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Abstract

In high energy heavy ion collisions, a new state of hot and dense matter has been
created. A series of evidences indicate that such a new state of matter is a strongly
coupled Quark-Gluon Plasma (QGP). The Relativistic Heavy Ion Collider (RHIC), built
at Brookhaven National Laboratory, is a dedicated machine to study properties of QGP
as well as the QCD phase diagram. Theoretical studies suggest that the chiral symmetry
is restored at the early stage of heavy ion collisions, and with an extremely strong
magnetic field generated in middle central Au + Au collisions, the chiral magnetic effect
and chiral separation effect can couple with each other and create density waves of
electric and chiral charge, namely, the chiral magnetic wave. The chiral magnetic wave
in heavy ion collisions induces an electric quadrupole momentum and leads to a charge
asymmetry dependence of azimuthal anisotropy v, of charged particles. It is argued that

such effect can be observed via charged pions.

In this thesis, the integrated vy of 7+ and 7~ with 0.15 < pyr < 0.5 GeV and |n| < 1
in all centralities of Au + Au collisions at \/syy = 200,62.4,39,27 and 19.6 GeV are
presented. The measured vy is studied as a function of charge asymmetry A.,. It
is observed that vy of 7 (7~) linearly decrease (increase) with the increase of charge
asymmetry. The v, difference between 7+ and 7=, Avy =v] —v] " is proportional to the
charge asymmetry A.,. The slope parameter of Avy(A.p,), which is believed to be related
to the electric quadrupole momentum induced by the chiral magnetic wave, is extracted
for all the centralities and all energies under study. The slope parameter is shown to
have a rise and fall feature from central to peripheral collisions, with a weak energy
dependence from /syny = 200 GeV to 27 GeV. These observations are qualitatively

consistent with theoretical calculations based on chiral magnetic wave.

On the experiment-development side, the implementation and upgrade of the STAR
High-Level Trigger (HLT) is discussed. The increasing RHIC luminosity and STAR data-
taking capability pose a great challenge to data production and storage. To assure the

fast physics output for a selective physics topics based on rare events, as well as to

1l
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monitor RHIC/STAR real-time performing during RHIC low energy runs, a High Level

Trigger (HLT) is implemented for STAR. The HLT is a software system built on high
performance PC cluster to performer real time tracking and event assembling. It has
been used to select events containing high pr , di-electron, light nuclei signals. Based on
the HLT selected data sample in year 2010, STAR has observed the anti-helium-4 nuclei,
and studied the elliptic flow of .J/1).

Since 2010, the author has participated in the development of the STAR HLT,
especially the upgrade towards high performance parallel computing. The author’s con-
tributions to HLT include, first, the estimation of HLT tracking efficiency, which sets
a baseline for the understanding the HLT trigger performance. Secondly, to cope with
the intensive computing requirement of online secondary vertex reconstruction, the au-
thor has studied the application of general purpose GPU acceleration and obtained a
prototype of GPU based secondary vertex finder which runs 60 times faster than the con-

ventional implementation. In the recent year, the author studied the cellular automaton

(CA) based tracker and is adopting it to the STAR HLT.
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CHAPTER 1

Introduction

Over the last century our understanding of the fundamental building blocks of the
matter has become more complete. According to the standard model, the matter con-
stituents include six quarks and six leptons. Different quarks distinguish from each
other by their flavors, which are, u (up), d (down), ¢ (charm), s (strange), ¢ (top) and
b (bottom). The lepton family consists of e (electron), u (muon), 7 (tauon) and three
neutrinos corresponding to each of them. All of those twelve particles are fermions and
have spin = 1/2. There are four fundamental forces or interactions : strong, weak,
electromagnetic and gravitational. Interactions between different particles are mediated
by vector bosons. Electromagnetic interaction happens via interchanging photons be-
tween charged particles. Weak interaction is mediated by W* and Z bosons between
all fermions. Strong interaction is carried by eight different gluons between objects with
color charge. Comparing to the other three interactions, gravitation is quite different
from others and will not be discussed in this dissertation. The electromagnetic force is
described by the quantum electrodynamics (QED) and in 1970s, electrodynamics and
weak interactions were unified. The strong interaction is described by the quantum

chromodynamics (QCD).

1.1 Quantum Chromodynamics

Introduced by Gell-Mann and Fritzsch in 1972 [FG72], QCD is a nonabelian gauge
theory based on the gauge group SU(3)¢, and has been widely accepted as the theory

to describe the interaction between colored objects, including quarks and gluons. The
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QCD Lagrangian can be written as

. y) ) YRR} 1 a v
Locp = 1y A" (Dy)idh = Y metiaht - ZFISV)FM : (1.1)
q q
F,ng) = auAg - auAZ - gsfabcAZAlcn (12)
)
(Du)ij = 5Z-jau+zgsz 2’]142, (13)

where F,E,‘f) is the gluonic field strength tensor, gy is the QCD coupling constant and
fave 18 the structure constant of the SU(3)c algebra. What makes the QCD different
from the QED is the third term of Eq. 1.2, which is, the interaction between gluons. In
QED, the interaction carrier are photons, which do not have electric charge thus do not
interact among themselves. However, for the case of QCD, the self coupling of gluons

makes it far more complex than QED.

1.1.1 Asymptotic Freedom and Confinement

QCD has two unique properties, namely the asymptotic freedom [Pol73, GW73] and
the confinement, both of which come from the running coupling constant. The effect

coupling constant as a function of energy scale u,

_ o) A
i) = it By ln(MQ/A?QCD). (14)

The asymptotic freedom means that the interaction between quarks is stronger at
larger distance, and weaker at shorter distance. The experimental measurements of ay
at different respective energy scale, shown in Fig. 1.1, confirmed this argument. With
larger (), quarks can move closer to each other where o, becomes smaller. The small ay

suggests that at high energy quarks and gluons move freely.

On the contrary, if a pair of quarks are separated away from each other the in-
teraction will become stronger with increasing distance. Potential energy between the
quark pair will also increase, and at some point, the potential energy is large enough to
create a new pair of quarks. Since quark pairs are colorless and quarks have color charge,
this feature suggests that color charge is confined in colorless objects, like hadrons. The
color confinement means that color charge cannot be isolated and seen directly in physics

2
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Figure 1.1: Measured strong coupling constant a; as a function of the respective energy scale

Q. Figure taken from [BAB12].
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1.1.2 Quark-gluon Plasma

Shortly after the idea of asymptotic freedom was proposed, people realized that it
can lead to important consequences [CP75a, CP75b]. When the temperature or density
is high enough and the strong interaction becomes very weak, quarks and gluons can
move freely in a range much larger than the size of a hadron. In this case, a new state of
deconfined matter, the quark-gluon plasma (QGP), is created. QGP is believed to had
existed at the very beginning of our universe. In laboratory, heavy ion collisions are the
best place to create such hot and dense matter. The search for QGP started decades
ago and recently it is widely believed that it has been created in relativistic heavy ion

collisions [BS07].

Lattice QCD calculations show that at temperature of about 7' = 170 eV, significant
change of degree of freedom occurs, indicating a phase transition[KLP00, Kar02]. The

saturation value in Fig. 1.2 is far from the StefanBoltzmann limits for the ideal gas, and
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it suggests that the new state of matter is not free of interactions but strongly coupled.
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Figure 1.2: Energy density in lattice QCD as a function of temperature reduced by the critical

temperature 7.

In heavy ion experiments at RHIC, there are mounting evidences for the existence

of a new state of matter. Fig. 1.3 shows the number-of-constituent-quark (NCQ) scaling

observed at STAR. The universal scaling of vs/n,, n, = 2(3) for mesons (hadrons),

indicates that partonic, not hadronic, degree of freedom is relevant. Fig. 1.4 shows that

the high pr di-hadron back-to-back correlation disappears in Au + Au collisions. It

supports that high pr jets lose considerable amount of energy due to the dense matter

created in heavy ion collisions. Relativistic hydrodynamic study of elliptic flow suggests

that the new state of matter created at RHIC is a strongly coupled fluid with very small
bulk viscosity, and thus is called ‘the perfect liquid’ [HKHO1, AAAO5b].
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Figure 1.3: Number-Of-Constituent-Quark scaling observed at STAR [AAA05D].
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Figure 1.4: High pr di-hadron azimuthal correlation measured at STAR. The back-to-back

correlation disappears in Au + Au collisions [AAA05D].
1.1.3 QCD Phase Diagram

With the existence of QGP confirmed, the next important task is to determine at
what temperature and baryon chemical potential the normal nuclear matter transits to
QGP, i.e. to determine the QCD phase diagram. The lattice QCD calculation, shown
in Fig. 1.2, shows that at zero baryon chemical potential there is no sudden change of
energy density, instead, it is a smooth crossover transition. On the other hand, at low
temperature and large baryon chemical potential, this transition should be of the first
order. Naturally, one expects that the first order phase transition line should reach its
end (the QGP critical point) at somewhere as the chemical potential decreases. Searching
for the phase boundary and the critical point is one of the most important goals of the

current heavy ion experiments.

At RHIC, a beam energy scan (BES) program has been launched to explore the QCD
phase diagram[AAA10c]. During the BES phase I in year 2010 and 2011, the STAR ex-
periment has recorded data of Au 4+ Au collisions at \/syy = 39,27,19.6,11.5 and 7.7 GeV.
Hints for new features occurring around 19.6 GeV [AAA10b, | have been seen. A com-

parison between experimental data and lattice calculations suggests that the critical

temperature is about 7, = 175 MeV [GLM11].
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Figure 1.5: Conjectured QCD phase diagram. The z axis is baryon chemical potential or

baryon number density. The y axis is temperature. Figure taken from [FHI11].

1.2 Heavy Ion Collisions

Because increasing the mass number of the incident particles is more efficient than
increasing beam energy, heavy ion collision is believed to be the best way to search
for and study the properties of QCD matter in laboratory. Since 1970’s, heavy ion
experiments have been performed world wide. Relativistic heavy ion collider (RHIC)
built in Brookhaven National Laboratory is the first accelerator-collider dedicated to
heavy ion collisions. Just after the first a few years of operation, a strongly coupled QGP
has been found in high energy Au + Au collisions [AAA05¢c, ABB05, BBB05, AAA05D].
The current task of RHIC is to study the properties of QGP and explore the QCD phase
diagram. The Large Hadron Collider (LHC) in CERN is pushing the colliding energy
to 5.5 TeV, where the energy density and temperature is way more higher than the
requirement of QGP formation. Therefore, it is also a very useful facility to study the

properties of QGP.



1.2.1 Time Evolution

In high energy heavy ion collisions, incident nuclei are accelerated to a speed com-
parable to the speed of light. At RHIC’s top energy, gold nuclei travel at 99.995% of the
speed of light, where the relativistic Lorentz factor reaches about 100. In this case, the
size of incident nuclei in the moving direction is contracted by a factor of about 1/100.

In the laboratory reference frame, one observes two disks colliding with each other.

At the beginning of the collision, the system stays in the the initial pre-equilibrium
state in which partons from the incident nucleons scatter with each other. Hard scatter-
ing process with large momentum transfer generate jets and heavy flavor quarks. A few
models have been proposed to describe the dynamics at the parton scattering stage, in-
cluding the color-string model [Mat87], color glass condensate [McL10] and perturbative
QCD model [Wan97]. However, it is still much of unknown about the parton scattering

stage and the discussion of the dynamics happened in that stage is ongoing.

After a short time 7y of frequent scatterings, quarks and gluons reach a local, ther-
mal equilibrium. It is believed that QGP is formed in this stage. As the collision system
expands, it also cools down. When the the temperature cools down to the phase transi-
tion temperature, hadronization process starts and quarks bind in hadrons again. The
newly generated hadrons also go through a scattering stage, in which new hadrons may
generated via inelastic collisions as well as decay. When the temperature cools down to
the chemical freeze-out temperature T, inelastic collisions stop and hadron components
are fixed. Hadrons continue to fly out of the collision area and still experience elastic
collisions. Finally when the temperature reaches the kinematic freeze-out temperature
T',, no more collisions between hadrons can happen. At this time the momentum spec-
trum is fixed. What the heavy ion experiments measured are hadrons after the kinematic

freeze-out.

Even hadrons went through so many stages before reaching the detector, the in-
formation from the parton phase is not completely washed out. By measuring the final

state hadrons, the properties of QGP can be learned.
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Figure 1.6: Initial coordinate space anisotropy converts to momentum space anisotropy.

1.2.2 Transverse Azimuthal Anisotropy

One of the most important observables to reveal the parton stage properties is the
transverse azimuthal anisotropy of final state hadrons, which is largely determined by

processes at the parton stage.

Fig. 1.6 illustrates a major source of azimuthal anisotropy in non-central Au + Au
collisions, in which spectators keep moving in their incident directions and a significant
fraction of energy is deposited in the collision region that has an ‘almond’ shape. The
pressure difference from the center to the surface is the same for all directions, and it
pushes matter in the fireball out in a collective motion, regardless of particles’ species
and locations. However, in short axis, because that the distance between the center
and the surface is shorter than that along the long axis, the pressure gradient is larger.
Therefore the matter along the short axis will be pushed out harder than that along the
long axis. By that, the initial coordinate space anisotropy is converted to the momentum

space anisotropy.

Although the initial anisotropy in coordinate space contributes mostly the azimuthal
anisotropy in momentum space at the final stage, it is not the only source. Other effects,
like decay, jets, ridge and HBT etc., can create different azimuthal correlations at various
levels. The chiral magnetic wave, which will be discussed in detail in Chapter 4, can
induce an electric quadruple momentum leading to different azimuthal anisotropy of
positive and negative charged particles. This effect, if exists, can be observed via charged

pions.



1.3 QCD Vacuum Transition and Local Parity

Violation

Partiy violation in weak interactions was been proposed and observed in 1950’s
[LY56, WAH57]. It is believed that parity is conserved in strong interactions. How-
ever, more recent studis suggested that, in hot and dense matter created in high energy
heavy ion collisions, metastable domains may be created, in which parity time-reversal
symmetries are locally violated [KPT98]. This can happen because of the QCD vacuum
transition. QCD vacua corresponds to local and global potential energy minimum of
the gauge field configuration. Different QCD vacua can transit between each other via
instantons and sphalerons. At low energy, QCD vacuum transition can only happen
via instantons, which refers to the quantum tunneling effect between states and is ex-
ponentially suppressed. However, it is suggested that at high energy, there is sufficient
energy to climb over the potential barrier to another states and the exponential sup-
press factor may disappear, which is the sphalerons solution [Man83, KM84, KMWO0§].
QCD vacuum transition has a profound understanding — it creates different number of
the left-handed and right-handed quarks. This is parity violation in strong interactions.
However, this can happen only in metastable domains, which are localized in space and

time. Therefore, it is called Local Parity Violation (LPV).

If a metastable domain with LPV exist, with the help of a strong external magnetic
field it can manifest itself via the chiral magnetic effect. Meanwhile, a chiral magnetic
wave, which is the coupling of chiral magnetic effect and chiral separation effect, may
also exist in heavy ion collisions. These phenomena will be discussed in details in Chap-
ter. 4. In this dissertation, the difference of the azimuthal anisotropy of 7= and 7~ in
different centralities and energies will be presented as a function of event-by-event charge
asymmetry. A linear relation between the two is argued to be the consequence of the

chiral magnetic wave.
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1.4 Online Event Selection with High Performance

Computing

The other part of the dissertation is the development of the STAR High-Level
Trigger (HLT). The idea of a HLT is putting a high performance PC cluster at the
end of the trigger pipeline, to collect information from all detectors and perform a full
event reconstruction. The advantage of doing so is that based on the fully reconstructed
events, complex event selection criteria can be implemented for special physics interests,
especially for rare processes. A fast online event reconstruction can also be used to
monitor data quality in real time. In the high luminosity era, a high-level trigger can

effectively reduce the recording rate, while still fully utilizes the fully luminosity.

In the STAR experiment, the data acquisition system operates at a speed that is two
orders of magnitude faster than that in the initial design, together with the continuously
increasing RHIC luminosity, they pose quite a challenge for data processing and storage.
For instance, STAR took more than 800 million of Au + Au 200 GeV in 2010 and more
than billion events in 2011. For each year, more than 500 TB of disk space is needed
to store a single copy of these data. What makes things more challenging is that, it
usually takes several months of work of a few thousands of CPUs to produce these data
sample for data taken in a single year. With the continuously increasing RHIC luminosity
and STAR data taking capability, the pressure on the computing and storage will only

increase.

Out of the large data volume, a small fraction of events are rare and are of special
interest, examples include but not limited to events containing high pr , di-electron,
heavy flavor and light nuclei. A high-level trigger can reconstruct tracks and identify
particle species in real time, based on which rare events can be selected. This approach
can significantly enrich the rare events sample and help to relief the pressure on com-
puting. In addition, because of the ability of real time event reconstruction, HLT can

also be used to monitor the real time performance of the accelerator and detectors.

In Chapter 3, we will discussed the performance, application and physics output
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of the current STAR high-level trigger. Its new development and upgrade will also be

discussed.
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CHAPTER 2

The STAR Experiment

2.1 The Relativistic Heavy Ion Collider

The Relativistic Heavy Ion Collider (RHIC) built in Brookhaven National Labora-
tory is the first dedicated accelerator-collider facility for heavy ion physics, and it is also
the only polarized proton accelerator in the world. Because of its unique design, RHIC
is very flexible and can accelerate particles within a large mass range and a wide energy
range. Since its first operation in 2000, RHIC has successfully accelerated proton (p),
deuteron (d), copper (Cu), gold (Au) and Uranium (U) beams. Proton beams usually
operates at 100 GeV and 250 GeV. Heavy ion beams, especially the Au beams, can
operate from 200 GeV/nucleon down to 7.7 GeV /nucleon, the latter is even lower than
the injection energy. RHIC has two separated storage rings and can accelerate different
particle species simultaneously. This feature makes RHIC capable of providing not only
symmetric collisions, like p + p, Cu + Cu, Au + Au and U + U, but also asymmetric
collisions, like d + Au and Cu + Au.

Fig. 2.1 shows the scenario of accelerating gold ions in the RHIC accelerator com-
plex. The Au ions are produced by a pulsed sputter ion source with charge ) = -1 and
are sent to the first accelerator in the injector chain the Tandem Van de Graaff accel-
erator [Thi84]. The Van de Graaff is a linear elector-static accelerator with stripping
foil inside. When leaving the Van de Graaff, Au ions obtain the kinetic energy of ~
1 MeV /nucleon and charge @@ = +12. There are two Van de Graaff operates in parallel,
therefore, different ions can be provided for asymmetric collisio