including EPS09 parametrization of nuclear PDF. Taken from Ref.
[43].

centrality. These results indicate stronger suppression for D mesons (charm
quark respectively) than for production of bottom quark in central Pb+Pb
collisions. Kinematic region was chosen in order to have similar kinematic
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range for D mesons as for Ji.
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Fig. 3.10: Comparison of R4 as function of centrality for D mesons and
J/1 for Pb+Pb collisions. Left panel: Kinematic range 8 < pril6 GeV for
D mesons and 6 < pr < 30 GeV/c for J/v¢ from B meson decays. Right
panel: R44 of D mesons and charged pions in 2 < pp < 3 GeV/c for
Pb+Pb collisions. Taken from Ref. [43].

The Fig. shows R4 of the D mesons for two centrality classes,
0-10 % and 30-50 %, as a function of the pr. In the most central collisions
the R4 A is lower than 1 for the full pt range and the highest suppression is
achieved in the range 8 < pr < 12 GeV/¢, where the mean value of R4
is R4A ~ 0.15. For semi-central collisions, 30-50 %, R4 of charmed mesons
is consistent with unity within experimental uncertainties. For increasing
pr the Raa decrease below to Raa ~ 0.35 in the range 6 < pr < 8
GeV/e.

In Fig. [3.12]is shown R4 of the D mesons and light hadrons for two
centrality classes, 0-10 % and 30-50 %, as the function of the pr.
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3.4 Results from the CMS experiment

The CMS detector at the LHC isa multi-purpose detector mainly focused on
measuring detailed properties of the Higgs boson in proton-proton collisions
and searching new particles and physics beyond the Standard model.

Results from the CMS measurement of the D? meson are shown in Fig.
These results follow similar pattern as results from the ALICE exper-
iment. For the lower pr D° mesons are suppressed less than light hadrons,
but for py > 10 GeV/c suppression of light hadron and D mesons is same
within experimental uncertainties. Data are compared to the two theoretical
models [45] and [46].
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Fig. 3.11: Raa of prompt D°, D, and D** mesons for the 0-10 % (left)
and 30-50 % (right) centrality classes. Statistical (bars), systematic (empty
boxes), and normalization (shaded box) uncertainties are shown. Horizontal

bars represent bin widths. D° symbols are placed at the centre of the bin.
DT, and D*t are shifted for visibility. Taken from Ref. [44].
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Fig. 3.12: Prompt D-meson Ra4 (average of DY, D* and D**) as a function
of pr compared to the nuclear modification factors of pions and charged
particles in the 0-10 % (upper panel) and 30-50 % (lower panel) central-
ity classes. Statistical (bars), systematic (empty boxes), and normalization
(shaded box at R44 = 1) uncertainties are shown. Horizontal bars represent
bin widths. Symbols are placed at the center of the bin. Taken from Ref.
[44].
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[47].
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Chapter 4

Analysis of Cu+Au
experimental data

This chapter describes reconstruction of D meson invariant mass in the
hadronic decay channel D — K~7t with the branching ratio I' = 3.89 %
[23]. DY and DO are analyzed together for achieving a higher statistics.
At first, chosen data set will be described and then applied kinematic cuts.
Also methods used for identification of background and potential candidates
for D? meson will be discussed as well. Last part of this chapter show the
obtained raw yield of D? meson in Cu+Au collisions.

4.1 Event and track selection

Data used for this analysis were taken at RHIC during Cu+Au collisions
run at 2012. Centre-of-mass energy per nucleon pair for Cu+Au collisions
was /sNN = 200 GeV and total integrated luminosity of recorded Cu+Au
data is Liota) = 27 nb~ 1.

Minimum bias (MB) trigger data are used with Neyents = 70 x 10% which
are only about 1/3 of recorded Cu+Au data. The minimum bias (MB)
trigger used for this analysis, is defined as a coincidence between two VPD
(East and West VPD) and two ZDC (East and West ZDC) sub-detectors,

and an online collision vertex cut.

Data set criteria for event selection are listed below:
1. Name of production: P15ie (june 2015)

2. Used trigger: vpd-zdce-tac-protected

3. |Vzrpe|l < 30 cm

4. | Vazvzp — Vzrpo |< 3 cm

69
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5. Multiplicity > 8
Number of events after cuts: 59M events

Track selection criteria:
1. Inj<1
2. 0 < TrackFlag < 1000

3. Number of Fit Points > 20

Number of TPC fit points
" Number of possible TPC' fit points —

5. gDCA < 2.0 cm

0.52

6. PT,min > 0.2 GeV

where cut for pseudorapidity 7 is due to geometry of TPC and TOF sub-
detectors. TrackFlag is a parameter which is used to remove potential track
splitting from recorded data. Number of fit points denotes the number of hit
points of given track in the TPC which are used for reconstruction of this
track. Ratio of Number of fit points and Number of possible TPC fit points
is used to prevent that one track is reconstructed as two tracks. Global
Distance of Closest Approach (gDCA) represents a distance when a track
is closest to the primary vertex. Minimal value of pr is set for track being
able to reach TPC and TOF.

4.2 Quality assurance

One of the first steps of new analysis is to check basic quality of selected
data. This includes check of multiplicity run-by-run, reference multiplicity,
vertices and more. Based on the results of quality assurance bad runs are
identified and they are not included in the analysis itself. Figures Fig. 4.1

and Fig. shows distribution of Vzppo vertex or DCA, respectively. In
the case of Vzppe a little shift to the positive values can be seen. This shift
is due to slight changes of parameters during data taking.

In Fig. [£.3] can be seen reference multiplicity of Cu+Au collisions. These
results are consistent with theoretical predictions. Results from the Glauber
model and corresponding division into the centrality classesﬂ are shown at
Tab. A1

Fig. [£.4] shows dependence of the TOF multiplicity on reference multi-
plicity after applying following cuts:

IThese calculations are results of the STAR collaboration
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Fig. 4.2: Distribution of DCA for all particles. The Y-axis represents number
of events.

1. Cut 1: TOF multiplicity < 95+5.3x Reference multiplicity

2. Cut 2: TOF multiplicity > 65+2.8x Reference multiplicity
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Fig. 4.3: Reference multiplicity of Cu+Au collisions. The Y-axis is drawn
in logarithm scale.

Centrality class | Ref. multiplicity

0-5 % 273

5-10 % 235

10-20 % 170

20-30 % 118

30-40 % 78

40-50 % 49

50-60 % 29

60-70 % 16

70-80 % 8

Tab. 4.1: Definiton of centrality classes in dependence on reference multi-
plicity. Results are from the Glauber model for Cu+Au collisions. Values
are the mean value in the centrality class.

4.3 Identification of pions and kaons

For particle identification in this analysis the TOF and TPC are used. Due
to performance of TOF, it is used for identification at lower pp (up to 2
GeV/c).

For particle identification by TOF, global tracks are projected to TOF
and geometrically corresponding TOF channel is linked to it. Result of TOF
is velocity of the particle 5.

Particle identification in the TPC is done via particle energy loss per unit
length dE/dx. Method of so-called truncated mean is used. This method
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Fig. 4.4: TOF multiplicity as function of reference multiplicity.

discarded hits with the top 30% of high dE/dx values. Average values from
the rest of the tracks are then used for derivation of mean dF/dx of the
track. Resolution of TPC for minimum ionizing particle is about 6-8 % for
the track with maximum of 45 sampled dF/dx points.

For identification normalized functions na;(/ﬁ naf(E/ 9 are used and they
are defined as:

RN
1/8 leeas Bth
. 1 dE/d meas
no P/ _ <dB/dw > (4.2)

= n
RAE/de dE/dzh

where X denotes type of particle, < dF/dx > is mean ionization losses
in the TPC, RY# and RI#/4% are corresponding resolutions. Index meas
indicates measured values, index th denotes theoretical values of variables.
In this analysis X always will be pion 7 or kaon K. Identification of both
types of particles is more thoroughly described below.

4.3.1 PID of K mesons

Applied cuts for identification of kaons:
1. pr > 0.2 GeV/c
2. |na;(/ﬁ | < variable, see Fig.

3. |n0?<E/dz| <2
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Fig. 4.5: Particle identification via TOF. Data from Au+Au collisions.
Taken from Ref. [48]

4. pr < 1.6 GeV/c: TOF used
5. pp > 1.6 GeV/c: Hybrid PID used

Process of identification of kaons is shown at two figures: Fig. shows
obtained signal from TOF before applying cuts with lines depicting cuts and
Fig. shows signal from TPC with depicted cuts. For the lower pt up to
1.6 GeV/c signal from the TOF was used for the PID. For pt > 1.6 GeV/c
the Hybrid PID was used. Hybrid PID using primarily signal from the TPC
for PID and, if available, signal from the TOF. If signal from the TOF is not
available, then only a TPC information is used. With this method better
purity of signal is achieved than with the strict division into the TPC and
TOF PID regions.

4.3.2 PID of m mesons

Applied cuts for pions PID are listed below:

1. pr > 0.2 GeV/c

2. n <2

3. For all pr: TPC used
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Fig. 4.6: Particle identification of kaons via TOF before applying cuts. The

red lines shows the variable cut for the |na}(/’6 |

10 B - 6
Cu+Au @ 200 GeV 10
oM 10°
4
10*
20
&
t:ox (0] 103
c
-2
2
4 10
_6:
10
-8
-10 S N N NS RN NS ST RS SN 1
0 1 2 3 4 5 6 7 8 9
pT[GeV/c]

Fig. 4.7: Particle identification of kaons via TPC. The red lines indicated

the cut |na?{E/ dx\ < 2.

The pr distribution of 7 mesons is shown in Fig. This distribution
has a clearly exponential decrease with total majority of pions falls into the
pr up to 1.5 GeV/c where lies main resolution interval of the TPC. Due to
TOF efficiency for pions and due to low statistics, using TOF for pions PID
was ruled-out. More about TPC and TOF efficiency for pions is discussed
in the Chapter 5. In Fig. [£.9]is shown PID of pions in TPC.
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Fig. 4.8: The pr distribution of pions. The Y-axis represent the number of
pions and is drawn in logarithm scale.

- 'Cu+Au @ 200 GeV

anE/dx

B b b b b b b b b e
100 1 2 3 4 5 6 8 9 10 1
pT[GeV/c]

Fig. 4.9: Particle identification of 7 mesons via dE/dx as function of pr.

Red lines indicated area of the cuts for the \nagE/ dm] < 2.

4.4 Methods of background reconstruction

Before the signal of the DY candidate can be analyzed, combinatorial back-
ground have to be identified and subtracted from data. For the subtraction
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of combinatorial background three methods are used in this analysis:
1. Like-sign method (LS)
2. Mixed-event method (ME)
3. Rotated momentum method (ROT)

Main method used for background subtraction in this analysis is the
Mixed-event algorithm while Like-sign and Rotated momentum algorithms
are used as a control methods for cross-check of the results.

4.4.1 Like-sign method

The like-sign method paired uncorrelated K7 pairs of the same charge from
the same event. The LS K7 pairs invariant mass distribution is calculated
as [49]:

NLikefsign(m) =2x \/NK;FWIF (m) X NK;TK‘; (m) (43)

where Npjke—sign is the geometric mean of the number of the like-sign
pairs N+ + and Ny - with the mass m.
171 2 "2

The number of DY candidates with mass m is then calculated as:
NDO(m):NK+ﬂ_* (m)"’_NK*ﬂ:F (m)_NLike—sign(m) (44)
171 171

Advantage of the like-sign method is that signal and background are
taken from the same event and therefore there is no difference between those
two distributions due to, for example, collective effects as a flow. Disadvan-
tage of this method lies in the need of a large data set because statistics in
this method is driven by the number of produced kaons and pions in the
event [10].

4.4.2 Mixed-event method

One possible approach how to enhance the like-sign method is to increase
number of possible like-sign pairs combinations without need of bigger data-
set. Mixed-event method combines a unlike-sign K7 pairs from different
events and possible combinations are: Kf W;,Kf W;,K;rﬂ; ,K;wfr , where
subscript i or j denotes the mixed-event with the condition i # j.

To keep similar characteristic of mixed-events, the data sample was di-
vided into 10 bins in charged particles multiplicity and 10 bins in collisions
vertex along the direction of the beam. Only pairs from events with same
multiplicity and vertex position were mixed.
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4.4.3 Rotated momentum method

Rotated momentum method paired each pion candidate with the kaon can-
didate with reversed 3-momentum. Track rotation technique is based on the
assumption that by rotating one of the daughter track for 180 degree the
kinematics of decay is destroyed and thus the distribution of a pair invariant
mass with one track rotated is able to reproduce te random combinatorial
background [10].

4.5 Raw D? yield

Next step, after identification of pions, kaons and combinatorial background,
is extraction of raw signal of the DY candidates. This extraction is done for
all three methods of background estimation.

Fig. shows raw yield of D? candidates obtained by mixed-event
method, Fig. shows raw yield obtained by like sign-method and Fig.
shows raw yield of D” mesons obtained by rotated momentum method.

After subtraction of combinatorial background, signal was fitted by Gaus-
sian and residual background by linear function. Overview of raw yield by
various method is show in 121 Mean of Gaussian within errors from all
method is consistent with the PDG value 1.86483 4+ 0.00014 GeV/c* [23].
Signal from D° mesons candidates is shown in all figures.

Method Raw yield Mean [GeV/c?]
Mixed-event 172000 £ 36000 | 1.863 + 0.004
Like-sign 124000 £ 47000 | 1.863 £ 0.009
Rotated momentum | 188000 4+ 47000 | 1.864 + 0.004

Tab. 4.2: Overview of D” meson raw yield by mixed-event method, like-sign
method and rotated momentum method. Mean is a mean of the Gaussian
fit which corresponding with the invariant mass.

After obtaining raw yield in the full range of pr, the pr interval was
divided into the several subintervals, which were analyzed separately. Due
to weak signal and high background only for one pr bin, 0.8 < pp < 2.0
GeV /¢, signal can be extracted. Resulting signal, is shown in Fig. Raw
yield, calculated by the bin counting method, of the D? meson is: 132000 +
28000. Mean of Gaussian fit is: 1.863 £ 0.003 GeV/c2.
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Fig. 4.10: Raw Yield of DY meson candidates - Mixed-event method. Upper
panel: Invariant mass distribution of K pairs. Same event distribution is
displayed by black dots, the mixed event distribution by red dots. Lower
panel: Invariant mass in region of D mesons. Background is fitted by linear
function, signal is fitted by Gaussian. The blue points represents signal with
residual background, red open points represent signal after the subtraction
of the residual background.
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of DY mesons. Background is fitted by linear function, signal is fitted by
Gaussian. The blue points represents signal with residual background, red
open points represent signal after the subtraction of the residual background.
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mass distribution of K7 pairs. Same event distribution is displayed by black
dost, rotated momentum distribution by red dots. Lower panel: Invariant

mass in region of D? mesons. Background is fitted by linear function, sig-

nal is fitted by Gaussian. The blue points represents signal with residual
background, red open points represents signal after subtraction of residual
background.
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Fig. 4.13: Invariant mass distribution of Kz pairs in the pT bin 0.8 < pr
< 2.0 GeV/c?. The blue points represent signal obtained by subtraction of
mixed-event(ME) background from unlike-sign (US) signal. The blue dotted
line represents fit of residual background. The violet triangles represent
obtained signal after the subtraction of the residual background. Raw yield,
calculated by the bin counting method, of the D® meson is: 132000 + 28000.
The mean of Gaussian fit is: 1.863 4 0.003 GeV/c?.



Chapter 5

Detector Efficiencies

In order to obtain invariant yield spectrum of the D meson, the raw spec-
trum need to be corrected for the detector effects and efficiencies. This
chapter will describe process how each one of detector efficiencies for kaons
and pions was obtained. At first the TOF efficiency (eZ9F and eLOF) will
be described. Second part of this chapter will describe tracking efficiency of
the TPC, the €L * € and the e%P €. Last part of this chapter will shown total
reconstruction efficiency of the DY meson for the 0-80 % centrality Cu+Au
collisions at /sy = 200 GeV.

5.1 TOF efficiency

TOF efficiency for pions and kaons was enumerated according to following

equation:
TOF
(TOF Nx
- NTPC
Nx

where X denotes pions or kaons respectively. Initial pr distributions
of pions in the TPC and TOF is show in Fig. Fig. The pr
distribution of kaons in the TPC and TOF is shown in Fig. and in Fig.
b.4] respectively.

(5.1)

Final result of the 6£OF for kaons is shown in Fig. The e:'I;OF is
behave mostly as can be expected, with quick rise of efficiency with the
rising pr of the kaons and then the e%OF is mostly constant for the large
pr region. Small bump that can be observed in the small pt region is due
to the signal contamination by the the pions. Fluctuations in the high pp
region are due to low statistics of kaons in this area.

The final settings of the PID cuts for the pions does not include TOF,
but for understanding why using the TOF was ruled off, there is a need to
look at the values of the eL9F and subsequently L 7C.

s
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Fig. 5.1: Measured raw pr distribution of charged pions in the TPC. The
Y-axis represent number of charged pions.

Resulting efficiency for pions, €Z°F, is shown in Fig. The LOF
follows similar trend as the e£9F. From pr = 2.0 GeV/c? the efficiency is
almost constant at the value eL9F = 64 % . As in the case of the kaons the

high pr region suffers from the low statistics.

5.2 Tracking efficiency

In order to obtain the tracking efficiency of the TPC, simulated data are
embedded into the experimental data. Then this embedded sample is re-
constructed via the same reconstruction process that is used for producing
the real data. This process is done by the special group within the STAR
collaboration.

At first particle production is simulated by the PYTHIA, in the next
step events are processed with a detailed GEANT simulation of the STAR
detector response. In this manner processed particles have same structure as
the real measured data so they can be combined and then be reconstructed
by the STAR reconstruction chain. The TPC tracking efficiency is then
defined as a ration between the number of reconstructed tracks NRC and
the number of embedded tracks NFMB. This embedding process had to
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Fig. 5.2: Measured raw pr distribution of charged pions in the TOF. The
Y-axis represent number of charged pions.

be done for all particle species, 7, 7~, KT, K, separately. So for any
particle X € {n*, 7=, KT, K~} the following equation is obtained:

RC
tec _ Y
x = NEMB

(5.2)

Settings for the embedding of all particles, 77, 7=, KT, K, is shown
at the Tab. [5.11

Embedding variables Parameters
Data set Cu+Au, 200 GeV, Run 12
Production P15ie
Trigger Setup cuAu_production_2012
Trigger ID 410008
pT 0 < pr < 5 GeV/c - flat distribution
I < 1.2 - flat distribution
) 0<¢<2m
No. of events 500 000
V2| < 30 cm
V| < 2 cm

Tab. 5.1: Parameters of the embedding process.
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Fig. 5.3: Measured raw pr distribution of charged kaons in the TPC. The
Y-axis represent number of charged kaons.

Tracking efficiency for the Kt and K~ is shown in Fig. and in Fig.
[5.8] respectively. Both efficiencies are almost same with saturation around
the GEPC ~ 80 %. No discrepancy, with the exception of the statistical
fluctuations, between K™ and K~ can be seen which is completely expected.
Efficiencies are fitted by the 5" order polynomial function which is later
used for the enumerating of the total reconstruction efficiency of the DY
meson.

Tracking efficiency for the pions, shown in Fig. and in Fig. [5.10] is
quite high, about €I’C ~ 80 % across a wide range of the pion pt. Even
for the smallest possible p of the pions, 200 MeV/c, eEPC is about 70 %.
Due to this effect only the TPC is used for the PID of the pions even at the
cost of slightly lower signal purity.

5.3 Total reconstruction efficiency of the D’ meson
After obtaining all efficiencies 6>T<OF and 6>T(PC, total reconstruction efficiency
of the D? meson is evaluated. For pions there is only a EEPC but for kaons
both of efficiencies, EEOF and eEPC, have to be taken into account. The final
total reconstruction efficiency of the D° meson in the range 0 < pr < 3.5
GeV/c is shown in Fig.

For the lowest pt from 0 to 0.5 GeV/c the total reconstruction efficiency
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Fig. 5.4: Measured raw pr distribution of charged kaons in the TOF. The
Y-axis represent number of charged kaons.
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Fig. 5.5: The e}}OF as a function of the pr.

of D have the value 18.7 + 0.1 % but for next pr bin small decrease of
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5.7: Obtained EEEC as a function of the pr. The GEEC is fitted by the
order polynomial function.

reconstruction efficiency to the value of 18.4 + 0.1 % can be seen. This
is mainly due to bump structure in the e%OF which is show in the Fig. 5.5
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Fig. 5.8: Obtained eﬁgc as a function of the pp. The e%gc is fitted by the
order polynomial function.
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Fig. 5.9: Obtained e?fc as a function of the pp. The eifc is fitted by the
order polynomial function.
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Fig. 5.10: Obtained egfc as a function of the pr. The EI}:C is fitted by the
5" order polynomial function.

and from the non-perfect fit of the tracking efficiencies. From the pp >
1.0 GeV/c constant slight rise of the reconstruction efficiency can be seen,
which is expected because the EEPC is still rising in this region.

For the region 0.8 < pr < 2.0 GeV/c, where the D meson signal was

reconstructed, the total reconstruction efficiency of the D? meson have value:

f¢T = (187 £ 0.1) %
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< pr < 3.5 GeV/cin Cu+Au collisions at /syn = 200 GeV.
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Chapter 6

Systematics uncertainties

Systematic uncertainties arise from the fact, that there is only a limited
knowledge about nature of all physical processes which happens during mea-
surement, response of the detector to the detected particles and from the
imperfect simulations used in various stages of this analysis. Thus due to
all of mentioned limits all analysis are biased in some manner. In order
to minimize the impact of this bias, systematic uncertainties need to be
evaluated and accounted as an another source of uncertainties to the final
results. This chapter will provide description of the sources of the systematic
uncertainties and how uncertainties were evaluated.

In all cases, value of each type of systematic uncertainties was calculated
as a relative fraction of the difference in the raw yield between data set
with the standard conditiondl] and data set with variated conditions. All
evaluated systematic uncertainties can be divided into 5 classes:

e Tracking

e Background estimation
e Signal extraction

e Branching ratio

e Efficiency

Systematic uncertainties originated from tracking are the largest contrib-
utors to the total systematic uncertainty. Origin of tracking uncertainties
is in the used cuts on the tracks selections. To assure that obtained re-
sults are stable under various tracking conditions, variations of the required
Number of the Fit Points, ratio of Number of fit points and Number of pos-
sible TPC' fit points and gDCA were done. The Number of the Fit Points

! As they were defined at the Chapter 4.
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was variated from 20 to 25, ratio of Number of fit points and Number of pos-
sible TPC' fit points was variated from 0.52 to the values 0.50 and 0.55,
observed DY mass peak is shown in Fig Default value of the gDCA is
2 cm and that values was variated to the values of 1 and 3 cm, results are
shown in Fig. for DCA = 1 cm and in Fig. for DCA = 3 cm,
respectively.
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Fig. 6.1: Raw yield of D meson for the pr bin: 0.8 < pr < 2.0 GeV/c with
condition FitPoints > 25. The blue points represents signal obtained by
subtraction of mixed-event(ME) background from unlike-sign (US) signal.
The blue dotted line represents fit of residual background. The purple points
represents obtained signal after subtraction of the residual background.
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Fig. 6.2: Raw yield of DY meson for the pr bin: 0.8 < pr < 2.0 GeV/c for
DCA =1 cm. The blue points represents signal obtained by subtraction of
ME background from unlike-sign US signal. The blue dotted line represents
fit of residual background. The purple points represents obtained signal
after subtraction of the residual background.

Main method for the background estimation used in this analysis is the
ME method but for control the LS and ROT methods were used. Both
control methods give a results with the clearly visible D meson mass peak,
so results of this analysis may be considered as a stable with using different
background estimation methods.

Signal extraction uncertainty is difference between values of the raw yield
obtained by the bin counting in the range of the D? mass peak and a value
from the Gaussian fit.

Branching ratio uncertainty is taken from the Particle Data Group [23].
This value is a result from the various experiments and model predictions.

Efficiency uncertainty is taken from the fitting functions of the tracking
efficiencies (Fig. . As the fit of the each particle tracking
efficiency have its own errors and then those uncertainties are propagated
into the total D® meson reconstruction efficiency which is crucial for all final
results.

When all single sources of the systematic uncertainties were evaluated,
final systematic uncertainty was calculated according to the following equa-
tion:
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Fig. 6.3: Raw yield of DY meson for the pr bin: 0.8 < pr < 2.0 GeV/c for
DCA = 3 cm. The blue points represents signal obtained by subtraction
of ME background from US signal. The blue dotted line represents fit of
residual background. The purple points represents obtained signal after
subtraction of the residual background.

— 2 2 2 2 2
O0Sys = \/UTracking + JBckg + OFit + 9BR + UEff’ (61)

where 0gy is total systematic uncertainty, o7 qcking is uncertainty from
the tracking, opcky is from methods of evaluating the background, op; is
from differences betweeen fit and bin counting, ogpr is a uncertainty of the
branching ratio and oy is from efficiency calculations. Values of all un-
certainties and final systematic uncertainty are in the Tab. The total
systematic uncertainty is ogys = 16.9 %.

6.1 Double counting

Another source of systematic uncertainties, which is not mentioned so far,
is effect of the double counting. The D is reconstructed via the decay
channel: D — K~7". In the case if K~ is misidentified as a 7~ and 7+
is misidentified as a K, then this pair may contribute to the DO signal.
Correction on double counting is not included in this analysis due to
time constrains. But can be expected, that the significance of the double
counting in Cu+Au collisions would be similar to Au+Au collisions. In Fig.
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Uncertainty Value [%)]
Tracking 12.6
Background estimation 9.5
Signal extraction 4.9
Branching ratio 1.3
Efficiency 0.9
Total systematic uncertainty 16.9
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Tab. 6.1: Sources of the systematic uncertainties with their values and the

value of the total systematic uncertainty.

the results of the double counting analysis in Au+Au collisions is shown.
Function represented by the open circles, shows identification of pions and
kaons via TPC, second represents identification of pions from TPC and
kaons from TPC+TOF. Effect from first variation is dominant for the low
pr region up to 0.5 GeV/c. From there significance linearly decrease to the
value about 10 % for pr = 3.0 GeV/c. In this region effect from the second
variation took same value and is constant at the about 10 % onward. From
this can be seen, that in the case of this analysis, the effect of the double

counting is about ~ 1 %.
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Fig. 6.4: Double counting of DY in Au+Au collisions. Open points represents
double counting fractions with both pion and kaon identified from TPC. Full
circles represents effect with pions identified from TPC and kaons from TPC

and TOF. Taken from Ref. [50].
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Chapter 7

Results and discussion

This chapter describes results from the analysis of DY meson production in
Cu+Au collisions at /sy = 200 GeV. The p+p (with /syy = 200 GeV)
reference was taken from [3I] and the Au+Au (with /sy = 200 GeV)
reference was taken from [33].

Resulting invariant yield of the D meson in the pt range 0.8 < pr < 2.0
GeV/c?, was calculated according to the equation where, for this case,
X is DY. After application of corrections, invariant yield is:

1/prxd®N/dydpros ™ = (1.13 £ 0.29 (stat) % 0.19 (sys)) x 1072 (GeV/c) 2

(7.1)
This is to be compared to the invariant yield measured in p+p in the
same /syn and pr range:

1/pr xd>N/dydprhe’ = (1.10 + 0.05 (stat) & 0.15 (sys)) x 1074 (GeV /)2
(7.2)

The large statistical uncertainties in the d2/N/ dydegngAu are primarily
due to small available statistics but relative values of the systematic un-
certainty 16.9 % for dQN/dydegg+Au and 13.6 % for d2N/dydeI£;5p are
comparable. As the invariant yield is the main component used for enumer-
ating of the nuclear modification factor it can be clearly seen that the small
size of the analyzed data-set is a main limiting factor for better precision.
The average number of binary collisions N¢qy in Cu+Au collisions is Neop =

130.

Main result of the analysis presented in this Diploma thesis is the nuclear
modification factor for the D? meson in the Cu+Au collisions in the p range
0.8 < pr < 2.0 GeV/c? shown in Fig. In that figure the obtained
result is depicted as the red star and is compared with the published data
from the Au+Au collisions [33].

The Au+Au data with the centrality 0-80 % (blue circles) shows certain
suppression for the low pr region up to 0.5 GeV/c. In the pr region from
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Fig. 7.1: Nuclear modification factor as a function of the pr for the D
meson. The red star represents result of this analysis with the corresponding
statistical and systematic uncertainties. The blue circles represent data
from the the Au+Au collisions with the 0-80 % centrality with statistical
and systematic uncertainties. The black triangles represent data from the
Au+Au collisions with the 40-80 % centrality with statistical and systematic
uncertainties. Color boxes represent value of the N uncertainty for the
corresponding data-set. The Au+Au data were taken from the [33].

0.5 to the 2.0 GeV/c enhancement of the DY production up to the value
REZ = 1.6 can be seen. For higher pr the REZ fall again to the unity and
from py = 3.5 GeV/¢ suppression about 0.7 can be seen. Uncertainty in the

Ncoll st 7 %

The Au+Au data with the centrality 40-80 % (black triangles) shows
similar behavior as the 0-80 % Au+Au data. From the initial suppression
there is a rise above unity with the fall under unity from the pr higher than
4 GeV/c. Uncertainty in the Neop is + 24 %.

Obtained result from the Cu+Au data shows slight suppression in the
pr range from 0.8 to 2.0 GeV/c¢ which is more consistent with the data from
the ALICE experiment shown in Fig. Fig. and Fig. but two
points have to be recalled. First, the data from the ALICE experiment are
from the Pb+Pb collisions with much higher energy (\/snn = 2.76/5.02
TeV at LHC versus /snn = 200 GeV at RHIC) witch correspond to the
much higher energy density. The second point is, that the results from the
Cu+Au has large uncertainties which cannot exclude that the D° produc-
tion in Cu+Au is compatible with independent superposition of Ny and
even with the Au+Au data, which indicates enhancement of the D° meson
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Conclusion and outlook

This thesis deals with the analysis of D meson production via the hadronic
decay channel (D — K~77") in the minimum bias 0-80 % centrality Cu+Au
collisions at /sy = 200 GeV at the STAR experiment.

Medium induced modification in the D° production in the heavy-ion colli-
sions compared with p+p collisions provide information about the formation
and properties of quark-gluon plasma. The asymmetric Cu+Au collisions
allows to study D production in different geometry than symmetric Au+Au
collisions. Comparing Cu+Au with the Au+Au results (with correspond-
ing centrality) thus constrain influence of the collision geometry on particle
production. This is especially interesting for centrality selections with the
same number of participants.

Main goals of this Diploma thesis was check the quality of Cu+Au data,
obtain DY raw yield, calculate invariant yield and nuclear modification factor
of DY in Cu+Au collisions. All the goals of this Thesis have been successfully
fulfilled.

This thesis consists of seven chapters. First three chapters are introduc-
tory chapters, describing the STAR experiment at the RHIC, main detec-
tors system of STAR used for this analysis, theory and experimental results
overview. Next three chapters describes analysis of D? in Cu+Au collisions.

Last chapter, Chapter 7, shows and discuss results of this Thesis. Those
results are invariant yield and nuclear modification factor of DY in the pr
range 0.8 - 2.0 GeV/c. Nuclear modification factor of D in this pr is con-
sistent with the unity within sizable statistical and systematic uncertainties.
This result slightly favors minor suppression of DY, which is consistent with
the latest results from the STAR, ALICE and CMS experiments.

Results of DY production in 0-80 % centrality Cu+Au collisions presented
in this Thesis are not final. In the future additional studies of systematic
uncertainties will be done. But more importantly, this analysis was done
only on 30 % of the recorded data. When this analysis will be done on
the full statistics a notable reduction of statistical uncertainties is expected.
Larger statistics will allow to extract signal of D? from more than one pr bin,
thus resulting nuclear modification factor should provide more information
about behavior of DY in Cu+Au collisions.
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