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Abstract

One of the main goals of the STAR experiment is to study properties of the Quark-
Gluon Plasma (QGP). An excellent probe of the QGP are charm quarks, as they are
created in very early stages of the heavy-in collisions in the hard partonic scatterings.
As a result, they experience the whole evolution of the hot and dense medium. The
STAR experiment is able to access information about charm quark production via di-
rect topological reconstruction of hadronic decays of the open-charm hadrons, utilizing
the excellent pointing resolution of the Heavy Flavor Tracker detector. This thesis dis-
cusses the analysis of D* meson production in Au+Au collisions at /sy = 200 GeV
collected by the STAR experiment in year 2016. The D mesons are reconstructed via
their hadronic decay D* — K¥nfn®. The topological selection criteria are optimised
using supervised machine learning techniques, utilizing the ROOT package TMVA. The
measured 2016 invariant yield of D* mesons is combined with that measured in year 2014
and subsequently used to calculate the nuclear modification factor, D* /D yield ratio,
and total charm production cross section in Au+Au collisions at /sny = 200 GeV. The
nuclear modification factor reveals significant suppression of high transverse momentum
D* mesons in 0-10% central Au+Au collisions, which indicates significant energy loss
of charm quarks in the QGP. The measured D* /DO yield ratio appears to be consistent
with PYTHIA calculation within the uncertainties. The total charm cross section per
nucleon-nucleon collision in 10-40% Au+Au collisions at /sy = 200 GeV is found to
be 113.3 + 6.2(stat) £ 27.2(sys) pub, consistent with the total cross section measured in

p+p collisions at the same collision energy.
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Abstrakt

Jednim z hlavnich cilii experimentu STAR je studium vlastnosti kvark-gluonového plaz-
matu (QGP). Idedlni sondou QGP jsou puvabné kvarky, protoze se tvoii ve velmi
rané fazi srazek tézkych jader, v tvrdych partonovych srazkich. To znamend, Ze jsou
piitomny po celou dobu evoluce QGP. V experimentu STAR je mozné métit produkci
puvabnych kvarkt prostfednictvim piimé topologické rekonstrukce hadronovych roz-
padu hadronu s otevienym puvabem, pomoci velmi pfesného prostorového rozlieni de-
tektoru Heavy Flavor Tracker. Tato prace obsahuje detailni popis analyzy produkce
mezoni DT ve srdzkdch Au+Au pii energii VSN = 200 GeV, naméfenych experi-
mentem STAR v roce 2016. Mezony D* jsou rekonstruovany prostfednictvim jejich
hadronového rozpadového kandlu D* — K¥ntn®. Topologickd vybérova kritéria jsou
optimalizovdna pomoci strojového uceni s pomoci ROOT balicku TMVA. Invariantni
vytézek D* mezontt naméfeny v datech z roku 2016 je skombinovén s méfenim z roku
2014 a néasledné pouzit pii vypoctu jaderného modifikaéniho faktoru, poméru vytézku
D* /DY a celkového ti¢inného priifezu produkce piivabnych kvarki ve srazkach Au4-Au
pii energii \/sNn = 200 GeV. Z méfeni jaderného modifikacniho faktoru je patrné sig-
nifikantn{ potlaceni produkce D mezonii s velkou pifénou hybnosti ve srazkach Au+Aus
centralitou 0-10%, které je pravdépodobné zpusobeno energetickymi ztratami puvabnych
kvarkit v QGP. Pomér vytézki D /D se v rdmci chyb méfeni nelisi od teoretického
vypoctu tohoto poméru pomoci PYTHIA. Celkovy téinny prufez produkce ptuvabnych
kvarku ve srazkach Au+Au pii energii \/sny = 200 GeV s centralitou 10-40% byl zméfen
s hodnotou 113.3 + 6.2(stat) + 27.2(sys) ub, kterd souhlasi s hodnotou zméfenou ve

srazkach p+p pfi stejné energii.
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Introduction

The STAR experiment is located at Brookhaven National Laboratory (BNL) on Long
Island, New York, USA. It is the only experiment at the Relativistic Heavy-Ion Col-
lider (RHIC) which is currently actively taking experimental data. Thanks to its full
azimuthal and pseudorapidity |n| < 1 acceptance, combined with its exceptional capabil-
ities in charged track reconstruction and particle identification, STAR is a very versatile
detector which is able to study various physics topics. This versatility is further extended
by the ability of RHIC to deliver beams of protons and many different nuclei species in
a wide range of energies.

As a result, the physics program at STAR is rich and ranges from measurement
of spin structure of proton, over mapping of the phase diagram of nuclear matter, to
probing properties of the Quark-Gluon Plasma (QGP), to name a few. In this thesis,
the main focus is on the last of the three aforementioned examples. The QGP is studied
at large particle colliders via collisions of ultra-relativistic heavy ions. At RHIC, Au+Au
collisions at energy of \/sNn = 200 GeV are used for this purpose. In such collisions, a
large number of particles is produced. In central Au+Au collisions at STAR, the total
number of charged particles observed in the final state at mid-rapidity (|n| < 1) can be
around 700. In general, these particles come from various sources, which makes physics
conclusions from any experimental measurements in ultra-relativistic heavy ion collisions
a challenging task.

For that reason, various experimental methods have been developed which have
provided solid experimental evidence for presence of the QGP in heavy-ion collisions
and are now further used to investigate the QGP properties. One of the major evidences
of the QGP is suppression of particle production and modification of jets in heavy-
ion collisions compared to p+p collisions due to interactions of particles with QGP,
or transverse momentum correlations of particles in plane transverse to the beam axis
caused by a geometrical asymmetry of the QGP bulk in semi-central heavy-ion collisions.
All of the aforementioned phenomena have been measured in detail at both RHIC and
the Large Hadron Collider (LHC) and provided strong evidence of presence of the QGP
in heavy-ion collisions and are used extensively to probe QGP properties. All of these
signatures of the QGP are introduced in Sec.



2 Open-charm mesons in heavy-ion collisions at the STAR experiment

One possible way to do such measurements is to perform them for all charged (uniden-
tified) particles, but it is also useful to focus on identified particles. It is particularly
interesting to measure the charm quark production in heavy-ion collisions because at top
RHIC energy, the charm quarks are produced exclusively in hard partonic scatterings,
in very early stage of the Au+Au collisions. The QGP bulk is produced a bit later in the
evolution of the Au+Au collision, which means that many of the produced charm quarks
have to pass through the QGP, where they loose energy and momentum. This leads to
modification of the spectrum of charm quarks in heavy-ion collisions with respect to the
p+p collisions, in which no QGP is producedEl, i.e. where the charm quarks propagate
through vacuum.

A convenient method used to access information about the charm quark production
is reconstruction of open-charm hadrons. At STAR, it is possible to perform a direct
topological reconstruction of hadronic decays of the open charm hadrons thanks to an
exceptional pointing resolution of the Heavy Flavor Tracker (HFT) detector, which was
installed in STAR from year 2014, to 2016. STAR has used this opportunity to measure
the four major ground states of open charm hadrons (D°, D*, Dy, and A.) in Au+Au
collisions at /syy = 200 GeV and compare them to combined measurement of DO and
D* in p+p collisions at the same energy measured in the year 2009.

As it turned out, and as will be discussed in this thesis, the production of open
charm hadrons in Au+Au collisions is not quite as simple as described above. There are
multiple phenomena that have a significant influence on the observed spectra of open-
charm hadrons in Au+Au collisions and on the difference to those measured in p+p
collisions. One of them is the interaction of the charm quarks with the QGP, due to
which they loose momentum and energy. In addition, the medium has a profound effect
on the charm quark hadronization. Most commonly, two hadronization mechanisms
are considered. The first one is the fragmentation hadronization in which the quark
hadronizes with a (anti-)quark that originates from splitting of a previously radiated
gluon. This mechanism is present in both the vacuum and in the medium. The second
one is the coalescence hadronization in which the quark hadronizes with (anti-)quarks
from the medium itself, meaning that this mechanism is present in the QGP only. One
of the goals of the open-charm hadron measurements is to determine the importance of
both contributions to the hadronization process in heavy-ion collisions.

At STAR, an important contribution to this study is the measurement of D* mesons
in Au+Au collisions at \/sny = 200 GeV. The main goal of this thesis and work during
my Ph.D. was extraction of invariant yields of DT mesons from 2016 Au+Au data-

set, calculation of the nuclear modification factor of the D* mesons, and obtaining the

!There might be a very small droplet of QGP produced even in p+p collisions, as suggested by
measurements of collectivity in p+p collisions at the LHC. The volume of the QGP in p+p would be so
small that it would not affect the charm quark production.
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(Dt +D7)/(D% 4 DY) yield ratio, all as a function of transverse momentum and collision
centrality.

This thesis provides a detailed description of this measurement. The first chapter
provides a general introduction to the properties of heavy-ion collisions. The second
chapter focuses on properties of the open-charm hadrons and their role in the measure-
ments of heavy-ion collisions. In the third chapter, the STAR detector and its most
important sub-systems for this analysis are introduced and in the fourth chapter, a
detailed description of the analysis itself is provided. Finally all achieved results are

discussed in the closing section of this thesis.

Statement of author’s contribution

I have started my Ph.D. in July of 2017, when I have joined the Department of nuclear
spectroscopy at the Nuclear Physics Institute of the Czech Academy of Sciences. My
main responsibility was the analysis presented in this thesis in Chapter[4] i.e. reconstruc-
tion of D* mesons in Au+Au collisions at V3NN = 200 GeV measured by STAR in year
2016. I have been responsible for the whole chain of the analysis, starting with quality
assurance (QA) of the 2016 data-set and creating a list of bad runs, over optimization
of the topological selection criteria using ROOT package TMVA [1], extraction of D*
raw yields from the data, calculating the total reconstruction efficiency and all system-
atic uncertainties. Finally I have used all of the aforementioned steps to calculate the
invariant yield of D mesons in the 2016 data-set which I have subsequently combined
with the 2014 measurement. I have then used the combined spectra to calculate the nu-
clear modification factor of D¥ mesons and of the (DT 4+ D~)/(D? + D) yield ratio as a
function of both transverse momentum and collision centrality. The combined invariant
spectrum of D* mesons in 10-40%, together with published spectra of D° [2] and Dy [3]
mesons, and A. baryons [4], was also used to calculate the total charm production cross
section in 10-40% central Au+Au collisions at /sy = 200 GeV.

In addition to the main analysis, I have also participated on multiple service tasks.
Two of those involved calibrations and maintenance of STAR sub-detectors. The first
one was calibration of STAR Barel Electromagnetic Calorimeter (BEMC) before data-
production of Au+Au collisions at /sNy = 54 GeV measured by STAR in 2017. During
this task, I have created a database of states of individual BEMC towers throughout
the data taking period. The main goal was to provide analyzers with a list of BEMC
towers which were working properly and can be therefore used in the analysis. My
second detector service task was maintenance of the STAR Zero Degree Calorimeters
(ZDC). My duties involved calibrations and hardware checks of the ZDC before each

data-taking period since 2018 and also help resolving any issues during the data-taking
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periodsﬂ In addition to the routine maintenance, I have also participated on exchange
of ZDC photomultipliers (PMT) in early 2018, which involved testing about 100 old
PMTs which were originally used by the BRAHMS experiment.

I have also been involved in was quality assurance of the 2016 Au+Au at /sNy =
200 GeV data set. In addition to the main QA which was used to create the bad run
list, as mentioned above, I have also performed QA of re-productions of this data-set.
The re-productions were made in order to add detector information, e.g. BEMC, and
to update the data format. My QA was done to ensure that information which was
available in the older verified versions of the data files has not changed. At the same
time, I was also involved in QA studies of simulations of performance of STAR Heavy
Flavor Tracker (HFT) [5] and Time Projection Chamber (TPC)F] The main task was
to verify that the ratio of number of tracks reconstructed by the HF T over number of
tracks reconstructed by the TPC from the simulation matches that observed in the real
data.

In order to work on my analysis and service tasks, I have been on regular visits to
Brookhaven National Laboratory, Long Island, USA and Lawrence Berkeley National
Laboratory, Berkeley, USA. Other visited institutions include Rice University in Hous-
ton, USA, or Warsaw University of Technologies, Warsaw, Poland. During my work on
this thesis I have also been selected to present my results on behalf of the STAR collab-
oration at multiple international conferences as contributed talks (8 cases) and posters
(6 cases). This includes cotributions at the most prestigious conferences, such as posters
at three latest Quark Matter conferences (2018 in Venice, 2019 in Wuhan, and 2022 in
Krakow) and at the 40th International Conference on High Energy Physics in Prague,
and a talk at 2019 Strangeness in Quark Matter conference held in Bari, Italy.

As an active member of STAR collaboration, I am a coauthor of 44 published papers
in scientific journals. Among them are two, to which I have significantly contributed. The
first one is: J. Vanék, for the STAR Collaboration, Open-Charm Hadron Measurements
in Au+Au Collisions at /sny = 200 GeV by the STAR Experiment, Universe 2019,
5(9), 196, in which I have presented preliminary results (at the time of publication) of
my analysis, including previously unpublished details about topological selection criteria,
and results from other open-charm analyses at STAR. The second one is: J. Adam, et
al. [STAR Collaboration], Observation of D¥/D® Enhancement in Au+ Au Collisions
at \/snn = 200GeV, Phys. Rev. Lett., 127:092301, for which I was a member of a
review committee on position of Code QA. My contribution was a check of the analysis
software and verification of the presented physics results. I was also involved in revision

and approval of the text of the paper draft. In addition to the published publications,

2T have not been the main an on-call expert, but I have always been available to help with any issue
if the current on-call expert needed help or discussion.
3 At STAR, such detector performance simulations are called embedding,.
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I am also primary author of two collaboration papers which are currently under review
within the STAR collaboration. The first one is: STAR Collaboration, Measurement
of D* meson production and total charm production yield at midrapidity in Au+Au
collisions at /sy = 200 GeV, which isto be submitted to Physics Letters B, that
contains results from analysis presented in this thesis and for which I was responsible
for preparation of the results, writing the paper draft and the analysis note. The second
one is: STAR Collaboration, Measurement of DY and D* production in p+p collisions at
Vs =500 GeV, that is to be submitted to Physical Review D, for which I am responsible
for determination of trigger efficiency of high-pr DY mesons. I am also an author of
number of proceedings, in which I have presented my results and results from other
open-charm hadron production analyses from the STAR experiment.

Full list of my research activities, conference presentations and publications is pro-

vided in the Appendices [G] and [H]
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Chapter 1
Heavy-ion collisions

This chapter contains an introduction to properties of heavy-ion collisions. The goal of
this chapter is to introduce the general physics motivation and the basic properties of the
heavy-ion collisions, and experimental signatures of the QGP. The concepts described

here serve as a general context to the main topic of this thesis.

1.1 Physics motivation

Two of the major goals of measurements of heavy-ion collisions are probing the properties
of the QGP and mapping the phase diagram of the nuclear matter. They both arised
from theoretical predictions of the theory of the strong force, the quantum chromo-
dynamics (QCD). One of the first steps towards these theoretical QCD calculations was
the prediction of existence of quarks and how they form hadrons (baryons and mesons) by
Gell-Mann and Zweig [6},7] in early 1960’s. At the time it was not clear, if quarks are real
particles or just a theoretical concept which can be used to predict describe hadrons.
One of main reasons for that was the fact that only hadrons were observed, but free
quarks have not. It took a bit of time until late 1960’s and early 1970’s when Deep
Inelastic Scattering (DIS) experiments at SLAC (Stanford Linear Accelerator Center)
confirmed that protons consist of three point like particles [§], which was in agreement
with Gell-Mann’s and Zweig’s prediction.

Soon after that scientists started to ask why we do not observe free quarks or gluons.
This lead to development of theoretical calculations which tried to predict conditions,
under which the quarks and gluons could be freed from being confined inside hadrons.
Many of such works appeared later in 1970’s, for example Ref. [9,|10]. It was also the
time, when the contemporary terminology started to be used. The property of the
hadronic matter at low temperatures, in which quarks and gluons are trapped inside

hadrons, started to be referred as confinement and the property at high temperatures,
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Fig. 1.1: Phase diagram of the QCD matter as predicted from lattice QCD theoretical
calculation. The dashed line indicates position of cross-over phase transition, E is the
critical point and the shaded band represents first order phase transition. The data
points are from the grand canonical statistical model [16]. Point M indicates matter
present inside atomic nuclei. At very large values of up, a color superconductor phase
is predicted [17,|1§]. Figure taken from Ref. [19].

when they are asymptotically free (i.e. in the QGP), deconﬁnementﬂ

Next obvious question was, what is the nature and place of the phase transition
between the hadronic phase and the QGP. As can be found for example in Ref. [11],
even at the end of the 1970’s, there were attempts to determine the best way to identify
the nature of the phase transition using different QCD calculations. From that time
on, what can be seen in the scientific papers about this topic more and more often are
non-perturbative QCD calculations on a lattice. These calculations relatively quickly
lead to prediction of the value of the critical temperature T, ~ 175 MeV at which the
phase transition should occur [12}/13] and that the the phase transition is most likely not
first order, or second order phase transition [14]. In the last cited paper, the conclusion
is that the QCD does not have a ”finite-temperature phase transition”, which is now
interpreted as a rapid cross-over phase transition [15].

In general, the theoretical calculations mentioned above are for a specific case, where
the baryon chemical potential p, = 0. In simplified terms, pup quantifies the difference
between the number of baryons and anti-baryons in the system. For p, = 0, there is
the same number of baryons and anti-baryons, which is a situation observed in heavy

ion collisions at the LHC or at top energy at RHIC. Calculations for non-zero values of

!Confinement and deconfinement are properties of the strong interaction under given conditions.
Hadronic phase and QGP are two different phases of the nuclear matter.
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up were developed relatively recently and are crucial for current picture of the phase
diagram of nuclear matter, which is shown in Fig. For low values of up, a cross-
over phase transition (dashed line at low up and high temperature T') is expected which
is consistent with observations from the LHC and RHIC. The theoretical calculations
for larger values of up are consistent with a first order phase transition (grey band),
which implies an existence of a critical point (F) [15,20]. At very high values of up, a
color super-conductor phase is predicted which shares some properties with ”classical”
super conductor, namely creation of Cooper pairs, in this case of quarks (electrons in
the ”classical” case) |17,/18]. The green star, red squares, and blue triangles show the
position of chemical freeze—outﬂ for different hadron multiplicities observed in heavy-
ion collisions at various accelerators, as calculated in the statistical model [16]. Using
various collision energies provides access to different values of pup. The last important
point shown in this simple version of the phase diagram, is the point M, which denotes

the state of nuclear matter present inside atomic nuclei.

1.2 Heavy-ion collisions

In this section provides a summary of basic properties of heavy-ion collisions. The main
focus is to introduce the terminology and variables used for description of the system of
two colliding nuclei. In the second part of the section, the time evolution of the heavy-
ion collisions is described. The time evolution picture is also discussed in context of the

phase diagram of nuclear matter.

1.2.1 General properties of heavy-ion collisions

One of the first things necessary for description of any physics phenomenon is an appro-
priate coordinate system. In the present, collider experiments typically use a laboratory
system of coordinates with the following convention: the (0,0,0) point is in the center
of the detector with the z axis parallel to the particle beam and the x and y axes being
perpendicular to the beam. The x axis is most often horizontal and the y axis vertical,
as shown in Fig.

The azimuthal angle ¢ is measured from the z axis in the xy plane. The second
important angle is 6 (not shown in Fig. which is measured from the z axis. In

practice, € is not used very often, but pseudorapidity n which is defined as

1= -ta [ (2)] o

is used instead. One of the reasons is that value of 7 for high energy particles approaches

that of rapidity y which is defined as

2Chemical freeze-out will be discussed in more detail in Sec.
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Fig. 1.2: Cartoon of a heavy-ion collision in the most commonly used coordinate system.
The x and y axes define plane perpendicular to the beam axis. The z axis is then parallel
to the beam axis. Azimuthal angle ¢ is measured in the xy plane from the x axis. The
center of the coordinate system is typically placed in the center of the detector. Taken
from Ref. [21].

1 E+p,
y=—1In +p , (1.2)
2 E_pz

where F is the energy of the particle and p, is the component of the momentum of the
particle that is parallel to the beam axisﬂ Components of particle momentum p can then

be written in terms of n and ¢ as follows:

Px = pr cos(e),
px = prsin(¢g), (1.3)
Px = PT Sinh(n)7

where pr = /p2 + p?, is the transverse momentum. One key advantage of such coordi-
nate system is that ¢ and pr are boost invariant (in z direction) and 7 (or y) can be
easily transformed under such boost.

Since heavy nuclei used at large colliders as RHIC or LHC are relatively large objects,
each heavy-ion collision is unique in terms of the overlap of the two projectiles. This
overlap, called centrality of the collision, is quantified using a variable called impact pa-
rameter b which is simply a distance between the centres of the two colliding heavy-ions
in the transverse plane, as shown in Fig. Experimentally, it is essentially impossi-
ble to measure b directly. For that reason, at STAR collision centrality is determined
by measured particle multiplicity inside the Time Projection Chamber, matched to a
Glauber model simulation [22,23].

3In the whole thesis, natural units are used, i.e. ¢ = 1. A more general definition of y is used in
special theory of relativity, but in scope of this thesis, when y is referred, it is defined using Eq. @
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Fig. 1.3: A simple cartoon of a heavy-ion collision showing a definition of an impact
parameter b. The impact parameter is simply defined as distance between the centers of
the colliding nuclei.

1.2.2 Time evolution of heavy-ion collisions

Ultra-relativistic heavy ion collisions occur in a fraction of a second. Despite their very
short duration, they have quite complex time evolution. In this section, a brief descrip-
tion of today’s understanding of the time evolution of heavy-ion collisions is provided.

Figure shows a simple overview of individual phases of a heavy-ion collision.
The initial state, before the collision itself, can be described by various models, such
as the Glauber model [22,23] or the Color Glass Condensate [24]. This phase in not
fully understood at the moment and both aforementioned models provide a simplified
description, under specific conditions. The Glauber model, very simply speaking, calcu-
lates the position of the nucleons (protons and neutrons) in the two colliding nuclei and
then the probability that the partons will interact with each other during the collision.
In contrast, the CGC treats the colliding ions as two relativistically contracted plates of
gluons.

The first interaction phase is the hard partonic scattering, which is a perturbative
QCD process, in which most of the high pt and all of the heavy flavor quarks are created.
At this stage, no QGP is present yet. QGP is estimated to be formed approximately
1fm/c after the hard partonic scattering [25]. The QGP bulk then expands following
relativistic hydrodynamics up to the point when its temperature falls down to critical
temperature T.. Here, the cross-over phase transition from the QGP into a interacting
hadron gas occurs.

In this phase, the confinement is restored, which means that quarks and gluons are

bound inside hadrons, but the hadrons interact with each other, leading to changes of
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Fig. 1.4: Simplified overview of individual phases of a heavy-ion collision. CGC stands
for Color Glass Condensate. Taken from Ref. .

hadron composition of the gas. When the temperature drops more to chemical freeze-
out temperature Ty, the composition of the gas is fixed, but the components can still
interact with each other. The interactions stop when the kinetic freeze-out temperature
T}, is reached. The whole evolution of a heavy-ion collisions is schematically shown in
Fig. with all freeze-out temperatures.

One of the main challenges of heavy-ion collision measurements is that the detectors
are able to detect only the final state particles, which survive the kinetic freeze-out. In
addition, many of them are too short-lived, to enter the volume of the detector and need
to be reconstructed via their decays. This is the case for the open-heavy flavor hadrons
which are the main focus of this thesis. The following section provides a summary of

observables used to probe the properties of the QGP from the final state particles.

1.3 Experimental signatures of the QGP

This section provides an overview of the main signatures of the QPG in ultra-relativistic
heavy-ion collisions. The first experimental observations of QGP heavy-ion collisions
was announced in the year 2000 by experiments at Super Proton Synchrotron (SPS) at
CERN . Observation from the SPS gave first hints of the QGP in heavy ion collisions,
but a conclusive evidence of presence of the QGP in such collisions has been observed
later at RHIC, and subsequently confirmed at the LHC.

Particle production modification

As already discussed above, in order to measure the properties of the QGP, experimental
physicist had to develop methods to access information about the hot and dense medium.
One of the most straightforward ones is the measurement of the nuclear modification

factor Raa which can be defined as

(dN/dpT)aa
Neon) (AN/dpT)pp’

Raa = < (1.4)
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Freeze-Out

Hadron Gas

Fig. 1.5: Time evolution of a heavy-ion collision in ¢z plane. Individual freeze-out
temperatures are also indicated. For details see the text. Taken from Ref. .

where (AN/dpt)aa is an invariant yield pp spectrum of particles of interest, e.g. open-
charm mesons, measured in heavy-ion collisions, (dN/dpr)pp is the same spectrum mea-
sured in p+p collisions and (N.y) is the mean number of binary collision, typically
calculated using the Glauber model.

The nuclear modification is defined so that if heavy-ion collisions were just a simple
superposition of (Neo) p+p collisions, then Raa = 1. As can be seen in Fig.
the observed Raa depends on the collision energy. For collisions at low energy (com-
pared to RHIC and the LHC) from the SPS , no suppression of ¥ mesons with
pr > 2GeV/c is observed. For lower pp, the data fall under unity, which is caused
by the fact that the (N.n no longer holds for soft processes which are dominant in
this p region . Data from RHIC and the LHC for charged and neutral hadrons,
one the other hand, show a substantial suppression over a wide range of pr. Correct
understanding of the Raa of light particles is challenging, as they can originate from
several different sources. On the other hand, high transverse momentum hadrons, with
pr > 4GeV/c for RHIC and pr > 10 GeV/c for the LHC, are most likely coming from
hadronization of partons scattered in the hard partonic scattering. The suppression for
high-pt hadrons is probably caused by the energy loss inside the QGP. Mainly the LHC
data, and with limited precision the RHIC data, show a rising trend with momentum in
the high-pt region which suggests that the medium is more transparent for particles with

higher momenta. The data in this pt region are compared to various theoretical model
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Fig. 1.6: Nuclear modification factor Raa of multiple particle species measured by vari-
ous experiments in heavy-ion collisions at different collision energies. Specifically, shown
are results for ¥ measured by WA98 at SPS [28,29] and by PHENIX at RHIC [30],
charged hadrons by STAR at RHIC [31], and charged particles by ALICE [32] and CMS
at the LHC [33]. For collision system, centrality and energy, see legend. The experimen-
tal data are compared to multiple theoretical models [34H39]. Taken from Ref. [33].

calculations. All these models attempt to describe the LHC data for large transverse
momenta (ca. pr > 5GeV/c), focusing exclusively on parton energy loss mechanism
in the medium. The Parton Quenching Model (PQM) [34] and Gyulassy-Levai-Vitev
(GLV) model [35,36] calculations were done for Pb+Pb collisions at \/snn = 5.5 TeV
(LHC design energy), the Amesto—Salgado-Wiedemann (ASW) [37,38] and Yet another
Jet Energy-loss Model (YaJEM) [39] with elastic energy loss parametrization are done
for the same Pb+Pb collision energy as the measured data, i.e. /sy = 2.76 TeV. In
general, all the models predict rising trend of the Raa with pp, but the quantitative
agreement with the measured data varies which shows importance of such experimental
measurements, which can provide constraints on theoretical calculations of energy loss
of partons in the QGP.

Description of the Raa of light flavor particles for lower momenta is quite a bit more
challenging, as in this region they are originating from two main sources. One contri-
bution is from particles from the hard partonic scattering, which have lost significant
part of their momentum inside the medium, the second one is from hadronization of the

QGP bulk. Distinguish which source are the particles coming from is not possible just
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by simple measurement of the Raa. In order to get a full picture, one needs to focus on

spectra of identified heavy hadrons, or to measure additional experimental observables.
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Fig. 1.7: (left) A cartoon showing different melting temperatures of multiple quarkonia.
The temperature is given with respect to critical temperature 7. The melting tem-
perature is larger for quarkonia with smaller size (r). Taken from Ref. [40]. (center,
right) The measurement of [Y(1S)/Y(2S)]prpb/[Y(1S)/Y(2S)]pp double ratio (left) and
the Raa (right) of Y(1S) and Y(2S) mesons in Pb+Pb collisions at /sy = 2.76 TeV
for various collision centralities measured by CMS. Taken for Ref. [41].

One possible option for the identified particles are quarkonia, i.e. heavy flavor mesons
consisting of c¢ (charmonia), or bb (bottomonia) quark-antiquark pairs. When a quarko-
nium is placed inside the QGP, might dissolve because of Debye-like screening, as first
proposed by Matsui and Satz for J/{ [42|, which depends on the temperature of the
medium. The melting mechanism works similarly to the Debye screening in classical
plasma. The QGP is a bulk of asymptotically free color charges. At given temperature
of the QGP, the density of the in-medium charges will be sufficient to shield the bound
qq pairs and so melting the quarkonia inside the medium. If a given quarkonium will dis-
solve or not inside of the medium depends on its binding energy which can be relatively
easily calculated for both their ground (charmed J/1(1S), beautiful Y(1S)) and excited
states (e.g. W(2S), Y(2S)). The suppression of the various quarkonia species in haevy-ion
collisions should be ordered based on their binding energy, where the ground states are
more tightly bound than excited states and bottomonia are more tightly bound than
charmonia (for a given stateED. An illustration of such ordering in melting temperatures
of quarkonia is shown in Fig. (left). One of key measurements is therefore compar-
ison of abundances of the individual quarkonia species measured in heavy-ion collisions
and p+p collisions, for example using the Raa or particle yield ratios.

An example of such measurement can be seen in Fig. (center, right) which
shows the [Y(1S)/Y(2S)]prpb/[Y(1S)/Y(2S)]pp double ratio (left) and the Raa (right) of

“E.g. Y(18) is more tightly bound and has higher malting temperature than J/W(18).



16 Open-charm mesons in heavy-ion collisions at the STAR experiment

Y(1S) and Y(2S) mesons in Pb+Pb collisions at /sy = 2.76 TeV for various collision
centralities measured by CMS. The measurement clearly indicates that both Y states
are suppressed in central Pb+Pb collisions. The suppression is the largest in central
Pb+Pb collisions and gets smaller towards more peripheral collisions which suggests
that it is a medium induced effect. Both states are suppressed for all centralities except
for the 50-100% centrality class in which the Y(1S) is not suppressed at all while Y(2S)
is. This suggests that there is QGP created in 50-100% central Pb+Pb collisions at
V/SNN = 2.76 TeV, but the temperature is not sufficient any more to melt tightly bound
Y(1S), but is still hight enough to dissolve Y(2S). Furthermore, the Y(2S) is clearly more
suppressed than Y(1S) in all studied centrality classes, which hints that the temperature
is not high enough to dissolve both Y states to the same level.

Similar measurements can be done for J/1(1S) and its excited states as well. In case
of charmonia, the measurements can a bit more challenging than in case of previously
presented bottomoia. The reasons is that at the LHC energies of Pb+PDb collisions, the
charm quark production cross section is relatively large (compared to e.g. RHIC). As
a result, the density of "melted” charm (anti-)quarks inside the QGP is large enough
in Pb+Pb collisions at the LHC so that they can re-combine back into final state char-
monium states [43]. This recombination effect therefore slightly enhances charmonium
production in Pb+Pb collisions at the LHC compared to expectation with melting only.
It is also important to distinguish between cahrmonia originating from charm quarks
directly form the hard partonic scattering or those which are result of decay of hadrons
containing b quark. Again, due to larger energies, this so-called b feed-down is much
more significant at the LHC than at RHIC. At RHIC, the bottom quark production
cross section is low enough so that b feed down for charmed mesons is mostly deemed
negligible, but at the LHC it needs to be taken into account and actually opens e.g.
possibilities to measure b-hadrons via decay to J/1{. Overall, charmonium production is
relatively complex challenge which requires a lot of sophisticated experimental methods
to distinguish between charmonia from different sources, but at the same time gives
access to different aspects and properties of ultra-relativistic heavy ion collisions and of
the QGP.

Another interesting way to study properties of the QGP is by measurement of
baryon/meson yield ratios. It is possible to measure such ratios in heavy-ion colli-
sions and in small systems (e.g. p+p, p+Au, d+Au) which can then provide insight into
hadronization process in heavy-ion collisions. Example of such measurement is shown
in Fig. specifically the p/7t (a) and p/mt~ (b) yield ratio measured in Au+Au [49)
and d+Au collisions [44,145] at \/syn = 200 GeV by the STAR experiment. The ratio is
clearly enhanced in central Au+Au collisions compared to peripheral Au+Au collisions
and d+Au collisions in pp interval 1 < pp < 4 GeV/c. This observation is often referred

as the baryon anomaly.
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Fig. 1.8: The p/nt™ (a) and p/7t~ (b) yield ratio measured in Au+Au and d+Au collisions
[44,/45] at /sy = 200 GeV by the STAR experiment. The STAR data are compared
to measurement of (p + p)/(w" + 7t) yield ratio obtained light flavor jets measured
in et + e~ collisions at /s = 91.2GeV [46] and two model calculations for Au+Au
collisions [47,48]. Taken from Ref. [49].

In small systems and peripheral heavy-ion collisions, the dominant hadronization
mechanism is fragmentation. In this case, the final state hadron (proton or pion in the
example) is created inside a parton shower induced by a high-pt parton originating in
hard partonic scattering. This hadronization mechanism is present in central heavy-
ion collisions as well, but an additional hadronization mechanism is possible thanks to
presence of the QGP. The partons from the aforementioned shower and those present
in the medium itself can hadronize with each other, if they are close to each other in
space and have similar momenta. This mechanism is often referred to as coalescence
hadronization [50]. In general, the spectra of partons inside the QGP is steeply falling
towards higher pt, meaning that there is larger abundance of partons with low transverse
momenta compared to those with higher transverse momenta. Coalescence hadronization
is therefore more likely to form a baryon with given pr than to produce a meson with
the same pr. This leads to enhancement of the baryon/meson yield ratio for low-pr
hadrons in central Au+Au collisions compared to small systems.

Coalescence hadronization of light flavors can be somewhat complicated to describe,
as the final state hadrons can be result of fragmentation hadronization inside the patron
shower induced by a high-pt parton from hard partonic scattering, or by coalescence
hadronization of a parton inside the shower with quark from the medium, or coalescence
hadronization of quarks inside the medium itself. This is where open-charm hadrons

can help, as charm quarks are produced predominantly in hard partonic scattering. The
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production mechanism of open-charm hadrons is therefore a bit more straightforward.
The charm quarks can hadronize via fragmentation, which is present in both p+p and
heavy-ion collisions, or via coalescence of the hard c-quark with the QGP, which can
occur only in heavy-ionc collisions. At the same time, the charm quarks propagating
through the QGP loose energy and momentum, which leads to modification of charm
quark spectra in heavy-ion collisions. The measurement of open-charm hadrons therefore
give direct access to energy losses and coalescence hadronization of charm quarks inside

the QPG and are therefore very powerful tool in probing the QGP properties.

Collectivity

Up to this point, only measurements of particle yields integrated over full azimuthal angle
were discussed. It is also important to perform ¢-differential measurements. Interest-
ing, in particular, are asymmetries in pp azimuthal spectra of different particle species.
Such asymmetries can be quantified using coefficients v, of the Fourier decomposition

of particle azimuthal distribution:

dN =
PP 1+2 Zvn cos[n(¢ — V,)] (1.5)

where ¢ is the azimuthal angle, under which a particle is observed and ¥, is the angle

n=1

of the n-th order event plane, all measured from the z axis.
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Fig. 1.9: Schematic view of a semi-central heavy-ion collision. The overlap of the two
passing nuclei has asymmetrical shape which leads to rapid expansion of the QGP fireball
inside the event plane (green). Taken from Ref. .

The motivation for such measurement is illustrated in Fig. The two nuclei (blue
spheres) collide with each other with an overlap. The plane connecting the centers of
the two nuclei and parallel to the beam axis (green in Fig. is called the reaction
plane. In mid-central heavy ion collisions, the active region (orange in Fig. has

an asymmetrical shape. At sufficient collision energy and size of the overlap, the active
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region is filled with the QGP which has certain non-zero pressure in the middle of
its volume and zero pressure at the surface, as the collisions occur in a vacuum. For
that reason, the pressure gradient inside the reaction plane is greater than in direction
perpendicular to the plane. As a result, the particles emitted from the QGP fireball inside
the reaction plane obtain larger momentum than particles emitted in the perpendicular
direction, which then leads to v > 0 in Eq. The overlap of the two nuclei in the
plane perpendicular to the beam axis can be reasonably approximated by an ellipse, so

the observed asymmetry related to vy is therefore called the elliptic flow.

Fig. 1.10: Glauber model simulation of a heavy-ion collision. Magenta are participants
of the collisions, orange and yellow are the spectators. The dashed line is the reaction
plane, the solid line is the 2nd order event plane. The ellipse shows estimated elliptic
asymmetry of the overlap. Taken form Ref. [51]

In the example above, several assumptions were made. The first one is that the
reaction plane and the 2nd order event plane are identical and that the cross-section
of the active region in plane perpendicular to the beam axis is defined simply by the
overlap of the two nuclei (as can be seen in Fig. [1.3). In reality, the situation is not that
straightforward, as nuclei are not perfectly spherical, uniform objects. They consist of
protons and neutrons which are distributed inside the volume of the nucleus. In addition,
two partons of the two colliding nuclei will interact with each other only with certain
probability, even when both partons are in the overlap region. An example, how more
realistic overlap region might look like can be calculated using the Glauber model as
shown Fig. The participating partons are shown in magenta and the approximate
elliptic shape of the overlap is indicated. In this example the reaction plane (solid line)
is very different from the 2nd order event plane (dashed line).

In addition, the overlap of the nuclei typically does not have perfectly elliptic shape.
The shape fluctuates from collision to collision which leads to non-zero v, coefficients
for n > 2. For example in Fig. [[.11} the overlap has more triangular shape than
elliptical one, which would lead to significant triangular flow v3. In general, each heavy-
ion collision can have multiple non-zero v, coefficients, each with its own n-th order

event plane ¥,,.
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Fig. 1.11: Glauber model simulation of an Au+Au collision at ,/sny = 200 GeV by the
PHOBOS experiment. The highlighted nucleons are the participants of the collisions,
the light ones are the spectators. This example demonstrates source of non-zero higher
order harmonic coefficients in heavy-ion collisions due to fluctuations of the overlap of
the colliding nuclei. This specific event would generate significant vs due to triangular
shape of the overlap. Taken from Ref. [52].

This makes experimental measurements of collective flow a challenging task. Ex-
ample of such measurement is displayed in Fig. which show the elliptic flow of
light flavor hadrons measured in 0-80% (a), 40-80% (b), 10-40% (c), and 0-10% (d) cen-
tral Au+Au collisions at \/syn = 200 GeV by the STAR experiment [54]. All studied
hadrons show significant collective elliptic flow in all centrality classes. The elliptic flow
is smaller in central Au+Au collisions compared to semi-central, as gold nuclei are nearly
perfectly spherical. Therefore, the overlap of the two colliding nuclei in central Au+Au
collisions is close to perfect circle which has very small ellipticity. The data points are
compared to ideal hydrodynamics model calculations [53|. Going from top to bottom,
the lines represent predictions for 7, K, p, A, =, and Q.

As mentioned above, it is also possible to measure higher order harmonic coefficients.
One of the most extensive measurements was performed by the ATLAS experiment. Fig-
ure [1.13] shows the elliptic flow vo and higher order harmonics for n = 3-6 of charged
particles measured in multiple centrality classes of Pb+-Pb collisions at /sny = 2.76 GeV
by the ATLAS experiment [55]. Similarly to the STAR measurement, the vy is signifi-
cantly smaller in central Pb+Pb collisions compared to the semi-central ones. Another
interesting phenomenon which can be observed in the ATLAS results is that v > v
in 0-10% central Pb+Pb collisions. The explanation is similar to the ordering of v
with centrality. In central Pb+Pb collisions, the overlap of the two colliding nuclei is
very close to circular, i.e. with small ellipticity. The measurement in 0-10% central

collisions is therefore more sensitive to higher order fluctuations of the circular shape,
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Fig. 1.12: Elliptic flow of light flavor hadrons measured in 0-80% (a), 40-80% (b), 10-40%
(c), and 0-10% (d) central Au+Au collisions at /sy = 200 GeV measured by STAR.
The experimental data are compared to ideal hydrodynamics model calculations [53].
Going from top to bottom, the lines represent predictions for 7, K, p, A, =, and Q.
Taken from Ref. [54].

which leads to v3 > wv9. In remaining centrality classes, an ordering is observed where
v9 > v3 > - -+ > vg, which is expectable from shape of the overlap region in mid-central
heavy-ion collisions. Elliptical asymmetry of the interaction region is driven primarily
by the overlap of the two nuclei. Any higher order asymmetries arise mainly from fluc-
tuations of the shape of the overlap of the nuclei and the corresponding observed higher
order harmonic flow is therefore smaller than vs.

The last harmonic coefficient that has not been discussed yet is the vy. It is called the
directed flow and it has slightly different origin and behavior than vy and higher order
harmonic coefficients. One key difference is that v; is non-zero exclusively for rapidity
differential measurements. In simple terms, directed flow is an asymmetry in particle
production in forward-rapidity (and back-rapidity) region, with respect to the beam axis
inside the reaction plane. Good point of reference are the spectators of the collision, as
shown in Fig. (a). The directed flow tells us, if there are more particles produced
in the direction of the spectators (i.e. > 0 and z > 0 forn > 0,0or z < 0 and 2 < 0
for n < 0), or in the direction away form the spectators (i.e. < 0 and z > 0 for n > 0,
or x >0 and z < 0 for n < 0). The asymmetry in Fig. (a) is source of so-called
rapidity odd directed flow, for which v$44(y) = —v994(—y). Similarly to the higher order

flow harmonics, first order event plane will not be identical with the geometrical event
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Fig. 1.13: Elliptic flow v9 and higher order harmonics for n = 3-6 of charged particles
measured in multiple centrality classes of Pb+Pb collisions at /sy = 2.76 GeV by
the ATLAS experiment. In 0-5% central Pb+PDb collisions, v3 > vo which is caused by
that the overlap of the two nuclei is close to circular, i.e. with small ellipticity, and
the measurement is therefore more sensitive to shape fluctuations. In all other presented
centrality classes, the harmonic flow coefficients show ordering where vo > vg > - -+ > wg.
Taken from Ref. [55].

plane. The first order event plane then has its angle ‘i’gg, (participant plane angle in Fig.
1.14)). Due to fluctuations of the shapes of the colliding nuclei, it is also possible to define
target and projectile spectator planes (Wi, and ‘{’IS)P). Because of such fluctuations the
angles are generally non-zero and different for each individual heavy-ion collision and
lead to a rapidity-even contribution to vy, where v{¥*"(y) = v{V"(—y).

odd
1

Experimentally, the v99¢ is often studied as a function of the collision energy. Exam-
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Fig. 1.14: Schematic view of a heavy-ion collision in reaction plane (a) and in transverse
plane (b). The asymmetry of the interaction region in reaction plane will lead to non-zero

rapidity odd directed flow v994(y). Due to fluctuations of the shape of the interaction
(1)

region, several interaction planes are introduced: the participant plane, with angle W5,
and target and projectile spectator planes (\l’tSP and ‘PSP). These fluctuations then
contribute to rapidity-even directed flow v{V*"(y). Taken from Ref. |56].
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Fig. 1.15: Directed flow of identified strange baryons as a function of y measured in
10-40% central Au+Au collisions at different energies. For some of the data, there is a
linear fit used to extract the directed flow slope dwv;/dy. For detailed discussion of the
centrality dependence of the vy slope, see [57]. Taken from Ref. [57].

ple of such measurement is presented in Fig. which shows v; of identified strange
hadrons as a function of y in 10-40% central Au+Au collisions at different energies [57].
At high collision energies, the non-zero v; can be explained based on tilt of the QGP
bulk within the 1st order event plane. Example of the tilt is illustrated in Fig. (a).
As with higher order harmonics, the asymmetry in the initial shape will be propagated
into asymmetry of particle spectra in final state, due to pressure gradients. In this case
(from Fig. , more particles will be emitted to regions with x < 0 and z > 0 for
n > 0and x > 0 and z < 0 for n < 0, which leads to negative measured v; slope in
rapidity dv;/dy. Detailed discussion of the collision energy dependence of the v; slope
(dvy/dy) is available in [57].

The discussion above applies to collective flow of light flavor hadrons, which originate
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mainly from hadronization of the QGP bulk. It is also interesting and important to study
collective flow of heavy quarks, which can be accessed by measurement of open heavy-
flavor hadrons. The origin of collective flow for heavy flavor hadrons is slightly different
than for light hadrons, as heavy quarks originate exclusively from the hard partonic
scattering and therefore do not have any information about the collective motion of the
medium in early stage of the collision. The details about collective flow of open-charm

hadrons will be discussed in the following chapter.
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Fig. 1.16: Elliptic (top) and triangular (bottom) flow as a function of collision multiplic-
ity (N&Tine) measured in p+p, p+Pb, and Pb+Pb collisions by CMS. For energy of the
collisions, see the legend. The elliptic flow shows clear ordering with different collision
system, where it is the largest in Pb+Pb and smallest in p+p collisions. Triangular flow,
on the other hand, has similar magnitude in all studied collisions systems. The harmonic
flow coeflicients were extracted using two-particle correlation method. The superscript
”sub” indicates that the results were corrected for back-to-back jet correlations which
were estimated from low-multiplicity data. Taken from Ref. [58].

Another important thing to discuss is that collective flow is not a phenomenon ob-
served in heavy-in collisions only. Not that long ago, it was generally accepted, that
harmonic flow is a medium induced effect and should be observable exclusively in ultra-
relativistic heavy-ions collisions. With development of more sophisticated experimental

techniques and increased collision energies at the LHC, it was discovered, that collective
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behavior can be observed in high multiplicity events of small systems (p+p, p+Pb) as
well. Example of such measurement is displayed in Fig. which shows elliptic (top)
and triangular (bottom) flow as a function of collision multiplicity (N2Hin¢) measured
in p+p, p+Pb, and Pb+Pb collisions by CMS. The elliptic flow clearly shows ordering
based on system size, where v is the largest in Pb+Pb and smallest in p+p. In case
of triangular flow, the situation is a bit different as the vz is of similar magnitude in all
collisions systems which is given by that vs is more sensitive to initial shape fluctuations
(in A+A collisions). For that reason wvs for all collision systems can be similar. It is
also important to note, that the event plane method of v, measurement, which was used
for results presented above (n < 2), cannot be used in small systems, as there is no
well defined geometrical overlap in p+p or p+A collisions. For that reason a different
method is used for results from Fig. which relies on measurement of multi-particle
correlations which allows extraction of harmonic flow coefficients in all three collision
systems. More details about this method are described in Ref. [58].

Observation of harmonic flow in small systems lead to development of new theo-
retical models which attempt to describe the observed flow coefficients in all collisions
systems at the same time. One successful model is superSONIC [59] which uses viscous
hydrodynamics to simultaneously describe the measured v2, vs, and vy in p+p, p+Pb,
and Pb+Pb collisions at 5.02 TeV using the same set of fluid parameters, namely shear
(n/s = 0.08) and bulk ({/s = 0.01) viscosities (over entropy s). The viscosity of the
QGP based on this model is very small compared to e.g. water or liquid helium, as can
be seen for example in Ref. [60]. Overall, the superSONIC model suggests that the QGP
(in Pb+Pb collisions) behaves nearly as an ideal fluid and that flow-like correlations
observed in small systems can be explained hydrodynamically as well, using one set of

parameters.

Modification of jets

High energy collisions, regardless of the collision system (p+p, p+A, d+A, A+A, et +e™,
etc.), are able to produce partons with high transverse momenta. In a small system, such
as p+p collisions, these partons propagate through vacuum where they radiate gluons
intensively which leads to creation of more partons, which then hadronize (including the
primary parton). As a result, there will be a collimated shower of hadrons originating
from fragmentation of the original high-p; parton. Such showers are referred to as jetsﬂ
In the simplest case the high-pt partons are produced in pairs, which then leads to two
jets which are facing ”back-to-back”, i.e. when one jet is observed at given ¢, the second
is observed at ¢ + m due to conservation of momentum. In practice, it is also possible

to observe more than two jets in one event, e.g. when one of the partons radiates very

5This is a theoretical definition of jet. From experimental point of view, a jet is defined by recon-
struction algorithm used to reconstruct the jet.
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energetic gluon, that will than have its own associated jet, or directly from 3 gluon

interactions in hard partonic scattering.

» (quenched) jet

Fig. 1.17: Side view of central heavy-on collision. Indicated is a hard partonic scat-
tering, which is origin of two high energetic partons that each travel different distance
through the QGP. As a result, each parton suffers different energy loss which can be
then experimentally observed in different properties of the reconstructed jets. Taken

from Ref. .

In heavy-ion collisions, jets are induced by partons which are produced in hard par-
tonic scattering. The key difference to p+p collisions is that the initial high-pr partons
have to pass through part of the volume of the QGP fireball, as shown for example in
Fig. where they loose energy and momentum. That leads to modification of jets
in heavy-ion collisions with respect to p+p collisions. By convention, the jet with higher
momentum is referred to as the leading jet, or the near-side jet, the one with lower mo-
mentum is called the sub-leading jet, or the away-side jet. The same terminology is used
in small systems as well, where the near side jet is typically chosen as the one containing
particle with the highest py (out of particles within the jets in given collision).

In case the hard partonic scattering occurs close to surface of the volume of the QGP,
one of the partons can escape directly to vacuum, creating a nearly unmodified jet, but
the second one has to pass through the whole volume of the QGP fireball. In some
cases, the second parton can loose substantial amount of energy inside the medium,
which will lead to significant modification of the away side jet. This phenomenon is
called jet quenching which was first experimentally observed by the STAR experiment
in Au+Au collisions at /sy = 200GeV, as shown in Fig. [1.18, The method used
in this example is measurement of two particle correlations. The high-pt hadron from
the leading jet is chosen as the first particle and is correlated with all other particles
within selected pr interval. In Fig. the two particle azimuthal distributions were
extracted for trigger particles with 4 < pp(trig) < 6 GeV/c and for associated particles
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Fig. 1.18: Two-particle azimuthal distributions of charged hadrons in p+p (black), d+Au
(red and green), and Au+Au (blue) collisions at /sxy = 200 GeV measured by the
STAR experiment. The trigger particle was required to have 4 < pp(trig) < 6 GeV /e,
the associated particles were required to have 2 < pr < pp(trig). Taken from Ref. [62].

with 2 < pp < pp(trig). This selection of associated particles makes sure that they can
originate exclusively from a hard process, i.e. from a fragmentation of high-pt hadron,
rather than from hadronization of the QFP bulk (in case of heavy-ion collisions). In p+p
(black) and d+Au (green and red) collisions, there are such high-pt associated particles
in direction of the trigger particle (around A¢ = 0) as well as on the away side (around
A¢ = m). In Au+Au collisions, on the other hand, the away-side high-pr associated
particles are completely suppressed by the medium. This does not mean that they are
not present on the away-side, but they have significantly lower pr due to energy loss
inside the QGP.

The discussion above focused exclusively on the case, when the high-pt particles cre-
ated in hard partonic scattering are partons (quarks or gluons). In these measurements,
both jets typically have to pass through at least part of the QGP volume. As a result,
even the leading particle suffers certain energy loss inside the medium, which means that
the information about energy of the initial hard partonic scattering is lost. One possibil-
ity to access this information is to measure ~-jet (or y-hadron) correlations. There are
multiple possible processes which can create such events, one of which is e.g. qg — ¢7.
In this case, the leading particle is a photon, which does not interact with the QGP
and the away-side particle is a high-pt quark, around which a jet will be formed. Due
to conservation of momentum, detecting such photon gives direct access to information
about energy of the away-side quark at the time of the hard partonic scattering and so

can help evaluate energy loss of the quark in the QGP medium or tu modification of
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jet sub-structure with respect to p+p collisions (i.e. when the jet propagates through
vacuum). Such measurement is experimentally very challenging, because there are many
photons created in different processes, mainly Dalitz decays of m° mesons and conversion

photons, created by charged particles passing through material of the detector.
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Fig. 1.19: If/t-\ as a function of pt and collision centrality measured in Pb+Pb collisions
at /sy = 5.02TeV by the CMS experiment. The top row shows the measurement for
0-30% central Pb+Pb collisions, the bottom row for 30-100% centrality. The individual
columns then correspond to various intervals of transverse momenta of photons p%. In O-
30% central Pb+PDb collisions, the high-pr jets are suppressed for all intervals of photon
transverse momenta, which indicates substantial energy loss of the away-side jets in the
QGP. In 30-100% central Pb+PDb collisions, on the other hand, is not observed at all for
high-pt photons and is substantially smaller for photons with lower transverse momenta.
Taken from Ref. [63].

Example of measurement of ~-jets is presented in Fig. which shows the IjAeg
as a function of pr measured in Pb+Pb collisions at /syy = 5.02TeV by the CMS

experiment [63]. The ijjg is defined using the following formula:

jet jet
e = 71 leJ’(.ebfb 1,7 dN.IJ’% , (1.6)
Npppy,  dph Npp dp’y

where Ny, and Npppy, is number of v, and de;%t / dpifﬁt and leJ;)eng / dpj{ft is number of jets
observed in p+p and Pb+Pb collisions, respectively. The jets are significantly modified
by the medium in central Pb+Pb collisions, as can be seen in the top row of Fig.
For given pJ. range, the high-pr jets are suppressed in 0-30% central Pb+Pb collisions

with respect to p+p collisions (upper row of Fig. , indicating significant energy loss
of the away-side jet in the QGP. The excess observed at low edge of pr e.g. in 0-30%
central Pb+Pb collisions for pl. is caused by shift of particles in jet towards lower pr

due to energy loss in the medium. In 30-100% central Pb+Pb collisions, no suppression
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is observed for jets associated with photons with pJ > 80 GeV /c. For lower transverse
momenta of photons, a hint of suppression of the away-side jets is still observed, but
not as large as in central collisions. Possible explanation of this observation is that in
mid-central and peripheral collisions the volume of the QGP fireball is smaller than in
central collisions. As a result, the away-side jet in 30-100% central Pb+Pb collisions

loose on average less energy than in 0-30% central collisions.
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Fig. 1.20: Raa of charged jets as a function of pCTh’jet measured in 0-10% central Au+Au
collisions at /snn = 200 GeV by the STAR experiment for three values of jet resolution
parameter R. The data are compared to various model calculations which incorporate
jet quenching: LBT [64-66], Hybrid model [67], SCET [68,/69], NLO pQCD [70], and
LIDO [71,[72]. Taken from Ref. [73].

Modification of jets in heavy-ion collisions is not studied only via correlations between
the near-side and away-side jets (or particle correlations in general). It also is possible
to perform direct observations, similar to particle production measurements discussed
earlier. The nuclear modification factor defined in Eq. can be modified for jets.
The only difference is that the particle spectra from Eq. are replaced by spectra
of jets with chosen properties. Figure shows the Raa of charged-particle jets as
a function of pCTh,jet (prjet for models) measured in 0-10% central Au+Au collisions
at \/snn = 200GeV by the STAR experiment (73] for three values of jet resolution
parameter K. The resolution parameter is, in simple terms, a radius of a cone around
the jet axis. Only part of the particles of the full jet which are inside of the cone are
considered. By using small R, the core of the jet is studied, which contains primarily
high-pr. While increasing the R, more and more of the softer particles, further form the
jet axis are considered. The measurement in Fig. clearly indicates that charged jets
are significantly suppressed in central Au+Au collisions and also that the suppression
does not show strong dependence on the jet resolution parameter. The data are compared
to various model calculations which incorporate jet quenching: LBT (Linear Boltzman
Transport) [64-66], Hybrid model [67], SCET (Soft-Collinear Effective Theory) [68,69],
NLO (Next-to-Leading-Order) pQCD [70], and LIDO [71,72]. Overall, the data and the

models are in a good agreement within the uncertainties.
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Fig. 1.21: Raa of jets as a function of prje in 0-10% central Au+Au collisions at
VSNN = 200 GeV simulated using Hybrid model for various values of jet resolution
parameter. Individual panels show different setups of the model calculation, where the
right panel shows the version with all contributions considered by this model. Taken

from Ref. .

The independence of the charged jet Raa on jet resolution parameter presented in
Fig. might be seen as surprising. Many jet quenching models, such as those listed
above, generally predict different suppression for various values of R. One possible cause
of an ordering with R is an effect called broadening of jets in heavy-ion collisions. The
core idea is that as a jet is propagating through the QGP, its constituents interact
with the medium, obtaining momentum transverse to the jet axis. As a result, the
jet constituent particles will be ”pushed” further away from the jet axis in heavy-ion
collisions compared to jets in p+p collisions. In this scenario, the jet suppression should
get smaller with increasing R, as more and more of the ”"pushed” jet constituents are
included in the reconstructed jet, i.e. getting closer to the vacuum baseline from p+p.
Some models, such as the Hybrid model , have exactly opposite ordering, i.e. jets
with larger R are more suppressed, as shown in Fig. This model contains other,
more complex interactions of the jet with the medium which eventually lead to such
ordering with R. This shows that it is crucial to measure properties of jets as a function
of R with high precision in order to provide constraints on theoretical model calculations,
which is a challenging task.

Here, it is also important to note, that STAR has also performed study of the jet
broadening via measurement of dijet asymmetry Aj which is defined as

Ay = DT lead — pT,lead’ (1.7)
DT lead + PT,lead
where pr jead and pr gublead are transverse momenta of the leading jet and the sub-leading
(away side) jet, respectively. The measurement has been done for 0-20% central Au+Au
collisions at /snn = 200 GeV. Leading jets were required to have pr jeaqa > 20 GeV /e,
and the sub-leading jets pr sublead > 10 GeV /c. Two sub-sets of jets were then selected,

one where the jet constituents have pr > 0.2GeV/c, ie. including soft part of the
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jet, and second only with constituents with pp > 2GeV/c, i.e. selecting only rather
high-pt part of the jet. The measurement was done for two values of the jet resolution
parameter: R = 0.2 and R = 0.4.. For R = 0.2, the Ay is different in Au+Au and
p+p collisions regardless of selection of pr of the jet constituents, suggesting significant
modification of the central region of the jet in heavy-ion collisions. For R = 0.4, on
the other hand, the modification is observed only for hard jet constituents, but when
the soft part of the jet is included, the measured Aj in Au+Au and p+p collisions
is consistent within uncertainties. This observation is consistent with the broadening
scenario described in the previous paragraph. Natural question is, how are the results
from measurement of the full charged jets from Ref. [62] and those from measurement of
Aj from Ref. [75] compatible. One key thing to note is that the jet selection is different
in the two analyses which makes direct comparison nontrivial. A possible direction is
development of theoretical framework that would be able to describe both measurements

at the same time, as suggested in Ref. [62].



32

Open-charm mesons in heavy-ion collisions at the STAR experiment




Chapter 2
Open-charm hadrons

This chapter provides an overview of the open-charm hadrons in the context of heavy-
ion collisions and study of the QGP and it is divided into three sections. Section
provides a general overview of properties of the open charm hadrons with focus on four
of their ground states: D, D*, and D;t mesons, and /\Ci baryon. Section describes
the motivation for measurement of the open-charm hadrons in heavy-ion collisions and
finally Sec. summarizes recent results from measurements of open-charm hadrons at
RHIC and the LHC.

2.1 Properties of open-charm hadrons

The Standard Model of particles contains total of six quarks, divided into three genera-
tions. The first generation contains the two lightest quarks: up (u) and down (d), which
are the building blocks of nucleons. The heavier strange (s) and charm quarks (c) belong
to the second generation, and the third generation consists of the two heaviest quarks
- bottom (b) and top (t). Quarks are fermions with spin 1/2 that carry a fractional
electric charge of 2/3e (u, ¢, t), or -1/3e (d, s, b), and also color. Quarks are therefore
the only elementary particles that can interact strongly, electromagnetically or weakly.
All quarks also carry their flavor specific quantum numbers. One of those is the isospin
I, which is non-zero for u (I, = 1/2) and d (I, = -1/2) quarks. The s-quarks carry
strangeness S = —1, c-quarks carry charm C' = 1, b-quarks have bottom (or beauty)
B = —1, and finally t-quarks have top 7' = —1. The corresponding anti-quarks have
these quantum numbers with an opposite sign.

All quarks, with exception of top[’f]7 form bound states which are called hadrons. Two
main types of hadrons are mesons and (anti-)baryons. Mesons contain one quark and
one anti-quark, while baryons contain three quarks (three anti-quarks in case of anti-

baryons). The heavy flavor hadrons, i.e. hadrons containing either ¢ or b (anti-)quark

'Due to their very low lifetime, no bound states of top quark are known.
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(or both) can be then divided into two categories: hadrons with hidden charm (beauty),
i.e. with C = 0 (B = 0), which are referred as quarkonia, and open charm (beauty)
hadrons which have C' # 0 (B # 0), which are called open heavy-flavor hadrons.

Hadron Quark content  m [MeV/c?] et [um]
DO cu 1864.84 +0.05 122.9+0.5
Dt cd 1869.66 +0.05 311.8 +2.1
DF c8 1968.35 +0.07 151.2+1.2
AT cud 2286.46 + 0.14  60.7 +0.9

Tab. 2.1: Basic properties of four ground states of open-charm hadrons. Shown are:
the quark content, the rest mass m, and the mean lifetime c¢r. Values are taken from
Ref. [76].

In this thesis, the main focus is primarily on the four main ground states of open-
charm hadrons: D°, D*, and D;t mesons, and /\;—L baryon. An overview of basic prop-
erties of the aforementioned hadrons is summarized in Tab. Compared to strange
hadrons, they are heavy and relatively short-lived. The short lifetime, combined with
quite rich combination of possible decay channels (see Ref. [76]) makes reconstruction of
the open-charm hadrons challenging.

Discovery of open-charm hadrons played an important role in confirmation of exis-
tence of charm quarks. One of the first steps to discovery of charm quarks was introduc-
tion of the quark model by Gell-Mann and Zweig in 1964 [6]7], which in its early form
contained only u, d and s quarks. This seemed to be sufficient to explain the properties
of known hadrons, for some time, but relatively soon, several inconsistencies between
the predictions of the quark model and experimental data appeared. Specifically, they
were properties of neutral kaons, K% and K2, such as branching ratios of certain decay
channels, or the mass difference between the two kaons. Possible solution was proposed
by Glashow, Iliopoulos, and Maiani |77] by adding a fourth quark to the quark model,
which could then participate in electro-weak interactions. This helped to resolve the
inconsistencies mentioned above.

Soon after that, it became clear that this new quark should be able to produce bound
states with its anti-quark. That has been experimentally confirmed simultaneously by
two experimental groups in 1974: one at BNL and the other at SLAC [78}79]. The new
particle with mass around 3.1 GeV/c? was named J/1{. It was immediately obvious,
that it is a very interesting meson. The width of the resonance peak was surprisingly
narrow for such heavy resonance which indicates that the binding energy of the state is
very high. In contrast to its strange counterpart, the ¢ meson, the J/1 cannot decay
strongly to the open-charm hadrons, because its mass is lower than two masses of any
of the D mesons. This fact contributed to that it took additional two years to discover

D and D* mesons, which was necessary for confirmation of that J /W is indeed a bound
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state of ¢ quark and ¢ anti-quark.
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Fig. 2.1: Invariant mass spectra of different combinations of charged pions and kaons.
The central column shows the invariant mass spectra for combinations expected to come
from the decay of the D° meson, the left and right column are for other combinations
and serve as a validation check of the signal observed in the central column. The top
row shows the invariant mass spectra for all tacks, the bottom two for TOF identified
tracks. Taken from Ref. [80].

The first open-charm hadron that was observed is the D meson. It was discovered by
the SLAC-LBL magnetic detector at SPEAR, by reconstruction of two hadronic decay
channels of the D meson: D? — K*nF and D° — K*¥nFnfa™ [80]. The invariant mass
spectra of the kaon-pion multiplets are shown in Fig. Most important is the central
column, which shows the invariant mass spectra for correct particle species and charge
combinations. For both decay channels, there is a clear peak visible. The extracted D°
yield is (110 £ 25) for the two-particle decay channel and (124 £ 21) for the four-particle
decay channel. In both cases, the significance of the yield is above 5, which was deemed
as sufficient for evidence for existence of DU. The invariant mass distributions in the left

and right columns of Fig. are for pion and kaon combinations which should not come
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from decay of D? mesons and are used as a control. No significant signal is observed in
the control invariant mass distributions, further supporting the discovery of D° meson.
The invariant mass of the D? meson was measured to be mpo = (1865 4 15) MeV /c?
which is very close to the latest value from Tab. [2.1]

The D* meson was discovered at the same facility, using essentially the same meth-
ods, using DT — KFnfnt decay channel [81]. The measured mass of D¥ is mp+ =
(1876 +15) MeV /c? which is consistent with the most recent value within the uncertain-
ties. Discovery of the D? and D* mesons was a key step in confirmation of existence of
charm quarks.

The next natural question was, if the charm quark can form mesons with strange
anti-quarks. The search for, what we now know as the DF meson, took some time.
There were several unsuccessful attempts, until 1983, when the D meson was finally
discovered at the CLEO detector at the Cornell Electron Storage Ring (CESR) [82]. At
the time, it was called the F™ meson. It was reconstructed using the decay channel
Df — ¢t — K-K*n' and its mass was measured to be mp, = (1970+£5+5) MeV /c2.

@
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z {"'u‘ H

¥

Fig. 2.2: A photo of an event from the 7-foot cryogenic bubble chamber in BNL, showing
first ever recorded event of decay of the A. baryon. Taken from Ref. [83].

After discovery of D mesons, the search did not focus only on finding new mesons, but
also on discovery of charmed baryons. The first hint of existence of baryons containing
charm quarks was actually observed before the D meson discovery. The 7-foot bubble
chamber at BNL has famously taken a picture of an event measured in reaction of
neutrinos with protons which is shown in Fig. The observed final state was identified
as A3rttmr~ [83] with total invariant mass m = (2426 & 12) MeV /c?. It was not yet clear
at that time, what is the exact origin of this event, but the authors provided detailed

description of possible scenarios. One of the most probable ones was deemed decay of
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doubly positive charged charm baryon L :

I s Afnt — A3t

This was a remarkably precise explanation, which is nicely consistent with current knowl-
edge of masses and decay channels of I and A baryons. This measurement was not
sufficient as an evidence for existence of the open-charm baryons. The first true obser-
vation came a bit later at Fermilab, where a decay of anti-baryon A_ was observed [84].
The A, anti-baryons were reconstructed via decay channel A — A2n 7t with mea-
sured mass ma, = (2.26 & 0.01) GeV/c?, again being reasonably close to the current
value.

It is quite important and interesting to note that the search for more open-charm
hadron species continues up to this day, primarily in the baryon sector. One of the most
recent discoveries was the observation of a doubly charmed baryon Zf* by the LHCb
experiment [85]. This is the first observation of a baryon with more than one charm
quark, which makes this measurement an important confirmation of predictions made
by the quark model.

Overall, search for new, yet unobserved, open-heavy flavor hadron species and mea-
surement of properties of the known ones is important for verification of prediction of
the quark model and the standard model of particles. At the same time, the known
open-heavy flavor hadrons turned out to a great tool to probe the properties of the
QGP produced in ultra-relativistic heavy-ion collisions. A motivation for measurement

of open-charm hadrons in heavy-ion collisions is described in the following section.

2.2 Open-charm hadrons in heavy-ion collisions

One of the main motivations for measurement of open-charm hadrons in heavy-ion col-
lisions is tahat their production in p+p is reasonably well understood. This fact is
demonstrated in Fig. which shows measurement of D° (left) and D¥ mesons in p+p
collisions at /s = 7 TeV by ALICE [86]. The data are compared to FONLL (Fixed Order
+ Next to Leading Logarithm) [87-89] and GM-VFNS (General Mass Variable Flavor
Number Scheme) [90,[91] theoretical model calculation. The experimental data and the
models are in a good agreement which shows that p+p results are a good baseline for
heavy-ion measurements.

Second important motivation is that due to their large mass, charm quarks are pro-
duced predominantly in hard partonic scatterings, at very early stages of the heavy-ion
collisions. This means, that they are produced before the ignition of the QGP fireball
and therefore have to pass through the volume of the QGP, where they loose energy

and momentum. As in the example above from p+p collisions, the information about
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Fig. 2.3: Production cross section of D (left) and D¥ (right) mesons measured by
ALICE in p+p collisions at /s = 7TeV. The data are compared to FONLL [87-89]
and GM-VFENS [90,91] theoretical calculations. The data and the models are in a good
agreement overall. Taken from Ref. [86].

charm quark production in heavy-ion collisions can be accessed via measurement of
open-charm hadrons. At STAR, it is possible to topologically reconstruct hadronic de-
cays of the open-charm hadrons thanks to excellent vertex resolution of the Heavy Flavor
Tracker (HFT) detector [5]. More details about the HFT will be provided in Ch.

The energy loss of charm quarks inside QGP can be accessed via measurement of Raa
of open charm hadrons. As discussed in Sec. light flavor hadrons show significant
suppression in central heavy-ion collisions compared to p+p collisions. It is therefore
important to measure the Raa of heavy-flavor hadrons as well in order to have good
understanding of particle production modification in heavy-ion collisions. One of the
main advantages of measuring the Raa of open-charm hadrons over that of the light
flavor hadrons is that the observed modification of production yields of the open-charm
hadrons should be caused primarily by the presence of the QGPEL as all of the observed
open-charm hadrons are a result of hadronization of charm quarks originating from the
hard partonic scattering, i.e. from one well defined source. The light flavor quarks can
originate from multiple different sources (hard scattering, hadronization of the QGP
fireball, fragmentation of jet shower) which makes any conclusions about their Raa less
straightforward.

Similar advantage can be found in measurement of the elliptic and higher order har-
monic flow coefficients for open-charm hadrons. Again, because the charm quarks are

produced before the QGP fireball, they do not have any information about the geometri-

2The Cold Nuclear Matter effects may play role as well.
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Fig. 2.4: Model calculation of the directed flow slope dvy /dy of DY and DO mesons, taking
into account the initial tilt of the QGP bulk and the electromagnetic field induced by
the passing spectators. Taken from Ref. [92].

cal asymmetry of the active region of the collision at the time of their creation. The only
way they can acquire non-zero v, for n < 2 is by interaction with the QGP medium. The
magnitude of the harmonic flow coefficients for open-charm hadrons compared to that of
the light flavor hadrons can provide access to information about how close do the charm
quarks get to the thermal equilibrium with the QPG. Only simultaneous measurement
of the v and the Raa of open-charm hadrons can give complete picture about charm
quark energy loss inside the QGP medium. Good models should be able to describe
both v9 and the Raa at the same time.

It is also interesting to investigate the first order harmonic flow vy of the open-charm
hadrons. Similar to higher order harmonic flow coefficients, charm quarks are expected
to have v; = 0 at the time of their creation. There are two effects that might give them
a non-zero v1: the tilt of the QGP fireball in the reaction plane (first order event plane),
that would lead to a negative v; slope of both D? and D? mesons as a function of rapidity
(dvy/dy) [93], and the strong electromagnetic field induced by the passing spectators in
semi-central collisions that would lead to a negative dv;/dy slope for DY and a positive
for DO [94]. In real events, both effects probably play a role. It is predicted, that
combination of the two effects would lead to a negative slope dvy/dy for both D° and
DO, where the slope will be larger for D? than for DO [92], as shown in Fig. The
open-charm mesons therefore should be able to provide insight into initial conditions of
the heavy-ion collisions.

As the charm quarks are produced exclusively in hard partonic scatterings of heavy-
ion collisions, they often acquire large transverse momenta and induce jets. Heavy-flavor

induced jets are a useful tool to study flavor dependence of the interaction of quarks with
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the QGP medium. One possibility, similar to particle production yield, is measurement
of jet Raa and its flavor dependence. Different more sophisticated methods focus for
example on studies of jet profile with respect to its axis, such as momentum distributionE]
of particles in the jet as a function of distance from the jet axis. As it is expected that
both vacuum and medium induced radiation of quarks depends on their masses, such
jet profiles should be different for light flavor quark induced jets and heavy-flavor quark
induced jets. In general, jet sub-structure studies use more complicated observables
which compare given particle properties (e.g. momenta) from different parts of the jet.
Detailed description of these methods is beyond scope of this thesis.

As was already discussed, the information about charm quark production can only
be accessed via reconstruction of charmed hadrons. It is therefore important to un-
derstand charm quark hadronization process, in order to make any conclusions about
the properties of the interaction of charm quarks with the medium. As in case of light
quarks, which was discussed in Sec. charm quarks produced in heavy-ion collisions
can hadronize either via fragmentation or coalescence. One of the main questions then
is, how important role coalescence hadronization plays for charm quarks. A possible
way to study the hadronization of charm quarks is by measuring particle yield ratios of
various open-charm hadrons species in heavy-ion collisions and comparing them to those
measured in p+p collisions. A modification of such ratios in heavy-ion collisions can be
indicative of modification of hadronization of charm quarks due to coalescence. More
detailed discussion of open-charm yield ratios will be provided in Sec.

To conclude, measurement of open-charm hadrons in heavy-ion collisions can pro-
vide deep insight into properties of the QGP, interaction of quarks with the medium,
hadronization mechanisms in vacuum and inside medium, and also about conditions at
very early stages of the heavy-ion collisions. Their reconstruction in heavy-ion collisions
is challenging due to their relatively short lifetime and very high combinatorial back-
ground levels. Typically a detector with very good resolution of primary and secondary
vertices is required in order to be able to reconstruct decays of the open-charm hadrons,
such as the STAR detector at RHIC, or ALICE detector at the LHC.

2.3 Recent measurements of open-charm in heavy-ion col-
lisions
This section provides a summary of recent results from measurements of open-heavy

flavor hadrons in ultra-relativistic heavy ion collisions at RHIC and the LHC. The main

focus is on results from the STAR and ALICE experiments.

3This can be transverse momentum of the particles with respect to the beam axis, or transverse
momentum with respect to the jet axis.
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2.3.1 Open heavy-flavor hadrons measured by STAR

Results presented in this section are from Au+Au collisions at /sy = 200 GeV mea-
sured by the STAR experiment in years 2014 and 2016. Topological reconstruction of
the decays, utilizing the Heavy-Flavor Tracker (HFT) detector [5], was used to extract
the signal of the open-charm hadrons listed in Table The branching rations BR
are taken from the latest PDG tables [76]. The individual analyses may have used older

versions of the tables, depending on time of publication.

Decay channel BR [%]
DY — K—mt 3.946 £+ 0.030
D — ¢t — K-Ktnt  2.24 +0.08
AY — K nhp 6.28 = 0.32

Tab. 2.2: List of open-charm hadrons measured at STAR using the HFT. The left column
contains decay channels used for reconstruction and BR is the branching ratio of the
decay. Charge conjugate particles are measured as well. Values are taken from Ref. [76].

The first open-charm hadron results with the HFT at STAR are from measurement
of DY mesons. The nuclear modification factor Raa of the D mesons as a function of
pr in 0-10% central Au+Au collisions [2] is shown in Figure The D° mesons are
significantly suppressed at high-pt region which is likely caused by significant energy loss
of charm quarks inside the volume of the QGP. The data are reasonably well described
by model calculations which incorporate collective flow and energy loss of charm quarks
in QGP [95,96]. The D® Raa by STAR is also compared to that of the D mesons and
the charged hadrons in Pb+Pb collisions at /sy = 2.76 TeV measured by ALICE
[97,98], and that of the m* mesons measured by STAR in the Au+Au collisions at
V5NN = 200 GeV [99]. The open-charm mesons show a similar level of suppression as
the light-flavor mesons at both ALICE and STAR experiments.

The centrality dependence of the D meson Raa by STAR is shown in Fig. The
suppression of the D? mesons for pr > 3 GeV/c decreases going from central to peripheral
collisions, which supports that the suppression is caused by the QGP. The situation is
different at pr < 2GeV/e, where the suppression is significant and independent of
centrality of the collision. As will be discussed in the following chapter in Sec. [4.4.4]
this observation plays an important role in understanding charm quark hadronization
process in heavy-ion collisions.

As already suggested above, the model calculation [9596] predict significant collective
flow of the open-charm mesons. For that reason, STAR has measured the elliptic flow of
the DY mesons as a function of transverse momentum pr, as shown in Figure . Panel
a) shows that the magnitude of D? v, is comparable to that of light-flavor hadrons [54]
for pr > 2 GeV/c. At transverse momenta pr < 2 GeV/c there is a hint of a mass
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Fig. 2.5: Nuclear modification factor of D® mesons as a function of pr in 0-10% central
Au+Au collisions measured by the STAR experiment in Au+Au collisions at /syN =
200 GeV [2]. The data are compared to measurement of charged pions by STAR [99], at
the same collision energy, and to ALICE experiment results for D mesons and charged
hadrons in Pb+Pb collisions at /sy = 2.76 TeV [97,98]. Taken from Ref. [2].

ordering of vy. The observed magnitude of D? meson vy indicates that the energy loss
of charm quarks inside the QGP is substantial and that they get very close to thermal
equilibrium with the medium.

The measurement of DY v, can be also used to test the Number of Constituent Quarks
(NCQ) scaling. Such measurement is shown in Figure b). Here, the elliptic flow v9
is scaled by the number of constituent quarks nq (nq = 2 for mesons and ny = 3 for
baryons) and is plotted as a function of (mt—my)/ng, where mr is the transverse massf_rl
and my is the rest mass of a given hadron. All hadrons, including the D° mesons, follow
the NCQ scaling within the uncertainties. Overall, the measurement of D° elliptic flow
vo by STAR suggests that the charm quarks are very close to a local thermal equilibrium
with the QGP at RHIC [102].

In order to study the modification of the charm quark hadronization in the heavy-
ion collisions with respect to that in the p+p collisions, STAR has measured the (AT +
A7)/ (DY 4+ DY) yield ratio as a function of pr and collision centrality in the Au+Au
collisions at y/syn = 200 GeV, as shown in Fig. The pr dependence of the ratio
(Figure (left)) is compared to PYTHIAP] and multiple models incorporating coa-

4The transverse mass is defined as: m% = p2 + p§ +m3

SPYTHIA is a Mote Carlo generator used primarily for simulation of high energy collision events. In
scope of this thesis, it is typically used to simulate production of open-charm hadrons p+p collisions in
case suitable experimental data from p+p collisions are not available. As discussed above, production
of open-charm hadrons in p+p collisions is in general reasonably well understood, so simulations of
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collisions at /sy = 200 GeV with the HFT (2014) [2] and without the HFT (2010/11)
[100,/101]. Taken from Ref. [2].

lescence hadronization of quarks [103-107]. The data show a significant enhancement
with respect to the PYTHIA baseline and are reasonably reproduced by the coalescence
models. At the same time, the ratio increases towards more central Au+Au collisions,
as shown in Figure (right). The observed yield ratio has a comparable magnitude to
the baryon-to-meson ratios of light flavor [108] and strange hadrons [109]. The data are
well reproduced by the Catania model calculation with fragmentation and coalescence
hadronization [104].

A complementary measurement to the one discussed above is the measurement of the
(D +D7) /(D% + DY) yield ratio. STAR was able to extract DF invariant yields both as
a function of pr and collision centrality thanks to topological selection selection criteria
optimization utilizing the Boosted Decision Trees (BDT), similar to the A¥ measure-
ment, and use them to calculate the (D 4+D;)/(D° 4+ D?) yield ratio. Figure [2.9)shows
that measured the yield ratio is enhanced with respect to the PYTHIA calculation in
all studied centralities, indicating significant modification of D¥ mesons in Au+Au col-
lisions compared p-+p collisions. The enhancement in Au+Au collisions is also predicted
by various models incorporating coalescence hadronization of quarks [104H107]. None

of the models is able to describe the measured date in full measured pr range at the

open-charm hadrons in p+p events can be used as an alternative to experimental data.
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moment. The STAR result has proven to be important for better understanding of the
role of strangeness in hadronization process of charm quarks. Both discussed measure-
ments, the (A} +A;)/(D°+DO) and (DF +D;)/(D°+DO) yield ratios, suggest that the
coalescence hadronization of the charm quarks plays an important role in the Au+Au
collisions at RHIC.

STAR has also measured the rapidity odd directed flow v; of the D? mesons as a
function of rapidity y in 10-80% central Au+Au collisions at /sxy = 200 GeV, as shown
in Figure The DY data are compared to the measurement of kaons [111]. The
result shows that the v (y) slope of DY mesons is negative and much larger that that of
kaons which is in an qualitative agreement with theoretical predictions [92,(110], both
models underpredict the magnitude of the slope. Current precisions of the measurement
is not sufficient to conclude about the D°-D° splitting caused by the electromagnetic
field induced by the passing spectators of the Au+Au collision.

In addition to open-charm hadron production, STAR has also studied production

of open-bottom hadrons. Important thing about open-bottom hadrons, from experi-
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Fig. 2.8: (left) The (A +A;)/(D°+DY) yield ratio as a function of pr for 10-80% central
Au+Au collisions at /syy = 200GeV. The data are compared to PYTHIA and multiple
model calculations incorporating coalescence hadronization of quarks |[103H107]. (right)
The A./DP yield ratio as a function of centrality. The A. measurement is compared
to baryon-to-meson ratio for light flavor |[108] and strange hadrons [109]. The data
is also compared to Catania model [104] and PYTHIA calculation with and without
color-reconnection (CR). Taken from Ref. [4].

mental point of view, is that they decay to open-charm hadrons, which then decay into
measurable final state particles, e.g. via hadronic channel as shown in Tab. This
makes analysis of open-bottom hadrons rather challenging task. One method which
was developed at collider experiments is measurement of Non-Photonic Electrons (NPE,
sometimes heavy-flavor electrons) which relies on identification of electrons originating
of semi-leptonic decays of the open-bottom and open-charm hadrons, separating those
from electrons coming from other sources (e.g. conversion of photons in material of de-
tector or misidentification of hadrons as electrons). This method generally only provides
ratio of electrons of originating form the open-bottom and open-charm hadrons. Despite
the fact that this method cannot provide spectra of open-charm or open-bottom hadrons
directly, it still can be easily used to calculate ratios, and so e.g. Raa or Rcp. Ratio
of R%?e electrons originating from decay of open-bottom hadrons and RGp® of electrons
originating from decay of open-charm hadrons as a function of electron pt measured in
Au-+Au collisions at /syn = 200 GeV by the STAR experiment is shown in Fig.
The red points are for Rcp calculated using 0-10% and 40-80% collision centrality, while
the blue points are calculated using 0-10% and 20-40% collision centrality. The red pints
are significantly above unity, which suggests that the open-bottom hadrons are much less
suppressed in central Au+Au collisions than open-charm hadrons. The difference in the
bottom and charm modification is less visible while comparing central and mid-central
Au+Au collisions. The data are compared to Duke model [113] and parton-hadron-
string-dynamics (PHSD) [114},/115] theoretical calculations. This measurement is a clear

evidence of mass ordering of energy loss of heavy quarks in the QGP at RHIC.
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Taken from Ref. [116].
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2.3.2 Open-heavy flavor hadrons measured by ALICE

The ALICE experiment at the LHC has very rich open-heavy flavor program as well.
Similar to STAR, ALICE is capable of topological reconstruction of hadronic decays
of open-charm hadrons. This section provides a brief overview of open-charm hadron
measurements by ALICE in Pb+Pb collisions at \/syn = 2.76TeV and /syy = 5.02TeV.
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Fig. 2.12: Raa of D mesons (DY, DT, and D** average) measured by ALICE [117] and
D? mesons by the CMS [118] in 0-10% Pb+Pb collisions at /sxy = 5.02 TeV. ALICE
data from Pb+Pb collisions at /sy = 2.76 TeV [97] are shown for comparison. The
data are also compared to Djordjevic model calculations |[119]. Taken from Ref. |117].

Figure shows the Raa of D mesons (DY, D*, and D** average) measured by
ALICE in /snn = 5.02TeV [117]. The left panel shows comparison to the measurement
of DY mesons by CMS in the same collision system at the same energy [118]. The two
measurements are in a good agreement and both show substantial suppression of open-
charm mesons with pp > 4 GeV /¢, with maximum suppression around 10 GeV/c. The
right panel shows comparison to the previous ALICE measurement of D mesons (DY,
DT, and D** average) in \/sny = 2.76 TeV [97] and Djordjevic model calculations [119)].
The observed suppression is similar, within the uncertainties, for both collision energies
and is consistent with the model calculation. This result shows that ¢ quarks loose
significant portion of their energy at LHC energies as well.

This significant energy loss indicates, that open-charm mesons at the LHC could
have significant elliptic flow. As shown in Fig. in the left panel, this is the case
for D mesons (D%, DT, and D** average) with 2 < pr < 10GeV/c in 30-50% central
Pb+Pb collisions at /syn = 5.02TeV. The measured D meson vo is compared to several
model calculations. Right panel of Fig. shows comparison of the D meson Rax in in
0-10% central Pb+PDb collisions to the same model calculations [120H125]. As discussed
in Sec. 2.2] the goal of the models is to describe both Raa and vs.
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Fig. 2.13: The D mesons (D°, D*, and D** average) Raa (left) and elliptic flow vy
(right) measured by ALICE in 0-10% (Raa) and 30-50% (v2) central Pb+Pb collisions
at /sxn = 5.02 TeV compared to various model calculations [120-125|. Taken from
Ref. [117].

In order to understand the charm quark hadronization process at LHC energies, AL-
ICE has also measured the A /D? yield ratio. Left panel of Fig. shows the AF /DY
yield ratio measured by ALICE in 0-80% central Pb+Pb collisions [126] and p+Pb colli-
sions at /sy = 5.02TeV, and in p+p collisions at \/sxy = 7TeV. The Pb+Pb data are
clearly enhanced with respect to the p+Pb and p+p data indicating significant modifi-
cation of A, baryon production in Pb+Pb collisions at LHC energies. Similar to STAR,
this modification is likely caused by coalescence hadronization of charm quarks, which is
also supported by models shown in the right panel of Fig. There are two important
notes to be made. Firstly, there is a key difference between the STAR and ALICE result.
The STAR measurement is consistent with the Catania model calculation [104] which
incorporates both fragmentation and coalescence, ALICE result is consistent with the
Catania model with coalescence only. This gives a hint that the hadronization mech-
anism of charm quarks at RHIC and the LHC is probably significantly different. The
second note is regarding the Shao-Song model [127,|12§], in which the baryon to meson
ratio (Rp /M) is an input parameter. The two curves represent calculation for two dif-
ferent choices of the Rp/\;, where Ry = 0.425 is the value for a good description of
the result from p+p and p+Pb collisions [126] and Ry M = 1.2 was chosen to achieve
a better description of the measured data. Measurement at lower pr is needed to make
any meaningful conclusions and constraints on the models.

Since ALICE has measured the Al in p+p and p+Pb collisions as well, it has also
calculated the nuclear modification factor of Al baryons, as shown in Fig. [2.15, Due
to insufficient coverage in pr of the p+p measurement (see Fig. left panel), the
reference for the Raa calculation is taken from measurement in p+Pb collisions. The
left panel of Fig. m shows comparison to multiple setups of the Catania model [104].

The best description of the measured data is for coalescence+fragmentation hadroniza-
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Fig. 2.14: Al /DO yield ratio measured by ALICE in 0-80% central Pb+Pb collisions |126]
and p+Pb collisions at /syn = 5.02 TeV, and in p+p collisions at /sy = 7 TeV. The

right panel show comparison of the measurement in Pb+Pb collisions to various model
calculations [104}127,/128]. Taken from Ref. [126].

tion in Pb+Pb collisions and only fragmentation hadronization in p+p collisions. The
difference between individual setups shows that it is also important to understand the
hadronization process of charm quarks in p+p and p+Pb collisions as well [126]. The
right panel of Fig. shows comparison of the AT Raa to the measurements of charged
particles [129], D mesons (D°, D*, and D** average), and D mesons [117]. The data
suggest a mass ordering of the suppression, where lighter particles are more suppressed
than heavier particles. The difference between the AF and D° Rap is in qualitative
agreement with coalescence hadronization of charm quarks in the QPG medium [126].
Similar to STAR, ALICE has also measured production of open-bottom hadrons in
heavy-ion collisions. Compared to STAR, ALICE has used a different approach, by
reconstructing D° mesons which likely originate from decays of open-bottom hadrons
(non-prompt D” mesons). This analysis is based on selection of DY mesons which decay
far from the primary vertex. The D mesons which are result of hadronization of charm
quarks from hard partonic scattering (prompt D? mesons) will decay much closer to the
primary vertex than the non-prompt D® mesons due to combination of large decay length
of open-bottom hadrons (ca. 500 um) and the decay length of the D? mesons themselves
(ca. 120 pm). The non-prompt DY mesons can be therefore used to access information
about open-bottom hadron production. Figure shows ratio of Raa of non-prompt
and prompt [130] D° mesons measured by ALICE in 0-10% central Pb+Pb collisions
at \/snn = 5.02 TeV. The top panel shows comparison of the data to various models
[?,1204/131}/132]. The bottom panel shows central values of the LGR model [131,/133] for
various setups. Overall, the models provide good description of the experimental data.
The different modifications of the LGR model indicate that the measured shape of the
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Fig. 2.15: Raa of A¢ baryons measured by ALICE in 0-80% central Pb+Pb collisions at
V/SNN = 5.02 TeV [126]. The data are compared to various setups of the Catania model
calculation [104] (left and to measurements of D mesons (DY, D*, and D** average),
D mesons [117], and charged particles |[129]. Taken from Ref. [126].

ratio is driven by different energy loss of charm and bottom quarks in the medium due

to their different masses and due to significant contribution of coalescence hadronization
of charm quarks inside the QGP. It is important to note that ALICE has also performed
a measurement of NPE in Pb+PDb collisions at \/syn = 5.02 TeV [135], but these results

are only for electrons originating from decays of both open-charm and open-bottom

hadrons.
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description of the experimental data. The different modifications of the LGR model
indicate that the measured shape of the ratio is driven by different energy loss of charm
and bottom quarks in the medium due to their different masses and due to significant
contribution of coalescence hadronization of charm quarks inside the QGP. Taken from
Ref. [134].



Chapter 3

The STAR experiment

This chapter provides a general overview of the RHIC accelerator complex and of the

STAR detector with focus on sub-systems used in analysis presented in Ch.

3.1 Relativistic Heavy-Ion Collider

Relativistic Heavy-Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) is a
versatile collider which is designed to collide large variety of atomic nuclei, ranging from
protons, up to uranium. There are in total six interaction points (IP) over its 3.8 km cir-
cumference, out of which four have been used for experimental measurements. Three of
those experiments have already finished their program: BRAHMS (Broad Range Hadron
Magnetic Spectrometer), PHOBOS, and PHENIX (Pioneering High Energy Nuclear In-
teraction Experiment). The fourth experiment - STAR (Solenoidal Tracker at RHIC)
is therefore the only currently active experiment at RHIC and is scheduled to continue
taking data until year 2025. From 2023, STAR will be accompanied by the sPHENIX
experiment, which will be located at the former PHENIX interaction point. After that
RHIC is about to be transformed into the Electron Ion Collider (EIC), and so the STAR
detector will be decommissioned and later replaced by a dedicated detector for the EIC
physics. Total of three detectors were proposed as the main EIC detector: ATHENA,
ECCE, and CORE. Recently, ECCE has been chosen as a core of the design for detec-
tor 1 for the EIC, but certain level of merging with ATHENA proposal is likely due to
similarity of both designs. The exact design of the EIC first detector is currently being
discussed.

The map of the BNL accelerator complex is shown in Fig. Both protons and
nuclei start their journey to RHIC in the building 930. Gold (*97Au) ions are produced
by the Laser Ion Source (LION) [137,/138]. In LION, a laser pulse hits a gold plate
which produces a cloud of Au't gold ions, which are subsequently transferred in the

Electron Beam Ion Source (EBIS) [139]. In EBIS, an electron beam is used to produce
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Fig. 3.1: Map of BNL accelerator complex. Both ions and protons start their path in the
building 930 from which they are transferred to Booster (942). Their journey continues
to the AGS (913), before they are injected into RHIC. Taken from ref. |136].

Au??* ions which are then accelerated from 17 keV to 2 Me\/ﬂ by RFQ (Radio Frequency
Quadrupole) and the Inter-digital H-mode drift tube linear accelerators [140]. In Booster,
the ions are grouped into 24 bunches and are accelerated to 95 MeV. After that they
are injected into the Alternating Gradient Synchrotron (AGS) through a stripper to

'Energies are per one nucleon.
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RHIC energies, species combinations and luminosities (Run-1 to 21)
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Fig. 3.2: An overview of collision systems and their energies used at RHIC. Taken from

Ref. .

Au"™. The AGS regroups the ions into 4 bunches and accelerates the gold ions to
9.8 MeV. At this stage, the ions pass through the last stripper, creating bare gold nuclei
Au™*, and are moved into one of the RHIC rings. Typically, 112 bunches are filled into
each of the RHIC rings, which are then accelerated to desired energy. The maximum
operating energy for gold ions is 100 GeV, leading to maximum collision energy of
V/SNN = 200 GeV.

Other particle species can be injected and accelerated by RHIC as well. Historically,
RHIC has collided many different particle species at large variety of collision energies,
as shown in Fig. 3.2l This enables a very rich physics program to be carried out at
RHIC. A few notable examples are studies of internal spin structure of protons studied
in collisions of polarized protons at energy up to /s = 510 GeV, study of Cold Nuclear
Effects in asymmetrical collisions systems, or the Beam Energy Scan in Au+Au collisions
which aims to probe the phase diagram of nuclear matter. In this thesis, the main focus
is on Au+Au collisions at the top energy of \/sxn = 200 GeV which are used primarily
for study of properties of the QGP.

3.2 STAR detector

STAR is a multipurpose detector which is located at the southern interaction point of
RHIC (number 2 in Fig. [3.1). The STAR detector consists of many sub-detectors,

making it a very versatile detector. A cutaway view of the central barrel of the STAR
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detector as it was between years 2014 and 2016 is shown in Fig. [3.3] The brief description
of the STAR detector which follows is for the subsystems present in the aforementioned
period of time. Upgrades and changes to the STAR detector from this era until present
day are summarized in Sec. [3.2.5]

* Full azimuthal coverage
* -1<n<1coverage

* Uniform acceptance for all beam energies
* Full TOF barrel (Run10)

* Low material budget in the tracking volume
IR S

Fig. 3.3: A schematic view of the STAR detector. For the open-charm hadron mea-
surements, the most important sub-systems are the Heavy Flavor Tracker (HFT), Time
Projection Chamber (TPC), the Time Of Flight (TOF), the Vertex Position Detector
(VPD) and the Zero Degree Calorimeter (ZDC, not shown).

As the name of the experiment suggests, the core part of the STAR detector is large
cylindrical solenoidal magnet (blue in Fig. which provides 0.5 T magnetic field,
that is crucial for determination of momentum of charged particles. Closest to the beam
axis was the Heavy Flavor Tracker (HFT) detector which was a 4-layer silicon tracker
designed specifically to improve pointing resolution of the Time Projection Chamber
(TPC) in order to be able to reconstruct decays of open-heavy flavor hadrons. The TPC
itself is used to determine charged particle momentum, as suggested above, and also to
identify the species of the charged particles based on their energy loss in the TPC gas.
In order to improve the particle identification (PID), STAR is also equipped with the
Time-of-Flight (TOF) detector. These three sub-detectors are the most important for
reconstruction of open-charm hadrons.

Other sub-detectors in the central barrel, used by different analyses include the Barrel
Electromagnetic Calorimeter (BEMC) which is used for example for di-electron studies
(i.e. quarkonium reconstruction), or for jet analyses, and the Muon Telescope Detector
(MTD, not highlighted in Fig. which is used primarily for reconstruction of di-
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muon decays of quarkonia. All of the central barrel detectors have acceptance |n| < 1
and 0 < ¢ < 27r.

STAR also has three trigger detector systems which are placed close to the beam axis
on both sides from the center of the central barrel. Closest to the interaction point are
the Beam-Beam Counters (BBC) which are used primarily while running p+p collisions.
Further along the beam axis are the Vertex Position Detectors (VPD) which are used
to trigger on collisions, determine the position of the primary vertex along the beam
axis, and also provide starting time for the TOF system. Furthest from the interaction
point are the Zero Degree Calorimeters (ZDC) which are also used to trigger on Au+Au
collisions and are a core part of luminosity monitoring of RHIC.

More detailed description of the individual sub-detectors is provided in the following

sections.

3.2.1 Heavy Flavor Tracker

The Heavy Flavor Tracker (HFT) [5l[142] is a 4-layer silicon detector which was installed
into the STAR detector between year 2014 and 2016. It was designed primarily in order
to enable STAR to measure open-heavy flavor hadrons. Thanks to the HFT, STAR is
capable of precise topological reconstruction of hadronic decays of open-charm hadrons
and at the same time is able to identify electrons originating from semi-leptonic decays

of open-charm and open-bottom mesons.

SSD at r=22cm -
PIXEL at r=2.5cm and r=8cm

IST at r=14cm

Fig. 3.4: Schematic view of the STAR Heavy Flavor Tracker detector. Closest to the
beam pipe are two layers of pixel sensors (PIXEL), followed by the Intermediate Silicon
Tracker (IST) and the Silicon Strip Detector (SSD). Taken from Ref. [142].

A schematic view of the HFT is shown in Fig. [3.4) and its position within the STAR
detector is indicated in Fig. The most important part of the HFT are the two
layers that are closest to the beam axis which consist of 400 MAPS (Monolithic Active
Pixel Sensor) sensors which were made using the CMOS (Complementary Metal-Oxide

Semiconductor) technology. Each of the sensors contains 928 x 960 individual pixels,
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which leads to total of 365.352 M individual pixels in both of the pixel layers. The HF T
was the first detector to use CMOS technology at a large physics experiment. The main
advantage of using this technology is that the pixel sensors are just 50 um thick, which
is about tree times thinner than more conventional hybrid pixel sensors. As a result, the
HFT pixel layers have very low material budget and therefore do not produce substantial
background from conversion.

The third layer of the HFT is the Intermediate Silicon Tracker (IST), which is a
silicon pad detector. Its main purpose is to improve tracking between the pixel layers
and the TPC (2014) or the fourth layer of the HFT - the Silicon Strip Detector (SSD,
2016)@ The IST consists of 864 sensors which have combined total of 110,592 channels.

As mentioned above, the fourth layer of the HFT is the SSD. It is the oldest part of
the HF'T, as it was also part of the HF'T predecessor - the Silicon Vertex Tracker (SVT).
The readout electronics has been updated for the HFT era in order to keep up with the
higher demands on the readout frequency. The SSD is built up from 320 two-sided strip
sensors, where each has 1,536 channels (768 per each side), which gives total of 491, 520
channels for the whole SSD.

140 L SR
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Fig. 3.5: Spatial resolution of the STAR HFT in the plane perpendicular to the beam
axis for identified light hadrons. Taken from Ref. |[102]

The achieved pointing resolution of the HFT (together with the TPC) in the = — y
plane for identified hadrons is shown in Fig. [3.5] For all particle species with pp >
1 GeV/c the pointing resolution is better than 50 pum, which is sufficient even for short
lived open-charm hadrons, such has the A, baryons (see Tab. .

2The SSD was included in data-taking only in the year 2016.
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3.2.2 Time Projection Chamber

The most important sub-detector of STAR is the Time Projection Chamber (TPC) [143],
which is a large cylindrical gas filled detector designed to determine charged particle
momentum and species. The momentum is determined based on radius of the curved
ionization trail created by passing charged particle in the magnetic field. The charged
particle are identified based on energy loss inside the TPC gas (dE/dx) using the fol-
lowing formula:

(%)a

/O, (3.1)

no, = In
a

where (dE/dx), is the measured energy loss of particle a, B, is the Bischel formula
(modified Bethe-Bloch forumla) which is the theoretical prediction of the energy loss
for particle a, and the o, is the energy loss resolution for particle a. Figure [3.6] shows
an example of TPC measured dE/dx as a function of track momentum together with
predicted energy loss by Bischel formula for multiple particle species. In addition, the
TPC provides precise information about the 3-dimensional geometry of each track, which
is important for reconstruction of primary and secondary vertices. In addition, the
multiplicity of charged tracks in the TPC is used to determine centrality of heavy-ion

collisions.

=
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Fig. 3.6: Energy loss of charged tracks inside STAR TPC (dE/dx) as a function of
particle momentum. Expected energy loss of various particles based on Bishel formula
is also indicated in the figure. Taken from Ref. [143].

A schematic view of the TPC is shown in Fig. It is a 4.2 m long cylinder,
with inner diameter of 1 m and outer diameter of 4 m. It is filled with P10 gas (90%
argon, 10% methane). In the middle of its length (at z = 0), there is a high voltage
cathode made of mylar foil. During data-taking, the cathode is operated at -28 kV,
which provides 140 Vem ™! electric field through the volume of the TPC. The uniformity
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of the electric file is ensured by a field cage, which covers the whole cylindrical surface
of the TPC (both inner and outer). On both sides of the TPC there are total of 48 read

out modules (12 inner and 12 outer modules at each side).

Outer Field Cage
& Support Tube

Sector
Support—Wheel

Fig. 3.7: Cutaway schematic view of the STAR TPC. Taken from Ref. [143].

The modules are Multi-Wire Proportional Counters (MWPC) with pad readout. A
cross-section view of the outer readout module is shown in Fig. When a collision
occurs at STAR, charged particles produced in the collision pass through the TPC gas
where they leave ionization trail. The electrons from the trails are then transported by
the electric field towards the MWPC modules and the ions are transported towards the
cathode. If the collision is evaluated as good by the trigger electronics, the gated grid
"opens” and lets the electrons from the main volume of the TPC pass into the MWPC
modules. The electrons then pass around the shield wires, whose main purpose to collect
ions produced inside the MWPC modules and so prevent them to enter the main volume
of the TPC. The electrons are then accelerated while moving towards the anode wires
and producing an avalanche of electrons in the process. The signal is then readout by
pads at the very end of the TPC, which "feel” the electric field induced by the avalanche
(i.e. no electrons are directly collected by the pads).

As the name of the modules already suggests, they work in so called proportional
mode, which means that the size of the signal extracted from the pads is directly pro-
portional to the number of electrons which enters them. This is crucial for particle
identification inside the TPC, as it is done based on energy loss of the charged particles
inside the TPC gas, as discussed above. At the same time, the TPC provides a 3D
spatial information about each track. The information in  — y plane (perpendicular to
beam axis) is determined from the pad grid in the MWPC modules. The outer sectors
each have 3,942 pads organized in 32 rows, while the inner sectors have 1,750 pads in

13 rows. This gives total of 5,692 readout pads per one TPC super-module organized in
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Fig. 3.8: A schematic view of STAR TPC outer readout module. Type and spacing of
individual wire layers of the MWPC is indicated int the figure. Taken from Ref. [144].

45 rowﬂ The MWPC readout sectors are therefore able to provide detailed information
about track geometry in the x — y plane. The z information is then determined based
on drift time and known drift velocity of the electrons from the volume of the TPC into
the readout modules. The nominal drift velocity of electrons in the STAR TPC is 5.45
cm/ps, but in practice, a measured value of the velocity is used. The drift velocity is
measured using the STAR TPC laser system [145]. This provides accurate value of the
drift velocity throughout the data-taking period, which may vary for example due to
differences in the pressure of the TPC gas, which has to always be at +2 mbar over the
atmospheric pressure, or the slight variation in the composition of the fill gas. The drift
velocity of electrons and ions, combined with the size of the TPC and properties the
readout electronics is what limits the maximum STAR, detector readout rate, which is
around 1.8 kHz (for events with the TPC)] [146].

The setup described above was available at STAR until year 2018. Overall, the
performance of the TPC in this setup was very good for the high energy measurements.
For the physics program at STAR from 2019 and forward, all the inner sectors were
upgraded with the so called iTPC (”i” stands for inner). The new inner sectors now
have 40 pad rows, which significantly improves the resolution of the inner half of the
TPC. As a result, the geometrical acceptance is now extended to |n| < 1.5 (compared
to |n| < 1) and the TPC has now better ability to reconstruct tracks in the inner half of
the TPC. This is very important for example for the STAR Beam Energy Scan (BES)

program, where the improved resolution is used for precise collective flow measurements.

3This is where nHitsMax comes from in the following chapter.
4In case the TPC is not required, the rate can be increased to approximately 3 kHz |146].
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Additional benefit of the upgrade is that STAR can now better explore production of
particles in forward direction, which is important for the STAR fixed target which was
part of BES, and more recently for forward physics in collisions of polarized protons
(more on other forward upgrades for p+p in Sec. . In summary, the STAR iTPC
opened many opportunities for STAR’s physics program which would not be accessible
with the original setup. At the same time, it is necessary to highlight that the old setup
has proven to be very good for physics before BES or forward upgrades.

3.2.3 Time-Of-Flight detector

In order to improve particle identification in the TPC, STAR is also equipped by Time-
of-Flight system , which measures velocity of charged particles produced in
the studied collisions. It consists of two parts. The first one are the Vertex Position
Detectors (VPD) [148] which are used to determine time of the collision that is used
as a time creation of the detected particels (more details on the VPD is in Sec. [3.2.4).
The velocity of a given particle is then determined from the path lengt}ﬂ and the time
it takes it to reach the barrel TOF modules, which are placed just outside the volume
of the TPC.
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Fig. 3.9: A cutaway view of one STAR barrel TOF MRPC module. Taken from Ref.
[144].

The barrel TOF consists of 120 trays (60 pairs arranged in full azimuth ¢, covering
In| < 1), where each contains 32 Multi-gap Resistive Plate Chamber (MRPC) modules.
A cross-section of one of the TOF MRPC modules is shown in Fig. It consists of 7

5The tracks of charged particles are curved due to magnetic field. The distance a given particle travels
is therefore different and it is not simply a distance from the beam axis to the barrel TOF modules.
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glass plates with 220 micron gas filled gaps between them. The glass sandwich is placed
between two graphite electrodes which provide high voltage electric field. Outside of the
electrodes, on both sides, there are mylar foil insulated readout pads (6 on each side).
The gas used in the MRPC is a mixture of 90% R134a, 5% isobutane, and 5% SFg.
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Fig. 3.10: Resolution of particle mass as a function of particle momentum identified
using the STAR TOF with 100 ps time resolution. The solid line is the resolution at
mid-rapidity (n = 0), the dashed line is for n ~ 1. Taken from Ref. [144].

The charged particles are detected inside of the MRPC chambers by leaving an
ionization trail in the small gaps. The ionization electrons are immediately accelerated
in the strong electric field causing strong avalanches. The readout pads then can ”sense”
the electric field induced by the electron clouds. The main advantage of the MRPC
technology is that these detectors are extremely fast. As a result the whole STAR TOF
system has time resolution of ~ 100 ps, which provides good particle identification,
mainly for particles with ppr < 1.5GeV/c. As shown in Fig. the STAR TOF is
able to reliably distinguish between light hadrons up to about quoted pt ~ 1.5 GeV/c.
Identification of particles with higher momenta is generally difficult with TOF systems,
as all particle species become relativistic and their (relativistic) velocity £ is close to
unity.

The PID using the TOF at STAR is done by comparing the inverse relativistic
velocity measured by TOF (1/81or) to expected value of the inverse velocity (1/5)

utilizing the following formula:

A1/ —1/Bwl,

where By, = p/E = p/+/p* + m? and is calculated from particle momentum measured
by the TPC (p) and assumed rest mass (m).
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3.2.4 'Trigger detectors

One of the most important trigger detectors, which are also a part of the TOF system, are
the Vertex Position Detectors (VPD) |148], which consist of two modules, each located
5.7 m from the center of the STAR detector. Each of the modules contains 19 assemblies
consisting of Pb converter, followed by Eljen EJ-204 scintillator and fast Hamamatsu R-
5946 photomultiplier. Rapidity coverage of the VPD is 4.24 < n < 5.10. Coincidence of
both VPD modules is used to trigger on good collision events. In addition, the position
of the primary vertex is determined using the VPD based on time difference of signal
detected in the two modules. As discussed in the previous section, the VPD is also used
for determination of starting time for the STAR TOF system. It is therefore a crucial
subsystem of the STAR, detector.

In addition to the VPD, heavy-ion collisions are also selected using coincidence in
the Zero Degree Calorimeters (ZDC) [149,150]. The ZDC consists of two super-modules
which are located 18 m from the center of the STAR, inside the RHIC tunnel. Each
ZDC super-module is further divided into three individual towers, where each contains
a sandwich of tungsten plates and plastic optical fibers. The plates are tilted by 45°
with respect to the beam axis and the fibers are all connected into a single bundle which
is then readout by a single photomultiplier (i.e. one photomultiplier per ZDC tower).
The ZDC detects spectator neutrons from collision of heavy nuclei, which convert in the
tungsten plates, causing a spray of charged particles. These particles are faster than
light in the optical fibers, causing a flash of Cherenkov light in the process, which is
then detected by the photomultipliers. In addition to triggering on heavy-ion collisions,
the ZDC also plays important role in monitoring RHIC luminosity during data-taking
periods.

As the ZDC is designed to detect neutrons, it is not very efficient during RHIC runs
with p+p collisions. For that reason STAR is equipped with Beam Beam Counters
(BBC) [151], which are two large scintillator detectors, which were placed 3.75 m from
the center of star (see also Fig. . Its main purpose is to trigger on p+p events and

also is used as a polarimeter in polarized p+p collisions.

3.2.5 Other STAR detector systems

In addition to the systems described in the previous sections, STAR is equipped with
multiple other sub-detectors, which are not needed for the analysis described in Ch.
but are important for other studies. In the main barrel there is the Barrel Electromag-
netic Calorimeter (BEMC) [152], which is important for example for identification of
electrons and photons. Second one is the Muon Telescope Detector (MTD) [153] which
is designed to identify muons, which is mainly useful in reconstruction of quarkonia.

STAR has also a variety of detectors in forward rapidity. One of them is the Endcap
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Electromagnetic Calorimeter (EEMC) [154] which serves as an extension of the BEMC
into pseudorapidity region of 1.086 < n < 2.00. More modern addition to the STAR
detector is the Event Plane Detector (EPD) [155], which consists of two large scintillator
discs, located approximately in the same location as the BBC used to be mounted. Main
purpose of the EPD is determination of the event plane in heavy-ion collisions and is
also included in the trigger system of STAR.

The latest additions to the STAR detector are sub-systems designed for currently
ongoing polarized p—+p run. In general, their main purpose was to extend STAR accep-
tance in forward-rapidity which is important for studies of internal structure of proton.
The new systems for Run22 are the Forward Silicon Tracker (FST), small-strip Thin
Gap Chambers (sTGC) [156,157], and the Forward Calorimeter System (FCS) [15§].
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Chapter 4

Reconstruction of DT mesons in

Au+Au collisions at

\/SNN — 200 GeV

This chapter provides a summary of a reconstruction of D* mesons in Au+Au collisions
at \/snn = 200 GeV measured by the STAR experiment in the year 2016. A topological
reconstruction, enabled by outstanding spatial resolution of the HFT, of the hadronic
decay listed in Tab. was used for the signal extraction. The Feynman diagram of
the decay channel is shown in Fig. for illustration.

Fig. 4.1: Feynman diagram of two hadronic decay of D* mesons: D¥ — KFntnt and
DT — K%t (and charge conjugate). The decay channel to charged kaons and pions
is used in this analysis. Taken from Ref. [159).

Decay channel My, [MeV/c?] et [um] BR [%]
D* - KFnfnt 1869.65+0.05 311.84+2.1 9.46+0.24

Tab. 4.1: Decay channel of D mesons used in this analysis and its basic properties.
Values are taken from Ref. [76].

The DT signal is extracted in four centrality classes of the Au+Au collisions defined
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by the percentage of total geometric cross section as given in Tab. Also shown
are the corresponding charged particle multiplicities in STAR TPC (N,,), mean number
of participants ((Npart)), and mean number of binary collisions (Ng.) matched to the

charged particle multiplicities using the Glauber model [23].

Centrality [%] Nen [-] (Npart) [-]  (Neon) [-]
0-10 > 373 324.3£3.7 959 + 28
10-40 372> 116 172.5£10.0 401+31
40-80 115> 10 419+ 7.8 59+ 14

Tab. 4.2: List of centrality classes of the Au+Au collisions used in this analysis. Also
shown are the corresponding charged particle multiplicities in STAR TPC (N, ), mean
number of participants ((Npart)), and mean number of binary collisions (Neon) matched
to the charged particle multiplicities using the Glauber model [23]. The values are taken
from Galuber model centrality calculation done for Run14 and Run16 Au+Au data-sets
(not publicly available).

and in 10 differential pr bins which edges are defined in Tab. [4.3]

pr [GeV/c] 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0

Tab. 4.3: List of pr bin edges used for extraction of D raw yields in this analysis. This
binnig was selected to match the one used in the published D? measurement [2].

4.1 Data-set and event selection

As mentioned at the beginning of this chapter, the data-set used for this part of the
analysis are the Run16 Au+Au collisions at /sy = 200 GeV. This data-set has three
independent parts that are suitable for this analysis. First is the st_physics stream,
which contains the majority of usable events. Next two sub-sets are the st_sst and
st_nosst streams which were collected later in Run16 and contain less good events than
the st_physics stream, but are still a very good addition to the total event statistics. For
exact statistics in each sub-data set, see Figs. in the following section.

The data were used in the form of centrally produced PicoDst files. The SL16ij
production was used for all three sub-sets where the st_physics stream was running
under the SL16j STAR library used and the st_sst and st_nosst were running under the
SL20j STAR library.

The events are selected in three main steps. First, all runs from a bad run list
are rejected. The bad run list used for this analysis was created based on Runl6 QA
described in Appendix [A] Next, the trigger ID is checked. For this analysis, the main
Minimum Bias (MB) trigger was used. For the st_physics stream a ”VPDMB-5-p-sst”
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trigger was used, for the st_sst stream it was ” VPDMB-5-sst”, and for the st_nosst stream
"VPDMB-5-nosst”. A list of specific trigger IDs can be found in Tab.

52001
52011
52021
52031
52041
52051

st_sst 57001
st_nosst 57002

st_physics

Tab. 4.4: Summary of trigger IDs from Runl6 Au+Au collisions at /sy = 200 GeV
data-set used in this analysis.

The final step in event selection is applying a cut on position of the primary vertex
along the beam axis. This is necessary due to dimensions and geometrical acceptance of
the HFT. The selection criteria on [V,| and |V, — V,ypp)| are listed in Tab. These

are standard event cuts used in multiple HF'T analyses.

V2] < 6cm

Event selection
V2 = Vyvppyl < 3cm

Tab. 4.5: Summary of event selection criteria used for extraction of D* candidates from
the data-set.

How the event selection criteria affect the number of events is shown in Fig. The
upper panel shows event statistics for the st_physics stream and the bottom panel for
combined st_sst+st_nosst streams. The total number of good events used in this analysis
is approximately 1.5B events, where 1.1B is from the st_physics stream and 400M is from
the st_sst+st_nosst streams.

The next step after the event selection is the extraction of the D* raw yield. The

procedure used for the D meson signal extraction is described in the following section.

4.1.1 Selection criteria

The next step after the event selection described in Section is track selection and
subsequent particle identification (PID). Because of long lifetime of the D mesons, all
global tracks are used for the analysis. Multiple selection criteria are applied to the
tracks to ensure their good quality, which are listed in Tab. The lower cut on pt for
all tracks is used in order to reduce the combinatorial background in the low pr region.
This is very important because of the three body decay used for the D* reconstruction.

The cut on 7 is given by the STAR detector geometry. The following two cuts on number
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Event cut statistics 1
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Fig. 4.2: Number of events after individual event selection criteria for st_physics stream
(top) and for st_sst and st_nosst streams (bottom) of the Runl6 Au+Au at /sy =
200 GeV data-set.

of hits in the TPC ensure that only good quality TPC tracks are analyzed. And finally
it is required, that each track has properly matched signal in the HF'T which for Run16
means that there is a hit in at least three layers of the HFT: one hit in the PXL1, one
hit in the PXL2 and at least one hit in the IST or SSD.

Next, the tracks are identified using standard procedures at STAR. The kaons and
pions are identified in the TPC based on a cut on their energy loss dE/dz in the TPC
gas by cutting on the no. The TOF is used to help with the PID based on a cut on
|1/8 — 1/Pror|, where 3 is particle velocity measured determined from its momentum
and Sror is a velocity measured by the TOF. Figure shows the dE/dz (left) and
1/5 (right) distributions from the TPC and TOF for Runl6 data-set.

Values of the selection criteria used in this analysis are summarized in Tab. [£.7} In
order to preserve as many tracks as possible, the TOF selection criteria are required only

for tracks that have valid TOF information. For tracks without the TOF information,
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pr > 300 MeV/c
In| <1
Track selection nHitsFit > 20
nHitsFit/nHitsMax > 0.52
PXL1+PXL2+(IST or SSD)

Tab. 4.6: Summary of charged track selection criteria used for extraction of D candi-
dates from the data. For more details, see the text.
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Fig. 4.3: The dE/dx (left) and 1/8 (right) distributions from the TPC and TOF for
minimum bias Runl16 Au-+Au collisions at /syn = 200 GeV.

only the TPC is used for PID. This method is usually referred to as a Hybrid TOF PID.

TPC noy| <3
Particle identification Inok| <2
TOF |1/8 —1/Bx| < 0.03

11/8 —1/Pk| < 0.03

Tab. 4.7: Summary of particle identification selection criteria used for extraction of
charged pions and kaons from Runl6 Au+Au collisions at /syny = 200 GeV. For more
details, see the text.

The identified pions and kaons are subsequently combined into K7rt tripets. Thanks
to an exceptional spatial resolution of the HF'T, it is possible to constrain the topology of
the three tracks in order to improve the raw yield significance. There are six topological
variables used and they are listed in Tab. and also shown in Fig. [1.4] Going from top
to bottom row, DCApair is the distance of closest approach between track pairs, ctp+
is decay length of the D* meson, cos(#) is cosine of the pointing angle, i.e. an angle
between D* momentum and a vector connecting primary and secondary vertex, Amax
is the maximum distance between the secondary vertices of track pairs, and DCA,_pvy
and DCAg_py are distances of closest approach to the primary vertex of pions and

kaons, respectively.
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DCApair < 80 pm
30 pm < ctp+ < 2000 pm
cos(f) > 0.998
Amax < 200 pm
DCA_py > 100 pm
DCAk_py > 80 um

Decay topology

Tab. 4.8: Summary of topological selection criteria used for extraction of decay vertices
of D* candidates from the data. The values are used as a reference for the TMVA
optimized topological selection criteria.

track2

trackl

Primary Vertex (PV)

Fig. 4.4: Topology of a three body decay with topological variables from Tab.

The values of the topological selection criteria were optimized manually and were
used to extract raw yields in early stages of the analysis. For final results, the criteria
were optimized using ROOT package TMVA [1]. The following section describes the

procedure used for the optimisation.

TMVA optimization of topological cuts

The topological selection criteria were optimized using the TMVA in order to increase the
statistical precision of the D signal in all pp and centrality bins. Rectangular criteria
optimization was chosen as it was proven to be efficient and the optimized criteria can
be easily implemented in calculation of the reconstruction efficiency. At the same time,
it is simple to correct the raw yields extracted with help of this TMVA method for

reconstruction efficiency.
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Generally the main goal of this optimization is to find a set of topological criteria
which has good separation power between signal, i.e. K77t triplets with correct charge
combination, and background, i.e. Kt triplets with wrong charge combination. For
that reason the TMVA needs to "learn” how do the topological variable distributions
look like for the signal and for the background.

The background sample was extracted directly from the data by selecting the wrong-
sing Kmrt triplets using the event, track and PID selection criteria listed in Table [.7]
The signal sample was obtained using the data-driven fast-simulator (see Section m
for details), in which 160 millions of D¥ — K¥ntn* decays were simulated. The same
set of pre-criteria was applied to the simulated triplets and the topological variables were

stored. An example of the distributions for one centrality and pr bin is shown in Figure
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Fig. 4.5: Signal (blue histograms) and background (red histograms) topological variable
distributions for centrality 0 — 10% and transverse momentum of the DT in range 3 <
pr < 4 GeV/c. The names of the variables in the plots correspond to the notation in
Tab. as follows: k_dca = DCAk_py, pil-dca = DCA,_py, mdcaMax = DC Apajr,
D_decayL = ctp+, D_cos_theta = cos(6).

The procedure itself starts by requesting the TMVA algorithm to look for either max-
imal or minimal valueﬂ of each of the trained variables. Then, the topological variable
phase-space is sampled in 100 iterations, going from signal efficiency eg = 0 to eg = 1
and the corresponding background efficiency ep is matched to each eg and significance

Y is calculated:

'Maximal value = everything in the range from 0 to the maximal value will be chosen. Minimal value
= everything in the range from the minimal value up to oo will be selected.
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N
S= oS (4.1)
VeésNs + egNp

where Ng (Np) is number of expected signal (background) counts in the studied real

data sample before applying the optimized criteria.

The Ny can be easily determined directly from the data by counting the wrong-sign
K7 triplets near the expected DT invariant mass peak. The Ng can be understood as an
expected raw yield of D mesons in the real data extracted using the pre-criteria, which
were used to generate the inputs into the TMVA. For this analysis, it was calculated
from measured spectrum of DY mesons in the 2014 Au+Au data at /sy = 200GeV [2].
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Fig. 4.6: The output distributions from the TMVA training plotted as a function of
signal efficiency for Au4Au centrality 0 — 10% and transverse momentum of the D in
the range 3 < pr < 4 GeV/c. The blue line is the signal efficiency, the red one is the
background efficiency and the green one is the significance calculated using the formula

(4.1) for Ng = 703 and Np = 41 448.

The ideal set of the topological selection criteria is then chosen based on maximal
significance calculated according to Eq. using the corresponding Ng and Ng. An
example of a significance distribution used to determine the ideal criteria is shown in
Figure for collision centrality 0 — 10% and transverse momentum of the D¥ in the
range 3 < pr < 4 GeV/c. In this plot Ng = 703 and Np = 41 448.

In addition to the TMVA tuned topological cuts, two manually tuned topological
cuts were introduced to improve the raw yield significance. One is an upper limit on
the DCApvy of both pions and kaons. The DC Apy was set to a rather loose value of
DCApy < 2 mm, which helps reducing background coming from not correctly recon-
structed secondary vertices, mainly in the 40-80% centrality bin. The second one is for
Amax < 250 um. This cut is based on the manually tuned value from Tab. with a

slightly more open value. The reason, why it was not included in the TMVA training is
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that the rectangular cuts TMVA optimisation works better with lower number of opti-
mized variables. Inclusion of the Ay, into the training made the optimisation rather
unstable due to relatively large correlations of the individual topological variables. This
manually tuned value improves the significance in all centrality classes and proves to be

important in combinatorial background suppression.
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Fig. 4.7: Significance of DT raw yields extracted using topological selection criteria from
Tab. (black circles) and using the criteria from the TMVA training (red circles). The
TMVA optimization significantly improves raw yield significance and enables to signal
extraction at low transverse momenta.

The TMVA optimized criteria can be then applied to the real data. As can be
seen in Figure the optimized criteria give better significance of D* meson raw
yield in most of the pr bins in all studied centrality classes. The performance is the
best in the region with pr < 3 GeV/c, where the TMVA helps significantly with the
background suppression. In the high pr region, the improvement is not that visible,
since the combinatorial background is low there even with relatively open topological
selection criteria. The fact that the significance is lower for the TMVA optimized criteria
in several bins, can be probably explained by statistical fluctuations an quality of the fit
used for raw yield extraction.

The performance of the TMVA can be also demonstrated on the invariant mass Milrfz,m

spectrum of the Krr triplets. Comparison of the MK

v spectrum reconstructed using
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Manually tuned
This thesis
2016 Au+Au VSTW =200 GeV
Centrality 0-10%
25< p < 3.0 GeVic

~@- Correct-sign

-@- Wrong-sign

— Correct-sign fit

— Wrong-sign fit

Significance: 13.6

17 1.75 1.8 1.85 1.9 1.95 2 205 21
MY (GeV/c?)

nv

TMVA optimized
This thesis
2016 Au+Au s =200 GeV

-@- Correct-sign

-@- Wrong-sign

— Correct-sign fit

Centrality 0-10%
g 250 — Wrong-sign ft 25<p_<3.0Gevic
8 200 Significance: 23.4
© 150
100
50 \.. Il Il Il Il L L
17 175 18 18 19 195 2 205 21

M (GeV/c?)

nv

Fig. 4.8: Comparison of K7nirt triplets invariant mass Milrff,m spectra with manually tuned

rectangular topological selection criteria from Tab. (up) and with TMVA optimized
topological selection criteria (bottom).

the selection criteria from Table and using the TMVA optimized selection criteria
is shown in Figure for D* with 2.5 < pr < 3.0 GeV/c in 0-10% central Au+Au
collisions. The background is significantly suppressed using the TMVA selection criteria
(Figure (bottom)) with respect to the criteria from Table (Figure (up)).
The raw yield of D* mesons has been extracted using the TMVA optimized topologi-
cal selection criteria for combined st_physics+st_sst+st_nossst streams using the binning
2 from Table The raw yield has been extracted using the topological criteria from
Table as well for comparison. All raw yield values and corresponding significance are
listed in Tables [£.9] and [A.11] Only raw yields with ¥ > 3 for the TMVA optimized

selection criteria are shown.
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Centrality: 0-10%

Non-optimized criteria TMVA criteria

pr[GeV/d Yo [-] S-] Y] Z[]
1.5-20 1210 £ 320 3.8 594 + 58 10
20-25 1020 + 210 4.9 844 + 45 19
2.5-3.0 1241 +99 13 908 &+ 39 23
3.0-4.0 1240 £+ 60 21 1147 +41 28
4.0 - 5.0 346 +24 14 432 +24 18
5.0-6.0 108 £13 8.3 178 £16 11
6.0 — 8.0 53+ 8 6.6 95+12 7.9

Tab. 4.9: Raw yield Y;aw and corresponding significance ¥ of D* mesons in 0-10% central
Au+Au collisions for binning 2 from Table Values extracted using non-optimized
and TMVA optimized topological selection criteria are compared.

Centrality: 10-40%

Non-optimized criteria TMVA criteria

priGeV/e]  Yuwl] T[] Yiw -] T[]
1.0-1.5 0+0 0 1363.0+127.6 10.7
1.5-20 2270 £ 290 7.8 1991 + 78 26
20-25 2860 £ 160 18 2263 £ 59 38
2.5-3.0 2664 4 84 32 2736 + 63 43
3.0-4.0 3014 £+ 68 44 3336 + 65 51
4.0 -5.0 1025+ 35 29 1445 + 42 34
5.0 -6.0 334+ 21 16 H85 = 28 21
6.0 — 8.0 154+ 15 10 325420 15

Tab. 4.10: Raw yield Y;, and corresponding yield significance ¥ of D mesons in 10-
40% central Au+Au collisions for binning 2 from Table Values extracted using
non-optimized and TMVA optimized topological selection criteria are compared.
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Centrality: 40-80%

Non-optimized criteria TMVA criteria

pr[GeV/d Vi [-] 5[] Yo [[] S []
1.0-1.5 239463 3.8 308 + 34 9.1
1.5-2.0 512 +46 11 742 £+ 40 19
20-25 721+ 34 21 874 +41 21
2.5-3.0 731 +£29 25 1020 =43 24
3.0-4.0 855 + 31 28 1228 42 29
4.0 - 5.0 372+20 19 584 + 27 22
5.0 -6.0 116 =11 11 200416 13
6.0 — 8.0 72.5+9.4 7.7 136 £ 15 9.1

Tab. 4.11: Raw yield Yiayw and corresponding significance ¥ of D* mesons in 40-80%
central Au+Au collisions for binning 2 from Table Values extracted using non-
optimized and TMVA optimized topological selection criteria are compared.
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4.1.2 Raw yield extraction

After all selection criteria are applied to the events, tracks and Krrr triplets, the raw
yield can be extracted from the data. This is done from invariant mass spectra of the
K triplets. As can be seen in Tab. there are two combinations of the K7t triplets
with correct charge combination. Those are filled into a ”correct-sign” spectrum which
contains the D* signal and a combinatorial background. All other combinations are filled
into a "wrong-sign” spectrum which is used to estimate the combinatorial background.

For combinatorial reasons, there are approximately three times as many wrong-sign
combinations as the correct-sign ones. For that reason, the wrong sign spectrum needs
to be scaled. This is done as follows: an integral of the wrong-sign and correct-sign
spectrum outside the D* invariant mass peak is calculated. The range outside of the
peak was chosen manually and is divided into two regions: 1.0 < M,y < 1.8 GeV/ ¢® and
1.95 < My, < 2.1GeV/c?. The two integral are subsequently divided giving the scaling
factor of the wrong-sign spectrum. As can be seen in Fig. and figures in Appendix

the wrong-sign spectrum reproduces the combinatorial background well.

50
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Fig. 4.9: Invariant mass spectra of the Kmm triplets for D* candidates with 4 < pp <
5GeV/c in three centrality classes of the Au+Au collisions at \/syn = 200 GeV.

In order to extract the raw yield, the correct-sign is fitted with Gauss+linear function.
First, the linear part of the fit is determined by fitting a linear function to the scaled
wrong-sign spectrum in the area of the D mass peak (1.80 < Mi,, < 1.95 GeV/c?).
The advantages of fitting the wrong-sign spectrum for background estimation are that
it is possible to directly estimate the shape of the background under the mass peak and
that the wrong-sign spectrum has smaller statistical uncertainties which makes the fit
more reliable.

Next, the correct-sign spectrum is fitted with Gauss+linear function, where the pa-
rameters of the linear part are fixed from the fit of the wrong-sign spectrum and the
parameters of the Gauss are left free. The raw yield is subsequently calculated in +3c
interval around the Gauss mean using two methods: directly from parameters of the fit
(from the Gaussian part) and from bin counting.

The value from fit is used for the calculation of the invariant spectra and the value

from bin counting is used for estimation of systematic uncertainty from raw yield ex-
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traciton. More details about the systematic uncertainty calculation are available in

Chapter

4.2 D% reconstruction efficiency

This chapter provides a description of the calculation of the reconstruction efficiency of
D meson in Run16. This efficiency has two main parts. The first one is the HFT+TPC
efficiency which is determined using the data-driven fast simulator. The second contri-
bution is the PID efficiency.

4.2.1 Data-driven fast-simulator

The data-driven fast-simulator which was used, is based on the same data-driven fast-
simulator that was implemented for efficiency study for D° spectra with the HFT. The
core of this simulation is the EvtGen event generator |160], that is used to generate
D* mesons with preset kinematics. More specifically, the D mesons are simulated
uniformly in full azimuthal angle, with uniform distribution in pseudorapidity where
In| < 1. The position of the primary vertex along the beam axis (V) is randomly
generated based on distribution from data. The pr is also simulated as flat, in the range
0 < pr < 10GeV/c. Such pr distribution is not realistic, so a weight is assigned to each
generated D* meson which is taken from the measured D° meson spectra in Runl2.
The efficiency is calculated separately for the st_physics stream and the st_sst+st_nosst
streams as there are some key differences between the two sub-sets (e.g. luminosity was
different).

The generator on its own does not contain any information about the STAR detector,
so distributions from data and TPC embedding are used to smear information about the

decay daughters. Total of five different inputs are used in this analysis:

e TPC transverse momentum resolution (embedding)
e TPC tracking efficiency (embedding)

e HFT matching efficiency (data)

e DCA resolution (data)

e Primary vertex position along the beam axis (data)

More detailed description of the individual inputs and procedures used to obtain them
is given in the two following sections.
The way the fast-simulator works is as follows: the EvtGen generates a DT meson

with random kinematics within the range stated above and decays it into a Kt triplet.
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First, momentum of each of the daughters is smeared using momentum resolution dis-
tributions. Next, each of the tracks is shifted with respect to the simulated secondary
vertex. The magnitude of the shift is randomly generated based on the DCA distri-
butions from data. After that, the smeared kinematics and topology of the decay is
calculated the same way as it is done in real data.

Next information needed for the efficiency calculation is the HF'T and TPC matching
(tracking) efficiency of each track. The method is essentially the same for both detectors.
The HFT and TPC matching (tracking) efficiency distributions are simple pr dependent
distributions which tell us how likely it is that a pion or kaon with given kinematics
is correctly reconstructed by the HFT or TPC. This means that the values of these
distributions are always between 0 and 1. To simulate the HFT and TPC matching,
it is sufficient to randomly generate a number between 0 and 1 for each particle (and
detector) and compare this generated value to the one from the reference distribution.
When the generated value is smaller than the reference one, the particle is correctly
matched to the detector, if it is larger, then the track is not matched.

When the smearing and matching is done, the simulated D* mesons can be recon-
structed using the same selection criteria as were used for extraction of the raw yield.
The HFT+TPC efficiency is then given by a ratio of number of the D* mesons that
passed the selection criteria and all generated ones. For reference, for this efficiency
study, about 35M D* mesons were generated for the st_physics stream and about 37M
for the st_sst+st_nosst streams.

As discussed above, there are two sources of the inputs to the data-driven fast-
simulator: TPC embedding and the data. All of the inputs, except the momentum
resolution, are created separately for st_physics stream and the st_sst+st_nosst streams
and all of them contain information about identified particles, i.e. about pions and kaons.
This section provides a detailed description of the individual inputs and the procedures

used to generate them.

Inputs from TPC embedding

The inputs from embedding are used in order to take into account the performance of
the TPC, specifically the momentum resolution and the tracking efficiency. A centrally
produced, single particle (nt, 7w, KT, K~) TPC embedding was used for this study.
For both momentum resolution and tracking efficiency, a set of selection criteria was
applied to the simulated (MC) and reconstructed tracks. The criteria are listed in Tab.

The only requirement on the MC tracks is that they are inside the pseudorapidity
acceptance. The cuts for reconstructed tracks in Tab. are set to the same values as

for tracks used in the analysis. The only embedding specific selection cut is on nHitsCom
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Imvc| <1
’nrem’ <1
nHitsFit > 20
nHitsFit/nHitsMazx > 0.52
nHitsCom > 10 DCA < 1.5 um

Tab. 4.12: Selection criteria applied to charged pions and charged kaons in embedding
which were used for momentum resolution and TPC tracking efficiency calculation.

which is set to the same value as was used in Dg and DY analyses. For the momentum
resolution calculation, a PID cut is applied on track’s no in addition to the cuts listed
in Tab. The values of the PID cuts are the same as were used in the analysis and
are listed in Tab.

The transverse momentum resolution (o, ) is determined from the embedding by
comparing the transverse momentum of the embedded (simulated) track (pravc)) to
its transverse momentum after it was reconstructed by the tracking algorithm (pr(reco))

using the following formula:

_ Pr(MC) = PT(reco)
Pr(Mmo0)

Apy (4.2)

which is then fitted with a Gaussian function. The resolution o, is given as the width
of the Gaussian function. The distribution (4.2) is filled in 120 bins covering 0 < pt <
12GeV/e. The momentum resolution as a function of pr is plotted in Fig. 4.10, The

data are fitted with a following function:

b c
Opr =a+ — + — +d-pr+e- ph, 4.3
pT pr p% T ( )

where a, b, ¢, d, and e are free parameters of the fit.

The same calculation is repeated for m—, K, and K~ mesons. The momentum
resolutions of these mesons are plotted in Figs. and respectively. The
momentum resolution was extracted from embedding for the st_physics stream without
the HFT. The reason is that at the time of the efficiency calculation, it was the only
version of the embedding that was available.

The calculation was also done for newer versions of the embedding which included
the HFT, for both st_physics and st_sst+st_nosst streams. The momentum resolution
turned out to be significantly better (up to by a factor of 4 smaller) for this version of
the embedding than for the older one, without the HFT. It was not clear whether the
HFT can actually improve the momentum resolution this much, so it was decided that
the version without the HFT will be used for a conservative estimate of the resolution.
This step was also verified by calculating the total reconstruction efficiency with both

versions of the momentum resolution (with and without the HFT) and there was no
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Fig. 4.10: Momentum resolution of 77+ mesons as a function of pt for Run16 minimum
bias Au+Au collisions at y/syny = 200 GeV. The data are fitted with function defined

using Eq. 3]

significant difference observed.

The TPC tracking efficiency is determined by calculating ratio of reconstructed tracks
(Nyeco) over the number of simulated tracks (Nyc, both passing the corresponding se-
lection criteria in Tab. In this case, no PID cuts are applied as PID efficiency is
treated separately. This study was done separately for ™, 7=, KT, and K~ mesons and
for st_physics and st_sst 4+ st_nosst streams. In this case it was possible, as the HFT is
not required in the track reconstruction for TPC tracking efficiency calculation.

The TPC tracking efficiency is calculated in 9 centrality bins, following the same
binning as is used in the StRefMultCorr class used for centrality determination in the
analysis. The TPC tracking efficiency of ™ and KT in the st_physics stream as a func-
tion of pt Mmc and collision centrality is shown in Fig. and in Fig. respectively.

Figures for m~ and K~ and for st_sst 4+ st_nosst stream are shown in Appendix @
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Inputs from data

One of the inputs from data to the fast simulation are the DCA distributions of pions
and kaons. In this case, a DCA distribution is a histogram with the DC' Ay, on one axis
and the DC' A, on the second axis. Each axis is divided into 144 bins, covering the range
of =1 < DCA < 1cm, with finer binning near the center of the distribution (i.e. around
DCA = Oum). The distributions are filled separately in multiple bins in pr, 7, ¢, v,,
and collision centrality. More details about the binning are listed in Tab. The
binning in centrality is the same as for the TPC tracking efficiency (see e.g. Fig. |4.14)).

0.3 < pr < 12.0 GeV/c 19 bins

In| <1 5 bins
—T<p<m 11 bins
—6<v,<6cm 4 bins

Tab. 4.13: Binning of space used for filling of DCA distributions which were then used
as an input to the data-driven fast-simulator.

The track and event selection criteria and the PID are the same as in the analysis
to get real picture of the DCA distributions from the data. The values of the cuts used
are listed in Tabs. and

In order to calculate the HFT matching ratios, two sets of tracks are selected. The
first one are all tracks passing selection criteria listed in Tabs. and ie.
tracks with properly matched HFT and with the same selection as was used for the D+
candidates. The second one is nearly the same, but it is not required for the tracks to
be matched to the HFT. We refer to such tracks as TPC tracks. The HFT matching
ratio is then simply a ratio of the HF'T matched tracks over the TPC tracks. The ratio
is filled as a function of track pr in 36 bins covering the range of 0.3 < pp < 12.0 GeV/c.
Similarly to the DCA distributions, the HFT matching ratios are calculated in multiple
in n, ¢, v,, and collision centrality bins. More details about the binning are listed in Tab.
Again, the binning in centrality is the same as for the TPC tracking efficiency (see

e.g. Fig. |4.14)).

In| <1 10 bins
—nmT< o< T 11 bins
—-6<wv,<6cm 6 bins

Tab. 4.14: Binning of space used for filling of HF'T matching ratios which were then
used as an input to the data-driven fast-simulator.

The last input from data are the distributions of the primary vertex position along
the beam axis v,. As shown above, the other two inputs from data depend on v,. In

real data, the v, distribution is not flat, so the real shape of the distribution needs to
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0<pr <11 GeV/e
lyl <1
0<o¢p<2m

Tab. 4.15: Intervals of pr, y, and ¢ in which the simulated D* mesons were generated
by the EvtGen particle generator. All distributions (pr, y, and ¢) were generated as
uniform.

be taken into account during the efficiency calculation. The distributions are filled in 9
centrality classes, following the same binnig as all previous distributions.
All inputs from data are created separately for st_physics and st_sst + st_nosst

streams to capture any differences between the two Runl6 sub-sets.

EvtGen data-driven fast-simulator

The core of the data-driven fast-simulator is the EvtGen particle generator [160], which
was developed primarily for simulation of decays of open-heavy flavor hadrons. It is used
to generate D™ and D™ mesons with given kinematics, which is randomly chosen within
pre-set parameters listed in Tab. All of the kinematic variables are generated
with a uniform distribution. This is not realistic for p, so a weight is associated with
each generated D* meson. The weight is taken from the Levy fit to Run12 D invariant
spectrum measured in p+p collisions at /s = 200 GeV (not published).

After a DT meson is generated, it is decayed by the EvtGen into a K¥mtn® triplet.
Position of the primary vertex along the beam axis v, is randomly generated from dis-
tributions from data described in the previous section. As EvtGen has no information
about the STAR detector, the information about the decay daughters is subsequently
smeared using the inputs from data and embedding.

For each daughter separately, the transverse momentum is smeared using the mo-
mentum resolution, the daughter’s position is randomly shifted with respect to the MC
secondary vertex according to the DCA distributions from data, and is matched to the
TPC and the HFT. The matching procedure is similar for the TPC and the HF'T. First, a
random number is generated between 0 and 1 (separately for the TPC and HFT). Next,
this number is compared to a value from the TPC tracking efficiency (HFT matching
efficiency) distribution. If the random number is larger than the value from the distri-
bution, the track is not properly matched. If it is smaller than the value from the input
distribution, it is matched.

The HFT4+TPC reconstruction efficiency (egpr4Tpc) can be then determined as a
ratio of simulated D* mesons which passed the analysis topological selection criteria,

over all generated D* mesons.
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4.2.2 PID efficiency

To get the total reconstruction efficiency, it is necessary to calculate the PID efficiency.
By using the PID selection criteria from Tab. a part of mt and K* mesons was
rejected from the analysis, which decreases the measured raw yield. The PID efficiency
compensates for this drop in the raw yield. The general strategy in PID efficiency
calculation is to obtain a pure sample of 7 (K) mesons and look at their norpc and
|1/8 — 1/Brk)| distributions and determine the fraction of = (K) mesons outside the
PID cut.

A pure sample of T mesons can be easily obtained via reconstruction of decay of
K? mesons which decay into a w"m~ pair, with BR = (69.20 £ 0.05)% [76]. Another
advantage of the K mesons si that they have a long decay length of ¢ = 2.7 cm, so
they can be reconstructed with the HF T only using the topological selection criteria and
track selection criteria (i.e. PID can be avoided). The event and track selection is the
same as in the analysis, so the vales used are summarized in Tabs. and The
topological selection criteria for KO reconstruction are listed in Tab.

DC Apaix < 100 pm
0.5 um < ctps < 100.0 cm
cos(f) > 0.995
DCAr_py >0.5cm

Decay topology

Tab. 4.16: Summary of topological selection criteria used for extraction of K? mesons.
Pions from decay of the selected K mesons were then used to determine the PID effi-
ciency of 7t mesons in the Run16 Au+Au collisions at /syx = 200 GeV.

The K? candidates are reconstructed in a similar way as the D* mesons. The in-
variant mass spectrum of the 7t7t meson pairs is filed for unlike-sign (US) and like-sign
(LS) charge combinations. The LS is then subtracted from the US, leaving only the
K¢ without the combinatorial background. The invariant mass peak is fitted with a
Gaussian function in order to determine its width. The K? invariant mass distributions
(M) before and after combinatorial background subtraction are plotted in Fig. [4.16

The noy and |1/ — 1/5| distributions are filled for LS and US for pions which are
coming from 7t7r meson pairs which have M0 within 30 from the mean of the peak.
Again the LS is subtracted from the US, leaving noy and |1/8 — 1/x| distributions for
signal only. The PID distributions are filled in 16 bins covering 0 < pr < 4 GeV/c and
fitted with a Gaussian function. The fitted distributions are shown in Fig. (nox)
and Fig. (|11/8 — 1/PBxl|), respectively.

The PID efficiency is then determined as a ratio of integral of the fit function within
the PID cut region (see Tab. and of the integral in the full range (in this case full
range of x-axis in Fig. or . The PID efficiency of the TPC and TOF as a

function of pr is plotted in Fig. [£.19] The data are fittet by a constant function which
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Fig. 4.16: (left) The invariant mass spectrum of the 77t~ meson pairs is filed for unlike-
sign (US) and like-sign (LS) charge combinations. (right) The LS is then subtracted from
the US, leaving only the K? without the combinatorial background. The K? mass peak
is fitted with a Gaussian function in order to determine the +30 signal region.

is then used to determine the final value of the PID efficiency.

In case of the TPC PID efficiency, it was decided to use a constant function to fit the
PID efficiency data points despite the shape of the pr dependency in order to simplify
the procedure. The reason why this should not pose serious problems is that majority
of pions coming from decays of D* mesons in this analysis have py < 2GeV/c. In that
region, the TPC PID efficiency is practically constant in pr, so the constant fit captures
the shape well. Another argument is, that PID plays an important role in the low-pp
region. For pr > 2GeV /¢, the topological selection will play much more significant role
in DF reconstruction.

The general strategy for K* meson PID efficiency is the same as for . The only
difference is in the way the pure K* was obtained. There is a suitable decay, which can be
used, specifically decay of ¢ — KTK™, but its reconstruction using just decay topology
and PID on one of the decay daughters was not successful in the Run16 data-set. For
that reason a different strategy was implemented.

For determination of the TPC PID efficiency, the pure sample of K* mesons was
selected using a strict PID cut in the TOF and vice versa for the TOF PID efficiency.
Specifically, the strict TOF cut used is |1/8 — 1/Pk| < 0.01 and the strict TPC cut is

+ mesons, i.e. the nog and

lnok| < 0.5. The rest of the calculation is the same as for 7
|1/8 — 1/Pk| distributions are filled in 16 bins, this time covering 0 < pt < 2GeV/ec.
The reasons, why it should not be a problem to use this more limited pt range are the
same as for the fit of the TPC PID efficiency of 71+ mesons, as discussed above.

The fitted PID distributions for K* mesons are shown in Fig. and The
nog distributions look quite similar to those of noy. On the other hand, the |1/5—1/p5k]|

show clearly significant level of contamination with other hadrons (pions and protons,
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Fig. 4.17: Fitted no, distributions which were used in determination TPC PID efficiency
of pions in Runl6 Au+Au collisions at /syn = 200 GeV. The no, distributions are
plotted for 16 bins in pr. The data are fitted with a Gaussian function.

most likely) with increasing pp. For that reason the |1/5 — 1/8k]| distribution is fitted
with single, double or triple Gaussian function, depending on the level of contamination.
The PID efficiency of the TOF is then determined only from the K* peak.

The pr dependency of the TPC and TOF PID efficiency of K* mesons is plotted in
Fig. Again, the data are fitted with a constant function in order to determine the
final PID efficiency. In this case, the constant fit gives good approximation for both the
TPC and TOF.

The total PID efficiency of m+ and K* mesons is then given by the following formula:

b (1) = PROR (Pr)honenpe + (1= PRoy (r)etpe. (4.4)

where PZFTS;) is the TOF matching efficiency of pions or kaons. The TOF matching

efficiency is calculated as a ratio of number of tracks that are properly matched to TOF
over those only reconstructed by the HFT4+TPC, both groups passing event and track
selection cuts from Tabs. and and a strict TPC PID cut noyk)| < 1. The TOF
matching efficiency is plotted in Fig. and the total single particle PID efficiency is
plotted in Fig.

The single particle PID efficiency is practically constant in p for both n* and K*
mesons. The final value is extracted from a constant fit to the data. The total PID

efficiency of the reconstructed D* mesons is then given by the following formula:
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Fig. 4.18: Fitted |1/8 — 1/B| distributions which were used in determination TOF PID
efficiency of pions in Runl6 Au+Au collisions at /sy = 200GeV. The |1/8 — 1/54|
distributions are plotted for 16 bins in pp. The data are fitted with a Gaussian function.

epin(pr) = £pip (P1)epip (P1)epip (1) (4.5)

All the plots above are for the st_physics stream. The calculation was done for
the st_sst + st_nosst streams as well and the final value of the PID efficiency is nearly
identical. The values from st_physics stream were used for both sub-sets of the data in

order to simplify the application of the PID efficiency.
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. 4.19: PID efficiency of the TPC (left) and TOF (right) for 7

mesons.
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The multi-Gaussian functions were used to capture the contribution from contamination
of the kaon sample by pions and protons.
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Fig. 4.22: Calculated total PID efficiency of the TPC (left) and TOF (right) for K*
mesons in Runl6 Au+Au collisions at /sy = 200 GeV.
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Fig. 4.23: TOF matching efficiency of ™ and K* mesons in Runl6 Au+Au collisions
at /sy = 200 GeV.
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Fig. 4.24: Total single particle PID efficiency of 7% and K* mesons in Runl6 Au+4Au
collisions at /sy = 200 GeV.
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4.2.3 Total reconstruction efficiency

The total D* meson reconstruction efficiency is first determined separately for the

st_physics and st_sst + st_nosst streams using:

e(pr) = enrr+rPC(PT)EPID(PT)- (4.6)

The efficiencies for the two subsets are then combined as a weighted average, where the
weights are numbers of good events in the st_physics and st_sst + st_nosst streams.

The total reconstruction efficiency of D meson in Runl6 Au+Au at V/SNN =
200 GeV/c as a function pr and collision centrality is plotted in Fig.
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Fig. 4.25: Total reconstruction efficiency of DT mesons in Runl6 for three centrality
classes of the Au+Au collisions at /sy = 200 GeV.

4.3 Systematic uncertainties

4.3.1 Invariant spectra

Systematic uncertainties of the invariant spectra were calculated independently for Run14
and Runl6 data-set. This section provides description of the systematic uncertainty
studies primarily for Run16 and method used to combine Runl4 a nd Runl6 systematic
uncertainties.

The first systematic uncertainty source taken into account is the one associated
with the raw yield extraction method. As mentioned in Section the raw yield

is extracted from the fit function. An alternative method is to use the invariant mass
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spectrum, after subtraction of the combinatorial background, and count the D* candi-
dates directly from the histogram in the 430 range. The value of ¢ is the width of the
invariant mass peak, which is determined using the same fit as is used for the raw yield
determination. This direct method is usually referred to as ”bin-counting”.

The systematic uncertainty (oRrawyield) 1S calculated simply by comparing the raw
yield determined from the fit (Yg;) and by using the bin-counting (Yii,) using the fol-

lowing formula:

’Yﬁt - Ybin‘
Yh¢

The values of this systematic uncertainty are plotted in Fig. [4.26] as red open circles.

O RawYield = (4.7)

The oRawyicld does not exceed 20% and is the largest in pt bins with low significance,

which is expectable.
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Fig. 4.26: Systematic uncertainties of invariant spectra of D¥ mesons in the Run16 data-
set. Individual sources of systematic uncertainties are plotted separately, together with
the total systematic uncertainty. Each panel corresponds to one centrality bin.

Next systematic uncertainty considered in this analysis is associated with the data-
driven fast simulator. It is evaluated by varying the TMVA signal efficiency by +30%. As
described in Section the analysis topological selection criteria are chosen from the
TMVA based on maximum significance. For such set of cuts, there is a corresponding
TMVA signal efficiency €5 (one point on the blue line in Fig. and in figures in
Appendix . For this study, two additional sets of TMVA cuts are selected with signal
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efficiency 0.7e; and 1.3e5. Like this, we have three sets of TMVA topological cuts:
analysis, loose, and tightﬂ

Invariant spectrum (dN/dy), i.e. including reconstruction efficiency correction, is
calculated for all three cut sets and the systematic uncertainty is then calculated using

the following formula:

/ o |(dN/dy)ana - (dN/dy)loose/tlght|
Uloose/tight - (dN/dy)ana

(4.8)

The formula (4.8) does not take into account statistical precision of the yields in in-
dividual pr bins. The statistical fluctuation associated with the formula (4.8| can be

calculated using a following formula

t t
lsozse/tlght \/| o-g%ag fgg;e/tight)Qla (49)

stat
ana

stat
loose/tight

and loose/tight cuts. The A%t Jtight 15 then subtracted from oy .. to obtain the

corrected systematic uncertainty ojgese/tight for loose and tight cuts. This corrected
systematic uncertainty is plotted in Fig.

where o and o are statistical uncertainties of invariant yield for analysis

When the value of 0jgse/tignt turns out to be negative (i.e. after the statistical
uncertainty correction), it is set to a value without the correction. The larger value of
the two (for loose or tight cuts) is then quoted as the systematic uncertainty from TMVA
cuts variation orypyva. The values are plotted in Fig. as blue solid squares.

Similar approach as described above is used to evaluate the systematic uncertainty of
pr cut variation. The cut on daughter pr is varied from 300 MeV /c (used for raw yield
extraction) to 500 MeV /c. The efficiency corrected invariant spectra are calculated for
both cuts and compared using a formula similar to Eq. Again, this value needs to
be corrected for the statistical fluctuation in a given pt bin, which is achieved by using
a formula similar to Eq. . This systematic uncertainty is shown in Fig. as full
green triangles.

Another systematic uncertainty comes from the TPC embedding and is evaluated
using a standard procedure used at STAR by variation of nHitsFit. This method
relies on comparing ratio of number of TPC tracks with nHitsFit > 25 (Nas) and
nHitsFit > 20 (Nyp), i.e. with cut used in analysis, for data and embedded (simulated)
tracks. As a result, there are two ratios: 7gata and remped Which are calculated according

to

2In case the signal efficiency would exceed 100%, the loose TMVA topological selection criteria are
chosen for e = 100%.
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Fig. 4.27: Systematic uncertainties from cuts variation for loose (red) and tight (blue)
TMVA topological selection criteria after statistical uncertainty correction. Missing
points mean that the value is negative and is fixed at value of 0 later in the systematic
uncertainty calculation.

N
Tdata — 5 (4 10)
N
Nembed
Tembed = sz?)nbed . (411)

The data and embedding are then compared as a double ratio (rgouble), i-€. as a ratio

of T'qata and Tembed:

T'data

Tdouble = (4 12)

Tembed
This double ratio turns out to be constant in pp and very close to unity in all centrality
classes. In order to extract the pr integrated value of the double ratio, rqouple is fitted by
a constant. The parameter of the fit is then used to calculate the systematic uncertainty.
This procedure is done using charged tracks from data and ©t from embedding. The
double ratios with the fits are plotted in Fig. [4.28

In an ideal case, the double ratio would be equal to unity, so the systematic un-
certainty of the TPC tracking efficiency for a single track orpg(single) can be calculated

using the following formula
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Fig. 4.28: Double ratio used for the TPC tracking efficiency systematic uncertainty of
7t for three centrality classes of Au+Au collisions. The double ratio is constant in pr so
it is fitted by a constant function. The parameter of the fit and corresponding systematic
uncertainty, calculated using formula are shown in individual panels.

1 — Tdouble
OTPC(single) — T doubl . (413)
ouble

To obtain the total TPC tracking systematic uncertainty for D* mesons orpc, the
single track contributions are simply added together, as they are assumed to be largely

correlated:

OTPC = 3UTPC(Single) . (414)

In general, all single particle TPC tracking systematic uncertainties should be calcu-
lated separately for ™, 1=, K*, and K~ mesons in each centrality class. During study
of Run16, it turned out that the single particle uncertainties do not strongly depend on
centrality or particle species. Therefore, it was possible to simplify the calculation by
using a conservative value for single particle uncertainty orpc(single) = 3-4 % which gives

the total uncertainty of orpc = 10.2%. For reference, orpc is plotted in Fig. [4.26| as
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open black squares.

There are two more systematic uncertainties sources for the invariant yields. One of
them is the systematic uncertainty of PID. This uncertainty is relatively small compared
to the other sources. The value is taken from the analysis of D? mesons, i.e. 1 % per
track. To get the PID systematic uncertainty for the DT mesons, the same approach is
applied as was used in the Dg analysis. This way, the final PID systematic uncertainty
quoted in this analysis is opip = 3%. In Fig. this uncertainty is plotted as blue
open crosses.

The last systematic uncertainty taken into account is coming from the uncertainty
on the branching ratio of D mesons. For this analysis a value from 2021 PDG was used:
BR = (9.38 £ 0.16) % [76], which gives relative systematic uncertainty of opg = 1.7 %.
In Fig. this uncertainty is plotted as the magenta full crosses.

For invariant pt spectra, all aforementioned systematic uncertainties are combined

as follows

_ /2 2 D 2 D
Ttot = \/gRaineld T 01mva T OTpe T Opip T OBR- (4.15)

In Fig. the total uncertainty is plotted as black solid circles.

This total systematic uncertainty is for Runl16 data-set only. For the final results,
it needs to be combined with the systematic uncertainty of Runl4 D* spectra. As
the two data-sets (Runl14 and Runl6) are very similar, the systematic uncertainties are
correlated. For that reason they are combined as a weighted average, where the weights

are 1/0% ;.

4.3.2 Nuclear modification factor

The systematic uncertainty of the Raa of D* mesons is calculated in nearly identical
way as for the spectra. The only difference is that the systematic uncertainty which
comes from the branching ratio is included in the global systematic uncertainty (blue
box around unity in Fig. . The contribution to the systematic uncertainty plotted
on the points of Raa from Runl6 is plotted in Fig. [£.29]

The global systematic uncertainty has three contributions. One of them is the branch-
ing ratio, as mentioned above, and its value is the same as quoted in the previous section
(0Br = 3.1%). The second contribution comes from uncertainty of the Npart (onpart)
which was defined in Chapter and the last one if from fragmentation function of D°

og = 1.2% which is based on the value of fragmentation function from Ref. [161]. The

total global uncertainty is then given as oglo, = \/ 0']23R + alz\lpart + Jé. The individual
contributions and the total global systematic uncertainties per centrality are summarized
in Tab. E17

The last and very significant systematic uncertainty of the Raa comes from the p+p
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Fig. 4.29: Systematic uncertainties of Raa of D* mesons in the Runl6 data-set. Indi-
vidual sources of systematic uncertainties are plotted separately, together with the total
systematic uncertainty. Each panel corresponds to one centrality bin.

reference data. As the p+p reference has smaller coverage and binning in pt than the
D* data, the systematic uncertainties from the p+p reference need to be interpolated
and extrapolated properly. This study has already been done for reference used in the D°
meson Raa calculation from Ref. [2]. For that reason, the same systematic uncertainties
of the p+p reference are used for this analysis.

The way the uncertainty from the p+p reference is propagated to the Ra 4 is relatively
straightforward. The Raa is first calculated directly using the Levy fit to the p+p
reference. Next it is calculated from the Levy fit shifted by the systematic uncertainty
of the p+p reference up and down. This way we obtained three values of the Raa: the
measured experimental value, and the upper and lower limit for the Raa based on the

p+Dp systematic uncertainty.

4.3.3 D*/D? yield ratio

Compared to the Raa, the systematic uncertainty calculation for the D /D? yield ratio
is a bit more complex. It is necessary to take into account any correlations of systematic
uncertainties between the D* and DY data. As both analyses share many procedures,
some systematic uncertainties will, at least partially, cancel out and other can be largely

correlated. For that reason, the systematic uncertainty of the yield ratio is calculated as
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oBR (%]  ONcol [J0]  og [f]  oglob (Y]
1.7 1.9 1.2 3.9
1.7 4.5 1.2 5.9
1.7 11.1 1.2 11.6

Tab. 4.17: Global uncertainties of Raa of D* mesons for all three studied centrality
classes. There are two sources of global systematic uncertainty: branching ratio (opr),
number of binary collisions (oNcol1), and from fragmentation function of DO (og) which
are used to calculate the total global uncertainty ogjqp.

described below. All the steps are done separately for Runl4 and Runl6 and the total
systematic uncertainty is then obtained by combining values for Runl4 and Runl6.

The systematic uncertainty from raw yield extraction and from pr cut variation
of the yield ratio is directly propagated from the D¥ measurement. This method was
chosen as it gives a conservative estimate of the uncertainty. This systematic uncertainty
is plotted in Fig. for Runl4 and in Fig. [£.3T] as red open circles.
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Fig. 4.30: Systematic uncertainties of DT /DY yield ratio as a function of pr of D*
mesons in the Runl4 data-set. Individual sources of systematic uncertainties are plotted
separately, together with the total systematic uncertainty. Each panel corresponds to
one centrality bin.

The contribution from variation of the TMVA cuts was done by comparing the D*/D°

yield ratio value for analysis set (Rana) of topological selection criteria to the value for
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Fig. 4.31: Systematic uncertainties of D¥/D? yield ratio as a function of py of D*
mesons in the Runl6 data-set. Individual sources of systematic uncertainties are plotted
separately, together with the total systematic uncertainty. Each panel corresponds to
one centrality bin.

loose (Rigose) and tight (Ryight) Cutsﬂ Then, the standard procedure is used to determine

the systematic uncertainty:

Rana — R ~
U’/I‘MVA _ ‘ ana = loose(tlght)‘ : (416)
ana

which is subsequently corrected for the statistical precision using a modification of Eq.
. In this case, the statistical uncertainties of the ratios are used. After the correction,
the larger of the two values (for loose or tight cuts) is quoted as the final systematic
uncertainty oryya. This systematic uncertainty is plotted in Fig. [£.30] for Run14 and
in Fig. as blue solid squares.

In case of systematic uncertainty of TPC tracking and the PID, the contribution
from the D? will get cancelled out with the part of the D* contribution. The reason is
that D? is reconstructed in two-body decay channel and D* in a three-body decay. For
that reason, the contributions from kaons and one of the pions will cancel each other
out. For that reason, the systematic uncertainty of the ratio coming from TPC tracking
and PID can be estimated as orpc/3 and opip/3, where orpc and opip are systematic

uncertainties of D¥ invariant spectra defined in Section m These two systematic

3All three sets of invariant spectra (analysis, loose, and tight) for both D® and D* were used in this
study.
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uncertainties are plotted in Fig. [£.30] for Runl4 and in Fig. [4.31] as black open squares
(TPC) and magenta full crosses (PID).

The last contribution to the total systematic uncertainty of the yield ratio comes
from the branching ratios of D and D* mesons. As mentioned in Section this
uncertainty for D* mesons is opr(D¥) = 1.7%. For D, the systematic uncertainty is
calculated from the following value of the branching ratio: BR(D°) = (3.89 + 0.04) %
which is taken form 2018 PDG [162] and gives a systematic uncertainty of opr(D°) =
1.0 %. The two contributions are combined as a square root of the sum of squares which
leads to the total global systematic uncertainty of the ratio from the branching ratios
OBR,tot = 1.97%. This systematic uncertainty is plotted in Fig. for Run14 and in
Fig. as blue open crosses.

The total systematic uncertainty is calculated as a square root of the sum of squares
of all the individual sources and is plotted as black solid circles in Fig. and Fig.
The systematic uncertainty of for the combined Run14+Runl6 yield ratio is calculated
as a weighted average, where the weights are 1/02,;.

All systematic uncertainties discussed above are for the pr dependence of the D* /DO
yield ratio. In case of the centrality dependence, a few changes are needed. One of the
most significant changes is for the systematic uncertainty from raw yield extraction and
pr cut variation. Here, the yield ratio is calculated from the integrated invariant yields
in a given pt range. In order to calculate this systematic uncertainty, the central values
of the D* points in the pr spectrum are each randomly shifted within the systematic
uncertaintyﬂ Then, the integrated yield from this pr spectrum with shifted points is
calculated and divided by the integrated yield of D?. This is repeated 100 times, which
gives 100 different values of the pr integrated yield ratio R;. All the ”shifted” ratios
are then compared to the value calculated with experimental (unshifted) D* spectrum
(Rana) using the following formula:

. ‘Rz - Rana‘
ORawYield,i = .
Rana

The largest value is then quoted as the final systematic uncertainty orawyiela and op..

(4.17)

This calculation is performed only in pr covered by the D* data points (i.e. without
any extrapolation). The oRawyicld is plotted as red open circles and o), is shown as full
green triangles in Fig. for Runl4 and in Fig. for Runlé.

The approach to calculate the systematic uncertainty of TMVA cuts variation for
centrality dependence of the yield ratio is basically the same as for the pt dependence.
The ratio is calculated from integrated invariant yields of D* and D° mesons for analysis,
loose, and tight TMVA cuts. The key difference is that all D¥ spectra are extrapolated

4Each point is shifted independently up or down. It is not a systematic shift of the whole spectrum
up or down.



106 Open-charm mesons in heavy-ion collisions at the STAR experiment

0.5¢
0.45( . . e Total
04é This thesis O Raw yield
E Run14 H TMVA cuts
0.35 p, cut
. o0sE Au+Au |s, = 200 GeV 00 TPC tracking
5 F + PID
U; 0.25 Z5 Branching ratio @
o 02F
= | ]
0.15? . o
0.1
0.05F- :
0:”@\””\‘H‘\‘%H\HH\HH\‘%‘\
50 100 150 200 250 300 350

N, (GeV/c)

part

Fig. 4.32: Systematic uncertainties of D* /DO yield ratio as a function of Npart of D*
mesons in Runl4 data-set. Individual sources of systematic uncertainties are plotted
separately, together with the total systematic uncertainty.
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Fig. 4.33: Systematic uncertainties of D* /DO yield ratio as a function of Npart of D*
mesons in Runl6 data-set. Individual sources of systematic uncertainties are plotted
separately, together with the total systematic uncertainty.

to 0 GeV/c and the integrated yields are calculated on region 0 < pp < 8 GeV/c. The
systematic uncertainty itself is then calculated using formula , but with ratios cal-
culated from the integrated yields. Again, this value is corrected for statistical precision.
The larger of the two values (for loose and tight cuts) is then quoted as the final one.
This systematic uncertainty is plotted in Fig. [£.32] for Run14 and in Fig. [£:33] as blue
solid squares.

Systematic uncertainties from TPC tracking, PID and branching ratio are directly
propagated to the uncertainty of centrality dependence of the ratio at they all do not
depend on pp. All three contributions are plotted in Fig. for Run14 and in Fig.
[4.33] resepctively.

The way the systematic uncertainties were combined for Runl4 and Runl6 is the

same as for the pr dependence, i.e. a square root of the sum of squares of the individual
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contributions. The Runl4 and Runl6 systematic uncertainty is then combined as a

weighted average, again with weights which are given as 1/02;.

4.4 Results

This section provides a summary of the combined results from the measurement of D*
mesons in Runl4 and Runl6 Au+Au collisions /syn = 200 GeV. Each of the following

sub-sections describes procedures used to calculate individual observables.

4.4.1 Invariant spectrum of D* mesons

The invariant spectra of D* mesons in Runl6 Au+Au collisions at /syy = 200 GeV
are calculated from the raw yields (Yiaw) listed in Tabs. and and using
reconstruction efficiency (greco) from Fig. using the following formula

N Yraw
2rprdprdy — 2mprAprAY - BR - Ereco’
where BR = (9.38 £ 0.16) % [76] is the branching ratio, Apr is the bin width, and Ay
is the rapidity window. The D¥ mesons were reconstructed in |y| < 1 and consequently
Ay = 2.

The Runl6 invariant spectrum is subsequently combined with the Runl4 spectrum.

(4.18)

This is done as a weighted average for each point in pp, where the weights are wrun14 =
1/02 Runi4 a0d WRunie = 1/ o2 Runig- The statistical uncertainty of the combined

spectrum is calculated as follows

1
Ostat,tot — \/ (419)

WRun14 + WRun16

The combined invariant spectrum of D* mesons is plotted in Fig. for three
centrality classes of Au+Au collisions. The 10 — 40% and 40 — 80% spectra are scaled
by a constant for plotting. The data are fitted with the Levy function:

—A
N  1dN  (A-1)(A-2) 1+Vp"2f+m3_m° (4.20)
2rprdprdy 27 dy AB(AB + mo(A — 2)) AB ’ ’

where dN/dy, A and B are free parameters of the fit and mg is the rest mass of the D*

meson. The fits are plotted as dashed lines.
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Fig. 4.34: Invariant spectra of DT mesons measured in 0-10%, 10-40%, and 40-80%
central Au+Au collisions at /syn = 200 GeV. The data are fitted with tge Levy function.

4.4.2 Nuclear modification factor

The combined invariant spectrum of DT mesons described in the previous section is
used to calculate the nuclear modification factor Rapa, defined using Eq. . No
measurement of D* mesons in p+p collisions by STAR is currently available, so the
measurement of ¢ cross section in p+p collisions at /s = 200GeV [163] was used
instead. The cc is first scaled to the invariant yield of D? which is achieved by using
a scaling factor f(c — DO)/ag}fl, where f(c — DY) = 0.6086 is the DY fragmentation

inel is the total inelastic p+p cross section.

PP
Next, this invariant spectrum of D° in p+p is scaled by the D /D yield ratio from

PYTHIA. As shown in Fig. three different PYTHIA versions were chosen based
on discussion within the STAR Heavy Flavor Physics Working Group. In general, all

function and o

three versions use a tune for heavy flavor production at RHIC energies. PYTHA 6.4
Perugia 2012 and PYTHIA 8.1 were both thoroughly tuned on STAR p+p data in order
to ensure good description of various observables measured in p+p collisions at STAR
(not only heavy favor production, but also jets). The tune for PYTHA 8.2 was a bit
simpler, focusing primarily on description of open-charm production in p+p collisions.
An average of the three PYTHIA versions from Fig. was used for the scaling of
the p+p reference. Like this, the D invariant spectrum in p+p collisions is estimated
and is used for the Raa calculation. The reason to use this procedure is that in the
first step, the cc is scaled to D? invariant spectrum, which was used as a reference in the

published D® R measurement [2]. In the next step the D° invariant spectrum in p+p
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Fig. 4.35: (Dt +D7)/(D° 4 DY) yield ratio calculated using three different versions of
PYTHIA. The data are fitted by a linear function which is then used for scaling of the
p-+p reference for the Raa and as a reference for the (DT + D~)/(DY + DO) yield ratio.

collisions is scaled to D* invariant spectrum using D¥ /DY yield ratio from PYTHIA,
taking into account difference in shape of D* and D° pr spectra. Finally, the mean
number of binary collisions (N ) is taken from Tab.

The Raa of DT mesons is plotted in Fig. The data are compared to the D°
measurement in Au+Au collisions at /5NN = 200 GeV from STAR. [2] and to D* mesons
measured by ALICE in 0 —10% central Pb+Pb collisions at \/syn = 5.02 TeV [117]. All
data-sets are in a good agreement and they all show a significant suppression of open-
charm mesons in central and mid-central heavy-ion collisions in the high-pt region.

As expected, the pr and centrality dependence of the D mesons is essentially the
same as for previously measured D? mesons. The suppression at high transverse mo-
menta is the largest in central Au+Au collisions and gets weaker when going to mid-
central and peripheral collisions. In 40 — 80% centrality class, there is no suppression
observed at high pr within the uncertainties.

The low pt D-mesons exhibit a significant suppression as well, but in this case inde-
pendent of collision centrality. As shown in several STAR open-charm studies [3,4], this
observation can be likely contributed to redistribution of c-quarks among open-charm

hadron species due to coalescence hadronization of c-quarks in the QGP.

4.4.3 D*/D° yield ratio

The (Dt + D7)/(D® + DY) yield ratio is calculated as a function of pp and collision
centrality. The pr dependence calculation is straightforward, as binning in pr is the
same for D* and D° meson invariant spectra. The ratio can be therefore calculated

directly from central values of D¥ and DY spectra. The result is shown in Fig.
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Fig. 4.36: Raa of D? [2] and D* mesons measured in 0-10%, 10-40%, and 40-80%
central Au+Au collisions at \/sny = 200 GeV as measured by STAR. Measurement of
D* mesons in Pb+Pb collisions at V3NN = 5.02 TeV by ALICE experiment is shown
for comparison [117].

together with two PYTHIA calculations for p+p at /s = 200 GeV and for the ALICE
measurement in 0 — 10% central Pb+Pb collisions at /syn = 5.02 TeV.

The STAR measurement is in a reasonable agreement with the PYTHIA calculations.
The ratio in Au+Au at /snn = 200 GeV collisions seems to have a weak dependence
on pr and its value is the same as predicted for p+p collisions at the same energy. This
indicates, that there is no significant modification of the D* /DO yield ratio in Au+Au
collisions with respect to p+p collisions.

The general approach to the calculation of the centrality dependence of the yield
ratio is to calculate integrated invariant yields of D* and D° mesons in a given pr range
and then divide those integrated yields. The integral can be calculated simply by adding
the central values of the points in the pt spectra together. For that reason, the centrality
dependent yield ratio was calculated for D mesons with 1 < pr < 8 GeV/¢, as shown
in Fig. The STAR data are compared to data from several other experiments,
covering various collision systems and energies. Overall, all the experimental data are
consistent with each other, within the uncertainties. The solid line represents an average

value from all the plotted data points and was obtained as a constant fit to the data. The
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Fig. 4.37: (Dt 4+ D~)/(D° + DY) yield ratio as a function of pp measured in 0-10%, 10-
40%, and 40-80% central Au+Au collisions at /sxy = 200 GeV. Theoretical PYTHIA
calculations for p+p collisions at /s = 200 GeV and a measurement of D* mesons in
Pb+Pb collisions at /syn = 5.02 TeV by the ALICE experiment is shown for comparison
[117).

dashed lines represent 1o uncertainty band given by the uncertainty of the fit parameter.
For the fit, the statistical and systematic uncertainties for each individual result were

combined together in order to get the total uncertainty of the fit.
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Fig. 4.38: (Dt +D~)/(D°+ DY) yield ratio as a function of centrality of Au+Au collisions
at /sy = 200 GeV. The data are compared to measurements from HERA, eTe™
collisions [164], and to the ALICE data from p+p collisions at /s = 5.02 TeV [165].

4.4.4 Total charm cross section

The invariant yield of D* mesons has been used together with spectra of D? and Dsi
mesons, and /\Ci baryons to calculate the total charm hadron production cross section per
nucleon pair in 10-40% central Au+Au collisions at V5NN = 200 GeV. The pr interval
used for all the mentioned open-charm hadron species is 0 < pr < 8GeV/e. Only
spectra of D? mesons cover this pr with experimental data [2]. The other three spectra
had to be therefore extrapolated. This was done using a set of appropriate theoretical
predictions. In case of D¥ mesons and AT baryons, theoretical models shown in the
Refs. [3,[4] which describe the data well were used. In case of D* mesons, the pr shape
of the D¥ meson spectrum from three versions of PYTHIA was fitted to the measured
Au+Au spectrum and subsequently used for the extrapolation. Difference between the
cross section calculated the different modes, or versions of PYTHIA then contributes to
the quoted systematic uncertainty. It is important to note, that all of the aforementioned
calculations were done by one of members of STAR Heavy Flavor Physics Working Group
and not by me. It is still important to explain the procedure in order to properly discuss
the results.

The extracted total cross sections and the cross sections of the individual open-
charm hadrons in 10-40% central Au+Au collisions at /sy = 200 GeV is shown in
Tab. and compared to the value measured in p+p collisions at /s = 200 GeV. The
invariant spectra of DY [2], D¥ (this analysis), and D [3] mesons, and AF baryons [4]
measured in 10-40% central Au+Au collisions at /sxy = 200 GeV have been used.
The p+p reference was calculated using the ¢ cross section from Ref. [163]. The total
cross section measured in Au+Au collisions is consistent with that measured in p+p

collisions, within the uncertainties. This observation suggests, that the charm quark
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Collision system Hadron do/dy [ub]

DO 39.0 £ 0.6(stat) & 1.1(sys)
D* 19.2 + 0.9(stat) + 3.1(sys)
Ds 15.4 £+ 1.7(stat) £ 3.6(sys)
Ac 39.7 £ 5.8(stat) £ 26.7(sys)
Total:  113.3 £ 6.2(stat) £ 27.2(sys)

p+p at 200 GeV Total: 130 £ 30(stat) £ 26(sys)

Au+Au at 200 GeV
Centrality: 10-40%

Tab. 4.18: Total open charm hadron production cross section per binary collision as
measured in 10-40% central Au+Au collisions at \/syny = 200 GeV and in p+p collisions
at /s = 200 GeV. The invariant spectra of D [2], D¥ (this analysis), and DF [3] mesons,
and AF baryons [4] measured in 10-40% central Au+Au collisions at ,/sny = 200 GeV
have been used. The p+p reference was calculated using c¢ cross section from Ref. [163].

production cross section per nucleon pair follows number of binary collisions scaling.
The cross sections of the individual open-charm hadron species, on the other hand,
are significantly modified in Au+Au compared to p+p collisions due to coalescence
hadronization of charm quarks in the QGP, which leads to re-distribution of charm

quarks among the open-charm hadron species.
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Summary and discussion

The STAR experiment has extensively studied production of open-charm hadrons in
Au+Au collisions at /sy = 200 GeV. Until now, STAR has measured invariant yields
of DY [2], DF [3] mesons, and AF [4] baryons. The only remaining ground state open-
charm hadrons which remained to be measured were the D* mesons. This thesis provides
a description of analysis of the D* mesons measured in Au+Au collisions at V5NN =
200 GeV by STAR in the year 2016.

The analysis described in Chapter 4] was done from the very very beginning by
me, if not stated othrwise. The first step of the analysis was extraction of D¥ signal,
which involved TMVA optimization of topological selection criteria. The candidates for
D¥ signal were extracted from centrally produced PicoDst files, which already included
some basic event selection criteria. The D¥ mesons were reconstructed via a hadronic
decay D* — KTntn®, from invariant mass spectra of the K7r triplets. The raw yield
extracted this way has to be corrected for geometrical acceptance and reconstruction
efficiency of the STAR detector. This was done using a data-driven fast simulator,
which was developed at STAR for open-charm hadron measurements with the HFT. In
this analysis, the EvtGen particle generator has been employed to generate decays of
D* mesons with pre-set kinematics. The information about the decay daughters is then
smeared using information from data and TPC embeddingﬂ

The calculated total reconstruction efficiency was then used to calculate the invari-
ant yields of D¥ mesons in 0-10%, 10-40%, and 40-80% central Au+Au collisions at
V3NN = 200 GeV measured by STAR in the year 2016. The 2016 invariant yields were
subsequently combined with those measured in the 2014 data-set. The combined D*
meson invariant yield was then used to calculate the Rx A as a function of pr, the D*/D?
yield ratio as a function of pr and collision centrality, and most importantly for calcula-
tion of the total charm production cross section in Au+Au collisions at /sy = 200 GeV.
Results of this analysis are currently being reviewed by the STAR, Collaboration for pub-
lication in Physics Letters B journal.

One of the most important aspects of the measured DT invariant spectrum is that

STPC embedding is a centrally produced simulation used to evaluate performance of the STAR TPC.
For more information about the fast simulation inputs, see Sec. m
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it was obtained using topological reconstruction of a three-body hadronic decay of the
D* mesons. That was not possible at STAR until installation of the HFT which allows
substantial suppression of combinatorial background by constraining the decay topol-
ogy using a set of TMVA optimized topological selection criteria. As a result, a good
statistical precision (raw yield significance larger than 3) can be achieved from as low
as pr > 0.5GeV/c, up to pt < 10GeV/c. Compared to DY mesons, which were recon-
structed via a two-body hadronic decay, it is not as easily possible to access the lowest
transverse momenta for D* mesons, as the combinatorial background levels for three
body decays rise very quickly toward pr — 0GeV/c. This is given by the fact, that
most of the background in this p region comes from thermally produced hadrons (7*
and K* in this case), which have exponential pp spectra. This will lead to enormous
number of random K7rt combinations (with the correct charge combinations and in-
variant mass close to that of DT meson) which will completely hide any D¥ signal. At
high transverse momenta, the challenge is somewhat opposite. From open-charm hadron
measurements in p+p collisions, or from theoretical calculations, e.g. using the FONLL
calculation [87-89], we know that open-charm hadron spectra are steeply falling with
rising pr. The low abundance of D* mesons, combined with detector efficiency make it
challenging to obtain a significant signal at high transverse momenta. For that reason,
the precise pointing resolution enabled by the HF T, together with the TMVA topological
selection criteria optimization is vital part of all recent open-charm hadron production
studies at STAR. In case of D* mesons, it was possible to achieve pp coverage which is
close to that of D? mesons.

As shown in Sec. there are multiple sources of systematic uncertainties of the
invariant D yield. The dominant systematic uncertainty source depends on specific
collision centrality class and pr bin. The systematic uncertainty sources can be divided
into two general classes. The first one is for systematic uncertainties that are calculated
separately for individual pr bins. These uncertainties are in general reasonably small
in all pp bins except for the lowest and highest pp. This is expected, as in this ”mid-

’ interval, the combinatorial levels are under good control thanks to the optimized

pr’
topological selection of the D* candidates and, at the same time, the number of D*
candidates is sufficient to observe a clear peak in the invariant mass spectrum of the
K triplets. As a result, changing the TMVA selection criteria, or the daughter pr cut
will not significantly affect the calculated invariant yield, and the raw yield extraction
will be reliable thanks to well defined invariant mass peak. The variation of the daughter
pr cut has the largest influence in the first pr bin, it is more likely that at least one
of the decay daughters of a low-pr D* will fall below the varied pt cut. The variation
of TMVA selection criteria and the raw yield extraction play role in both the first and
last pr bins. At low-pr this is again given by high combinatorial background levels

and their large changes with variation of topological selection criteria. At high pr, it
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is again due to small abundance of D¥, combined with the reconstruction efficiency.
The second class of uncertainties are those, which are the same for all pr bins and
independent of centrality. The TPC tracking and PID systematic uncertainty turned
out to be constant in pr for both 7+ and K* and could be treated as a global systematic
uncertainty. The single-particle values of both systematic uncertainties are consistent
with previous STAR analysesﬁ The last uncertainty is that from the branching ratio
which is simply propagated from the uncertainty of the BR value used in his analysis,
which was taken from Ref. |[76]. Despite all the challenges, the systematic uncertainties
of the DT invariant spectrum are under good control.

The good precision of the invariant DT yields allowed to calculate the Rya of DT
mesons in the full measured pt range and in all three studied collision centrality classes.
The measured suppression of D¥ mesons in Au+Au collisions is of the same magnitude
as that of D? mesons, which confirms the observations and physics conclusions of the
D? measurement. The D* measurement is therefore compatible with energy loss of
charm quarks in the QGP for pr > 3GeV/c and with suppression at low transverse
momenta due to re-distribution of charm quarks among open-charm hadron species due
to coalescence hadronization of charm quarks.

The systematic uncertainties of the Raa originating from the D* measurement are
the same as for the D¥ invariant yields. There are two additional systematic uncertainty
sources which both contribute to the global systematic uncertainty. The first one is
the uncertainty of D fragmentation functionﬂ and from uncertainty of (N.o) in given
collision centrality. Another source of systematic uncertainty of the D* R originates
from the p+p reference. This is the dominating systematic uncertainty in both D¥
and D? Raan measurements, as the only currently available reference is the combined
measurement of DY and D* in p+p collisions at /s = 200GeV. At that time, the
HFT was not available yet which limited the statistical and systematic precision of
the measurement. The p+p reference could be improved by using p+p collision /s =
200 GeV data-sets collected by STAR in years 2012 and 2015. Neither of these data-sets
has usable HFT information therefore it would not be possible to obtain D* reference
directly, but the large combined statistics available in 2009, 2012, and 2015 data-sets
would improve the statistical and systematic precision of the existing p-+p reference
which uses of D and D* meson measurement.

The DT invariant spectra were also directly compared to those of DY mesons via
(Dt +D7)/(D® + DY) yield ratio. In 10-40% and 40-80% central Au-+Au collisions, the

5The PID systematic uncertainty was actually taken from other open-charm analyses. This is a stan-
dard procedure at STAR, as certain single particle detector performance can shared by many analyses.
In case of PID, it is justified, as the PID selection criteria were the same for many of the open-charm
analyses.

"The p+p reference has been fist scaled to D° invariant yield and then re-scaled to D using (DT +
D7) /(D° + DY) yield ratio from PYTHIA.
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PYTHIA model calculation is consistent with the measured yield ratio. In 0-10% there is
a hint of systematic shift, D* mesons being slightly suppressed compared to D? mesons,
but the shift is not significant within combined statistical and systematic uncertainty.
The measured (DT +D~)/(D°+D?) yield ratio is measured to be unmodified in Au+Au
collisions at /syn = 200 GeV compared to PYTHIA prediction for p+p collisions at
/s = 200GeV. This observation is further supported by a good agreement of the
STAR pr-integrated Au+Au measurement of the yield ration with results from other
experiments. This observation provides more details about charm quark energy loss and
hadronization, suggesting that production of both D and DY mesons is modified the
same way in heavy-ion collisions.

The systematic uncertainty sources for the (Dt +D~)/(D°+D0) are similar to those
of the DT invariant yields, but there are several key differences. Firstly, it is important
to note that the contribution from Runl4 and Runl6 data-sets was calculated indepen-
dently, in order to capture any differences between the two data sets. The two contri-
butions were then combined the same way as in case of the invariant yield systematic
uncertainties, i.e. as a weighted average, where the weights are 1/02,,. Another impor-
tant thing is that the systematic uncertainty from TMVA cuts variation was calculated
directly using invariant yields of D and D° for loose, tight and analysis sets of TMVA
optimized topological selection criteria. The calculation was done independently for the
Runl4 and Runl6 D* invariant spectra. This way, any potential correlations between
the systematic uncertainties from variation of TMVA topological selection criteria of D
and DY were taken into account. Second important difference is that the systematic
uncertainty from the branching ratio has contribution from both D* and D°. As the
uncertainty of branching ratio of D® mesons is small (1%), it is not large contribution to
the total systematic uncertainty. Remaining systematic uncertainties were propagated
directly from the invariant yields of D* in given sub-data-set (Runl4 and Runl6).

Probably the most important physics result the D* meson invariant yields were used
for is the total charm quark production cross section per nucleon-nucleon collision in
10-40% central Au-+Au collisions at /syn = 200 GeV. The cross section was calculated
measured invariant yields of D, D*, and D mesons and AL baryonsﬂ The measured
value of 113.3+6.2(stat)£27.2(sys) ub is consistent with that measured in p+p collisions
at the same energy: 130+ 30+ 26 ub. The overall precision of the Au+Au measurement
is much better than that of in p+p collisions, which is a result of precise topological
reconstruction of hadronic decays of the studied open-charm hadrons. As can be seen in
Tab. both the statistical and systematic uncertainties of the Au+Au measurement
are dominated by those from the AF measurement, as it is the most experimentally
challenging of the four, due to combination of relatively small fragmentation ratio ¢ —

AZF, small decay length and used decay channel. Despite these challenges, the AT has

8The A was calculated from the (AF 4+ AZ)/(D° + D?) yield ratio.
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unprecedented precision and coverage in pr and collision centrality. Overall, the STAR
charm quark production cross section in Au+Au collisions has an excellent statistical
precision. The systematic uncertainty has a reasonable value and is dominated primarily
by uncertainties originating from extrapolation of the D, and DF meson and AF baryon
invariant yields to pyr — 0 GeV /c.

To conclude, the D* measurement presented in this thesis is a vital contribution to
open-charm hadron production studies in Au+Au collisions at /snn = 200 GeV by the
STAR experiment. All of the STAR open-charm results from Au+Au collisions have
excellent statistical and systematic precision and provide detailed insight into charm
quark energy loss and charm quark hadronization process inside the QGP. Main possible
improvement for all of the STAR measurements would be a better p+p reference for the
R calculation. As suggested above, one possible way would be combining all available
p+p at /s = 200 GeV data-sets measured by STAR. As none of the data-sets has useful
HFT information available, this method would most likely provide a combined D and
D* invariant yield with higher precision. An alternative way is to obtain invariant yields
of D°, D*, and DI mesons and AZ baryons in p+p collisions independently which should
be possible using the sSPHENIX experiment which is scheduled to start taking data at
RHIC in year 2023 [166]. In order to have a full understanding of open-charm hadron
production, it is also important to compare the STAR (RHIC) results to those measured
at the LHC in Pb+4Pb collisions. The leading experiment at the LHC in open-charm
production studies is the ALICE experiment. At the moment ALICE has reasonably
precise invariant spectra of various D meson species both at \/sny = 2.76 TeV and
V3NN = 5.02 TeV, but the spatial resolution of the ALICE silicon tracker, the I'TS, did
not allow to probe the lowest pr region (ca. pr < 2GeV/c), or to measure spectra
AZ baryons as a function of pr and collision centrality. This is about to change with
current updates to the ALICE detector, which include for example much better ITS,
which should provide sufficient vertex resolution needed for reconstruction of low-p D
mesons, or for measurement spectra A baryons. This version of the ALICE detector is
currently being commissioned and will start taking experimental data soon. There are
also plans for more upgrades of the ALICE detector, which is supposed to rely heavily
on MAPS based silicon trackers, instead of using the TPC |167]. This should improve
the spatial resolution even more, allowing e.g. reconstruction multi-charmed baryons
which will provide much more complete picture of production of open-charmed hadrons
at the LHC.
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Appendix A

Data-set quality assurance

Before the main analysis, it was necessary to perform a QA of the Runl6 Au+Au at
VSN = 200GeV data-set. The main goal of the QA was to create a list of ”bad
runs”, which e.g. have missing or bad detector information and thus are not worth
analyzing. After discussion within STAR Heavy Flavor Physics Working Group three

parameters/observables were chosen for evaluation of individual runs.
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Fig. A.1: Mean multiplicity of charged particles measured by the STAR TPC
((RefMult)) per event in Runl6 Au4Au at /sy = 200 GeV data-set. Each point
represents the average value in a single run. The solid red line is fit to the data points,
the dashed lines indicate +£40 band. Any runs outside of the indicated band were marked
as bad.

The first parameter which was examined is the mean multiplicity of charged particles
measured by the STAR TPC ({Ref Mult)) per event. The reason is that RefMult plays
key role in collision centrality determination and any events or runs which significantly

deviate from average, or expected, behavior may cause issues with division of the data-
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set into collision centrality classes. Figure shows the (RefMult) per event in Runl6
Au+Au at /syy = 200 GeV data-set. Each point represents the mean mesured in a
single run. The solid red line is fit to the data points, the dashed lines indicate +4¢
band. Any runs outside of the indicated band were marked as bad. Before marking all
those runs as bad, the individual RefMult distributions were checked and compared to
the same distribution from a good run. All the RefMult distributions from runs which
were marked as bad significantly deviated from expected behavior and were therefore

removed from the analysis in order to prevent problems with centrality determination.
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Fig. A.2: Mean TOF matching ratio per run (TOFratio) of charged particles in Run16
Au+Au at /sy = 200 GeV data-set. The solid red line is fit to the data points, the
dashed lines indicate +40 band. Any runs outside of the indicated band were marked
as bad.

The other two observables which were used are the mean TOF matching ratio per
run (TOFratio) and the mean HFT matching ratio per run (HF Tratio). The (TOFratio)
of charged tracks in Runl6 Au+Au at /sy = 200 GeV data-set is shown in Fig.
and the (HFTratio) is shown in Fig. The three panels in the HFT plot are for
different pr intervals of the charged particles. As in case of (RefMult), all runs which
are outside of the +40 band were added to the bad run list. Low matching ratio of
HFT or TOF generally indicates, that the performance of the STAR detector, or the
RHIC was poor at that period and it would not be efficient to analyze those data, as
the reconstruction efficiency of D* mesons in such runs would be very low compared to
good runs.

Overall, a run was marked as bad when at least one of the criteria described above
has been met. Using this procedure, 132 runs containing about 93M events have been

rejected from the analysis. In addition, runs from the beginning of Runl6 have been

rejected as well (large gaps in Figs. |A.1] |A.2] and |A.3). These runs were marked as bad




Appendix A. Data-set quality assurance 125

A 045
2 oo o
© =
= 04—
w [—
Y pasf—
0.3:— N
0.25—
0.25—
= Au+Au @ 200 GeV, Run16
0.15 — —5— All charged TPC+HFT tracks
= [l <1
0.1 ;— p-,- = 0.15 GeV/c Average over Runs
0.05— Minimumbias +do
oEr 0 L L L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Runindex
A 05—
2
m
i
T
v

025 == This thesis * . ¥ ;‘
= 5% 5
02—  Au+Au @ 200 GeV, Run16 v *
0.15 I < 0.4 ¥
01— 0.7 < p_<0.8GeVic
0.05 f— Minimum bias
0:\||\||||\||\||||\||\||||\\||||\||\|\||\||||
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Runindex
A 05—
2 =
8 .
z
T o4
0.35
03—
0.253—
Y=
oisE-  Au+Au@ 200 GeV, Runté ¥
- Il < 0.4 *
0‘15 p, >2GeVic
0.05— Minimum bias
0:\ 1 1 ‘ 1 1 1 | L 1 1 ‘ 1 1 1 | L 1 1 ‘ 1 1 1 | L L 1 | 1 1 L | 1 L 1 ‘ 1 1 L | 1 1
0 0 400 600 800 1000 1200 1400 1600 1800 2000

Runindex

Fig. A.3: Mean HFT matching ratio per run (HFTratio) of charged particles in Run16
Au+Au at /sy = 200GeV data-set. The solid red line is fit to the data points,
the dashed lines indicate +4¢ band. The upper panel is for all charged tracks with
pr > 0.15GeV/c, the middle panel for tracks with 0.7 < pr < 0.8 GeV/c, and the
bottom panel for tracks with pp > 2GeV/c. Any runs outside of the indicated band
were marked as bad.
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due to issues with firmware of the HFT. These runs were rejected by all HFT analyses
which used Runl6 data-set. As can be seen in Fig. the total number of events
rejected based on bad run list from this QA and the list of runs with bad HFT firmware

is about 400M out of 2B minimum bias Au+Au events available in Runl6 data-set.



Appendix B

Invariant mass spectra

This appendix contains a summary of invariant mass spectra of the Kt triplets used
for recontruction of the D* mesons. Only pr bins with significance of the raw yield
greater than three are shown. The left plots show the correct-sign spectra (blue circles)
and properly scaled wrong-sign spectra (red circles). The wrong-sign spectrum is used
to estimate the background by fitting it by a linear function. The correct-sign spectra
are subsequently fitted with Gauss-+linear function, where the parameters of the linear
part are fixed by the aforementioned fit of the combinatorial background.

The plots on the right are the correct-sign spectra after subtraction of the wrong-sign
spectra. The Gaussian function plotted in these figures if from the fit described above.

These figures, without the background, serve as a cross-check of the fit.
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Fig. B.1: Invariant mass spectra of the K7t triplets for 0-10% central Au+Au collisions

for each significant pr bin.
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Fig. B.2: Invariant mass spectra of the K7rt triplets for 0-10% central Au+Au collisions
for each significant pt bin (continued).
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Fig. B.3: Invariant mass spectra of the K7t triplets for 10-40% central Au-+Au collisions
for each significant pr bin.
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Fig. B.4: Invariant mass spectra of the K7t triplets for 10-40% central Au+Au collisions
for each significant pt bin (continued).
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Fig. B.5: Invariant mass spectra of the K7t triplets for 40-80% central Au-+Au collisions
for each significant pr bin.
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Fig. B.6: Invariant mass spectra of the K7t triplets for 40-80% central Au+Au collisions
for each significant pt bin (continued).



134 Open-charm mesons in heavy-ion collisions at the STAR experiment




Appendix C

TMVA selection criteria

optimization

This appendix contains plots related to the TMVA optimization of topological selec-
tion criteria. On the left, there are plots of TMVA efficiencies and of corresponding
significance, on the right, there are input topological distributions for signal (from fast-
simulator) and for background (from data, wrong sign K7trt triplets). Only pr bins with

significant signal in data are shown.
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Fig. C.1: TMVA distributions for 0-10% centrality: (left) TMVA signal (blue) and
background (red) efficiency with corresponding significance (green). (right) Signal and
background topological distributions used for TMVA optimization.
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Fig. C.2: TMVA distributions for 0-10% centrality: (left) TMVA signal (blue) and
background (red) efficiency with corresponding significance (green). (right) Signal and
background topological distributions used for TMVA optimization. (continued)
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Fig. C.3: TMVA distributions for 10-40% centrality: (left) TMVA signal (blue) and
background (red) efficiency with corresponding significance (green). (right) Signal and
background topological distributions used for TMVA optimization.
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Fig. C.6: TMVA distributions for 40-80% centrality: (left) TMVA signal (blue) and
background (red) efficiency with corresponding significance (green). (right) Signal and
background topological distributions used for TMVA optimization.
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Fig. C.7: TMVA distributions for 40-80% centrality: (left) TMVA signal (blue) and
background (red) efficiency with corresponding significance (green). (right) Signal and
background topological distributions used for TMVA optimization. (continued)



Appendix D

TPC tracking efficiency

This appendix provides a summary of TPC tracking efficiencies of ™, =, K+, and K~
mesons for st_physics and st_sst + st_nosst streams as a function of pt and collision

centrality. Only figures that were not presented in Sec. are shown.
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Fig. D.1: TPC tracking efficiency of m™ in st_physics stream for different centralities of
Au-+Au collisions at /sy = 200 GeV.
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Fig. D.2: TPC tracking efficiency of K™ in st_physics stream for different centralities of
Au-+Au collisions at /sy = 200 GeV.
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Fig. D.3: TPC tracking efficiency of " in st_sst + st_nosst stream for different central-
ities of Au+Au collisions at /sy = 200 GeV.
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Fig. D.4: TPC tracking efficiency of ™ in st_sst + st_nosst stream for different central-
ities of Au+Au collisions at /sy = 200 GeV.
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Fig. D.5: TPC tracking efficiency of K in st_sst + st_nosst stream for different central-
ities of Au+Au collisions at /sy = 200 GeV.
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Fig. D.6: TPC tracking efficiency of K™ in st_sst 4 st_nosst stream for different central-
ities of Au+Au collisions at /sy = 200 GeV.



Appendix E

Other research activities

Service tasks:

e 2017: Calibration of STAR Barrel ElectroMagnetic Calorimeter (BEMC) before
data-production of Au+Au collisions at /sy = 54 GeV measured by STAR in
2017.

e 2018-2022: Maintenance and calibration of the STAR ZDC.

Shifts:

e 2016-2022: Summary of shifts during data-acquisition (including only those taken

during my doctoral studies):

— 2018: two weeks as a detector operator, Isobars (Ru+Ru and Zr+Zr) at
V3NN = 200 GeV

— 2019: two weeks as a detector operator, Au+Au at \/syn = 19.6 GeV

— 2020: two weeks as an online shift crew (online only due to covid restrictions)

— 2021: equivalent of two weeks - creation of HEPdata tables for multiple older
STAR analyses

— 2022: three weeks, one as a detector operator and two as a shift leader

Other activities:
e 2017: Quality assurance of Au+Au at /sy = 200 GeV data from 2016.

— Check of the original production of the data-set, before the start of the anal-
ysis of D* mesons. The main goal was to identify bad runs in the data-set
and exclude those from the main analysis. A run can be marked as bad, for
example, when one of the required sub-systems, such as the HFT, did not

work.
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2018-2019: Quality assurance of reproduction of the of Au+Au at \/syny = 200GeV
data from 2016.

— Check of same data-set as listed above, but produced with a new STAR
library. This production contains updates such as changes of types of certain

variables and slightly different momentum calculation.

2018-2019: Quality assurance of the new TPC embedding for Au+Au at /sNy =
200 GeV data from 2016.

— Check of a simulation used to determine the performance of the STAR TPC.
The new version of the embedding includes the HFT tracking for the first

time. It is therefore necessary to validate the performance of the simulation.

2021-2022: Trigger efficiency studies for analysis of D mesons in p+p collisions at
/s = 500 GeV measured by STAR in 2011.

2022: Implementation of barrel hadronic calorimeter for ATHENA detector, orig-
inally planned to be built at the EIC, using DD4hep framework.
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Internships

This appendix contains a summary of internships taken during my doctoral studies:

e 08/02 - 08/30/2017, Rice University, Houston, Texas, USA
— Quality assurance of Run16 Au+Au at /syn = 200 GeV data-set.
e 10/28 - 11/22/2017, Brookhaven National Laboratory, New York, USA

— Maintenance of the STAR ZDC and presentation at STAR Collaboration

meerting
e 02/14 - 03/15/2018, Brookhaven National Laboratory, New York, USA

— Calibration and maintenance of the STAR ZDC at the beginning of data-
acquisition in 2018. I have also served two weeks of shifts during the data-

acquisition as a detector operator.

e 07/12-09/18/2018, Lawrence Berkeley National Laboratory, Berkeley, California,
USA

— Optimization of topological selection criteria using the TMVA; implementa-
tion of EvtGen into the data-driven fast-simulator; D¥ candidates extraction
from second production of the analyzed data-set (st_sst and st_nosst streams).

Discussion of the analysis with experts on HFT related analyses.
e 02/10 - 03/06/2019, Brookhaven National Laboratory, New York, USA

— Calibration and maintenance of the STAR ZDC at the beginning of data-
acquisition in 2019. I have also served two weeks of shifts during the data-

acquisition as a detector operator.

e 09/01 - 10/13/2019, Lawrence Berkeley National Laboratory, Berkeley, California,
USA
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— Discussion of my analysis with experts from LBNL. Finalization of results for

Quark Matter conference in Wuhan, China.
e 11/15-12/06/2019, Brookhaven National Laboratory, New York, USA

— Maintenance and calibration of STAR ZDC at the beginning of data-acquisition
in 2020.

e 02/23 - 02/29/2020, Warsaw University of Technology, Warsaw, Poland

— Introduction to STAR framework and open-heavy flavor analyses for new
postdoctoral fellow at WUT.

e 01/17 - 03/26/2022, rookhaven National Laboratory, New York, USA

— Shifts at STAR during data taking period, finalization of results for Quark
Matter conference in Krakov, Poland, and help with development of Barrel
Hadronic Calorimeter for ATHENA experiment to be built at the EIC.
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Public presentations

This appendix contains a list of publications and public presentations (talks and posters)
given by the author since the beginning of the doctoral studies until finishing this thesis.
Attached are also poster presentations and published publications with my primary

authorship.

e Quark Matter, Venice, Italy, 05/13 - 05/19/2018

— Poster: Production of D¥ Mesons in Au+Au Collisions at /sy = 200 GeV
Measured by the STAR Experiment

Hot Quarks, Texel, Netherlands, 09/07 - 09/15/2018

— Talk: Production of Open-charm Hadrons in Au+Au Collisions at /sy =
200 GeV Measured by the STAR Experiment

Joliot-Curie School, La Grande Motte, France, 10/07 - 10/12/2018

— Poster: Production of D* Mesons in Au+Au Collisions at /sy = 200 GeV
Measured by the STAR Experiment

Ziméniy School, Budapest, Hungary, 12/03 - 12/07/2018

— Talk: Production of Open-charm Hadrons in Au+Au Collisions at /sy =
200 GeV Measured by the STAR Experiment

57. International Winter Meeting on Nuclear Physics, Bormio, Italy, 01/21/ -
01/25/2019

— Poster: Production of Open-charm Hadrons in Heavy-ion Collisions Measured
by the STAR Experiment

Strangeness in Quark Matter, Bari, Italy, 05/10 - 05/15/2019
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— Talk: Measurements of Open-charm hadrons in Au+Au Collisions at \/sNN =
200 GeV by the STAR Experiment

GDRI 2019 - International Research Network Meeting, Nantes, France, 07/17 -
07/21/2019

— Talk: Reconstruction of D¥ Mesons in Au+Au Collisions at /sy = 200GeV
by the STAR Experiment

Quark Matter 2019, Wuhan, China, 11/02 - 11/10/2019

— Poster: Production of DT Mesons in Au+Au Collisions at /snn = 200 GeV
Measured by the STAR Experiment

Hard Probes 2020, Austin, Texas, USA, 05/31 - 06/05/2020

— Talk: Measurement of D¥ Mesons Production in Au+Au Collisions at /SNy =
200 GeV with the STAR Experiment

ICHEP 2020, Prague, Czech Republic, 07/28 - 08/06/2020

— Poster: Production of D¥ Mesons in Au+Au Collisions at /syx = 200 GeV
at the STAR Experiment

Conference of Czech and Slovak Physicists 2020, Prague, Czech Republic, 09/07 -
07/10/2020

— Talk: Measurements of Open-charm Hadrons in Au+Au Collisions at /syN =
200 GeV by the STAR Experiment

10th International Conference on New Frontiers in Physics, Kolymbari, Crete,
Greece, 08/23 - 09/03/2021

— Talk: Measurements of Open-charm Hadrons in Au+Au Collisions at \/sNn =
200 GeV by the STAR Experiment

Particles and Nuclei International Conference, Lisbon, Portugal, 09/05 - 09/10/2021

— Talk: Measurements of D* Meson Production and total charm quark produc-
tion yield at midrapidity in Au4+Au Collisions at /sy = 200 GeV by the
STAR Experiment

Quark Matter 2021, Krakov, Poland, 04/04 - 04/10/2021

— Poster: Measurements of open-charm hadron production and total charm
cross section in Au+Au collisions at /syn = 200 GeV by the STAR experi-

ment
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In addition I regularly present my analysis progress at weekly online meetings of the
STAR heavy-flavor physics working group and on STAR collaboration and analysis meet-
ings which are organized regularly through the year at institutions involved in the STAR
experiment.

Below are attached my poster presentations:



Production of D* Mesons in Au+Au Collisions at \/syy = 200 GeV

Measured by the STAR Experiment
Jan Vanék, for the STAR Collaboration

Nuclear Physics Institute of the Czech Academy of Sciences
Faculty of Nuclear Sciences and Physical Engineering, CTU in Prague

presented as a function of transverse momentum in 0-10% central collisions.

Abstract

Charm quarks are primarily produced at early stages of ultra-relativistic heavy ion collisions and can be used to probe the properties of the quark-gluon plasma (QGP) created in these collisions. Final-state open
charm mesons are usually used experimentally to study the charm quark interaction with the medium. For example, suppression of D-meson production in heavy-ion collisions is sensitive to the energy loss of
charm quarks in the QGP. In this poster, the production of D* mesons in Au+Au collisions at \/syy = 200 GeV measured by the STAR experiment using data taken in 2016 is presented. Precise topological
reconstruction of secondary decay vertices enabled by the STAR Heavy Flavor Tracker through the hadronic decay channel, D* — K¥mm#, is used in this analysis. The nuclear modification factor of D* meson is
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reconstruction of heavy-flavor hadrons, such as D*.
+ Pixel detectors — 2 layers, Strip detectors — 2 layers.

« STAR is an experiment designed primarily to study properties of strongly-interacting

« Heavy Flavor Tracker (HFT) is a 4-layer silicon detector used for precise topological

« Time Projection Chamber (TPC) and Time Of Flight (TOF). 140
« Particle momentum (TPC) and identification (TPC and TOF).
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« TOF used only for tracks which have valid TOF information.

Event and Track Selection

GeV taken in 2016.
+ 0.28)%.

~

track2

[Vaqrpc)l < 6 cm

Event selection

IVo(rpe) = Vavppyl < 3 €M

trackl track3

pr > 500 MeV/c

Inl<1

max Track selection

*

nHitsFit > 20

v

nHitsFit/nHitsMax > 0.52

T

Ino,| <3

4 : : : N [ H H
Physics Motivation Raw Yield Extraction
. . . F —— 500F e Correct-sign STAR preliminary
. suppre55|on of hlgh-‘p.!. DOjs observed 15 [ AutAu @ 200 GeV ,\HRIru/unuuuvr.zou D* signal is extracted from KT invariant 4501 wongsin n 2015 Auohu {5 - 200 GoY
in central Au+Au collisions and is = mass MXT™ spectrum 2 400 Centality 0-10%
comparable to that of pions [1]. g AL mvommmm ) S asob . * 25<p, <2068V
- v of D broduction in AU+A os | .—u;\\g,&:, E 5T L @oiw The wrong-sign distribution, an estimate & 300% N A ;

e study of D* production in Au+Au 8= & 2 of combinatorial background, is scaled a5oF :t*;i c*:““ »‘w&.&:m;ﬁ:.”,
colllsmr;s |Os comlplzmentary to the S el using the side-band method and R e
study of D° and light mesons s ®) 1040% subtracted from the correct-sign 17 175 18 185 19 195 2 205 2
production in the effort to better £ 1k - spectrum. Mo (GeV/c?)
understand properties of the QGP. F ~— 8% e o o ~ - . ) reliminar

' 'P p Q sl oe®=T e & & g o The raw yield Y,y is calculated by the 2000 * 216 e g 200G
e e
B =l . ) 5 N
will bring significant constraints on - © m.m# Comparable significance to 2014 data. g 123 Side-band Signifiance =95
1 1 = v ; i
model calculations. et e & 8 O 8 Comparison of Y ,,, to signal extracted o .
dNAA L O 5 from the fit function is quoted as one of _o‘f“f“ L ‘°f LT
d = the systematic uncertainty sources. 1.7 175 18 185 19 195 2 205 21
Raa(pr) = s 0 2 8 (Geviey © 8 % (GeV/c?)
(Neon dnpp i Fig. 5: MKT™ spectrum: (top) Correct and wrong-sign
\_ dpr Fig. 1: Ry, of D measured by STAR. ) \_ combinations, (bottom) After background subtraction)
~ N

Detector Efficiency and Acceptance
« HFT+TPC efficiency determined by data-driven fast-simulator.

« D*decays are generated by PYTHIA.

« Detector efficiency and resolution effects are applied to the D decayed daughters

according to inputs from embedding and data:

« TPC momentum resolution (embedding)
TPC tracking efficiency (embedding)

« HFT matching efficiency (data)

« DCA resolution (data)

« Primary vertex position along beam axis (data)

« Efficiency €(p;) obtained from fraction of simulated

D* passing the analysis cuts.

« PID efficiency of TPC and TOF.

« Enriched K sample at low p; from data using strict TOF PID cuts.
« Pure 1w sample obtained by reconstruction of K§.
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Conclusion

VSnn = 200 GeV and is comparable to that of DO.

« These high precision measurements can provide stringent constraints on model calculations.
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Production of D* Mesons in Au+Au Collisions at \/syy = 200 GeV

EJC2018

Measured by the STAR Experiment
Jan Vanék, for the STAR Collaboration
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Abstract
Charm quarks are primarily produced at early stages of ultra-relativistic heavy ion collisions and can be used to probe the properties of the quark-gluon plasma (QGP) created in these collisions. Final-state open
charm mesons are usually used experimentally to study the charm quark interaction with the medium. For example, suppression of D-meson production in heavy-ion collisions is sensitive to the energy loss of
charm quarks in the QGP. In this poster, the production of D* mesons in Au+Au collisions at \/Syy = 200 GeV measured by the STAR experiment using data taken in 2016 is presented. The secondary decay
vertices of D* mesons through the hadronic decay channel, D* — K¥m#m#, are reconstructed topologically utilizing the STAR Heavy Flavor Tracker. The nuclear modification factor of D* meson is presented as a
function of transverse momentum in 0-10% central collisions.
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Measurements of open-charm hadrons in heavy-ion collisions
by the STAR Experiment

Jan Vanék, for the STAR Collaboration

Nuclear Physics Institute of the Czech Academy of Sciences
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Abstract
Charm quarks are primarily produced at early stages of ultra-relativistic heavy-ion collisions and can therefore probe the Quark-Gluon Plasma (QGP) throughout its whole evolution. Transverse momentum spectra
and azimuthal anisotropies of open-charm hadrons are commonly used to experimentally study the charm quark interaction with the QGP. Thanks to the precise vertex reconstruction provided by the Heavy Flavor
Tracker (HFT), STAR is able to directly reconstruct D*, D°, DZ, and A¥ via their hadronic decay channels. The topological cuts for signal extraction are optimized using multivariate analysis and supervised machine
learning techniques. In this poster, we show an overview of recent open charm results from the STAR experiment. In particular, the nuclear modification factors of open-charm mesons, together with DF/D° and
A;IID0 ratios as functions of transverse momentum and collision centrality are presented.
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Production of D* Mesons in Au+Au Collisions at \/syy = 200 GeV

at the STAR Experiment
Jan Vanék for the STAR Collaboration

Nuclear Physics Institute of the Czech Academy of Sciences

Abstract

Charm quarks are a unique probe of the QGP created in heavy-ion collisions as they are produced at very early stages of these collisions and subsequently experience the whole evolution of the system.
Information on charm quark production and dynamics in the QGP medium can be accessed through open charm hadrons. At STAR, measurement of the open charm hadrons is enabled by the Heavy Flavor
Tracker which allows their direct topological reconstruction, thanks to its excellent track pointing resolution. In this poster, we present a measurement of D* meson production in Au+Au collisions at
V8nn = 200 GeV by the STAR using data collected in year 2016. In particular, we focus on optimization of topological selection criteria using a machine learning technique from the Toolkit for Multivariate Data
Analysis (TMVA) which has been done separately for each studied p; bin of D* and each collision centrality class. The optimization uses 160M simulated D* meson decays as a signal sample and wrong-sign K
Ltriplets from data as a background. The TMVA-optimized topological criteria help to significantly suppress the combinatorial background for p; < 4 GeV/c and improve the significance of the D* raw yield.
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« Optimization of rectangular selection criteria using the TMVA has significantly suppressed the
combinatorial background and improved the D* raw yield significance

« Expecting improved statistical precision of D* R,, with the TMVA-optimized topological selection criteria

« Better statistical precision at p; < 4 GeV/c will allow more precise determination of total D* production
cross-section
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Abstract

Charm quarks are a unique probe of the Quark Gluon Plasma (QGP) created in heavy-ion collisions as they are produced at very early stages of these collisions and subsequently experience the whole
evolution of the system. Information on charm quark production and dynamics in the QGP medium can be accessed through open charm hadrons. At STAR, measurements of open charm hadrons are enabled
by the Heavy Flavor Tracker (HFT), thanks to its excellent track pointing resolution, through direct topological reconstruction. In this poster, we present measurements of D* meson production in Au+Au collisions
at \/Syy = 200 GeV by the STAR detector using data collected in years 2014 and 2016. In particular, we focus on invariant spectra and nuclear modification factors (R,,) of D* mesons measured in three
centrality classes of Au+Au collisions. Both D* and D° R,, show significant suppression in central Au+Au collisions for transverse momentum (p;) above 4 GeV/c. We also report a measurement of D*D° yield
ratio which turns out to be in agreement with the PYTHIA 8 calculation, suggesting no modification of the ratio in Au+Au collisions with respect to p+p collisions.
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Abstract: Charm quarks are primarily produced at the early stages of ultra-relativistic heavy-ion
collisions and can therefore probe the quark-gluon plasma throughout its whole evolution. Final-state
open-charm hadrons are commonly used to experimentally study the charm quark interaction with
the medium. Thanks to the excellent secondary vertex resolution provided by the Heavy Flavor
Tracker, STAR is able to directly reconstruct D+, DY, D, and Af via their hadronic decay channels.
The topological cuts for signal extraction are optimized using supervised machine learning techniques.
In these proceedings, we present an overview of recent open charm results from the STAR experiment.
The nuclear modification factors of open-charm mesons and A /DY ratio are shown as functions of
transverse momentum and collision centrality.

Keywords: quark-gluon plasma; STAR experiment; heavy-ion collisions; heavy-flavor mesons;
nuclear modification factor; baryon/meson ratio

1. Introduction

At RHIC energies, charm and bottom quarks are produced predominantly through hard partonic
scatterings at the early stage of a heavy-ion collision. Therefore, most open-charm hadrons observed at
RHIC come from hadronization of primordial charm quarks or decays of b-hadrons. This makes them
an ideal probe of the Quark-Gluon Plasma (QGP) because they experience the entire evolution of the
medium. A selection of recent open-charm hadron results from Au+Au collisions at \/snn = 200 GeV,
measured by the STAR experiment using data recorded in 2014 and 2016, is presented and discussed
in these proceedings.

The secondary vertices of charm hadrons are reconstructed topologically, utilizing the STAR Heavy
Flavor Tracker (HFT) [1,2]. The specific decay channels used in the analysis and basic properties of the
open-charm hadron decays are summarized in Table 1. These new measurements will provide insights
into phenomena, such as the energy loss of partons inside the QGP and the hadronization process.
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Table 1. Summary of open-charm hadrons measured at STAR using the HFT. The left column contains
decay channels used for the reconstruction, ¢t is the mean lifetime of a given hadron, and BR is the
branching ratio. Numbers are taken from Ref. [3].

Decay Channel ¢t [pm] BR [%]

Dt - Kt 311.8+£2.1 9.46+0.24
D — K-t 1229+04 3.93+0.04
Dy — ¢t - K- Ktat 1499421 2.2740.08
Af =K ntp 599 £1.8 6.35+0.33

2. Open-Charm Measurements with the HFT

The main sub-systems for reconstruction of open heavy-flavor hadrons in STAR are the Time
Projection Chamber (TPC) which is used for momentum determination and for particle identification,
the Time Of Flight (TOF) which improves the particle identification, and the HFT which enables precise
reconstruction of the decay topology.

To reconstruct the open-charm hadrons, a series of selection criteria has to be applied to the
events and tracks first. The specific selection of the topological variables and values of the criteria
depend on the open-charm hadron species and its decay channel. After applying all the selection
criteria, the open-charm hadron raw yields (Yraw) are extracted from the invariant mass spectrum.
The invariant yield is then calculated from Yiaw as:

d2 N Yraw

2ntprdprdy ZNNevtBRpTAPTAyS(pT) W

where Neyt is number of events, BR is the branching ratio, pr is the transverse momentum, vy is
the rapidity and e(p) is the reconstruction efficiency. The nuclear modification factor (Rpa) is
subsequently calculated according to formula:

ANAA /dpy
Neoi)dNPP/dpr”

Raa(pr) = < )
where dNA4 /dpt and dNPP /dpr are the invariant yields measured in heavy-ion collisions and p+p
collisions respectively and (N) is the mean number of binary nucleon-nucleon collisions computed
from the Glauber model. The results presented in this proceedings use a combined measurement of D*
and D? in p+p collisions at /s = 200 GeV measured by the STAR experiment in 2009 [4] as a reference.

Figure 1 shows the nuclear modification factor Raa of D? and D* mesons as a function of
transverse momentum pr for 0-10% central Au+Au collisions at \/syny = 200 GeV. As expected,
the level of suppression of D and D¥ is similar.

1 g; STAR preliminary ® D*2016
1.6; Au+AU |5y, = 200 GeV O D°2014
1:4; Centrality 0-10% [l 0O* 2016 Glob. Sys.
< 12; Glob. p+p uncert.
R e — I
0 . 8 ? " g B E . p+p uncert.
0.6 - o 'D? L +.
04m 00 87 VEBEE. ¢ .
02" - L 5
Y123 256 7 8
P, (GeVic)

Figure 1. Rap of D¥ and D? mesons as a function pt in 0-10% central Au+Au collisions at /sNN =
200 GeV.
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This result shows that open-charm mesons are significantly suppressed at high pr, suggesting
strong interaction between the charm quarks and the QGP. It is important to note that the Cold Nuclear
Matter (CNM) effects may contribute to the suppression as well. Interestingly, the low pr D° mesons
also show a suppression. As a result, the integrated R of D? mesons is below unity which shows
that the suppression is likely not only due to the shift in the pr spectrum, caused by the energy
loss in the medium, but also other effects, such as a redistribution of charm quarks among different
charm hadrons.

In order to understand the hadronization process in heavy-ion collisions, STAR has measured
the Ds /DY ratio which is shown in Figure 2. This ratio is larger in Au+Au collisions than predicted
by PYTHIA and than that in e+e, p+p and e+p collisions [5]. A better prediction is achieved by the
TAMU model [6], but it still underestimates the data. In contrast, the value predicted by the SHM [7]
seems to be consistent with the data. This result indicates that the modification of open-charm hadron
production in heavy-ion collisions depends on the quark content of the final state hadron.

oD 1i——T——7T—7 7T
< i 0-10% Aut+Au @ 200 GeV |
&) - —@— 10-40% STAR Preliminary 1
08 | —— eelpplep average ]
- Il PYTHIA(ver. 6.4) ]
0.6~ Il TAMU(b=7.24fm) —

0.4}= 3 “i

0.2 & B
0 i | | | | | | | ]

Figure 2. D /D" ratio as a function of py for two centralities. The data is compared to combined e+e,
p+p and e+p data [5], PYTHIA, TAMU [6] and SHM [7] models.

For a full understanding of charm production and hadronization in heavy-ion collisions, it is
important to study, besides the production of charm mesons, also production of charm baryons.
STAR performed the first measurement of A, production in heavy-ion collisions as a functions of
collision centrality and pt. The left panel of Figure 3 shows pt dependence of the A./D ratio. PYTHIA
and the SHM clearly underestimate the data which indicates significant enhancement of A. production
in Au+Au collisions. The coalescence models [8,9] are much closer to the data, but still are not quite
able to describe the STAR result, especially at high pr.

IOD [ = Ko:three quark (0-5%) (a) i Ig e LA A
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Figure 3. (a) The A./ DY ratio as a function of pr for semi-central Au+Au collisions at /sy = 200 GeV.
The data is compared to coalescence models [8,9], SHM [7] and PYTHIA. (b) The A./ DO ratio as
a function of centrality. The STAR data is compared to ALICE measurement for p+p collisions at
Vs =7TeV [10].
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It is very important to note here that, according to this measurement, the production of A. is
significantly enhanced in heavy-ion collisions with respect to p+p collisions. This, at least partially,
explains the significant suppression of open-charm mesons shown in Figure 1. The right panel of
Figure 3 shows that the A./DV ratio increases with the collision centrality which suggests that the
larger and the more dense the medium is in a heavy-ion collision, the larger the enhancement of the
A production is observed. Finally, the STAR data are also compared to result from p+p collisions
at /s = 7 TeV measured by ALICE [10]. The value from the p+p collisions is consistent with that in
peripheral Au+Au collisions.

3. Summary

The STAR experiment has measured open-charm hadrons through their hadronic decay channels
in Au+Au collisions at /syny = 200 GeV. Topological reconstruction of secondary decay vertices
has been used, utilizing the STAR Heavy Flavor Tracker, which has lead to results with exceptional
precision. A significant suppression of D and D* mesons is observed in central Au+Au collisions,
indicating strong interaction of charm quarks with the QGP. The current STAR data also indicate
an enhancement of Ds production in Au+Au collisions with respect to e+e, p+p and p+e collisions.
This result will help better understand the hadronization process in heavy-ion collisions. The first
measurement of A baryon production as a function of centrality and pr in Au+Au collisions is also
shown. A significant enhancement of the A. production is observed in central Au+Au collisions,
suggesting coalescence hadronization of charm quarks in the QGP.
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Abstract:  Study of the open-charm hadron production in heavy-ion collisions is crucial for
understanding the properties of the Quark-Gluon Plasma. In these papers, we report on a selection
of recent STAR measurements of open-charm hadrons in Au+Au collisions at \/syny = 200 GeV,
using the Heavy-Flavor Tracker. In particular, the nuclear modification factors of DY and D* mesons,
elliptic and directed flow of D mesons, Ds/D° and A./D° yield ratios are discussed. The observed
suppression of D’ and D* mesons suggests strong interactions of the charm quarks with the QGP.
The measured elliptic flow of D? mesons is large and follows the NCQ scaling, suggesting that charm
quarks may be close to thermal equilibrium with the QGP medium. Both Ds/DP and A./D° yield
ratios are found to be enhanced in Au+Au collisions. The enhancement can be explained by models
incorporating coalescence hadronization of charm quarks. In addition, the directed flow of the D°
mesons is measured to be negative and larger than that of light-flavor mesons which is in a qualitative
agreement with hydrodynamic model predictions with a tilted QGP bulk.

Keywords: Quark-Gluon Plasma; open-charm hadrons; nuclear modification factor; elliptic flow;
directed flow

1. Introduction

One of the main goals of the STAR experiment is to study the properties of the Quark-Gluon
Plasma (QGP), which can be produced in ultra-relativistic heavy-ion collisions. Charm quarks are an
excellent probe of the medium created in these collisions since they are produced predominantly in
initial hard partonic scatterings and therefore experience the whole evolution of the medium.

As the charm quark propagates through the QGP, it interacts with the QGP and loses energy.
The most common way to access the energy loss is by studying the modification of open-charm
hadron yields in heavy-ion collisions with respect to those in p+p collisions using the nuclear
modification factor:

ANAA /dpy
I\]coll>dj\]Pp /dPT ’

Raa(pr) = < (1)

where (N) is the mean number of binary collisions, calculated using the Glauber model [1]. Raa < 1
for high-pt open-charm hadrons is considered a signature connected with the presence of the QGP
and the level of the suppression gives access to the strength of the interaction between the charm quark
and the medium [2,3].

Another way to obtain information about the charm quark interaction with the QGP is to measure
the azimuthal anisotropy of the produced charm hadrons (v;). The magnitude of the v, that the charm
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quarks develop through the interaction with the surrounding medium carries important information
about the transport properties of the medium [2,3].

To have a more complete picture of the open-charm hadron production in heavy-ion collisions, it is

also important to understand the charm quark hadronization process. The charm quark hadronization
mechanism can be studied through the measurements of the A/ DY and D, /D yield ratios [4,5].

Since the charm quarks are created very early in the heavy-ion collisions, they can be used to

probe initial conditions in such collisions. Recent theoretical calculations suggest that measurement of
the directed flow v; of open-charm mesons can be sensitive to the initial tilt of the QGP bulk and also
to the initial electro-magnetic field induced by the passing spectators [6,7].

The following section summarizes recent STAR measurements of open-charm hadrons in the
context of the observables and phenomena described above.

2. Open-Charm Measurements with the HFT

All results presented in this summary are from Au+Au collisions at y/syn = 200 GeV which were
collected by the STAR experiment in years 2014 and 2016. Topological reconstruction of the decays,
using an excellent vertex position resolution from the Heavy-Flavor Tracker (HFT) [8], was used to
extract the signals of the open-charm hadrons listed in Table 1.

Table 1. List of open-charm hadrons measured using the HFT. The left column contains decay

channels used for the reconstruction, ¢t is the proper decay length of a given hadron, and BR is

the branching ratio. Charge conjugate particles are measured as well. Values are taken from Ref. [9].

Decay Channel ¢t [pm] BR [%]

Dt - K ntnt 311.8+£2.1 9.46+0.24
D — K-t 1229+04 3.93+£0.04
Df — ¢t - K Ktat 1499421 2.2740.08
Af =K ntp 599 £1.8 6.35+0.33

The reconstruction of D¥ mesons in data from 2016 will be used as an example as the steps of

reconstruction of all the aforementioned particles are similar. First, a series of selection criteria is
applied to the events and tracks. Specific values of the criteria, used in the analysis of DT mesons,

are listed in Table 2.

Table 2. Summary of selection criteria used for extraction of D* candidates from the data. For more

details, see the text.

Event selection

|Vz
V2 = Vyvep)l

< 6cm
< 3cm

Track selection

Pt

vl

nHitsFit
nHitsFit/nHitsMax

> 500 MeV
<1

> 20

> 0.52

HFT tracks = PXL1 + PXL2 + (IST or SSD)

Particle identification

[nor|

TPC
[no|

<3
<2

|1/ =1/ px|

TOF
OF 1178 -1/pk|

< 0.03
< 0.03

Decay topology

DCApair
30pm < Lp+
cos(60)

Amax
DCAr_pv
DCAk-pv

80 pm
2000 um
0.998
200 um
100 pm
80 um

VVAVAA
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The events are selected so that the position of the primary vertex (PV) along the beam axis (V),
which is determined using the HFT and Time Projection Chamber (TPC) [10], is no further than 6 cm
from the center of the STAR detector. This is necessary due to physical dimensions and acceptance
of the HFT. The value of V; is also compared to that measured by the Vertex Position Detector [11]
(V,(vpp)) which helps with rejection of pile-up events as the VPD is a fast detector.

From these events, only tracks with sufficiently large transverse momentum (pt > 300 MeV/c)
are selected to reduce the combinatorial background. The pseudorapidity criterion || < 1 is given
by the STAR detector acceptance. All tracks are also required to have sufficient number of hits used
for track reconstruction inside the TPC (nHitsFit) and to be properly matched to the HFT to ensure
their good quality. In this case, a good HFT track is required to have one hit in each of the inner layers
(PXL1 and PXL.2) and at least one hit in one of the two outer layers (IST or SSD) 1.

Next, all the selected tracks are identified using the TPC and the Time Of Flight (TOF) [12]
detectors. The particle identification (PID) with the TPC is done based on energy loss of charged
particles in the TPC gas. The measured energy loss is compared to the expected one, which is calculated
with Bichsel formula, using no variable [13]. The PID using TOF is done by comparing velocity of
given particle measured by TOF (p) and that calculated from its momentum and rest mass (8, or Bk).

When charged pions and kaons are identified they are combined into Knm triplets within
each event. The topology of the triplet is then constrained using variables shown in Figure 1.
More specifically they are: the maximum distance of closest approach of track pairs (DCApair),
D* meson decay length Lp:, cosine of the pointing angle cos(#), maximum distance between
reconstructed secondary vertices of track pairs (Amax), and the distance of closest approach to the
primary vertex of the kaon (DCAk_py) and each of the pions (DCA_py). Specific values used for
D+ signal extraction are listed in Table 2. The topological selection criteria used for D* mesons will
be optimized using the TMVA [14] in near future, as was done for other open-charm hadron results
presented in the following section, in order to improve statistical significance and also to extend the
pr range.

The D* signal is subsequently extracted from the invariant mass spectrum of the Knrt triplets
which are divided into two sets. The first consists of only correct-sign charge combinations, which may
come from decay of D* mesons (see Table 1) and contains the signal together with a combinatorial
and a correlated background. The combinatorial background shape can be determined using the
second set which contains only wrong-sign charge combinations which cannot originate from decay
of D¥ mesons 2. The correct-sign and the scaled ® wrong-sign invariant mass spectrum of the Krrt
triplets near invariant mass of the D* mesons is shown in top panel of Figure 2. The scaled wrong-sign
spectrum can be then subtracted from the correct-sign one which leads to the spectrum shown in
the bottom panel of Figure 2. The invariant mass peak is fitted with Gaussian function in order to
determine its width o and mean. The raw yield Y4y is calculated using bin counting method in =3¢
region around the peak mean.

The HFT consists of total of four layers of silicon detectors. The two innermost layers are Monolithic Active Pixel Sensors
(MAPS), PXL1 and PXL2. The outer layers are strip detectors, the Intermediate Silicon Tracker (IST) and the Silicon Strip
Detector (SSD).

This method is sufficient for D* analysis. In case of e.g., DY or A, the correlated background needs to be addressed
separately as it is more significant for those analyses.

For combinatorial reasons, there are approximately three times as many wrong-sign charge combinations as the correct-sign
ones in this case. The wrong-sign spectrum is therefore scaled so that it matches the correct-sign one in order to estimate the
combinatorial background. The scale factor is determined from ratio of integrals of the correct and wrong-sign spectrum
outside the D¥ mass peak region which is set 1.795 GeV/ 2 < Miny < 1.945GeV/c2.
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Figure 1. Depiction of a three body decay topology of D¥ mesons. For details about individual
variables, see the text.
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Figure 2. Invariant mass spectrum of K77t triplets for: (top) correct-sign combinations (blue points)
and with wrong-sign combinations (red points) and (bottom) after background subtraction. The data
are fitted with Gaussian function.
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The invariant spectrum of the D7 mesons is then calculated from the raw yield Yiaw as:

dZN o 1 YraW
2rtprdprdy  27pr Nevt BRAprAye(pr)’

()

where Neyt is number of recorded MB events, BR is the branching ratio (see Table 1) and &(pr) is the
total reconstruction efficiency calculated using the data-driven fast-simulator. More details about
the efficiency calculation can be found in article [15]. An example of reconstruction efficiency of D+
mesons in 0%—-10% central Au+Au collisions extracted with selection criteria from Table 2 is shown in
Figure 3.

E ~@— HFT+TPC e
0.005- ~@ HFT+TPG+PID e
[ P o
0.004; ':+
—_ [ - ®
&" 0.003- o
w L e
0.002- b4
[ It STAR preliminary
0.001- + 2016 Au+Au Sy = 200 GeV
: E 3 Centrality 0-10%
0:'_._'_‘”““““!\\\‘HH\HH‘HH\HH\HH
1 2 4 567 8 910
P; (GeV/c)

Figure 3. D* reconstruction efficiency in 0%-10% central Au+Au collisions calculated using the
data-driven fast simulator without (black points) and with the PID efficiency (red points).

3. Results

Figure 4 shows the nuclear modification factor Raa of DY [15] and D* mesons as a function of pT
in 0%~10% central Au+Au collisions. Both D? and D¥ are significantly suppressed in high-p region
which suggests a significant energy loss of charm quarks in the QGP. The low to intermediate pr
bump structure is consistent with predictions of models incorporating large collective flow of charm
quarks [15].
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Figure 4. Rpap of DO [15] and D* mesons as a function pr in 0%-10% central Au+Au collisions at
VNN = 200 GeV. The p+p reference is from combined D* and D measurement by STAR in p+p
collisions at /s = 200 GeV [16].

STAR has also measured and published the elliptic flow (v;) of D’ mesons using 2014 data [17].
Results with improved precision from the combined 2014+2016 data are shown in Figure 5a. The results
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Abstract. At RHIC energies, charm quarks are primarily produced at
early stages of ultra-relativistic heavy-ion collisions. This makes them an
excellent probe of the Quark-Gluon Plasma (QGP) produced in these col-
lisions since they experience the whole evolution of the medium. STAR is
able to study the production of charm quarks through direct reconstruc-
tion of hadronic decays of open-charm hadrons. This is possible thanks
to an excellent vertex resolution provided by the Heavy Flavor Tracker.
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1 Introduction

One of the main goals of the heavy-ion program at the STAR experiment is
to study properties of the Quark-Gluon Plasma (QGP). Charm quarks are an
excellent probe of the QGP as they are produced at very early stages of ultra-
relativistic heavy-ion collisions and so experience the whole evolution of the hot
and dense medium. STAR is able to study production of charm quarks through
a precise topological reconstruction of open-charm hadron decays utilizing the
Heavy Flavor Tracker (HFT) [1].

Various measurements are used to study interactions of charm quarks with
the QGP. In these proceedings, we present a selection of the most recent results
on open-charm hadron production from the STAR experiment. In particular,
we discuss the nuclear modification factors of D¥ and D° mesons which give
access to the charm quark energy loss in the QGP, and also D° elliptic (vs)
and triangular flow (v3) coefficients which can probe the charm quark transport
in the QGP. We show the AX/D° yield ratio as a function of transverse mo-
mentum (pr) and collision centrality that helps us better understand the charm
quark hadronization process in heavy-ion collisions. In addition, we present the
rapidity-odd directed flow of D® mesons, which can be used to probe the initial
tilt of the QGP bulk and the effects of the early-time magnetic field.
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Fig. 1. Nuclear modification factor of D° [2] and D¥ mesons as a function of pr in
0-10% central Au+Au collisions at /sy = 200 GeV.

2 Results

Figure 1 shows the nuclear modification factors (Raa) of D° and D* mesons
as a function of transverse momentum in 0-10% central Au+Au collisions. Both
open-charm mesons show a significant suppression at high pt which suggests
strong interactions of the charm quarks with the QGP. The Raa evolution in
low to intermediate pr region suggests a large collective flow of charm quarks
[2] which can also be seen in Figure 2.

Figure 2 demonstrates a test of the Number of Constituent Quarks (NCQ,
or ng) scaling [3] for elliptic flow (left panel) and triangular flow (right panel)
for both D mesons and light-flavor hadrons. The STAR data show that charm
quarks acquire similar level of collectivity as the light quarks in the QGP medium.

The presence of the QGP may also influence the charm quark hadronization.
In order to study that, STAR has measured the AT /DO yield ratio as a function of
pr (Figure 3, left panel) and number of participants Npayt (Figure 3, right panel).
The ratio shows an enhancement with respect to p+p collisions and PYTHIA
calculation, and is reasonably reproduced by models incorporating coalescence
hadronization of the charm quarks [6, 7].
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Fig. 2. The NCQ-scaled elliptic (left) and triangular (right) flow of D° mesons and
light-flavor hadrons [4] in Au+Au collisions at y/sxy = 200 GeV.
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Fig. 3. (left) AZ/D° yield ratio as a function of transverse momentum pr in Au+Au
collisions at /snn = 200 GeV. The data are compared to PYTHIA, Statistical
Hadronization Model [5] and coalescence model calculations [6, 7). (right) A /D° yield
ratio as a function of number of participants Npart. The ALICE experiment measure-
ment of the ratio in p+p collisions at /s = 7 TeV [8] is shown for comparison.

Theoretical calculations predict that the charm quarks might also be sensitive
to the initial tilt of the QGP bulk and the electromagnetic (EM) field induced
by the passing spectators [9]. The former leads to a large negative slope of the
directed flow versus rapidity (dv;/dy) of open-charm mesons, and the latter to
a negative slope for D? and a positive slope for D°. When combined, the slope
is predicted to be negative for both D® and D° but larger for D° than for D° in
Au+Au collisions at \/syn = 200 GeV. The STAR result on DO and D v, are
shown in Figure 4. The current precision of the measurement is not sufficient to
conclude on the EM induced splitting, but the dvy /dy slopes are indeed negative
and significantly larger that of light-flavor mesons, as discussed in Ref. [10].
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Fig. 4. Directed flow D° and D° mesons as a function of rapidity in 10-80% central
Au-+Au collisions at /snn = 200 GeV. The solid black and blue dashed lines are fits
to the data. Taken from Ref. [10].
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3 Summary

The STAR experiment has extensively studied the production of open-charm
hadrons in Au+Au collisions at /syn = 200 GeV through a precise topological
reconstruction of their hadronic decays, utilizing the HFT. The latest results
show that the D° and D mesons are suppressed in central Au+Au collisions,
suggesting a substantial energy loss of the charm quarks in the QGP. The charm
quarks also exhibit a significant collective motion as suggested by the observed
large elliptic and triangular flow of D® mesons. The QGP seems to influence
the charm quark hadronization. The STAR results on the AX/D° yield ratio
are in qualitative agreement with theoretical models incorporating coalescence
hadronization of charm quarks. The measured D° dv; /dy slope is qualitatively
consistent with hydrodynamical model calculations with tilted QGP bulk [9].
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1. Physics motivation

STAR is a versatile experiment which studies a variety of physics phenomena observed in high
energy p+p and heavy-ion collisions. One of the main goals of the STAR experiment is to study
properties of a hot and dense medium called the Quark-Gluon Plasma (QPG) created in heavy-ion
collisions. The charm quarks are an excellent probe of the QGP as they are produced at very early
stages of the heavy-ion collisions which means that they experience the whole evolution of the
system. One way to access information about the charm quark production in heavy-ion collisions
is reconstruction of open-charm hadrons. From year 2014 to 2016, STAR was equipped with the
Heavy Flavor Tracker (HFT) [1] which allowed direct topological reconstruction of decays of the
open-charm hadrons.

15 (@ AutAu sy, =200 GeV 0-10%
eopD
o LBT |

ate

T T T T
n* 0-12% STAR 200 GeV
h* 0-5% ALICE 2.76 TeV

Figure 1: Nuclear modification factor of D? mesons measured by STAR in 0-10% central Au+Au collisions
at 4/snny =200 GeV [2]. The data are compared to STAR measurement of charged pions in Au+Au collisions
at the same energy [3] and also to LBT and Duke model calculations [4, 5] . ALICE measurements of D
mesons and charged hadrons are shown for comparison as well [6, 7].

Result from one of the first open-charm hadron measurements with the HFT by STAR is
presented in Fig. 1 which shows the nuclear modification factor (Ra4) of D? mesons as a function
of transverse momentum (pt) for 0-10% central Au+Au collisions at 4/sxy = 200 GeV. High-pr
D° mesons are significantly suppressed in Au+Au collisions with respect to p+p collisions. The
suppression is comparable to that of charged pions measured by STAR in Au+Au collisions at \/snn
=200 GeV. The D? data are reasonably well reproduced by models incorporating both collisional
and radiative energy losses, and collective flow [4, 5].

In these proceedings we present recent results from measurement of D* mesons in Au+Au
collisions at /sy = 200 GeV. One key difference between the D* and D° measurements is that
D? mesons are reconstructed in two-body hadronic decay channel (D’ — K~7t*, and its charge
conjugate), but D* mesons are accessed through three-body hadronic decay (D* — K¥m*7*).
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This is possible only utilizing the precise track reconstruction with the HFT. The measurement of
D* mesons serves as an independent check for the open-charm suppression and will also play an
important role in measuring total open-charm cross section.

2. Results

The invariant spectra of D* mesons have been measured for three centrality classes (0-10%, 10-
40%, and 40-80%) of Au+Au collisions at y/syn = 200 GeV. The methods for signal reconstruction
and reconstruction efficiency correction are analogous to those used for D® and described in detail
in Ref. [2]. The invariant spectra are used to calculate the nuclear modification factor (Raa) and
the (D* + D~)/(D° + D) yield ratio.

The Raa of D* mesons as a function of pr is shown in Fig. 2 for 0-10%, 40-80%, and 40-80%
central Au+Au collisions at 4/sny = 200 GeV. The Raa of D° mesons is plotted for comparison [2].
As expected, the level of suppression of D* and D” mesons is comparable and the larger suppression
for more central Au+Au collisions suggests stronger interactions of the charm quarks with the QGP
compared to peripheral collisions.

2 2
C STAR preliminary g 8;33124'2016 [ STAR preliminary E g;gg;rzme
15 AusAu sy, = 200 GeV = g; é?;: (glyosb. Sys. [ Aushu |5, =200 GeV I D' Glob. Sys.
- r Centrality 0-10% p+p uncert, 1 .5? Centrality 10-40% ] Eﬂ?:;lz:.e?‘)-(&
- L Glob. p+p uncert. [- Glob. p+p uncert.
e s i 4 2 1 : |
o [ -k o L AR .
r . 3 @ E oe & ¢ ¢
L V‘E s ¥ & CRAB- .0 O O %
05- o-8- "Gk, o5 &8 -0 T
L o . ¢ 53 . & O
—j S k- -
OO_ [ I I L. . P RS SR B
5 4 6 8 10 Q% 274 s & 1o
P, (GeV/c) P, (GeVlc)
2.5¢ @ D' 201442016
= imit +.
r STAR preliminary 0 2014
OF  AusAu |5, =200 GeV I D' Glob. Sys.
[ ) = D° Glob. Sys.
F Centrality 40-80% Glob. p+p uncert.
§1 .5; |
o F. 1 9 8 @
1* s 6 -4 [ =
.. 8800 O o O o
05?@ 0 @ " p+p uncert. -
e | | 1 |
% 4 6 10
P, (GeV/c)

Figure 2: Raa of D° [2] and D* mesons as a function of pt measured by STAR in 0-10%, 10-40%, and
40-80% central Au+Au collisions at v/syn = 200 GeV.

The (D* + D7) /(D° + ﬁ) yield ratio is shown in Fig. 3 for 0-10%, 10-40%, and 40-80%
central Au+Au collisions at 1/sny = 200 GeV. The data are in agreement with PYTHIA 8 calculation
which suggests that no modification of the ratio is observed in Au+Au collisions with respect to
p+p collisions. The agreement is observed in all studied centrality classes which means that the
ratio has no or very week centrality dependence.
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Figure 3: (D*+D7)/(D° + ﬁ) yield ratio measured as a function of p by STAR in 0-10%, 10-40%,
and 40-80% central Au+Au collisions at 4/syn = 200 GeV. The data are compared to PYTHIA 8§ theoretical
calculation.

3. Summary

The STAR experiment has extensively studied production of open-charm hadrons in heavy-ion
collisions utilizing the HFT which allows direct topological reconstruction of hadronic decays of
these hadrons. The invariant spectra of D* mesons have been measured for three centrality classes
(0-10%, 10-40%, and 40-80%) of Au+Au collisions at 1/syn = 200 GeV and were subsequently used
to calculate the Raa and (D*+D7)/(D° +ﬁ) yield ratio. The Raa of D* mesons reveals a similar
level of suppression as observed for D mesons which suggests that charm quarks strongly interact
with the QGP. The (D*+D™)/(D° +ﬁ) yield ratio is consistent with PYTHIA 8 calculation which
means that no modification of the ratio is observed in Au+Au collisions with respect to the p+p
collisions. In the near future, the D* measurement will help to constrain the total open-charm cross
section in Au+Au collisions at y/snn = 200 GeV.
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Charm quarks are an excellent probe of the quark-gluon plasma created in heavy-ion collisions
as they are produced at a very early stage of such collisions and subsequently experience the
whole evolution of the system. With the STAR experiment, charm quark production can be
measured by direct topological reconstruction of open-charm hadrons thanks to the exceptional
spatial resolution of the Heavy Flavor Tracker detector. In these proceedings, we present a
measurement of D* meson production in Au+Au collisions at \/syy = 200 GeV by the STAR
experiment using data collected in 2014 and 2016. Supervised machine-learning techniques
were used to maximize signal significance in raw yield extraction from the three-body hadronic
decay channel D* — K¥x*sn*. The D* invariant spectra were measured in 0-10%, 10-40%,
and 40-80% Au+Au collisions. The measured transverse-momentum (pr) differential nuclear
modification factor Raa (pr) reveals a significant suppression of high-pt D* mesons in central
(0-10%) Au+Au collisions with respect to p+p collisions. The (D* + D7)/(D° + E) yield ratio
has also been extracted and compared to that from PYTHIA calculations.
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STAR is a versatile experiment which studies a variety of physics phenomena observed in
high energy p+p and heavy-ion collisions. One of the main goals of the STAR experiment is to
study the properties of a hot and dense medium called the Quark-Gluon Plasma (QPG) created in
heavy-ion collisions. The charm and bottom quarks are an excellent probe of the QGP as they
are produced in the very early stage of heavy-ion collisions which means that they experience the
whole evolution of the system. One way to access information about the charm quark production in
heavy-ion collisions is through the reconstruction of open-charm hadrons. From year 2014 to 2016,
STAR was equipped with the Heavy Flavor Tracker (HFT) [1] which allowed direct topological
reconstruction of decays of open-charm hadrons.

In these proceedings, we present recent results from measurement of D* mesons in Au+Au
collisions at \/snn = 200 GeV. One key difference between the D* and D° measurements is that
D° mesons are reconstructed in two-body hadronic decay channel (D’ — K~7t*, and its charge
conjugate), but D* mesons are accessed through three-body hadronic decay (D* — K¥7t*7t*). This
is possible thanks to excellent track pointing resolution provided by the HFT. The measurement of
D* mesons serves as an independent check for the open-charm suppression and will also play an
important role in measuring the total charm cross section in heavy-ion collisions.

The invariant yields of D* mesons as a function of transverse momentum (pt) have been
measured in three centrality classes (0-10%, 10-40%, and 40-80%) of Au+Au collisions at /sy
= 200 GeV. The methods for signal reconstruction and reconstruction efficiency correction are
analogous to those used for DO and described in detail in Ref. [2]. The pt spectra are used to
calculate the nuclear modification factor (Raa) and the (D* + D7) /(D° + ﬁ) yield ratio.

The Raa of D* mesons as a function of pt is shown in Fig. 1 for 0-10% and 10-40% central
Au+Au collisions at y/syn = 200 GeV. The Raa of D? mesons is plotted for comparison [2]. As
expected, the level of suppression for D* and D® mesons is comparable. The suppression is observed
to be larger for 0-10% central than for 10-40% central Au+Au collisions which is likely caused by
different size of the QGP bulk in the two collision centrality classes.
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Figure 1: Raa of DO [2] and D* mesons as a function of pr measured in 0-10% (left) and 10-40% (right)
central Au+Au collisions at \/syn = 200 GeV.

The (D* + D7)/(D° + ﬁ) yield ratios are shown in Fig. 2 for 0-10% and 10-40% central
Au+Au collisions at /sy = 200 GeV. The data are in agreement with PYTHIA 8 calculations
which suggests that no modification of the ratio is observed in Au+Au collisions with respect to
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p+p collisions. The agreement is observed in all studied centrality classes indicating that the ratio
has no or very week centrality dependence.
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Figure 2: (D*+D7)/(D° + E) yield ratio measured as a function of pt by STAR in 0-10% and 10-40%
central Au+Au collisions at /sy = 200 GeV. Data are compared to PYTHIA 8 calculation.

Summary

The STAR experiment has extensively studied the production of open-charm hadrons in heavy-
ion collisions utilizing the HFT which allows direct topological reconstruction of hadronic decays
of these hadrons. The invariant yields of D* mesons have been measured for three centrality classes
(0-10%, 10-40%, and 40-80%) of Au+Au collisions at y/syn = 200 GeV and were subsequently
used to calculate the Raa and (D* + D7) /(D + F) yield ratio. The Raa of D* mesons reveals
a significant suppression at high pr, similar to that observed for D® mesons, which suggests that
charm quarks strongly interact with the QGP. The (D* + D7)/(D° + ﬁ) yield ratio is consistent
with a PYTHIA 8 model calculation indicating that no modification of the ratio is observed in
Au+Au collisions with respect to the p+p collisions. The D* measurement will help to constrain
the total charm quark cross section in Au+Au collisions at 4/sxy = 200 GeV.
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PHYSICS MOTIVATION

One of the main goals of the heavy-ion program
at the STAR experiment is to study properties of the
Quark-Gluon Plasma (QGP). Charm quarks are an
excellent probe of the QGP as they are produced at
very early stages of ultra-relativistic heavy-ion colli-
sions and therefore experience the whole evolution of
the hot and dense medium. STAR is able to study pro-
duction of charm quarks through a precise topological
reconstruction of open-charm hadron decays utilizing
the Heavy Flavor Tracker (HFT) [1].

Various measurements are used to study interac-
tions of charm quarks with the QGP. In these pro-
ceedings, we present a selection of recent results on
open-charm hadron production from the STAR exper-
iment. In particular, we discuss the nuclear modifica-
tion factors (Raa) of D* and D° mesons which give
access to the charm quark energy loss in the QGP. We
show the A% /D and D, /D" yield ratios which help us
better understand the charm quark hadronization pro-
cess in heavy-ion collisions. In addition, we present the
rapidity-odd directed flow of D® mesons, which can be
used to probe the initial tilt of the QGP bulk and the
effects of the early-time magnetic field.

RESULTS

Figure 1 shows the Raa of DY [2] and D¥ mesons as
a function of transverse momentum (pr) in 0-10% cen-
tral Au+Au collisions. Both open-charm mesons show
a significant suppression at high pr which suggests
strong interactions of the charm quarks with the QGP.
The Raa evolution in low to intermediate pr region
suggests a large collective flow of charm quarks [2].
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Fig. 1. Raa of D° [2] and D* mesons as a function of pT
in 0-10% central Au+Au collisions at /sy = 200 GeV.

The presence of the QGP may also influence the
charm quark hadronization. In order to study that,
STAR has measured the A /D yield ratio as a func-
tion of number of participants (Npart) [3] as shown in
Fig. 2. In central collisions, the ratio shows an enhance-
ment with respect to PYTHIA 8.2 p+p calculations
(Monash tune [4]) with and without color reconnection

(CR) [5]. The centrality dependence follows a similar
trend as baryon to meson ratio of light flavor hadrons
[6, 7]. The data are reasonably reproduced by the Cata-
nia model incorporating coalescence and fragmentation
hadronization of the charm quarks [8].
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Fig. 2. AZ/D° yield ratio as a function of number of
participants Npart. The open-charm hadron data are
compared to measurements of light flavor hadrons [6, 7],
PYTHIA calculation and the Catania model incorporating
coalescence and fragmentation hadronization of the charm
quarks [8]. Taken from Ref. [3].

To get more detailed information about hadroniza-
tion of charm quarks, STAR has also measured the
DS/D0 yield ratio, as shown in Fig. 3. The ratio is en-
hanced with respect to a PYTHIA 8.2 calculation, sug-
gesting enhanced Dy production in Au+Au collisions
with respect to p+p collisions. The data are qualita-
tively described by various models incorporating coa-
lescence and fragmentation hadronization [8, 9, 10].

Theoretical calculations predict that the charm
quarks could also be used to probe the initial tilt of
the QGP bulk and the electromagnetic (EM) field in-
duced by the passing spectators [11]. The former leads
to a large negative slope of the directed flow versus
rapidity (dvi/dy) of open-charm mesons, and the lat-
ter to a negative slope for D° and a positive slope for
DY. When combined, the slope is predicted to be neg-

ative for both D° and D° but larger for D° than for D°
in Au+4-Au collisions at /syn = 200 GeV. The STAR
results on D? and D® v; are shown in Fig. 4. The cur-
rent precision of the measurement is not sufficient to
conclude on the EM induced splitting, but the dvy/dy
slope is indeed negative and significantly larger than
that of light-flavor mesons, as discussed in Ref. [12].

CONCLUSIONS

The STAR experiment has extensively studied the
production of open-charm hadrons in Au+Au colli-
sions at /sy = 200 GeV through a precise topo-
logical reconstruction of their hadronic decays, uti-
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Fig. 3. Ds/D? yield ratio as a function of pr. The data are
compared to various models incorporating coalescence and
fragmentation hadronization of charm quarks [8, 9, 10]
and PYTHIA p+p calculations.

lizing the HFT. The latest results show that the D°
and D¥ mesons are suppressed in central Au+Au
collisions, suggesting a substantial energy loss of the
charm quarks in the QGP. The QGP seems to influ-
ence the charm quark hadronization. The STAR re-
sults on the AF/D°? and Dy/D" yield ratios are in
qualitative agreement with theoretical models incorpo-
rating coalescence and fragmentation hadronization of
charm quarks. The measured D° dv; /dy slope is qual-
itatively consistent with hydrodynamical model calcu-
lations with tilted QGP bulk [11].
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Measurements of D* meson production and total charm
quark production yield at midrapidity in Au+Au collisions
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Charm quarks are produced at very early stage of ultra-relativistic Au+Au collisions at RHIC top
energy. This makes them an ideal probe of the Quark-Gluon Plasma, as they experience the whole
evolution of the hot and dense medium. At STAR, production of charm quarks can be accessed
via a direct topological reconstruction of hadronic decays of open charm hadrons, utilizing the
excellent resolution of the Heavy Flavor Tracker. In these proceedings, we present measurements
of D* meson production in Au+Au collisions at y/sxn =200 GeV. The invariant yields are extracted
in 0-10%, 10-40%, and 40-80% central Au+Au collisions. The result is then used to calculate
the nuclear modification factor, which reveals a strong suppression of high-pt D* mesons in
Au+Au collisions with respect to p+p collisions. In addition, the D*/D° yield ratio as a function
of transverse momentum is calculated and compared to PYTHA 8 prediction. No significant
modification of the ratio in Au+Au collisions is observed. The measurement of D* completed the
measurements of the major ground states of open charm hadrons (DO, D*, Ds, A¢), that are used
to calculate the total charm quark production cross section per binary nucleon-nucleon collision
in 10-40% central Au+Au collisions. The measured value in Au+Au collisions is consistent with
that measured in p+p collisions.
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1. Physics motivation

One of the main goals of the STAR experiment is to study properties of the Quark-Gluon Plasma
(QGP) created in Au+Au collisions. One very important probe to the QGP is by measurement of
charm quark production, as the charm quarks are produced in hard partonic scatterings before the
formation of the hot and dense medium. This means that they experience the whole evolution of the
QGP medium. When traversing the medium, charm quarks lose energy via radiative and collisional
processes. The information about the charm quark production at the STAR experiment can be
accessed via direct topological reconstruction of hadronic decays of open charm hadrons, which is
made possible thanks to the excellent pointing resolution of the Heavy Flavor Tracker [1].

STAR has measured the nuclear modification factor Ry of directly reconstructed DY mesons,
as shown in Fig. 1. The D mesons show a strong suppression for pp > 3 GeV/c in central
Au+Au collisions at 4/sxy = 200 GeV compared to p+p collisions at the same energy. The level
of suppression is similar that of charged pions at 4/snn = 200 GeV, which suggests that the charm
quarks interact stronlgy with the QGP and loose significant portion of their momentum and energies.

(a)  Au+AU \Sy, = 200 GeV 0-10%

1.5

E_ eoD
o LBT I

ale

T
n* 0-12% STAR 200 GeV
h* 0-5% ALICE 2.76 TeV

Figure 1: Nuclear modification factor of D mesons as a function of pt measured in 0-10% central Au+Au
collisions at 4/snyn = 200 GeV. The open circles indicate data points for which the p+p reference [2] had to be
extrapolated. The data are compared to measurements of 77* mesons in Au+Au collisions at 4/snyn = 200 GeV
by STAR [3] and to D mesons [4] and charged hadrons [5] in Pb-Pb collisions at 4/syy = 2.76 TeV by ALICE.
Taken from Ref. [6].

The measurement of D* mesons in Au+Au collisions provides additional insight into the charm
quark production in heavy-ion collisions and can help to better understand charm quark energy loss
in the QGP. The D* measurement, together with measurements of other major ground state open
charm hadrons (D°, D, A.) [6-8], are used for calculation of the total charm quark production
cross section in Au+Au collisions.
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2. Results

The D* mesons are reconstructed through the topological reconstruction of their hadronic
decays D* — K¥7mt**. The topological selection criteria are optimized using rectangular cut
optimization (CutsSA method) from the TMVA ROOT package [9] in order to maximize the signal
significance. The invariant yields are extracted in 0-10%, 10-40%, and 40-80% central Au+Au
collisions at 4/syn = 200 GeV.

The invariant yields are then used to calculate the Raa of D* mesons as a function of transverse
momentum (pr), as shown in Fig. 2. The D* measurement is compared to that of the D° mesons
[6]. Both D* and D° mesons show comparable level of suppression in all three centrality classes,
within the uncertainties. The high-pt D* mesons show a significant suppression in central Au+Au
collisions, which indicates strong interactions of the charm quarks with the QGP. The suppression
gets weaker towards more peripheral collisions, further supporting that the attenuation is caused by
a medium created in the central Au+Au collisions at 4/syn = 200 GeV. At the same time, both the
D* and D° mesons show a suppression for pp < 2GeV/c. The p+p reference used for calculation
of the Ra, is taken from Ref. [2].
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Figure 2: Nuclear modification factor of DO [6] and D* mesons measured in Au+Au collisions at
vSNN = 200 GeV. High-pr D° and D* mesons show a significant suppression in 0-10% central Au+Au
collisions, suggesting strong interactions of the charm quarks with the QGP.

To better understand the charm quark hadronization process one can examine the D*/D° yield
ratio, which is shown in Fig. 3. The measured ratio is consistent with PYTHIA 8 calculation
[10] indicating that the ratio is not modified in Au+Au collisions with respect to p+p collisions.
This observation suggests that both mesons are suppressed by the same mechanism and their
hadronization mechanisms are likely very similar in Au+Au collisions.

In order to have a better understanding of the hadronization process of the charm quarks
in Au+Au collisions, STAR has calculated the total charm production cross section per binary
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Figure 3: The D*/D° yield ratio as a function of pr measured in Au+Au collisions at \/syn = 200 GeV. The
data are in a good agreement with PYTHIA 8 prediction [10].

nucleon-nucleon collision in 10-40% central Au+Au collisions at 4/sxy = 200 GeV, using four major
ground states of open charm hadrons: DY, D*, D, A.. The resulting cross section doayay/dy =
152 + 13 (stat.) =29 (sys.) ub is consistent with that measured in p+p collisions at the same energy
[2], i.e. dopyp/dy = 130 = 30 (stat.) + 26 (sys.) ub, as listed in Tab. 1. The cross section appears
to follow the number-of-binary-collision scaling. However, the individual contributions to the total
cross section are different. The cross sections of D? and D* mesons are smaller than those in p+p
collisions in central and mid-central collisions, as shown in Fig. 1, but the cross sections of Dy
[7] and A, [8] are enhanced, most likely due to coalescence hadronization of charm quarks. This
calculation indicates that the production of charm quarks is likely unaffected by nuclear effects
in Au+Au collisions, but the hadronization process is modified by the medium which leads to a
re-distribution of the charm quarks among the open charm hadron species.

Collision system Hadron do/dy [ub]
DY 41 + 1 (stat.) = 5 (sys.)
AutAuat200Gev o 112 i 11 ((Sttatt)) i 2 ES}’S-;
+ 1 (stat.) = 5 (sys.
Centrality: 10-40% s Y

AW 78 £ 13 (stat.) + 28 (sys.)
Total: 152 + 13 (stat.) =29 (sys.)

p+p at 200 GeV Total: 130 + 30 (stat.) £ 26 (sys.)

Table 1: Total open charm hadron cross section as measured in 10-40% central Au+Au collisions and in
p+p collisions at 200 GeV.
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Summary

Measurements of open charm hadrons is an essential part of the physics program of the STAR
experiment. An important contribution to this effort is the measurement of D* mesons in Au+Au
collisions at 4/snn = 200 GeV. Similar to the DY mesons, the high-pt D* mesons show a significant
suppression in central Au+Au collisions, which is likely caused by strong interactions of the charm
quarks with the QGP. The mechanism of the suppression is probably the same for D* and D°
mesons, as the D*/DC yield ratio measured in Au+Au is compatible with the ratio calculated using
PYTHIA 8. The D%, D*, D, and A, invariant yields are used to calculate the total charm quark
production cross section per binary nucleon-nucleon collision in Au+Au collisions. The calculated
value is comparable with that measured in p+p collisions within the uncertainties, indicating that
the total charm yield in heavy-ion collisions follows the number-of-binary-collision scaling. The
individual contributions to the cross section are different, on the other hand, with D° and D* being
suppressed, and D and /A, enhanced in the Au+Au collisions. This observation is consistent with a
significant contribution of the coalescence hadronization in the QGP in Au+Au collisions, leading
to a re-distribution of charm quarks among the open-charm hadron species.
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