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In relativistic heavy-ion collisions, experimental evidence indicates that a new
form of matter with de-confined quarks and gluons named the Quark-Gluon
Plasma(QGP) has been created. The Relativistic Heavy Ion Collider (RHIC)

provides a unique opportunity to study the QGP matter.

Strange hadron production is believed to be sensitive to parton dynamics in
heavy-ion collisions. In particular, the strange quark production rate and its
subsequent evolution in the dense partonic medium depend on the beam energy
and the net baryon density. The productions of K9, A, Z, Q at mid-rapidity
from Au+Au collisions at the beam energies of 7.7, 11.5, 19.6, 27, and 39 GeV
from the RHIC Beam Energy Scan Program are measured. We investigate the
strangeness enhancement and ratios of anti-baryon to baryon yields as a function
of beam energy at RHIC. Nuclear modification factors and ratios of baryon to
meson yields are also studied. Implications on collision dynamics due to the
increase in the baryon chemical potential at low beam energy and constraints on

chemical freeze-out parameters will also be discussed in this thesis.

Parity-odd domains are theorized to form inside the QGP and to cause electric

i



charge separation with respect to the reaction plane in the relativistic heavy-ion
collisions via the Chiral Magnetic Effect (CME). Such charge separation has been
studied at RHIC and LHC via the difference in two particle correlation between the
opposite charge and same charge hadrons. The A(A) and K$ particles are charge-
neutral, and are supposed to bear no charge separation effects due to CME. We
study the correlation between the neutral particle and charged hadron to inves-
tigate background for charged hadron correlation. In addition, the large angular
momentum in heavy-ion collisions is predicted to lead to the Chiral Vortical Effect
(CVE) which induces a baryon number separation, in analogy with the electric
charge separation caused by CME. We carried out a study of A — p correlations to
search for the CVE. We present measurements of correlations for A —h*, K% —h*,
K? —p, and A — p in Aut+Au collisions at 39 GeV and 200 GeV, to study the

electric charge and baryon number separations across the reaction plane.
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CHAPTER 1

Introduction to Relativistic Heavy-Ion Collisions

The idea to create the Quark Gluon Plasma (QGP) in heavy-ion collisions was
proposed in 1970s [1]. Since then, experimental efforts have been made to search

for and study the QGP with the heavy-ion collisions.

The pioneering work began on the Bevalac accelerator at Lawrence Berkeley
National Laboratory (LBNL) in the late 1970s and early 1980s. Since then, several
fixed target experiment facilities have been used for heavy-ion collision physics, in-
cluding the Heavy Ion Synchrotron at Helmholtzzentrum fiir Schwerionforschung
(GSI), Alternating Gradient Synchrotron (AGS) at Brookhaven National Labora-
tory (BNL), and Super Proton Synchrotron (SPS) at European Organization for
Nuclear Research (CERN). Those facilities have a center-of-mass energy ranging
from below GeV to tens of GeV. Nowadays, heavy-ion colliders are built in US
and Europe: the Relativistic Heavy Ion Collider (RHIC) at BNL runs with the
beam energy from several GeV to 200 GeV, and the Large Hadron Collider at
CERN reaches the energy of 2.76 TeV.

1.1 Initial Stages of the Collisions

The initial state of heavy-ion collisions can be characterized with beam energy,
heavy ion species, and the impact parameter. The impact parameter, b, is the
distance between the centers of the two nuclei. In relativistic heavy-ion collisions,

the colliding nuclei are Lorenz-contracted into dishes in the center-of-mass frame.



Two colliding nuclei have an overlapping region in the collision. The nucleons
within the overlap region are called participant nucleons, while the nucleons out-
side of the region are called spectator nucleons. In the collision of two identical
nuclei with b = 0, almost all the nucleons participate in the collision, the collision
is called a central collision. When b is a little less than twice of the radius of
the nuclei, only a few nucleons participate in the collision, most of the nucleons
are spectator nucleons, and the collision is called a peripheral collision. In the
experiment, the impact parameter is not observable. However, the multiplicity
of produced particles is related to the impact parameter. The centrality is the
percentile of the multiplicity distribution, which reflects the impact parameter in
the heavy-ion collisions. For example, 0-5% centrality contains the most central

collisions, and corresponds to an impact parameter less than 3.5 fm.

In the central and semi-central collisions, a fireball is created from the partic-
ipant nucleons. The energy density is so high that the fire ball reaches a (locally)
thermalized equilibrium phase with partonic degrees of freedom and high tem-
perature. This hot and dense material created is the QGP. The QGP medium
expands rapidly, and the temperature decreases. A schematic view of the time
evolution of QGP is shown in Figure 1.1. When the temperature is below the crit-
ical temperature, the medium becomes a mixed phase of partonic and hadronic
matter. When the temperature decreases to 1., the chemical freeze-out takes
place and the hadron species are fixed. When the temperature decreases to T,
(or Ty, in Figure 1.1), the kinematic freeze-out takes place, and the hadrons stop

interacting elastically with each other.

1.2 Quark Gluon Plasma

The quark gluon plasma is a (local) thermally equilibrated state of matter

in which quarks and gluons are deconfined from hadrons, so that color
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Figure 1.1: A schematic view of the evolution of a high energy heavy-ion collision.
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degrees of freedom become manifest over nuclear, rather than merely
nucleonic, volumes [3]. The QGP is expected to exist at very high temperature
(such as the early stage of the Universe within one micro-second after the Big
Bang), and/or very high baryon density (such as the neutron stars) environments.

It could be produced in high-energy heavy-ion collisions.

For an ideal gas, the ratio of strongly interacting matter’s pressure (p) to the
temperature (7') to the fourth power (p/T*) is proportional to the number of
degrees of freedom [3][4]. The p/T* as a function of T' is shown in Figure 1.2. Tt
is shown that there is a sharp rise in the effective number of degrees of freedom
at T of about 160 MeV. If the temperature reaches critical temperature (7.), a
deconfined state of quarks and gluons or the QGP will be created. It should be
noted that although the quarks and gluons are deconfined above T, they are not
completely free from interactions with each other, since the Stefan-Boltzmann

limit of p/T* for an ideal gas is far above the curves, which is shown in Figure 1.2.

1.3 Experimental Probes of the QGP

The QGP is believed to be created in the central and near-central heavy-ion
collisions, however, it cannot be detected directly. In experiments, we can only
detect the final state particles and use them as probes to study the properties of
the medium created in the collisions. In this section, we review some experimental

observables, and discuss the properties of the medium created in the collisions.

1.3.1 Hadron Yields and Spectra

Particle yields and momentum spectra reflect the properties of the bulk of the
matter produced in heavy-ion collisions. After the chemical freeze-out, particles
only interact elastically, and the particle species will not change. The information

of the system at chemical freeze-out stage can be obtained from the integrated
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Figure 1.2: The pressure in QCD with different number of degrees of freedom as
a function of temperature. The figure is from [4].



yields of different particles within the framework of statistical thermal models.
After the kinetic freeze-out, the particles stop interacting, and the spectra will
not change. Therefore, the spectra reflect the properties of the medium at kinetic

freeze-out stage.

The integrated particle yield ratios for central Au+Au collisions at 200 GeV
can be fitted successfully by a statistical thermal model, which is shown in Figure
1.3. Many statistical thermal models assume that the system is in thermal and
chemical equilibrium at the stage, and the fitting parameters provide the informa-
tion of temperature and baryon chemical potential at the chemical freeze-out. The
excellent fitting to the particle ratios, including multi-strange hadrons, indicates
that the light flavors u, d, s quarks may reach chemical equilibrium at central and
near-central collisions. If the thermalization is indeed achieved by the medium
prior to chemical freeze-out, the fitting temperature 7., provides a lower limit on

the thermalization temperature [3].

The characteristics of the system at the kinetic freeze-out stage can be obtained
by analyzing the pr spectra of different hadron species with the hydrodynamics-
motivated fits [6]. The fitting model includes two extra parameters, which char-
acterize the random (kinetic freeze-out temperature T%,) and collective (radial
flow velocity (5r)) motions. Figure 1.4 shows the fitting parameters for different
centrality bins. From most peripheral to most central collisions, the bulk of the
system, dominated by the yields of w, K, p, becomes cooler at kinetic freeze-out,

and develops stronger collective flow [3].

The pr and centrality dependence of hadron spectra shows a difference be-
tween mesons and baryons. The nuclear modification factors Rcp of various
hadron species are shown in Figure 1.5. The R¢p is calculated as the ratio of
particle yields from central collisions to yields from peripheral collisions scaled by
the number of binary collisions (Ny;,). In the low pr range, the Rcp depends

on the mass of the hadron, which is due to the radial flow. In the interme-
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diate pr range, the Rop values of baryons and mesons follow different trends.
The phenomena may be explained by the partonic energy loss in the medium
and recombination/coalescence model, which is a consequence of the formation of
strongly coupled quark-gluon plasma. At high pr range, hadron yields are greatly
suppressed in central Au+Au collisions. Figure 1.6 shows the Ra4 and R4, of
inclusive charged hadrons measured by STAR. The R g is calculated as the ratio
of particle yields from A+B (either Au+Au or d4+Au) collisions to yields from
p+p collisions scaled by N;,. Conventional nuclear effects, such as shadowing of
parton distribution functions and initial state multiple scattering cannot account
for the suppression. In addition, the suppression is not observed in d+Au colli-
sions, which indicates the suppression is not from nuclear effects in the initial state
(such as gluon saturation), but from the final state interaction of scattered par-
tons or their fragmentation products in the dense medium generated in Au+Au

collisions [3].
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The observed hadron spectra at RHIC reveal three transverse momentum
regions with distinct behavior: a soft physics region (pr < 2 GeV/c) contain-
ing the vast majority of produced hadrons, representing most of the remnants
of the bulk collision matter; a hard-scattering region (pr > 6 GeV/c), provid-
ing partonic probes of the early collision matter; and an intermediate pr region

(2 < pr < 6 GeV/c) where hard processes coexist with softer ones [3].

1.3.2 Elliptic Flow

In non-central heavy-ion collisions, the overlapping area of the two nuclei is an
ellipsoid shape with a finite eccentricity. With a constant pressure at the boundary
of the fireball, the pressure gradient along the minor axis is higher than that along
the major axis, which will boost the collective motion of particles along the minor
axis, and will lead to an azimuthal anisotropy in momentum space. At the same
time, the original eccentricity of the fireball is diminishing, due to the faster
expansion along the minor axis. The final azimuthal anisotropy is very sensitive
to the early time evolution of the fireball and provides a valuable tool to probe
the properties of the fireball. The azimuthal distribution of the produced particles

can be expanded with a Fourier series:

Cfl—];f =1+ 2v;cos((¢p—V)) + 2vycos(2(p — W) + ..., (1.3.1)

where ¢ is the azimuthal angle of the emitted particle and WU is the reaction plane
angle. The second Fourier coefficient, v, is called elliptic flow, which is the most
significant term represents the azimuthal anisotropy of hadrons in momentum

space [8]. The elliptic flow is defined as v = (cos(2(¢ — V))).

The elliptic flow has been measured for various hadrons at RHIC. Figure 1.7
shows the measurements from STAR experiment [9][10] and PHENIX experi-

ment [11]. At low pp range, elliptic flow varies for particles of different masses,

11
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12



which is consistent with expectations from hydrodynamic calculations. A common
collectivity pushes particles at a common velocity, and heavier hadrons are pushed
to higher pr. Therefore, heavier hadrons at higher pr have the same elliptic flow

as lighter hadrons at lower pr.

At intermediate pr, experimental elliptic flow values reach a saturation, as
shown in Figure 1.8, and a particle type (meson vs. baryon) dependence is ob-
served for identified hadrons. A Constituent Quark Number Scaling of v, was
discovered experimentally. If both vy and pr of various hadron species are divided
by the number of constituent quarks (n,) in the hadrons, i.e. n, = 2 for mesons
and 3 for baryons, then the scaled elliptic flows converge together, which is shown
in Figure 1.8. This phenomenon can be understood as the elliptic flow of hadrons
at intermediate pr comes from the combination of constituent quarks with an
universal distribution. The finding is one of the most direct pieces of evidence for
partonic degrees of freedom in the medium created in the heavy-ion collisions. It
also indicates that the hadrons at intermediate pr range are produced via quark

recombination/coalescence [13][14].

Elliptic low v, measurements have been compared with hydrodynamic cal-
culations to extract properties of QGP created at RHIC. Figure 1.9 shows the
integrated v as a function of number of participant (Npq¢) and differential v, as
a function of pr measured by PHOBOS and STAR, in comparison with viscous
hydrodynamics with various viscosity-to-entropy (n/s) ratios. Both integrated v
as a function of N, and differential v, as a function of py require very small
values of n/s to match data and calculation. The best fit /s value is between
0.03 and 0.08, below the conjectured KSS bound of ﬁ [15]. The QGP created at
RHIC has almost a “perfect” fluidity, indicating the QGP is a strongly interacting
QGP (sQGP).

13
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1.3.3 Heavy Flavor

Heavy flavor quarks, including charm and bottom, are produced in the early stage
of collisions mostly through the gluon fusion mechanism at RHIC. Therefore, the
heavy flavor quarks can probe the complete space-time evolution of the collision
process. When the heavy quarks traverse the medium, they also interact with
the medium. Theoretical calculations predicted that the suppression for heavy
quarks should not be as strong as light quarks due to the dead-cone effect [19].
The R4 and elliptic flow of open heavy flavor and heavy flavor decay electrons
have been measured in the STAR and PHENIX experiments. Figure 1.10 shows
the Ra4 of DY measured by STAR experiment. Figure 1.11 shows the Ra4 and
elliptic flow of heavy flavor decay electrons measured by PHENIX experiment.
It is observed that the suppression of open heavy flavor and heavy flavor decay
electrons is similar to the suppression of light quarks, which suggests a strong

heavy flavor interactions to the QGP medium.

1.4 Dissertation Outline

This dissertation is organized into six chapters. The first chapter gives an intro-
duction to the physics of heavy-ion collisions and reviews some valuable experi-
mental results from RHIC. Chapter 2 describes the Relativistic Heavy Ion Collider
at Brookhaven National Laboratory and the Solenoidal Tracker at RHIC (STAR)
detector system. Chapter 3 presents the reconstruction technique of weakly de-
cayed strange particles in the STAR experiment, those particles are reconstructed
in the analysis of strangeness production and strange V0 and charged hadron cor-
relation. Chapter 4 discusses the analysis of strangeness production in the RHIC
Beam Energy Scan Program, and Chapter 5 shows the analysis of strange V0 and
charged hadron correlation. The projects discussed in Chapter 4 and 5 are two

parallel physics projects I did in my Ph.D career. In both Chapter 4 and 5, I give

16
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the introduction and motivation to each project, and present the analysis process
and results. Chapter 6 is a summary of the two projects and also gives an outlook

related to the physics covered in this thesis.
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CHAPTER 2

RHIC & STAR

2.1 Relativistic Heavy Ion Collider

The Relativistic Heavy lIon Collider (RHIC) is located at Brookhaven National
Laboratory (BNL) in Upton, New York, which is the first collider machine in the
world with the capability of colliding heavy ions. RHIC has the ability to acceler-
ate various ion species to relativistic speed. Different combinations of nucleus have
been explored, such as p+p, d+Au, Cu+Cu, Cu+Au, and Au+Au collisions. For
Au+Au collisions, the beam energy can vary from 7.7 GeV to 200 GeV in center-
of-mass energy of nucleon-nucleon pair. RHIC is also able to collide polarized

protons, which is unique in the world.

The RHIC complex is composed of several subsystems, including the Tan-
dem Van De Graaff accelerator, Booster Synchrotron, Alternating Gradient Syn-
chrotron (AGS), the Relativistic Heavy Ion Collider (RHIC) and some other sys-

tems. A schematic drawing of the RHIC complex is shown in Figure 2.1.

The heavy ions begin the journey in the Tandem Van De Graaff accelerator.
The heavy ions, taking a negative charge (¢ = -1), are extracted from a pulsed
sputter ion source. Then they are carried to the Tandem Van De Graaff accel-
erator,which strips partial electrons and uses an electric potential to accelerate
charged ions. For example, 33 electrons of a gold ion (Au~) are stripped, and the
gold ion is accelerated to 1 MeV per nucleon in the Tandem Van De Graaff accel-

erator. There are two Tandem Van De Graaff accelerators, allowing two different
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ion species to be accelerated simultaneously to make the collision between two nu-
cleus species, such as Cu+Au collisions. Since year 2012, a new beam injector, the
Electron Beam Ion Source (EBIS), along with two small linear accelerators, have
been constructed to take the place of Tandem Van De Graaff accelerators. They
can be more easily operated and maintained, and have the ability to accelerate
more ion species, such as Uranium. After the ions exiting the Tandem, they are
carried to the Booster synchrotron, which is a powerful circular accelerator with
a size of about one quarter of the AGS. The ion beam is bunched and accelerated
to 95 MeV per nucleon, traveling with a speed of 37% of the light speed, and is
stripped of more electrons. For gold ions, the charge is +77, when they exit from
the Booster. The next step of acceleration is in the AGS. AGS is well known for
the three Nobel Prizes from researches done at the facility over the years, which
are the discoveries of J/1 particle, CP violation in kaon decay, and the muon neu-
trino. In AGS, the ion beam is accelerated to 8.86 GeV per nucleon with a speed
of 99.7% of the speed of light. In the beam line from AGS to RHIC, the last two
electrons of gold ions are stripped. At the end of this beam line, ion bunches are
directed either left to the clockwise RHIC ring or right to the counterclockwise
ring. In the RHIC rings, the heavy ions are accelerated to the desired energy,

typically 100 GeV per nucleon.

The 2.4-mile-circumference ring has six intersection points, where the two
rings of accelerating magnets cross, allowing the beams to collide. Two large
experiments STAR and PHENIX are located at 6 o’clock and 8 o’clock of the
RHIC respectively.

2.2 Solenoidal Tracker at RHIC (STAR)

STAR is one of the two large detector systems at RHIC. The STAR system is de-

signed for measurements of hadron production at mid-rapidity with full azimuthal
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angle coverage. It has the capability of tracking thousands of charged particles

produced in each heavy-ion collision [23].

2.2.1 Overview

The STAR detector system consists of several sub-detectors, each specializing in
detecting certain types of particles or characterizing their motion. Figure 2.2 is
a layout of the system. A schematic side view of the STAR detector system for
RHIC 2011 run is displayed in Figure 2.3.

Silicon
Vertex

Magnet Tracker

Coils

E-M
Calorimeter

Time
Projection
Chamber

Trigger
Barrel

Electronics
Platforms

Forward Time Projection Chamber

Figure 2.2: A layout of STAR detector system.

The Time Projection Chamber (TPC) is the heart of the STAR system [24],
which is for charged particle tracking and identification. The TPC is four-meter
long and covers a radial distance from 50 to 200 cm from the beam axis with a
pseudo-rapidity range |n| < 1.8 and complete azimuthal angle (A¢ = 27). The
details of the TPC will be discussed in Section 2.2.2. The Time-of-Flight Detector
(TOF) [25] completed in 2010, is outside the TPC, covering |n| < 1.0 and A¢ = 2,
which extends the particle identification ability to pr ~ 3 GeV/c [25][26]. The
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Figure 2.3: A side view of STAR detector system in 2011.

details of the TOF will be discussed in Section 2.2.3. The STAR calorimeter sys-
tem is outside of TOF, which consists of the Barrel ElectroMagnetic Calorimeter
(BEMC) and the Barrel Shower Maximum Detector (BSMD), measuring high pr
photons, electrons, and electromagnetically decaying hadrons [27]. There is also
an End-cap ElectroMagnetic Calorimeter (EEMC) at one side of the STAR sys-
tem, covering 1.086 < n < 2.00, A¢ = 27 [28]. The STAR magnet coils and Iron
York is outside the BEMC, which is capable of providing a magnetic filed along
the beam line with £0.25 T and +0.5 T [29].

There are some other sub-detectors in the STAR system for beam monitor-
ing and triggering, including the Beam-Beam Counters (BBC), the Zero Degree
Calorimeter Detectors (ZDC), the Vertex Position Detectors (VPD). The BBC is
a pair of scintillator detectors located at 3.5 meters away from the center of STAR

system on either side for event rate monitoring in p+p collisions. A pair of ZDC
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Figure 2.4: An event of Au+Au collision at RHIC recorded by STAR. End view
of the TPC.
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detectors are located 18 meters down the beam pipe on either side of the center of
STAR, detecting spectator neutrons for triggering and offline analysis [30]. A pair
of VPDs are part of TOF system, located at 5.6 m away from the center of STAR
on both sides, providing the start time of collision, which is used for flight time
measurements for particles [25]. These three detectors are fast detectors, and can

serve as trigger detectors.

The STAR detector system keeps on upgrading. There used to be a Silicon
Vertex Tracker (SVT) and a Silicon Strip Detector (SSD) between TPC and the
beam pipe. They are decommissioned for the Heavy Flavor Tracker (HFT) up-
grade. The Muon Telescope Detector (MTD) is installed at the outmost cylindri-
cal layer behind the magnet irons. The MTD and the HFT have been completed
installed for Run 2014.

2.2.2 The Time Projection Chamber (TPC)

The TPC is used as the primary tracking device in the STAR detector system. The
STAR TPC is 4.2 m long and 4 m in diameter, sitting in a large solenoidal magnet.
It was the largest time projection chamber when it was built. The Inner Field
Cage (IFC) has a radius of 50 cm, and the Outer Field Cage (OFC) is at radius
200 cm. The TPC has the capacity to cover |n| < 1.8 units of pseudo-rapidity and
full azimuthal angle. There is a thin conductive Central Membrane (CM) at the
center of the TPC, dividing the TPC into two halves, each half is 210 cm long.
The central membrane along with the end-caps and field cages provides a uniform
electric field of about 135 V/ecm. The TPC is filled with P10 gas (10% methane,
90% argon) regulated at 2 mbar above atmospheric pressure [24]. An illustration

of the STAR TPC is shown in Figure 2.5.

The uniform electric field in the TPC is established by the correct boundary

conditions with the central membrane, the end-caps and the concentric field cage
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Figure 2.5: The STAR TPC is 4.2 m long and 4 m in diameter, surrounding a

beam-beam interaction region at RHIC [24].
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cylinders [24]. The central membrane is applied a negative voltage of 28 kV, and
the end-caps are at ground (U = 0 V). The inner and outer field cage cylinders pro-
vide a series of equal potential rings, dividing the space between the CM cathode
and the anode planes into 182 equally spaced segments [24]. The resistor chains
of 183 of 2 M{2 resistors bias the rings, providing a uniform gradient between
the central membrane and the grounded end-caps on both sides of the TPC. The
STAR TPC is filled with P10 gas, which is widely used as working gas in TPCs.
It has a fast drift velocity peaked at a low electric field. The gas system circu-
lates the gas in the TPC, and maintains purity in order to reduce electro-negative

impurities such as oxygen and water gas which will capture drifting electrons.

The readout system of the TPC is based on Multi-Wire Proportional Chambers
(MWPC) with pad readout [24], to gather drifting electrons for charged particle’s
energy loss and position measurement. The readout pads are in concentrical
rows in 12 super sectors along the ¢ distribution. Each readout super sector
consists of inner and outer radius sub-sectors, which are designed to optimize
different measurements [24]. Figure 2.6 shows the inner and outer sub-sectors
of one readout pad. The outer sub-sectors are designed to optimize the dE/dz
measurement with continuous pad coverage. The inner sub-sectors are in the
region of highest track density, thus they are optimized for good two-hit resolution

to improve the two track resolution.

The tracks of particles produced in heavy-ion collisions, passing through the
TPC, are reconstructed by measuring the ionization clusters along the tracks.
The clusters are found separately in x, y and z coordinates. (The x-y plane is
vertical to the beam line, and the z axis is along the beam line.) The x and y
coordinates of a cluster are determined by the charge measured on adjacent pads
in a single pad row [24]. The z coordinate is determined by measuring the drift
time of a cluster of secondary electrons from the original point to the anodes on

the end-caps and the average drift velocity [24]. The tracking software associates
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space points to form tracks, and then fit the points with a track model to extract
information such as momentum of the particle [24]. The energy loss (dF/dx) in
the TPC gas is used for particle identification. The Figure 2.7 shows the dE/dx

as a function of momentum for particles in the TPC. Pions and protons can be

separated up to 1 GeV/c with the TPC [24].

2.2.3 The Time-of-Flight System (TOF)

The time-of-flight system in the STAR experiment is designed for direct identifi-
cation of hadrons through the measurement of flight time of the hadron from the
vertex of the collision till the hadron hits the detector. The system consists of
two separate detector subsystems. One is the upgraded Vertex Position Detector
(VPD), which provides the start time. The other one is the Time of Flight detector

(TOF), which provides the stop time. Figure 2.8 shows the time-of-flight system.
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Figure 2.7: The energy loss as a function of momentum for charge particles in the
STAR TPC. The magnetic field was 0.25 T. [24].

The TOF detector are based on the Multigap Resistive Plate Chamber (MRPC)
technology. The time intervals of interest for particle flight time measurement are

defined by the electronic signals from these detectors.

The VPD consists of two identical detector assemblies which are very close
to the beam pipe, sitting on each side of the STAR detector system with equal
space [25]. In RHIC full energy Au+Au collisions, a lot of high energy forward
photons are produced, travelling away from the collision vertex effectively as a
prompt pulse. Measuring the times of those forward particle pulses arrive at
VPD on each side of the STAR provides the location of the collision vertex along
the beam line. In the meanwhile, the average of the two arrival times is used
as the collision time, or the start time of the event. The TOF trays are inside
the STAR magnet and immediately outside the TPC, covering a pseudo-rapidity
of £1.0 units. There are 120 trays, half of them are installed on the east side

30



mempeE———— T
VPD East

RHIC beam pipe

——— Z—@T e _—

VPD West

STAR TPC
TOF tray

Figure 2.8: A scale drawing of the location of VPD and TOF detectors. The
figure is originally from [25].

(z < 0), and half of them are installed on the west side (z > 0). Each tray covers
6 degree in azimuthal direction (¢) around the TPC. When the charge hadrons hit
the TOF, they will trigger the trays, and the TOF provides the stop time for each
hadron. In RHIC full energy central Au+Au collisions, the start time resolution
from the VPD is about 28 ps, the end time resolution from TOF is about 82 ps,

and the total time resolution of the TOF system is about 87 ps.

The primary hadrons produced in the heavy-ion collisions can be identified di-
rectly through the flight time along with particle momentum measured by TPC.
The inverse velocity as a function of momentum for hadrons is shown in Fig-
ure 2.9. Pions, kaons and protons can be distinguished with a momentum up
to about 1.5 GeV/c, and protons can be identified from pions and kaons up to
about 3 GeV/c [25][26]. The hadrons decayed from a secondary vertex, cannot be
identified by TOF directly, because the flight time measured by the TOF system
consists of the flight time of its parent. One way of using the TOF to identify
weak decayed hadrons, is to reconstruct the parent and calculate the parent’s flight
time. With the parent’s flight time subtracted from the TOF measured time, the
new time can be considered as the real flight time for the decay daughter. Figure
2.10 shows the difference of the flight time measured by the TOF (parent’s flight

time has been subtracted) and the flight time calculated from flight length and

31



momentum measured by the TPC for kaon tracks decayed from 2. The kaons from
Q) decay are clearly identified. Through this way, the background of reconstructed

strange particle, such as K9, A, =, and , is largely reduced.
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Figure 2.9: The inverse velocity as a function of momentum for hadrons.

2.2.4 The Heavy-Ion Physics with the STAR Detector

The major goal of the STAR heavy-ion physics program is to study soft physics, i.e.
hadron production at transverse momenta below 2 GeV/c, as well as hard process,
such as jets, hard photon and heavy flavor quarks production. With the TPC, 7,
K, p are identified. K3, ¢, A, Z and ) can be reconstructed from decay daughters
(7, K, p), through their decay topologies. The STAR detector system has done
several major upgrades. In 2007, the BEMC is completed installed, and the STAR

detector expanded its capability to study the high transverse momentum electrons.
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Figure 2.10: The difference between the measured flight time by the TOF system
and the calculated flight time from flight length and momentum measured by the
TPC for kaons decayed from 2. The kaon peak is at AT = 0.
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J/1, even T, can be reconstructed through di-electron decay channel. In 2010,
the TOF system is completed, and particle identification capability is extended
from pr less than 1 GeV/c to higher pr range. With clean electron identified,
di-electron analysis becomes possible. In 2013, the M'TD is completely installed,
improving the capability of muon identification in the STAR experiment, and
making it possible to study di-muon and electron-muon correlation. .J/v¢ and
T can also be reconstructed through di-muon channel. For Run 2014, the HFT
was also completed, some weak decay charm hadrons such as D°, A, etc. can be
reconstructed clearly, which will improve the ability of heavy flavor study in the

STAR experiment.

The STAR detector now is an excellent mid-rapidity detector, with large cov-
erage and excellent PID, which can detect nearly all particles produced at RHIC

to study the spectra, flow and particle correlations.
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CHAPTER 3
K, A, = and Q2 Reconstruction

The strange particles K2, A(A), 27 (£%) and Q~(Q7F) are weakly decaying particles
with a decay length c7 about several centimeters. These particles fly some distance
from the primary vertex where the heavy-ion collision occurs and they are created,
but they decay before reaching the TPC. However, the decay daughters of these
strange particles (pions, kaons and protons) can be detected by the TPC, and the
strange particles can be reconstructed through their decay topologies from the
decay daughters [31][32]. The decay daughters are identified through the energy
loss (dE/dz) in the TPC.

3.1 Strange VO (K9, A and A) Reconstruction

The decay daughters of K9 and A(A) are charged pions and (anti-)protons, which
can be detected by the TPC. The weak decay channels used for the K3 and A(A)
reconstruction are listed in Table 3.1. The decay topology of a strange VO is
shown in Figure 3.1. K9, A and A all decay to a positive charged particle and a

negative charged particle.

With identified positive and negative charged tracks, we can calculate the

Table 3.1: Weak Decay Channels of Strange VO
Particles c¢7(cm) Decay Channel Branching Ratio

K} 2.6842 Tt 69.20%
A 7.89 o 63.9%
A 7.89 prt 63.9%
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Figure 3.1: The strange VO decay topology. P+ refers to a positively charged
particle, and P- refers to a negatively charged particle. The solid line is detectable
by the TPC anode sector 60 cm away from the beam line. The dashed line is
extrapolated from the solid line or reconstructed V0. The topological cuts are
shown in the plot. The plot is from Hai Jiang’s thesis [34].
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distance of closest approach (DCA) between the two tracks. The detailed math
derivation for the DCA calculation is discussed in Hui Long’s thesis [33]. Theoret-
ically, if the two particles really come from a strange V0 decay, the DCA between
the two tracks should be zero. Practically, due to the tracks’ position resolution,
a distance tolerance is allowed. We set a cut, for example DCA between the two
tracks is less than 1 cm or 0.7 cm, to select strange VO candidates. The momen-
tum of the candidate is the sum of the two daughters’ momenta, and the decay

vertex is the average positions of the closest points of the two daughter tracks.

We can define a helix for the VO candidate with the candidate’s momentum
and decay vertex, and we can calculate the DCA from the primary vertex to
the helix. If we do not consider the weak decay contribution, the strange VO is
produced in the collision, it should come from the primary vertex, and the DCA
should be zero. Setting a cut of DCA between the primary vertex and the helix
of VO candidate, will help to reject random combination of positive and negative

tracks.

The decay length or flight length of the VO candidate is calculated from the
decay vertex and primary vertex. We set a decay length cut, by making it greater
than several centimeters to reduce the combinatorial background from most pri-
mary tracks. Because the primary tracks can easily form VO candidates with a
small decay length, most of which can be effectively removed with a decay length

cut.

As the two decay daughters of a strange VO are from the decay vertex away
from the primary vertex, we also set a cut of DCA of the decay daughter tracks

to the primary vertex, to reduce the background.

The Table 3.2 summarizes the topological cuts used for strange VO reconstruc-
tion. The cuts could be set to be different for different energies, centralities and
even different purposes of our analysis. The Chapter 4 and 5 will discuss more

detailed cuts.
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Table 3.2: Topological Cuts for Strange V0O
DCA of P+ to P- less than
Decay Length of VO greater than
DCA of VO to primary vertex less than
DCA of P+ to primary vertex | greater than
DCA of P- to primary vertex | greater than

The invariant mass of the V0 particle is calculated through the following equa-
tion with the energy and momentum conservations as well as Einstein’s mass-

energy equation.

m=VE — P2 =\/(E. + E_) — (5] +77) (3.1.1)

with B, = /m2 +p{? and E_ = \/m? + p’2. With proper topological cuts,
clean signals of strange VO are observed. Figure 3.2 shows the invariant mass
distributions of K2 and A(A), with topological cuts the background level is very

low.
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Figure 3.2: The left plot is the K2 signal, and the right plot is the A(A) signal.
With topological cuts, the combinatorial background is largely reduced. Com-
pared to signal, the background level is very low.
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Table 3.3: Weak Decay Channels of = and {2
Particles c¢7(cm) Decay Channel Branching Ratio

= 4.91 An— 99.887%
=t 4.91 Arnt 99.887%
O 2.461 AK~ 67.8%
Of 2.461 AKt 67.8%

3.2 Z=,Z=T, O and Q" Reconstruction

The weak decay channels used for =~ (=) and Q~ (") reconstruction are listed in
Table 3.3. The decay topology of =~ is shown in Figure 3.3. The decay topologies

of 27, QF and =% are very similar.

The decay daughter 7 and K* are identified with the TPC, A and A are

reconstructed with the method discussed in Section 3.1. As A(A) is decayed from

its parent (Z7(ZT) or Q7(QT)), rather than produced in the primary vertex,

we need to set a threshold for the DCA of A(A) to primary vertex to exclude

combinatorial background from primary A(A) and charged mesons.

The == (ZF) and Q~(QF) reconstruction process is analog with the strange
VO reconstruction, which just changes decay daughter from a charged particle to
A(A). Firstly, we calculate the DCA between A(A) and 7~ (7F) or K~ (K™), and
set a cut to get the 2~ (%) or Q~(QF) candidates. And then by setting the cuts of
E7(ET) or Q7 (Q1) decay length, the DCA of 2= (=) or Q~(QF) to the primary
vertex, the DCA of A(A) and 7~ (7") or K~ (K™) to the primary vertex, the
background can be greatly suppressed. The Table 3.4 summarizes the topological

cuts used for 2= (=) and Q(Q") reconstruction.

As the Q= (QF) decay topology is very similar to 2= (%), and the TPC can-

not distinguish pions and kaons with a pr > 0.6 GeV/c, so the reconstructed

—__

=~ (=) mixes some mis-identified Q7 (QF) in the background. It is the same case
for Q~(QF) signals. The production cross section of Z~(=%) is much larger than

that of Q= (), the mis-identified Q~(Q%) has little contribution of the =~ (=*)
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Figure 3.3: The =~ decay topology. The solid line is detectable by the TPC anode
sector 60 cm away from the beam line. The dashed line is extrapolated from the
solid line or reconstructed A and =~. The topological cuts are shown in the plot.
The €2~ decay topology is similar, just changing the 7~ from =~ to k~. The decay
topology of =t and Q7 are the same, by changing the decay daughters to their
anti-particles. The plot is from Hai Jiang’s thesis [34].
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Table 3.4: Topological Cuts for = and €2

DCA of proton to pion (in A) less than
DCA of proton to primary vertex (in A) | greater than
DCA of pion to primary vertex (in A) | greater than
DCA of A to primary vertex greater than
Decay Length of A greater than

DCA of bachelor to A less than
DCA of bachelor to primary vertex greater than

DCA of = or  to primary vertex less than
Decay Length of = or §2 greater than

background, while the mis-identified 2~ (=%) has a significant contribution to the
Q= (%) background. One method to identify Q= (Q%) from Z=(Z*) is using the
TOF to identify kaons from pions, and the method is discussed in Section 2.2.3.
Another method is to change the mass of the decay daughter from kaon mass to
pion mass, to reconstruct the mis-identified =~ (Z%)s, and set a mass window to
exclude the mis-identified =2~ (=) background from Q= (") signal. We took the
second method in the Q= and Q% spectra analysis for the convenience of recon-

struction efficiency estimation. Figure 3.4 shows the invariant mass distribution

of Z7(Z*) and Q~(Q1).
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Figure 3.4: The left plot is the 2= (=*) signal, and the right plot is the Q~(Q*)
signal. We use topological cuts to get rid of the combinatorial background.
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CHAPTER 4

Strangeness Production in the RHIC Beam

Energy Scan Program

In the years 2010 and 2011, the STAR experiment took high-statistics data in
the RHIC Beam Energy Scan Program (BES) to study the QCD phase diagram
and search for a possible QCD critical point. Strangeness is a sensitive probe
to study the medium created in the heavy-ion collision. The measurements of
strange particle (K2, A, Z, Q) production in the BES program are discussed in

this chapter.

4.1 Introduction to Strangeness Physics in Heavy-Ion Col-

lisions
4.1.1 Strangeness Production in Heavy-Ion Collisions

Relativistic heavy-ion collisions aim at creating the QGP. The enhanced produc-
tion of strange hadrons in A4+A with respect to p+p collisions, has been proposed
for the possible signature of the QGP state [35]. The strange quarks are not
present in the nuclei of the incoming beams, and they are produced in the colli-
sions. Therefore, the strange hadrons in the final state provide valuable insight
into the properties of the created system, and the production rates and phase
space distributions of the strange particles may reveal different characteristics of

the created medium. Until now, strange particles have been extensively stud-
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ied in many experiments at different accelerator facilities and different collision
energies [31][32][36][37][38][39][40][41][42][43][44][45][46][47].

The mechanism of strangeness production varies with the collision energy. In
RHIC Au+Au 200 GeV collisions, it is observed that the nuclear modification
factors (Rop) of baryons and mesons at intermediate pr follow different trends,
and the baryon-to-meson ratios are enhanced at intermediate pr range in central
collisions [45][7]. At high pr, the Rep is much less than unity. And there is no sig-
nificant difference between the behaviors of strange hadrons and other light flavor
hadrons. The Rcp and baryon-to-meson ratios in Au+Au 200 GeV collisions, are
shown in Figure 4.1 and Figure 4.2. Those phenomena may be explained by the
partonic energy loss in the medium and recombination/coalescence model, which
is an indication of the formation of strongly coupled quark-gluon plasma. At low
beam energies, such as AGS and SPS energies, where there is a significant net
baryon density, the strange baryon production is enhanced, and the strangeness
conservation can be achieved through associated production of strange baryons
and kaons. Our measurement of strange particle yields, Rcp, anti-baryon to
baryon ratios, and baryon-to-meson ratios in the RHIC Beam Energy Scan Pro-
gram will examine how the strangeness production mechanism changes with the

beam energy.

4.1.2 RHIC Beam Energy Scan Program

The results at RHIC top energies suggest that a strongly coupled Quark Gluon
Plasma (sQGP) is created, which reaches equilibration very early in the collision.
Hadrochemical species equilibrium is observed just after hadronization. No dis-
tinct discontinuity was observed experimentally, which is consistent with Lattice
QCD prediction for a smooth crossover at high temperature and low chemical
potentials, i.e. the transition from the QGP to hadrons is smooth and continu-

ous [7][48]. Theoretical model calculations predict that at low temperatures and
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Figure 4.1: The plot shows the Rop of 7%, K%, K3, p, A, and =. The baryons
and mesons at intermediate pr follow different trends. The figure is from [7].
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from [7].
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Figure 4.3: A schematic phase diagram of nuclear matter.

high baryon chemical potentials, it is a first order phase transition [7]. Therefore, a
critical point exists at intermediate temperature and finite baryon chemical poten-
tial. Figure 4.3 shows a schematic QCD Phase Diagram, with smooth crossover,

critical point and the first order transition regions.

The RHIC Beam Energy Scan (BES) Phase I, took place in 2010 and 2011,
which consisted of Au+Au collisions at 7.7, 11,5, 19.6, 27, and 39 GeV. The RHIC
BES tries to search for the evidence of a critical point and phase transition, and

tries to find the collision energy at which, the presence of the sQGP turn off as

V/Snn decreases [7].
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4.1.3 Statistical Thermal Model

The statistical thermal model can describe the particle yields by using only two
chemical freeze-out parameters, the temperature (7") and baryon chemical poten-
tial (up), with assumption that the particles are produced following the phase
space distribution of thermalized equilibrium statistics [49]. The statistical ther-
mal model is successful from the low energies at the GSI Schwerionen-Synchrotron

(SIS) up to the high energies at RHIC and LHC.

The particle abundances can be described by [50]:

N; = ’ysnsb\j%an(T, V... (4.1.1)
J

where A; is the fugacity for particle species j [51], given by \; = exp(—p,;/T), Z
is the standard partition function, vg is the strangeness phase space suppression
factor modifying the yield of strangeness which does not reach its full equilibra-

tion [5]. The average chemical potential 4, is given by:

Hi = NBUB + nsis (4.1.2)

where g is the strangeness chemical potential, which depends on T" and up.

In the Boltzmann approximation, the number of particles of species 7, is

N. = \ns|gjm?T
J — IS 277-2

K (52) exp(HL) (4.1.3)

where g; is the degeneracy factor, m; is the invariant mass of particle j, K is the

modified Bessel function.

The particle and its anti-particle have the same g and m;. Therefore, the anti-
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Table 4.1: The data set and event selection criteria, as well as the total number
of good events used in the analysis.

VSyn  Year Vertex Cut Number of Good Events
39 GeV 2010 |Vz| < 40 cm, |V;| < 2 cm 130 million

27 GeV 2011 |Vyz| < 50 cm, |V,]| < 2 cm 50 million
19.6 GeV 2011 |Vz| < 50 cm, |V;| < 2 cm 26 million
11.5 GeV 2010 |Vz| <50 cm, |V;| < 2 cm 11 million
7.7GeV 2010 |Vz| <70 cm, |V,] < 2 cm 4 million

particle to particle ratio only depends on the chemical potential and temperature:

el (4.1.4)

T U T
For =, i =y — 21, and N2 = exp(-2%2 + 4%).
- =l — Nov _ _2up | bus
For Q7, po- = pp — 3pus, and Noo exp( be 4 2 )

4.2 Data Set and Event Selection

STAR has collected high-statistics data in year 2010 and 2011 in the RHIC Beam
Energy Scan Program at 7.7, 11.5, 19.6, 27, and 39 GeV Au+Au collisions. In

this thesis, the strange particle spectra are studied at those five energies.

In order to investigate the centrality dependence, minimum bias data are se-
lected. Some basic vertex cuts are set to select good events. Table 4.1 lists the
data set and cuts used in the event selection, where V; is the collision vertex
position along the beam direction from the detector center, and V, is the distance

between collision vertex and the beam pipe.

The whole data set of each energy is separated to nine intervals. A C++ class
StRefMultCorr is used in STAR as a standard class to define the centrality and

provide the weight for each event, according to the reference multiplicity of each
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event and luminosity at the same time. Figure 4.4 shows the reference multiplicity

distribution of the five data sets.
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Figure 4.4: The figures show the reference multiplicity distribution of Au+Au
collisions at 7.7, 11.5, 19.6, 27, and 39 GeV.
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4.3 Analysis Methods

The strange particles K2, A(A), == (=), and Q~(Q7) are reconstructed from their
decay daughters. The reconstruction method has been discussed in the Chapter
3. In this section, we will discuss the details of the strange particle py spectra
analysis process in the RHIC Beam Energy Scan Program. I study the Q~(Q%)
spectra at all the five beam energies, and K2, A(A), == (=) spectra at 19.6 GeV
and 27 GeV. And the K2, A(A), == (%) spectra at 7.7 GeV, 11.5 GeV, and
39 GeV are done by Dr. Xianglei Zhu from Tsinghua University, who has a long
collaboration with the UCLA group.

4.3.1 Decay Daughter Selection and Weak Decay Topological Cuts

The decay daughters of K2, A(A), 2 (=F), and Q~(Q*) are protons, pions, and
kaons, which are identified with the TPC. The cuts for the daughter identification

are shown in Table 4.2.

Table 4.2: Decay Daughter Identification
p and p no, < 3.0 Nhits> 15 pr > 0.15 GeV/c

7~ and 77 | no, < 4.0 Nhits> 15 pr > 0.15 GeV/c
K~ and Kt | nog < 4.0 Nhits> 15 pr > 0.15 GeV/c

The topological cuts for K§ signal reconstruction are shown in Table 4.3. The

reconstructed Ko signals are shown in Figure 4.5.
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Table 4.3: KY Topological Cuts

Energy (GeV) 19.6 27
Particle K K
ly| of K2 < 0.5 < 0.5
DCA 7 to PV >12cm | >12cm
DCA 7t to 7~ <0.8cm | < 0.8 cm
DCA K to PV < 0.7cm | < 0.7 cm
K§ Decay Length (Lgo) | > 3.0 cm | > 3.0 cm
(rgy —TPV) - PRY >0 >0

K2 Signal in Au+Au Collisions at 19.6GeV K2 Signal in Au+Au Collisions at 27GeV
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Figure 4.5: The figures show the reconstructed K9 signals at 19.6 and 27 GeV.

The topological cuts for A(A) signal reconstruction are shown in Table 4.4.

The reconstructed A(A) signals are shown in Figure 4.6.
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Table 4.4: A and A Topological Cuts

Energy (GeV) 19.6 27
Particle A(A) A(A)
ly] of A < 0.5 < 0.5
DCA proton to PV > 0.5 cm > 0.5 cm

DCA 7 to PV

DCA 7 to proton
DCA A to PV
A Decay Length (Lp)

(rA —rPVv) - PA

(0.7 cm for VO pr < 0.6 GeV/c)
> 1.5 cm
(2.5 cm for VO pr < 0.6 GeV/c)
< 0.8 cm
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Figure 4.6: The figures show the reconstructed A and A signals at 19.6 and 27 GeV.

The topological cuts for =~ () signal reconstruction are shown in Table 4.5.

The reconstructed =~ (=) signals are shown in Figure 4.7.
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Table 4.5: =~ and = Topological Cuts

Energy (GeV) 19.6 27
Particle ET(ET) | E7(EN
ly| of E < 0.5 <05

DCA p to PV >0.6cm | > 0.6 cm

DCA 7 to PV >20cm | >2.0cm

DCA m(bachelor) to PV >15cm | > 1.5cm

DCA 7 to p <08cm | <0.8cm

DCA 7 to A <08cm | <08cm

DCA A to PV >05cm | >0.5cm

DCA = to PV <05cm | <0.5cm

A Decay Length (Lp) >50cm | >5.0cm

= Decay Length (Lz) >40cm | >4.0cm
Ly > Lz yes yes

(rA — ) - PA >0 >0

("2 —7rPv) - pE >0 >0

|(rz —rpv) x p2|/I(r2 —rpv)|/Ip2] | < 0.20 <0.20

The topological cuts for Q7 (%) signal reconstruction are shown in Table 4.6.

The reconstructed Q~(QF) signals are shown in Figure 4.8.
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Figure 4.7: The figures show the reconstructed =~ and =* signals at 19.6 and
27 GeV.

93



Table 4.6: Q~ and QF Topological Cuts

Energy (GeV) 7.7 11.5 19.6 27 39
Particle Q- Q- Q- Q- Q-
ly| of Q~ <05 <05 <05 <05 <05
DCA p to PV >06cm | >06cm | >06cm | >06cm | >0.6cm
DCA 7 to PV >20cm | >20cm | >20cm | >20cm | > 2.0cm
DCA K to PV >10cm | >10cm | >10cm | >1.0cm | > 1.0cm
DCA 7 top <07cm | <07cm | <07cm | <0.7cm | <0.7cm
DCA k to A <07cm | <0.7cm | <0.7cm | <0.7cm | < 0.7 cm
DCA A to PV >03cm | >04cm | >04cm | >04cm | >04cm
DCA Q to PV <04cm | <04cm | <05cm | <04cm | <04cm
A Decay Length (Lp) >40cm | >50cm | >50cm | >50cm | > 5.0cm
Q Decay Length (Lg) >20cm | >30cm | >30cm | >30cm | >3.0cm
La > Lg yes yes yes yes yes
(A —70) - PA >0 >0 >0 >0 >0
(ra —TPV) - PO >0 >0 >0 >0 >0
|(r — rpv) X pal/l(ra — rpv)|/|pa < 0.15 < 0.15 < 0.12 < 0.12 < 0.12
Particle Qt Qt Qt Qt Qt
ly| of QF <05 <05 < 0.5 < 0.5 < 0.5
DCA p to PV >06cm | >06cm | >06cm | >06cm | >0.6cm
DCA 7 to PV >20cm | >20cm | >20cm | >20cm | > 2.0cm
DCA K to PV >10cm | >10cm | >10cm | >1.0cm | > 1.0cm
DCA 7 top <1l0cm | <07cm | <0.7cm | <0.7cm | <0.7cm
DCA k to A <1l0cm | <0.7cm | <0.7cm | <0.7cm | < 0.7 cm
DCA A to PV >03cm | >04cm | >04cm | >04cm | >04cm
DCA Q to PV <06cm | <04cm | <05cm | <05cm | <0.4cm
A Decay Length (Lp) >40cm | >40cm | >50cm | >50cm | > 5.0cm
Q Decay Length (Lg) >20cm | >20cm | >30cm | >30cm | >3.0cm
Lpn > Lg yes yes yes yes yes
(A —70) - PA >0 >0 >0 >0 >0
(a4 —rPv) - P >0 >0 >0 >0 >0
|(re, — rpv) X pal/l(ra — rBv)|/|pal < 0.15 < 0.15 < 0.12 < 0.12 < 0.12

For the == (=*) and Q~(Q%) reconstruction, we firstly reconstruct A(A), and
then select pure A(A) with a mass window cut (|[My — Mppg| < 6 MeV) to
reconstruct 2~ (Z%) and Q= (Q*). The Z has a similar decay topology with €,
and in the pr > 0.6 GeV/c range, kaon dE/dz band merges with pion band, as

shown in Figure 2.7. In addition, the Z~ and =% yields are much higher than the
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QO and Q7 yields respectively. In this case, the == (ZT) contributes a lot to the
background in the reconstructed Q= (Q%) signal. So when we reconstruct the
signal, we change the mass of the bachelor particle (which is kaon in the €2 decay,
and pion in the = decay) to be the mass of pion instead of kaon, and calculated
the invariant mass of parent. If the mass falls in the mass window around the
= mass (|[Mz — Mppe| < 10 MeV), we exclude this 2 candidate to reduce the

background from Z=.

4.3.2 Signal Extraction

In order to study the py spectra, the raw yields of strange particles at each pr
bin for various centrality bins need to be extracted. If there is no background in
the invariant mass distribution, all the counts will be the raw yields. However,
there are significant combinatorial backgrounds, although strict topological cuts
are applied. Therefore, we need to study the background in order to get the raw
yield for each bin. After the background is subtracted from the invariant mass
distribution, the raw yield can be counted. There are three methods to study
the background: rotational background method, fitting method, and side band
method. Different methods are used for different particles and pr bins due to the

background level in the invariant mass distribution.

Rotational background method is to simulate the combinatorial background
by rotating one daughter’s track by some angle with respect to the primary ver-
tex [52]. A large part of the background in the invariant mass distribution is from
random combinations of uncorrelated identified daughter particles. The rotational
background method destroys all the secondary vertices and only combinational
background is reconstructed in the invariant mass distribution. This method is
used for Q7 (Q7F) spectra analysis, by rotating the kaon tracks with angles /3,
2m/3, m, 4w /3, and 57/3 when reconstructing the Q~(Q1) candidates. The rota-

tional background can describe the real background well. Figure 4.8 shows the
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Figure 4.8: The figures show the reconstructed Q~ and Q% signals at 7.7, 11.5,
19.6, 27, and 39 GeV. The black curves or points are the real signals. The ro-
tational background method is applied. The red, green, blue, magenta and cyan
curves are the rotational backgrounds with rotation angles 7/3, 27/3, 7, 47/3
and 57 /3 separately. We only rotate m angle for 7.7 GeV.
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comparison between them. The rotational background is not used for K2, A(A)
and =7 (Z%). There are other correlations between positive and negative tracks
other than the combinatorial, which contributes to the background, in the K2 and
A(A) signals. For example, 77 and 7~ may come from other particle decay, and
contribute to the background in the K3 signal; misidentified K2 can contribute
to the background in the A(A) signal. But with a track rotated, the background
is also destroyed, and no longer exists in the rotational background. In addition,

the background levels of K2, A(A) and Z=(=*) are lower than Q= (%) signals, so

it is easier to use polynomial function to fit the background.

Fitting method is used for extracting K3, A(A) and == (=) signals, when the
statistics of the signal is high, usually the number of entries in the invariant mass
distribution is above 400. We use a combination of two Gaussian functions and a
third order polynomial function to fit the invariant mass distribution, and use the
polynomial function to describe the background. Figure 4.9 shows an example of

fitting background method.
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Figure 4.9: A combination of two Gaussian functions and a third order polynomial
function is used to fit the invariant mass distribution.
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A side band method is used for K2, A(A) and 2~ (=") signals when the statis-
tics of the signal is low, and the number of entries is less than 400. In this case,
the function cannot fit the invariant mass distribution well, and we use the back-
ground on both side of the peak to estimate the background under the peak.

Figure 4.10 shows an example of side band method.

K., Au+Au 27 GeV, 60-80%, P 3.4-3.8 GeV/c
nminvMassCent0Pt13
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Mean 0.4959
RMS 0.02452
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(3]
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L)
042 0.44 0.46 0.48 0.5

Figure 4.10: The side band method is used to estimate the background under the
peak.

4.3.3 Raw pr Spectra

After extracting the raw yields for each particle at pr bins for each centrality, the

raw spectra are calculated with the formula:

1 &N N
Nevent 27rppoTdy QﬁNeventpT APTAZU

(4.3.5)

where Ngyent is the number of collision events from the centrality bin, N is the
raw yield of the particle at the pr bin, pr and Apy are the center and the width
of the py bin, Ay is the rapidity width which is 1.0 for our spectra analysis with
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ly| < 0.5. Figure 4.11 to Figure 4.15 show the K2, A, A, ==, and =* raw spectra
in Au+Au collisions at 19.6 GeV and 27 GeV. Figure 4.16 to Figure 4.20 show the
Q™ and QF raw spectra in Au+Au collisions at 7.7, 11.5, 19.6, 27, and 39 GeV.
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Figure 4.11: K raw spectra at Au+Au 19.6 and 27 GeV.

4.3.4 Efficiency Corrections

The raw spectra are not the real pr distribution of the particles. The raw yield
we measured only takes a fraction of the total yield of each particle created in the
collision, due to the detector acceptance, response, tracking efficiency, reconstruc-
tion efficiency, and vertex finding efficiency. Therefore, in order to measure the
real yields and spectra of particles, we need to correct the detection efficiency for

each particle.

In the STAR experiment, embedding data are used to study the efficiency, with
simulated particles embedded into real data and are forced to decay by GEANT

100% according to the desired decay channels. In each real event, five Monte-
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A raw spectra, Au+Au 19.6 GeV

A raw spectra, Au+Au 19.6 GeV
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Figure 4.12: A and A raw spectra at Au+Au 19.6 GeV.
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Figure 4.13: A and A raw spectra at Au+Au 27 GeV.
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Figure 4.14: =~

and =F raw spectra at Au+Au 19.6 GeV.
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Figure 4.15: 2~ and =% raw spectra at Au+Au 27 GeV.
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Figure 4.16: 2~ and Q% raw spectra at Au+Au 7.7 GeV.
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Figure 4.17: Q= and QF raw spectra at Au+Au 11.5 GeV.
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Q' raw spectra, Au+Au 19.6 GeV
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Figure 4.18: Q= and QF raw spectra at Au+Au 19.6 GeV.
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Figure 4.19: Q= and Q% raw spectra at Au+Au 27 GeV.
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{2 raw spectra, Au+Au 39 GeV Q' raw spectra, Au+Au 39 GeV
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Figure 4.20: Q= and Q% raw spectra at Au+Au 39 GeV.

Carlo (MC) particles are embedded into each event. The pp distribution of the
particles are either flat or exponential with an inverse slope of 350 MeV depending
on our requirement. The efficiency depends on pr of the particle and centrality of
the collision event. For each bin, we get the efficiency from samples with flat pp
and exponential pr distributions, and choose the efficiency with smaller statistical
error. So the efficiencies of low pr bins are calculated from the data samples with
exponential pr distribution, and the efficiencies of high pr bins are calculated

from the data samples with flat py distribution.

The samples with both flat p; and exponential py distributions need to be cor-
rected with real pr distribution of the particle. We use Levy function to describe
the real pr spectra. We analyze the embedding data using the Levy function
with initialized parameters, and calculate the efficiencies. Then we correct the
efficiencies to get the corrected pr spectra, and use Levy function to fit the pp
spectra. Then we run the embedding data with the updated parameters of the

Levy function to update efficiencies. We repeat the above steps until the spectra

64



converge. With this method, we get the efficiency for each bin, and correct the
efficiency for the py spectra. Figure 4.21 to Figure 4.30 show the efficiencies for
Ky A A=, 25, Q7 and Q.
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Figure 4.21: K7 efficiency as a function of py at Au+Au 19.6 and 27 GeV. From up
to down, the data points are the efficiencies at 0-5%, 5-10%x1071, 10-20%x 1072,
20-30% x 1073, 30-40% x 1074, 40-60% %1075, and 60-80% x 1075.

4.3.5 Weak Decay Feed-down Contributions to A(A)

Not all the A(A) particles are produced at the primary vertex, they may come
from Z7(2F), Z°%(2°), and Q7 (QF) weak decays. However, the yields of Q~(Q7)
are much smaller then the yields of Z7(=%) and Z°(Z°), therefore the feed-down

contributions from Q~(Q%) are ignored.

The feed-down contribution from = are estimated with the = embedding data.
We reconstruct As from the = embedded events with the same cuts used in A
reconstruction and the real = py spectra as weight. Then we calculate the fraction

of feed-down A to each pr bin. As the integrated yields (dN/dy) of = are measured,
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A efficiency, Au+Au 19.6 GeV
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Figure 4.22: A and A efficiencies as a function of py at Au+Au 19.6 GeV. From up
to down, the data points are the efficiencies at 0-5%, 5-10%x1071, 10-20%x 1072,

20-30%x 103, 30-40% x 104, 40-60% x 105, and 60-80% x 10~°.

A efficiency, Au+Au 27 GeV

5103:‘I\\\l\\\l‘\\ll‘\\l\‘\l\\‘\I\\l\\\\l\: 5103
g f 1 2.,
Q10 » FlatpT |= ©o
@ £ i ©
10 Exp pT - 10
1L * General | 1
F s 8 8 o @ O . ®
0 4 %" # " | 10"
E ® I
E sam e e o o @ . . 3
102LY o ® 4
E .....o L] L] [ ] - .E
10°" o * .. = 10°
E -
10°E% o * = 107
E e s a s e s 8 @ . . =
105" o * - 10°
é. ......- . . . . l;
105" » - 10°
é. aa e a8 8 @ . . + 3
107 o "* <4 107
10-37%\\\|\H|\H||\H|\\\|\\\\luluul\T 10°
0.5 1 1.5 2 25 3 3.5 4
P (GeV/c)

A efficiency, Au+Au 27 GeV

é | TTTT | TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT | TTTT | T é
-  FlatpT |-
- Exp pT |+
7 * General ;
E & ° s @ O [] ¥ . E
S L4 =
2. L « o o s @ - E
§ 2 . ° » ® . [ ] » L §
| * ! . =
2. e . s » o u Té
é. N » s 8 @ [} ® T 3
c = . s o » ) ] (] Z
;7. o ® ° | 7;
E. R s s 5 e # . 3
- E\’\ - | I ‘ I ‘ | ‘ |- ‘ | I | Ll | 1 \E

0.5 1 15 2 25 3 35 4
P; (GeV/c)

Figure 4.23: A and A efficiencies as a function of pr at Au+Au 27 GeV. From up
to down, the data points are the efficiencies at 0-5%, 5-10%x1071, 10-20%x 1072,

20-30%x 103, 30-40% x 10—, 40-60% x 105, and 60-80% x 10~°.
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Figure 4.24: =~ and =7 efficiencies as a function of pr at Au+Au 19.6 GeV.
From up to down, the data points are the efficiencies at 0-5%, 5-10%x 1071,
10-20% %1072, 20-30%x 1073, 30-40%x 10~*, 40-60%x 1077, and 60-80%x 10~°.
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Figure 4.25: =~ and =% efficiencies as a function of py at Au+Au 27 GeV. From up
to down, the data points are the efficiencies at 0-5%, 5-10%x1071, 10-20%x 1072,
20-30%x 103, 30-40% x 104, 40-60% x10~5, and 60-80%x 10~6.
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Figure 4.26: Q= and Q7 efficiencies as a function of pp at Au+Au 7.7 GeV 0-60%
centrality.
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Figure 4.27: Q~ and Q7 efficiencies as a function of py at Au+Au 11.5 GeV. From
up to down, the data points are the efficiencies at 0-10% and 10-60%x107".
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Figure 4.28: Q= and Q7 efficiencies as a function of pr at Au+Au 19.6 GeV.
From up to down, the data points are the efficiencies at 0-10%, 10-20%x 1071,
20-40%x 1072, and 40-60%x 1073,
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Figure 4.29: Q= and Q% efficiencies as a function of pr at Au+Au 27 GeV.
From up to down, the data points are the efficiencies at 0-10%, 10-20%x 1071,
20-40%x 1072, and 40-60%x 1073,
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Figure 4.30: Q~ and Q7 efficiencies as a function of py at Au+Au 39 GeV. From up
to down, the data points are the efficiencies at 0-5%, 5-10%x1071, 10-20%x 1072,
20-40% %1073, 40-60% x10~*, and 60-80%x1075.

we can get the raw A counts from the = feed-down in i-th py bin in a specific

centrality with the formula:

- dN . Ni
AL =(—)= -2 4.3.6
L (G (136)
where (%)E is the = integrated yield, N} is the counts of A in i-th py bin and

Nz is the total counts of input =s with the weight of real = pr spectra, over the
whole pr range in the same rapidity, centrality as for the reconstructed As. The
dN/dy of Z°(Z") cannot be measured, but it is assumed to be the same as the

dN/dy of Z=(Z*). The corrected A counts in i-th pr bin is

Ai _ 77énclusive B AZE— - Aéo (4 5 7)
A
where Al .sive 1S the inclusive A raw counts, AL and AL, are the feed-down
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A from =~ and Z° respectively, and 7, is the efficiency for A in that pr bin.
The formula for A is the same by changing the particles in the formula to their

anti-particles.

It is impossible to estimate the feed-down contribution from X° and other
resonance particles that decay at the primary vertex. So the feed-down correction

here only excludes the A(A) particles from weak decays of (anti-)multi-strange

hyperons.

4.4 Systematic Uncertainty

The systematic uncertainties come from various sources: time-varying experimen-
tal running status, detector response, analysis methods and cuts used, etc. In
this analysis, we focus on the systematic uncertainties due to the analysis method
and cuts. We analyze three parts of the systematic uncertainties, which are: the
signal extraction uncertainty, efficiency correction uncertainty, and unmeasured

pr range in dN/dy measurement.

The signal extraction uncertainty is related to the background level. If there is
no background, there will be no uncertainty. We study the dependence of yield on
the invariant mass range used to fit the background. The uncertainty of the yield
is evaluated by comparing the raw yields with default mass range and other mass
ranges. We change the mass range wider and narrower, and choose the larger

relative difference as the systematic uncertainty for that bin.

The uncertainty of efficiency correction is due to the mismatch between the
experiment data and the embedding simulation data. When we apply topologi-
cal cuts to reconstruct the strange particle signal, there is a reconstruction effi-
ciency. And the embedding simulation data are used to study the efficiency. If
the embedding data completely describe the detector response, each cut parame-

ter distribution from real particles should have the same shape as that from MC
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particles in the embedding data, and there will be not systematic uncertainty.
We separate all the cuts to several groups: the number of track hits, the DCA of
decay daughter to the primary vertex, the DCA of reconstructed strange parti-
cle to the primary vertex, the DCA between the two decay daughters, the decay
lengths of strange particles, and the A(A) invariant mass window in £~ (Z%) and
Q~(QF) reconstruction. For each group, we vary the cuts in the real data and
embedding data simultaneously, and get the corrected spectra with the new cuts.
We compare the results with new cuts and the default cuts, and choose the larger
relative difference as the uncertainty. We sum the uncertainties from different

groups of cuts and from signal extraction quadratically, and take it as the overall

uncertainty of that bin.

The integrated dN/dy sums the yield from each pr bin. In the low pr region,
the strange particles cannot be measured well due to the low reconstruction ef-
ficiency. However, there is a sizable contribution to the dN/dy from the low pr
region. Some functions are used to estimate the yield of low pr region, by fitting
the pr spectra and integrating the function over the unmeasured p; region. We
use Levy function as the default fitting function, and Boltzmann function and
exponential function for comparison, to fit the pr spectra and get dN/dy of un-
measured pr region. We use the value from Levy function as the default value, and
the larger difference between default value and values from Boltzmann function

and exponential function as the systematic error.

The Levy function is:

dN (a-H@-2) o, Vrrtmom, (4.4.8)

(d_y)'zm-T(a-T+m<a—2)) a-T

The Boltzmann function is:

Gl Vpp +m? R (4.4.9)
—_— . . e 4.
dy ~ 2nT(m?+2m - T + 27?)
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The exponential function is:

AN, m+T _yrpiron
. - e

&) ot (4.4.10)

where dN/dy, T, and a are fitting parameters, m is the invariant mass of the

particle.

4.5 Results

In the section, we present the main results for the production of the strange
hadrons, K9, A(A), 2= (%), and Q(Q*) in Aut+Au collisions at 7.7, 11.5, 19.6,
27, and 39 GeV.

4.5.1 Transverse Momentum Spectra

The corrected pr spectra are obtained by the raw spectra divided by the efficiency
at each pr and centrality bin. Figure 4.31 to Figure 4.35 show the K3, A, A, =,
and =F spectra in Au+Au collisions at 19.6 and 27 GeV. Figure 4.36 to Figure
4.40 show the Q= and Q7 spectra in Au+Au collisions at 7.7, 11.5, 19.6, 27, and
39 GeV. The blue curves are the Levy functions which fit the pr spectra. The pr
spectra have been used for other analysis, such as the dN/dy, nuclear modification

factor Rop, particle ratios, etc.

4.5.2 Integrated Yield dN/dy

The integrated dN/dy sums up yields from measured pr bins, and uses fitting
functions to estimate the contribution from the unmeasured pr range. Levy func-
tion is used as the default fitting function. Boltzmann function and exponential
function are used to estimate the systematic uncertainty. Figure 4.41 shows the

dN/dy at mid-rapidity for A, A, = and Z* from the most central (0-5%) Au+Au
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Figure 4.31: K3 pr spectra at Au+Au 19.6 and 27 GeV. From up to down, the
data points are the pr spectra at 0-5%, 5-10%x 1071, 10-20% x 1072, 20-30% x 1073,
30-40%x10~%, 40-60%x10~?, and 60-80%x 1076,
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Figure 4.32: A and A py spectra at Au+Au 19.6 GeV. From up to down, the data
points are the pr spectra at 0-5%, 5-10% %1071, 10-20%x1072, 20-30%x 1073,
30-40%x 104, 40-60%x 10, and 60-80% x 10~5.
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Figure 4.33: A and A pr spectra at Au+Au 27 GeV. From up to down, the data
points are the pr spectra at 0-5%, 5-10%x10~1, 10-20%x1072, 20-30%x 1073,
30-40%x10~%, 40-60%x10~?, and 60-80%x 1076,
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Figure 4.34: 2~ and =% py spectra at Au+Au 19.6 GeV. From up to down, the
data points are the pp spectra at 0-5%, 5-10%x 1071, 10-20% x 1072, 20-30% x 1073,
30-40%x 104, 40-60%x 10, and 60-80% x 10~5.
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Figure 4.35: =~ and =% pp spectra at Au+Au 27 GeV. From up to down, the
data points are the pp spectra at 0-5%, 5-10%x 1071, 10-20% x 1072, 20-30% x 1073,
30-40%x 1074, 40-60%x 1075, and 60-80% x 1075.
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Figure 4.36: Q= and Q% pr spectra at Au+Au 7.7 GeV 0-60% centrality.
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Figure 4.37: Q= and QF pp spectra at Au+Au 11.5 GeV. From up to down, the
data points are the pp spectra at 0-10% and 10-60%x107!.
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Figure 4.38: Q= and QF py spectra at Au+Au 19.6 GeV. From up to down,
the data points are the pr spectra at 0-10%, 10-20%x107%, 20-40%x 1072, and
40-60%x 1073,
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Figure 4.39: Q~ and Q% pp spectra at Au+Au 27 GeV. From up to down,
the data points are the pr spectra at 0-10%, 10-20%x107%, 20-40%x 1072, and
40-60%x 1073,
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Figure 4.40: Q= and Q% pr spectra at Au+Au 39 GeV. From up to down, the
data points are the pr spectra at 0-5%, 5-10%x 1071, 10-20% x 1072, 20-40% x 1073,
40-60%x10~*, and 60-80%x107°.
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collisions from the STAR BES program, compared with NA49 [42], NA57 [41], and
STAR high energy data [31][32][45][46]. The dN/dy data are scaled by the num-
ber of participants (Npg+, named number of wounded nucleons N, in NA49 and
NAS57). The yields of anti-baryons (A, =) increase monotonically with increasing
beam energy; A yields decrease with increasing beam energy at low energies and
increase again from 39 GeV to higher energies; while the =~ yields almost remain
the same from 11.5 to 62.4 GeV. At low energy, the A production in enhanced due
to the large baryon stopping at mid-rapidity. This effect decreases with increasing
beam energy. On the other hand, the QGP dominates the particle production at
high energies, and decrease with decreasing beam energy. At intermediate ener-

gies, the interplay of both effects may result in a dip in the A yield as a function

of beam energy.

4.5.3 Nuclear Modification Factor Rqp

The Rcp is calculated as the ratio of particle yields from central collisions to yields
from peripheral collisions scaled by the number of inelastic binary collisions (Ny;,).
Previous measurements showed that the nuclear modification factors (Rcp) of
baryons and mesons at intermediate pr follow different trends, in RHIC Au+Au
200 GeV collisions. At high pr, the Rep is much less than unity. Figure 4.42
shows the Rep for K3, A(A), 2= (=), Q7 (QF) as a function of pr from Au+Au
collisions at beam energies from 7.7 to 39 GeV. The strange baryon Rcp has a
similar behavior at 19.6, 27, and 39 GeV. Although the baryon/meson separation
is not as significant as that at 200 GeV, there seems to be a difference between
Kg Rcp and strange baryon Reop. At lower energies (7.7 and 11.5 GeV), the Rep
for K2, A, =~ all increase with pr. We also compare the Rcp for K2 at different
energies in Figure 4.43. The K2 Rcp increases with decreasing beam energy from
62.4 to 7.7 GeV, and the Rcp with a pr above 2 GeV/c is below or consistent
with unity at 19.6, 27, and 39 GeV, however it is greater than unity at 7.7 and
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Figure 4.41: The strange baryon dN/dy at mid-rapidity in most central collisions.
The upper left plot is A, the upper right plot is A, the lower left plot is =7, and
the lower right plot is =*. The rapidity ranges are |y| < 0.5 for STAR and NA57,

10

ly| < 0.4 for NA49 A(A) and |y| < 0.5 for NA49 == (Z+). The centrality bins are
0-5% for STAR, 0-7% for NA49 6.3 to 12.3 GeV and 0-10% for NA49 17.3 GeV,

and 0-10% for NA5T.
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11.5 GeV. The change of Rcp behavior indicates that the partonic energy loss
effect does not play a prominent role at low energies, while the cold nuclear effect

(Cronin effect) [53] begins to take over.

4.5.4 A/KY Ratios

In the low energy, the A production is enhanced due to the large net-baryon
density at mid-rapidity. Therefore, it is suggested to study the A /K3 ratios instead
of A/KY to make a comparison with baryon enhancement observed at higher
energies. Figure 4.44 shows the A/KY ratios for different centralities from 7.7 to
39 GeV. There is an enhancement of A/KY ratios at pr around 3 GeV/c at 19.6,
27, and 39 GeV. And there is a strong centrality dependence of A/KY ratios at
these three energies, the ratios can reach a maximum value of unity in the most
central collisions, while in the peripheral collisions, the maximum value is less
than 0.5. It shows that there is baryon enhancement at intermediate py at 19.6,
27, and 39 GeV, which is similar to that observed at higher energies. At 7.7 and
11.5 GeV, A/K? ratios increase monotonically with increasing pr, and the A/K3

ratios have a weaker centrality dependency than these at higher collision energies.

4.5.5 Anti-Baryon to Baryon Ratios

The anti-baryon to baryon ratios from STAR [31][32][44][45][46] and NA49 [42][43][54]
data are shown in Figure 4.45. The STAR BES data and the NA49 data are con-

sistent with each other.

In the statistical thermal model, particle yields can be described by invari-
ant mass, degeneracy factor and chemical potential (u) of each particle type,
strangeness-suppression factor (vg), and chemical freeze-out temperature (7°),
which has been discussed in Section 4.1.3. When we take the anti-baryon to

baryon ratios, the parameters are cancelled except pug/T and pg/T:
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In(ratio) = —2“?3 + %AS (4.5.11)

where pp is the baryon chemical potential, and pg is the strangeness chemical
potential. The AS in the formula is the strangeness-number difference between
baryon and anti-baryon. The above formula describes, for each particle type,
a straight line described by the parameters £8 and £2. The £2 and £% are the
properties of the collision system, independent of the particle type. When we draw
the In(ratio) of %, E—f, and g—t in one plot, with £2 on the x-axis and £ on the
y-axis, the three lines should cross at one point, if the statistical thermal model
assumptions are valid. With this method, we can test the statistical thermal

model. The 7.7, 11.5, 19.6, 27, and 39 GeV results are shown in Figure 4.46, and

the statistical thermal model seems to describe the data well.

g

When we draw the In(ratio) of , and g—f in one plot for each energy, with

>l
[
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Figure 4.46: Testing of statistical thermal model in Z% and £% parameter space
with strange anti-baryon to baryon ratios in 7.7, 11.5, 19.6, 27, and 39 GeV
Au+Au central collisions. The shadow of each line is the statistical error.

AS on the x-axis and In(ratio) on the y-axis, the three ratios should fall in one
line. For each collision energy, we can use linear function to fit the three points
with £8 and £% as the fitting parameters. Figure 4.47 shows the fitting results.
The 22 and £% from 7.7 to 39 GeV are shown in Figure 4.48, and the £F values
fall on the curve of parameterization with pugp and T fitting of AGS, SPS, and
RHIC 130 GeV central collision data [55].

The strangeness chemical potential g is a function on g and T'. In a relatively
small pup and T range, pus has a good linear relationship with pg. Figure 4.49
shows the £% vs. £, We use a linear function to fit the points of £% and &%
at 39 GeV to 7.7 GeV, and get 55 = 0.2412 x £2. After we get the function
and parameters to describe ug, we can check whether the fitting functions and
parameters can describe the anti-baryon to baryon ratios well. In Figure 4.50
left panel, both &% and &% values fall on the curve of parameterization; and in

the right panel, the curves of parameterization can to describe the anti-baryon to

baryon ratios well.
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CHAPTER 5

Reaction Plane Dependent VO and Charged

Hadron Azimuthal Correlation

Quantum Chromodynamics (QCD) allows for the formation of parity-odd domains
inside the Quark-Gluon Plasma (QGP). The Chiral Magnetic Effect (CME) will
lead to charge separation with respect to the reaction plane. Previous measure-
ments from RHIC and LHC using charge-dependent two-particle azimuthal cor-
relations with respect to the reaction plane are consistent with the expectation
of charge separation from CME. The correlation between strange VO and charged
hadrons is expected to provide an estimate of the intrinsic background from par-
ticle correlation, which extends our understanding of the two-particle azimuthal
correlations. In addition, the theoretical calculations of the Chiral Vortical Effect
(CVE) predict a difference in baryon versus anti-baryon azimuthal correlations
with respect to the reaction plane. In this chapter, we will discuss the study of
A(N)—n*%, K—h*, A(A)—p(p) and K% —p(p) azimuthal correlations with respect

to the event plane, and investigate the CME and CVE in heavy-ion collisions.

5.1 Introduction to CME & CVE

5.1.1 The Local Parity Violation in the Strong Interaction

Quantum Chromodynamics is the theory to describe the strong interaction. One
of the most remarkable concepts in QCD is the concept of vacuum. The QCD

vacuum is not considered as the void of everything, but it is fully filled with
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fluctuating quark and gluon fields. A state of such quantum field with global
or local minimum energy is called a vacuum. The true vacuum, which is at the
global minimum energy state is unique, but there are an infinity of QCD vacuums
at local minimum energy states. The spatial part of different states at time t are
represented by the Chern-Simons topological charge, i.e. Chern-Simons number

Nes(t) [56][57].

2

Nes(t) = 1672

iy 1
/ P (A70, A + S ATALAY) (5.1.1)

The variable A¢ is the gluon gauge fields of the vacuum, which is a function
of time and space. Indices (i,j,k) and (a,b,c) represent the spatial and color
components, corresponding to each QCD vacuum. All gauge field configurations
can be characterized by a topological invariant, the winding number @),,. The

winding number is an integer and given by integration of gluonic field tensor

(Fg,) and its dual (F}") [58].

2 ~
Quw = 3;2 / dizFo, Em (5.1.2)

The more historical topological invariant, @), represents the difference of Chern-

Simons number at temporal infinity and negative infinity:

Qw = N05(+OO) - Ncs(—oo). (513)
The Chern-Simons number Ngg can vary by integers, thus dNZ—f(t) # 0, which
corresponds to the QCD vacuum transition. The vacuum transition is localized
in space and time, so it is a local phenomenon [59]. The many QCD vacua are
shown schematically in Figure 5.1. A transition from a QCD vacuum to another

by tunneling through the potential energy barrier is called an instanton. Another

type of transition is sphaleron, which goes over the potential energy barrier. It
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is predicted that instanton rates are heavily suppressed at a very large energy
density [59], such as those achieved at RHIC. However, at a large energy density,
sphaleron rates are not suppressed, and the total vacuum transition rates are

predicted to dramatically increase [58].

Figure 5.1: The potential energy of the gluon field vs. Ngg. Each local energy
minimum state is a QCD vacuum. The plot is from [57].

The axial vector current in QCD represents the flow of net handedness (left-

handed - right-handed particles).

Jp = Z(@Eﬂu%@bﬁfx (5.1.4)
f

The divergence of jZ is given by:

; Iy i N92 a Tpv
Oy =2 mplpivsts)a = 55 FuFL (5.1.5)
f

Here Ny is the number of quark flavors, ¢y is a quark field, and m;y is the mass
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of a quark. In the chiral limit, i.e. my = 0,

N¢g? ~
5 fg a v
gy =~ S FFL. (5.1.6)

The net number of left/right handed quarks (N;/Ng) as a function of time is

given by:
' 3 Nfg2 a v
NL(t) — NR<t) = —/_oo dt/d ZL‘WFMVFG . (517)
Assuming initially at ¢ = —oo, we have an equal number of fermions (quarks and

anti-quarks), i.e. Ng(t = —o0) = Np(t = —o0). Inserting Equation 5.1.2 into

5.1.7, and at t = 0o, we obtain

NL(t = OO) — NR(t = OO) = 2Nwi (518)

which means that configurations with positive (),, convert right-handed fermions
into left-handed ones. It is the phenomenon of parity violation in the strong
interaction. However, it should be stressed that the phenomenon is not a global
but rather a local one, i.e. the vacuum transitions are localized in space and time.

Thus the phenomenon is called Local Parity Violation (LPV) in literature.

5.1.2 The Chiral Magnetic Effect and Chiral Vortical Effect

The chiral asymmetry cannot be directly observed in the heavy-ion collision. The
Chiral Magnetic Effect (CME), proposed by Dimitri Kharzeev et. al., can con-
vert the chiralty asymmetry to an other type of asymmetry with the help of the

magnetic field created in the non-central heavy-ion collisions [58].

Figure 5.2 illustrates the existence of the background magnetic field. In a non-
central heavy-ion collision, two nuclei collide to form a fire ball with significant
amount of energy deposited in the almond-shaped area. The charged spectators

keep moving along the original directions at a speed close to the speed of light,
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generating two electric currents with opposite directions. An extremely strong
magnetic field is induced by the spectators in the central collision area. The
participant region also has contribution to the magnetic field, as it is charged
and carries orbital angular momentum. Theoretical calculations indicates that
the magnetic field generated in the heavy-ion collisions is as strong as the QCD
energy scale, and in the early stage of Au+Au collisions, the magnitude can reach

up to 10* T.

Zz
Reaction /
plane

(¥e) \/

ﬁ
Y (defines ‘¥y)

Figure 5.2: A strong magnetic field is created in the non-central heavy-ion colli-
sion.

The strong magnetic field has interaction with quarks in the QGP. Since gluons
are not electrically charged, they do not interact with the magnetic field. The
quarks in such a strong magnetic field will stay in the lowest Landau level, moving
either along or opposite to the magnetic field. Furthermore, positive quarks have
their spin parallel with the magnetic field, and negative quarks have their spin
anti-parallel with the magnetic field. A cartoon with a few up and down quarks
is shown in the stage 1 of Figure 5.3. After a vacuum transition has occurred
as shown in the stage 2 of Figure 5.3, here assuming ),, = -1, we have more

right-handed quarks than left-handed quarks, i.e. some left-handed quarks are
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converted to right-handed quarks. At chiral limit (my = 0), a quark’s chirality
is equal to its helicity. The chirality can be changed through either flipping the
spin or reversing the momentum. However, due to the strong magnetic field, the
flipping of the spin is suppressed. Thus, left-handed quarks will reverse their
momenta as shown in the stage 3 of Figure 5.3. In the end, the quarks with
different charges move in opposite directions along the magnetic field, which leads
to a charge separation and creates an electric current. As the reaction plane is
perpendicular to the magnetic field, if there is a surplus of positive charges on one
side of the reaction plane, there will be a surplus of negative charges on the other
side. This is the Chiral Magnetic Effect. The situation of ), = +1 is just
reversed. Positive and negative transitions are equally probable, since the vacuum

transition fluctuates from event to event.

oY

Figure 5.3: The u and d in the figure stand for up and down quarks. L and R
are the handedness of the quarks. The blue arrows (on the right side of quarks)
are the spin directions, and the red arrows (on the left side of quarks) are the
momentum directions. The figure is from [58].

Q #0

w

e e

In addition to the CME, theoretical calculation also predicts the existence of

the Chiral Vortical Effect (CVE), which is analog to the CME. The vorticity w of
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the participant nucleons, combined with a baryon chemical potential upg, creates
an effective magnetic field @ [60]. In the SU(3) symmetry, the CME and CVE
lead to completely different currents: the CME contributes only to the electric
charge current, and the CVE contributes only to the baryon current. If the CVE
exists, there should be a baryon number separation of the same sign as the electric

charge separation due to the CME [60].

5.1.3 The Three-Point Correlator and Experimental Observable

The Chiral Magnetic Effect leads to an electric charge separation along the di-
rection of the magnetic field created in the heavy-ion collisions, and the particles
with the same electric charge emission along the same direction, and the particles
with opposite charges emission along the opposite directions. The Fourier series

of the charged particle azimuthal distribution can be used to describe the effect:

dNa o 1+ 2v; 4 cos(A¢) + 2vy 4 cos(2A¢) + - - -
do (5.1.9)

+ 2ay o SIN(AQ) + 2a9 4 sin(2A¢) + - - -

where the coefficients a reflects the charge separation effect, the coefficients v
are the flow harmonics, and a denotes the sign of electric charge of particles,
and A¢p = (¢ — Ugp) is the azimuthal angle with respect to the reaction plane.
However, as discussed in section 5.1.2, even in the same event, there are more
than one local vacua with different transitions or different (),,, and the positive and
negative transitions are equally probable. Therefore, the electric charge separation
direction is random, which is determined by the sign of the topological charge
(Quw). A direct measurement of the coefficients a should be zero, after averaging

over a large number of events.
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To extract the charge separation signal, a three-point correlator is proposed [61].

(cos(p + 5 — 2WRp))

=(cos A¢, cos Agg) (sin Ag, sin Agg) (5.1.10)

=[(v1,av1,8) + Bin] — [{a1,001,8) + Boui]

The (ayqa1) is the signal term. The @y 4a1 5 is a parity-even quantity, and it
no longer depends on the sign of @,,. Therefore, the signal cumulates, after the
averaging over a large number of events. The (v 4v1 5) term provides a directed
flow reference, which is expected to be the same for same-charge and opposite-
charge particle correlations. The B;, and B,,; are the background terms of the
in-plane and out-of-plane directions, which are largely cancelled out. The three-
point correlator is expected to be negative for the same-charge correlation (a = f3),
and positive for the opposite charge correlation (a # ), because —(a; 4a15) is

measured.

The STAR experiment has published the measurement of the centrality depen-
dence of three-point correlator in Au+Au and Cu+Cu collisions at \/syy = 200 GeV [62].
The results for same-charge and opposite-charge particle correlations are consis-
tent with expectations based on the out-of-plane electric charge separation, while

the models without LPV mechanism built-in cannot reproduce STAR data.

5.1.4 The Motivation of Strange V0 and Charged Hadron Azimuthal
Correlation Study

The previous results of two-particle azimuthal correlations have already revealed
that there is an electric charge separation effect across the reaction plane. The
study of correlation with a charged particle replaced by a neutral particle will
extend our understanding of background in the charged particle azimuthal cor-

relations. This study can test whether the different behaviors of same-charge
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Figure 5.4: The left figure shows the there points correlator in Au+Au and Cu+Cu
collisions measured by the STAR experiment. The right figure compares the
measured Au+Au results with the model calculations. The figure is from [62].

and opposite-charge particle correlation are really due to the electric charge. The
theory expects that the neutral-positive-charge correlation and neutral-negative-
charge correlation are identical. But we need to study the neutral and charge
particle correlation to confirm it. If the results show a difference between neutral-
positive-charge and neutral-negative-charge correlations, there must be some other
effects or background we have not understood yet. It is difficult to identify neu-
tral hadrons, such as 7’s and neutrons with the STAR detector. Fortunately,
we can reconstruct strange VO from their decay daughters. K3 is a mixed state
of K% and K°. In high energy heavy-ion collisions, such as RHIC top energies,
the strangeness chemical potential is close to zero, which makes the K°/K? ratio
close to one [63][64][65]. So half of the K3 particles are K° and the other half
are K° No matter whether strange quarks participate in the chiral dynamics,
the K3 is completely charge neutral. (If only up and down quarks participate in
the chiral dynamics, K° and K° behave like they carry a charge in CME, but K§

still looks neutral because there are equal amounts of K° and K°.) Therefore, the
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K2 — h¥* correlation will help to test whether different behaviors of same-charge
and opposite-charge particle correlation are really due to the electric charge or

not.

A(A) is also electric charge neutral. It may help to study whether s quarks
participate in the chiral dynamics. If A(A) —h* has similar behaviors as K3 — h¥,
A(A) looks like charge neutral in the CME, which means there is no difference
between s and u, d quarks. Then under SU(3) symmetry, and s quarks fully
participate in the chiral dynamics as u and d quarks. If A(A) —h* and A(A) —h~
show different behaviors, while K% — h™ and K3 — h™ are consistent with each
other, then A(A) looks like a charged particle in the CME, which means it is SU(2)
symmetry and s quarks do not fully participate in the chiral dynamics as u and d

quarks.

Both As and protons are baryons. A(A) — p(p) may help to test the CVE.
Protons are baryons themselves, but the p-p correlation also involves the CME,
because protons also carry electric charges. A(A) —h* and K2 — p(p) correlations

provide background study for the A(A) — p(p) correlation, since not both particles

in the A(A) — h* and K§ — p* correlations are baryons.

5.2 Data Set and Event Selection

As the relatively low production of strange VO in the heavy-ion collisions and
low reconstruction efficiency, only several A(A) and K2 can be reconstructed in
each event. Therefore, the analysis of strange V0O and charged particle correlation
is most often statistics limited. In years 2010 and 2011, STAR experiment took
high statistics data of Au+Au collisions at 39 GeV and 200 GeV, which makes it
possible to study the correlations. In this thesis, those two data sets have been

used for the correlation analysis.

In order to investigate the centrality dependency, minimum bias data are se-
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Table 5.1: The data set and event selection criteria, as well as the total number
of good events used in the analysis.

Year /Syn Vertex Cut Number of Good Events
2010 39 GeV  |Vz| < 40 cm, |V;| < 2 cm 130 million
2011 200 GeV  |Vz| < 40 cm, |V, < 2 cm 480 million

lected. Some basic vertex cuts are set to select good events. Table 5.1 lists the
data set and cuts used in the event selection, where V; is the collision vertex
position along the beam direction from the detector center, and V, is the distance

between collision vertex and the beam pipe.

The whole minimum bias data set for each energy is separated to nine centrality
bins. The same C++ class StRefMultCorr is used as the centrality definition in
the analysis of strange particle production which is discussed in the Chapter 4.
Figure 5.5 shows the reference multiplicity distribution for Run10 Au+Au 39 GeV
and Runll Au+Au 200 GeV data.

Reference Multiplicity Distribution of Run11 200GeV Reference Multiplicity Distribution of Run10 39GeV
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Figure 5.5: The figures show the reference multiplicity distribution of Au+Au
collisions at 200 GeV and 39 GeV.

5.3 Event Plane Reconstruction

In order to calculate the three-point correlator, the event plane is reconstructed,

which is an estimation of the reaction plane. There are several steps to measure
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the azimuthal angle of the event plane Wgp, which are summarized below.

The event plane is reconstructed from the primary tracks. All the primary
tracks with 0.15 GeV/c < pr < 2 GeV/c and |n| < 1 are used to reconstruct the
event plane. Since strange V0 and (anti-)proton correlation will be studied, a cut
with no, < -3 is set to avoid the self-correlation due to the (anti-)proton. Since
the detector response is not perfectly uniform along the azimuthal angle ¢, the
tracks’ ¢ angle distribution is not uniform. We apply a weight to each angle, to
make the ¢ angle distribution flat. The weight for each angle is the inverse of

track multiplicity in that angle over all the tracks.

The primary tracks used for event plane reconstruction are randomly separated
to two equal sub-groups, and a sub-event plane is reconstructed for each sub-group

through the flow vector @,, [66].

Qn,z — Z Ww; COS(n(ﬁJ - Qn Cos(n\PEP,n>
' (5.3.11)
Qny = Z w; sin(neg;) = Qpsin(nVep,)

where Wgp, is the n-th order event plane azimuthal angle, ¢; is the azimuthal
angle of particle ¢, w; is a particle weight to optimize the event plane resolution,
usually pr is chosen to be the weight w;. Then the n-th order event plane angle
is:

1
\IJEP,n = — tan_l(
n

any
Qne

For the three-point correlator analysis, we use the 2nd order event plane, i.e.

). (5.3.12)

n = 2.

From physics point of view, the reaction plane azimuthal angle distribution
should be flat, as the truly random collision impact parameter. To remove the
effects of detector acceptance and efficiency, a shifting method [67] is used to force

the calculated event plane azimuthal angle distribution to be uniform. Figure 5.6
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shows an example of event plane azimuthal angle distribution.

Event Plane Azimuthal Angle Distribution
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Figure 5.6: The event plane azimuthal angle distribution is uniform after all the
corrections.

The measured three-point correlator should be corrected for the event plane

resolution:

Corrops

o (5.3.13)

Corryeg =

The sub-event plane resolution can be estimated from the two sub-event planes,

which is

R =\ {cosin(Wp,, — UEp,)]). (5.3.14)

The event plane resolution has a relationship with x,,, where x,, = vmV2N. The
Figure 5.7 shows the event plane resolution as a function of y. For the full event
plane, N is twice of that of sub-event plane, therefore, xfuy = ﬂxmb. When
we get the sub-event plane resolution, we can project the resolution to x space,

and multiple the factor v/2 to get the y full, and project back to the resolution
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space. For the three-point correlator analysis, the full event plane resolution can

be calculated as

Rpan(x) = %X exp(— x>/ Ls-1)2(x*/4) + L1y 2(X*/4)]. (5.3.15)

where [ is the modified Bessel function [66].
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Figure 5.7: The event plane resolution for the n-th (n = k x m) harmonic of
the particle distribution with respect to the m-th harmonic plane as a function of
X. For three-point correlator analysis, we use k = 1, m = n = 2. The figure is
from [66].

Figure 5.8 shows the event plane resolution as a function of centrality. In the
peripheral collisions, there are fewer primary tracks used for event plane recon-
struction, and in the central collisions, the vy is small. Therefore, the event plane
resolutions at both peripheral and most central collisions are worse than that at

mid-central collisions.
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Figure 5.8: The event plane resolution as a function of centrality.

5.4 Particle Selection

For the strange VO and charged hadron azimuthal correlation study, charged
hadrons, (anti-)protons and strange VO(A, A, K2) need to be identified. Charged
hadrons mainly consist of pions and kaons, but (anti-)protons are excluded with
a cut of no, from the TPC. Protons are identified with the TPC and TOF. Table

5.2 shows the cuts for the charged hadrons and (anti-)protons selection.

Table 5.2: The basic cuts to select charged hadrons and protons with the TPC
and TOF.

charged hadrons (anti-)protons
pr 0.15 GeV/c - 2 GeV/c 0.4 GeV/c -2 GeV/c
Global DCA to PV < 2cm < 2cm
TPC Number of Hits > 15 > 15
TPC dE/dx no, < -3 ino,| < 2
TOF m? 0.8 (GeV/c*)? - 1.0 (GeV/c?)?
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K9 and A(A) are reconstructed from their decay daughters, using the algorithm
described in Chapter 3. Table 5.3 lists the topological cuts and invariant mass
window to select the K2 and A(A) candidates. The DCA of strange VO to the
primary vertex varies from most peripheral to most central collisions to control
the background level. Figure 5.9 shows the reconstructed signals of K2 and A(A).
The background in the most central collisions is higher than that in the peripheral
collisions, although more strict cuts are set to the central collisions. The worst
case is the K9 from most central collisions, however the purity of K2 is higher

than 90%. The purity of A(A) is higher than K.
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Table 5.3: The topological cuts for K2 and A(A) at Au+Au 200 GeV and 39 GeV.

Au+Au 200 GeV

Au+Au 39 GeV

K
TPC Number of Hits > 15 > 15
Pion selection |nox| <4 <4
DCA of pion to PV > 1.2 cm > 1.5 cm
DCA of P+ to P- < 0.8 cm < 0.8 cm
Decay Length of VO > 5 cm (0-40%) >4 cm
> 4 cm (40-80%)
< 0.5 cm for 0-5% < 0.6 cm for 0-5%
< 0.525 cm for 5-10% < 0.625 cm for 5-10%
< 0.55 c¢m for 10-20% < 0.65 cm for 10-20%
< 0.575 cm for 20-30% < 0.675 cm for 20-30%
DCA of VO to PV < 0.6 cm for 30-40% < 0.7 cm for 30-40%
< 0.625 c¢m for 40-50% < 0.725 c¢m for 40-50%
< 0.65 c¢m for 50-60% < 0.75 c¢m for 50-60%
< 0.675 c¢m for 60-70% < 0.775 c¢m for 60-70%
< 0.7 cm for 70-80% < 0.8 cm for 70-80%
pr range 0.2 GeV/c -2 GeV/c 0.2 GeV/c -2 GeV/c
Mass window 0.4876 GeV/c? - 0.5076 GeV/c? 0.4926 GeV/c? - 0.5026 GeV/c?
A(A)
TPC Number of Hits > 15 > 15
Proton selection |nop| <4 <4
Pion selection |nor| <4 <4
DCA of proton to PV > 0.6 cm > 0.5 cm

(0.7 cm for VO pr < 0.6 GeV/c)

(0.7 cm for VO pp < 0.6 GeV/c)

DCA of pion to PV > 1.8 cm > 1.5 cm
(0.7 cm for VO pp < 2.5 GeV/c) (2.5 cm for VO pr < 0.6 GeV/c)
DCA of P+ to P- < 0.7 cm < 0.8 cm
Decay Length of VO > 6 cm >4 cm

DCA of VO to PV

< 0.4 cm for 0-5%

< 0.425 cm for 5-10%
< 0.45 cm for 10-20%
< 0.475 cm for 20-30%
< 0.5 cm for 30-40%
< 0.525 cm for 40-50%
< 0.55 c¢m for 50-60%
< 0.575 c¢m for 60-70%
< 0.6 cm for 70-80%

< 0.5 cm for 0-5%

< 0.525 cm for 5-10%
< 0.55 cm for 10-20%
< 0.575 cm for 20-30%
< 0.6 cm for 30-40%
< 0.625 cm for 40-50%
< 0.65 cm for 50-60%
< 0.675 c¢m for 60-70%
< 0.7 cm for 70-80%

Decay Length of VO

> 6 cm

> 4 cm

Decay Length of VO

> 6 cm

> 4 cm

pr range

0.5 GeV/c -2 GeV/c

0.5 GeV/c -2 GeV/c

Mass window

1.1117 GeV/c? - 1.1197 GeV/c?

1.1107 GeV/c? - 1.1207 GeV/c?
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Figure 5.9: The reconstructed Kg and A(A) at Au+Au 200 GeV. In the plots
of A(A) signals, the black curves are the A signals, and the red curves are the A
signals.

5.5 Results

5.5.1 Kg — h* Azimuthal Correlation

Figure 5.10 shows the measurements of K% —h* azimuthal correlations in Au-+Au
collisions at 200 GeV and 39 GeV. The K2 — h* and K2 — h™ are consistent
with each other at different centralities and collision energies, and the difference
between K% — h™ and K9 — h™ is consistent with zero. There is no significant
charge-separation effect in the K% —h* correlation, which indicates that the charge
separation observed in charged hadron correlation results from correlated emission

of charged particle pairs with respect to the event plane.
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Figure 5.10: The left two panels show the K3 — h™ and K3 — h™ as a function
of centrality in Au+Au collisions at 200 GeV and 39 GeV respectively. The right
two panels show the difference between K9 — h™ and K2 — h™ as a function of
centrality at those two collision energies. The error bars are statistical errors. The
shadows are systematic uncertainties.
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5.5.2 A(A) — h* Azimuthal Correlation

A(A) particles are made of up, down and strange quarks, and carry no electric
charge. However, if for some reason the strange quark does not participate the
chiral dynamics as much as the up and down quarks, the A particle could respond
similarly to an effectively positive charged particle, and A would be a negative
charged particle. Therefore, A — h* should have same performance as A — h~,
and we can combine them. It is the same case for A — h~ and A — h*. Figure
5.11 shows the combined A(A) — h* azimuthal correlations at Au+Au 200 GeV
and 39 GeV. The (anti-)protons have been excluded from the charged hadrons to
avoid the correlation between baryons. The A(A) behaves the same as K9, which
suggests that strange quarks fully participate in the chiral dynamics, so that the

A(A) behave like charge neutral particles not influenced by the CME.

5.5.3 KY — p(p) Azimuthal Correlation

From the result of K — h* azimuthal correlation, there is no charge-separation
effect in the K3 — h* correlation. K9 is a meson, which does not participate in
the CVE. Although protons are baryons, there should be no separation in the
K2 — p(p) azimuthal correlation, expected from the CME and the CVE. The
measurement of K9 — p(p) azimuthal correlation provides a background study for
the A(A)—p(p) azimuthal correlation. Figure 5.12 shows the K9 —p(p) correlation

results, which indicates there is no separation effect in the K& — p(p) correlation.

5.5.4 A(A) — p(p) Azimuthal Correlation

Both A(A) and (anti-)protons are baryons. If the CVE exists, there would be a
baryon number separation in the A(A) — p(p) correlation. The A(A) — h* corre-
lation results show no charge-separation-like effect, which provides an important

background study for the A(A) — p(p) correlation. If there is a separation in the
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Figure 5.11: The left two panels show the A —h*(A —h~) and A—h~ (A —h') as
a function of centrality in Au+Au collisions at 200 GeV and 39 GeV respectively.
The right two panels show the difference between A—h~(A—h*) and A—hT(A—h")

as a function of centrality at those two collision energies.

The error bars are

statistical errors. The shadows are systematic uncertainties.
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Figure 5.12: The left plot shows the K2 —p and K9 — p as a function of centrality
in Au+Au collisions at 200 GeV. The right plot shows the difference between
K2 —p and K3 —p as a function of centrality at those two collision energies. The
error bars are statistical errors. The shadows are systematic uncertainties.
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Figure 5.13: The left plot shows the same-baryon-number correlation and the
opposite-baryon-number correlation as a function of centrality. The right plot
shows the difference between them. The same-baryon-number correlation has
different behavior with the opposite-baryon-number correlation at mid-central and
peripheral centralities. The error bars are statistical errors. The shadows are
systematic uncertainties.

A(A) — p(p), we know it is not due to the electric charge effect. Figure 5.13 shows
the A(A) — p(p) correlation results. It seems that the same-baryon-number corre-
lation has a different behavior from the opposite-baryon-number correlation from
mid-central to peripheral collisions. There appears a baryon number separation

effect in the A(A) — p(p) azimuthal correlation, its origin remains to be studied.

5.6 Systematic Uncertainty

The systematic uncertainty mainly comes from three sources. One is the system-
atic uncertainty due to other physics mechanism, such as the Hanbury Brown and
Twiss (HBT) effect and Coulomb effect. The HBT effect has significant contri-
bution to the correlation between particles with a relative transverse momentum
within 0.1 GeV/c (|Apr| < 0.1 GeV/c), including A(A) and K3 [68][69]. We
set Apr > 0.15 GeV/c and An > 0.15 cuts to exclude the HBT effect contri-
bution to the particle correlation, and use the difference between the correlation

with and without the HBT effect as the systematic uncertainty due to this ef-
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fect. The second source of systematic uncertainty is the feed-down contribution
to the correlated particles in the analysis. The feed-down daughters cannot be
fully excluded, however, by tightening the DCA of the track to the primary vertex,
we can reduce the feed-down contribution and estimate the uncertainty from the
feed-down contribution. The third source is the purity of the identified particles,
such as A(A), K2 and (anti-)protons. The (anti-)protons can be well identified
with the TPC and the TOF. The A(A) and K signals also have very high purity
(> 90%). So the systematic uncertainty of this part is small, and it can also be
studied by tightening the topological cuts, when the A(A) and K9 candidates are
reconstructed. The most sensitive cut is the DCA of the track to the primary
vertex. Therefore, the systematic uncertainty due to the feed-down contribution

and the signal purity can be studied together.

Compared with the systematic uncertainty due to the HBT effect, the uncer-
tainty due to the feed-down contribution and the signal purity is less significant.
In the A(A) — p(p) correlation study, it is important to study how significant the
separation is. Therefore, we studied all the three sources of the systematic uncer-
tainty. In the K3 — h*, K9 — p(p), and A(A) — h* correlation study, there is no
significant separation effect. More study of systematic uncertainty can only fur-
ther support there is no separation effect. Therefore, the systematic uncertainty
is not as important as the systematic uncertainty of A(A) — p(p) correlation. And

we only study the most significant source of the systematic uncertainty, which is

the uncertainty due to the HBT effect.

In the Figure 5.10 to Figure 5.13, the shadows are systematic uncertainties for

the KO — h*, A(A) — h*, K% — p(p), and A(A) — p(p) correlations respectively.
S S
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Figure 5.14: The left plot shows the same-baryon-number correlation and the
opposite-baryon-number correlation as a function of centrality. The lines are the
background due to the baryon number conservation coupled with collective flow.
The right plot shows the difference between same-baryon-number correlation and
the opposite-baryon-number correlation with background subtracted. The error
bars are statistical only.

5.7 Discussion

Alternative theory has been proposed to explain the charge separation effect [70][71].
It is speculated that the local charge conservation combined with collective elliptic
flow has a significant contribution to the charge separation effect. Similarly, the
local baryon number conservation combined with collective elliptic low may also
have a contribution to the baryon number separation effect we observed in the
A(A) azimuthal correlation. We used the formula vy(cos(¢; — ¢2)) as proposed by

model calculations to estimate the background due to the local charge (or baryon

number) conservation coupled with collective flow [72].

The vy(cos(¢p; — ¢9)) is calculated for A(A) — h*, K% — h%, K% — p(p), and
A(A) — p(p). The effect is the same for “same sign” and “opposite sign” correla-
tions in the A(A) — h®, K% — h*, K3 — p(p) correlations, therefore the effect is
cancelled in the difference between the “same sign” and “opposite sign” correla-
tions and will not change our conclusions. The baryon number conservation effect

seems to have some contribution to the separation in A(A) — p(p) correlations. In
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central Au+Au collisions at 200 GeV where there is small net baryon density at
mid-rapidity, there is little baryon number separation, consistent with no Chiral
Vortical Effect. For the most peripheral collision bins, there is a significant baryon
number separation. It is expected that in peripheral collisions the effect of baryon
number and momentum conservations is also large. More detailed theoretical cal-
culations are needed to address the background from these conservations. The
theory does not point the elliptic flow of which particle should be used in the
formula for background. Right now, we use the vy of pions, that is an estimate of
the elliptic flow of the medium. Some other people argue that we should use vy of
As and protons. However, the vy of which particle should be used is still an open
question. The vy of pions is higher than that of protons and A baryons at low
pr, but lower at high pr. The integrated v, of pions is closed to that of protons
and A baryons. No matter the vy of which particle we use, our conclusion remains

unchanged.
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CHAPTER 6

Summary and Discussion

In this thesis, we have carried out two research projects: strangeness production
in the RHIC Beam Energy Scan Program, and strange VO and charged hadron

azimuthal correlation.

From the strangeness production in BES program, we have observed many
interesting results. The behavior of baryon yield (dN/dy) as a function of \/syx
indicates strange baryon production is significantly enhanced due to high net
baryon densities in lower energies, while in higher energies the baryon-antibaryon
pair production dominates. The Rop and A/KY ratio suggest that the medium
created in collisions at 19.6, 27, and 39 GeV are similar as that at higher colli-
sion energies, such as 62.4, 130, and 200 GeV, but quantitatively different as the
medium created at 11.5 and 7.7 GeV. Combined with the elliptic flow analysis
from STAR experiment at BES energies [73][74], it may indicate a change of col-
lision dynamics from 19.6 GeV to 11.5 GeV. The statistical thermal model can
describe the anti-baryon to baryon ratios well in all the beam energies. However,
the statistics for Au+Au collisions at 7.7 and 11.5 GeV are very low, the pr range
of strange particle spectra at those two energies does not exceed 3 GeV/c, and
the spectra have considerable statistical errors. The 2~ and QF signals at those
two energies have very low statistics, and we can only obtain the spectra for one
or two centrality bins. STAR has proposed a BES Phase II program, which will
enhance data statistics by an order of magnitude at those energies. In addition, to

study the change of collision dynamics from 19.6 GeV to 11.5 GeV, it is necessary
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to take data at an energy between 19.6 and 11.5 GeV. In 2014, STAR took about
twenty million events of Au+Au collisions at 14.5 GeV, to fill the gap between
19.6 and 11.5 GeV.

From the strange VO and charged hadron correlation analysis, we have observed
that correlations between neutral strange hadrons and charged hadrons show no
charge separation effect, unlike the correlations between two charged hadrons. It
indicates that the charge separation effect observed for two charged hadrons has
its origin related to electric charges. Results for correlations with K3 and A(A)
particles reveal no sign of the CME and suggest that strange quarks participate in
the chiral dynamics in the same way as up and down quarks do. The A(A) — p(p)
correlations show a baryon-number separation with respect to the event plane,
which is consistent with the expectation for the Chiral Vortical Effect. However,
alternative theory has been proposed to explain the separation effect [70][71]. The
theory indicates that the local charge (or baryon number) conservation combined
with collective elliptic flow has a significant contribution to the charge (or baryon
number) separation effect. We used the formula wvy{cos(¢1 — ¢2)) as proposed
by model calculations to estimate the background due to the local charge (or
baryon number) conservation coupled with collective flow [72]. The effect is the
same for “same sign” and “opposite sign” correlations in the A(A) — h*, K% —h¥,
K?2—p(p) correlations, therefore the effect is cancelled in the difference between the
“same sign” and “opposite sign” correlations and will not change our conclusions.
However, the baryon number conservation effect seems to have some contribution

to the measured A(A) — p(p) correlations. More background studies are needed in

order to draw a firm conclusion.
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APPENDIX A

Data Table of Strange Particle py Spectra

Table A.1: The K9 Spectra at 19.6 GeV, 0-5% Centrality Bin

pr = Npgg; —;  Statistical Error  Systematic Error

0.311505 12.1203 0.399397 0.323974
0.503522 7.8554 0.143836 0.218154
0.700031 4.34517 0.0630936 0.0983203
0.898187 2.11805 0.0303155 0.0550871
1.0971 1.00395 0.0160781 0.0218361
1.29639 0.487202 0.00934715 0.0170163
1.4959 0.245933 0.00508358 0.0167215
1.69555 0.116258 0.00240722 0.0108003
1.89527 | 0.0503515 0.00109211 0.00561132
2.13886 0.0171447 0.00033811 0.00161482
2.43835 | 0.00501897 0.000126123 0.000382064
2.77869 | 0.0014227 4.66034e-05 0.000114167
3.17806 | 0.00039696 2.10795e-05 8.932e-05
3.57759 8.653e-05 7.47126e-06 2.40363e-05
3.97725 | 1.49463e-05 3.82365e-06 1.6652e-05
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Table A.2: The K2 Spectra at 19.6 GeV, 5-10% Centrality Bin

pr % %pidy Statistical Error Systematic Error

0.311444 9.78609 0.36865 0.490692
0.503448 6.48492 0.137365 0.140766
0.699957 3.59562 0.0617942 0.0750499
0.898126 1.72316 0.0290441 0.0257425
1.09704 0.802226 0.0150125 0.0156091
1.29634 0.386315 0.0085164 0.010336
1.49587 0.197096 0.0047821 0.0134607
1.69551 | 0.0933237 0.00224852 0.00804014
1.89526 | 0.0405638 0.00102567 0.00378353
2.13888 | 0.0133478 0.000298976 0.00136417

2.4384 | 0.00413568 0.000117283 0.000222696
277888 | 0.00127351 4.63993e-05 0.000111324
3.17834 | 0.000254878 1.65735e-05 2.72454e-05
3.57798 | 6.9214e-05 7.15509e-06 1.90481e-05
3.97773 | 1.52491e-05 3.33087e-06 3.74343e-06
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Table A.3: The K9 Spectra at 19.6 GeV, 10-20% Centrality Bin

pr % %pidy Statistical Error Systematic Error
0.311371 777176 0.228645 0.182781
0.503351 4.93715 0.080424 0.0665414
0.69986 2.5478 0.0327293 0.0483797
0.898041 1.26608 0.0162582 0.015164
1.09698 0.594387 0.00859169 0.0100875
1.29631 0.27877 0.00472238 0.00803351
1.49584 0.13992 0.00256556 0.00778091
1.69553 | 0.0687087 0.00131051 0.00531192
1.89528 | 0.0293012 0.00056197 0.00261451
2.13899 | 0.0103077 0.000183209 0.000754881
2.43858 | 0.00308425 6.67438e-05 0.00013544
2.77934 | 0.000913031 2.57042e-05 9.36167e-05
3.17897 | 0.000210028 1.06002e-05 3.73797e-05
3.57877 | 6.3748e-05 4.5666e-06 8.17925e-06
3.97867 | 1.23822e-05 2.13355e-06 6.63565e-06
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Table A.4: The K9 Spectra at 19.6 GeV, 20-30% Centrality Bin

pr %ﬁpidy Statistical Error Systematic Error

0.311334 5.3899 0.186169 0.161943
0.50329 3.2539 0.0617349 0.063875
0.699786 1.65297 0.024697 0.0248405
0.897968 | 0.825184 0.0126315 0.016496
1.09691 0.377287 0.00644658 0.00686806
1.29623 0.173743 0.00347389 0.00432756
1.49578 | 0.0936493 0.00209869 0.00515336
1.69547 | 0.0418575 0.000928509 0.00295503
1.89523 | 0.0182004 0.000413885 0.00147997
2.13888 | 0.0064435 0.00013432 0.000603326
2.43851 | 0.00202664 5.28994e-05 0.000102456
2.77922 | 0.00053782 1.77624e-05 2.00504e-05
3.17889 | 0.000111818 6.83295e-06 4.17426e-05
3.5787 | 4.29593e-05 3.3723e-06 6.18592e-06
3.97864 | 8.15054e-06 1.62878e-06 3.74574e-06
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Table A.5: The K9 Spectra at 19.6 GeV, 30-40% Centrality Bin

pr % %pidy Statistical Error Systematic Error

0.311188 3.37688 0.141568 0.118461

0.503107 2.10743 0.0504825 0.0571779

0.699603 1.05485 0.0200187 0.0191527

0.897809 | 0.499112 0.00944521 0.00726927
1.09677 0.231053 0.00495171 0.00427813
1.29614 0.103031 0.00256164 0.00213574
1.49571 | 0.0535619 0.00148904 0.00254822
1.69543 | 0.0246728 0.000682732 0.00154641
1.89523 | 0.0113112 0.00033116 0.000887734
2.13897 | 0.00402519 0.000106896 0.000337913
2.43871 | 0.00126627 4.10679e-05 9.72718e-05
277977 | 0.000321003 1.33162e-05 1.59648e-05
3.17966 | 9.1073e-05 5.91259e-06 1.62964e-05
3.57969 | 2.07491e-05 2.6821e-06 2.58077e-06
3.97982 | 5.46818e-06 1.10332e-06 9.06006e-07
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Table A.6: The K9 Spectra at 19.6 GeV, 40-60% Centrality Bin

pr % %pidy Statistical Error Systematic Error
0.310931 1.75659 0.0782127 0.0830899
0.502765 1.00772 0.0253201 0.0186435
0.699249 | 0.489498 0.00972622 0.00872564
0.897467 | 0.228269 0.00464199 0.0035224
1.09645 0.100155 0.00229489 0.00180052
1.29586 | 0.0474613 0.00131959 0.00106658
1.49547 | 0.0212358 0.000598924 0.000972256
1.69522 0.010045 0.000293626 0.000531072
1.89506 | 0.00438129 0.000135645 0.000276865
2.13866 | 0.00151529 4.1921e-05 9.5398e-05
2.43851 | 0.000486854 1.69379e-05 3.35296e-05
2.77962 | 0.000127375 5.62771e-06 6.29769e-06
3.17972 | 3.58794e-05 2.43466e-06 3.42326e-06
3.57994 | 6.98148e-06 1.06484e-06 1.00548e-06
3.98023 | 2.83412e-06 5.29462e-07 3.12289e-07
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Table A.7: The K9 Spectra at 19.6 GeV, 60-80% Centrality Bin

pr %ﬁpidy Statistical Error Systematic Error

0.310394 | 0.535126 0.0328198 0.0432926
0.502094 | 0.272949 0.00918305 0.00726923
0.698566 | 0.124785 0.0033674 0.00287044
0.896844 | 0.0552712 0.001522 0.00143184
1.09593 | 0.0231417 0.00070581 0.000868654
1.29542 | 0.00908846 0.000314842 0.000190732
1.49512 | 0.00472827 0.000190239 0.000255533
1.69496 | 0.00197122 8.04646e-05 0.000126965
1.89489 | 0.000840589 3.64556e-05 5.33874e-05
2.13853 | 0.000363744 1.56347e-05 2.76956e-05
2.4386 | 8.94648e-05 5.37457e-06 9.09141e-06
2.78023 | 2.96424e-05 2.35717e-06 2.24316e-06
3.18076 | 6.25564e-06 9.4653e-07 1.70716e-06
3.58134 | 1.46387e-06 3.73882e-07 2.75064e-07
3.98195 | 8.05526e-07 2.46619¢-07 1.97182e-07
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Table A.8: The Ko Spectra at 27 GeV, 0-5% Centrality Bin

pr % %pidy Statistical Error Systematic Error

0.311493 13.5148 0.396707 0.597942
0.50351 8.65607 0.138448 0.1776
0.700043 4.79034 0.060605 0.0826329
0.898224 2.38172 0.029962 0.0441235
1.09716 1.15121 0.016115 0.0232769
1.29648 0.54561 0.00899203 0.0208585
1.49601 0.297256 0.00593424 0.0194553
1.69568 0.135994 0.00262134 0.012551
1.89544 | 0.0624033 0.00124256 0.00629081
2.13932 | 0.0222058 0.000382889 0.00169602
2.43889 | 0.00650774 0.000129436 0.00033043

27798 | 0.00203916 4.68128e-05 0.000183055
3.17936 | 0.000451609 1.74793e-05 4.36989e-05

3.5791 0.0001289 8.25139e-06 2.88723e-05
3.97894 | 4.78647e-05 3.91028e-06 9.28987e-06
4.45326 | 9.92758e-06 1.41941e-06 2.43855e-06
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Table A.9: The K9 Spectra at 27 GeV, 5-10% Centrality Bin

pr % %pidy Statistical Error Systematic Error
0.311481 11.0076 0.347464 0.282399
0.503497 7.13148 0.124946 0.166228
0.700031 3.95334 0.0548882 0.0702327
0.898224 1.92886 0.0263657 0.0279042
1.09716 0.967844 0.0151913 0.0202647
1.29649 0.458527 0.00842901 0.0149867
1.49604 0.234427 0.00501889 0.0144511
1.69571 0.114689 0.00248942 0.0101083
1.89548 | 0.0490531 0.00105166 0.00468544
2.13941 | 0.0184902 0.000348544 0.00134349
2.43902 | 0.00575859 0.000124536 0.000366188
2.7801 | 0.00169986 4.17421e-05 0.000148107
3.17973 | 0.000448818 1.78522e-05 4.92937e-05
3.57952 | 9.90268e-05 6.54672e-06 8.97853e-06
3.97941 | 3.37406e-05 3.44922e-06 1.48551e-05
4.45443 | 6.04747e-06 1.28894e-06 2.93292¢-06
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Table A.10: The K9 Spectra at 27 GeV, 10-20% Centrality Bin

pr % %pidy Statistical Error Systematic Error
0.311383 8.85438 0.218829 0.247659
0.503375 5.47894 0.0739863 0.0772662
0.699908 2.89907 0.030775 0.0281214
0.898114 1.44247 0.0152642 0.0190545
1.09708 0.686992 0.00811519 0.0129128
1.29642 0.332197 0.00464819 0.0080486
1.49599 0.180002 0.00304431 0.010566
1.6957 0.0832117 0.00138001 0.00653665
1.89548 | 0.0367046 0.000611312 0.00308822
2.13948 | 0.0134589 0.000195643 0.00103396
2.43917 | 0.00439495 7.32729e-05 0.000275003
2.78047 | 0.00127125 2.42031e-05 6.68534e-05
3.18027 | 0.000316096 9.18591e-06 1.40711e-05
3.58021 | 0.000100798 4.57379e-06 1.58807e-05
3.98024 | 2.31166e-05 1.86671e-06 2.26825e-06
4.45652 | 4.04084e-06 6.53499¢-07 1.32887e-06
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Table A.11: The K9 Spectra at 27 GeV, 20-30% Centrality Bin

pr % %pidy Statistical Error Systematic Error

0.311285 5.76694 0.160523 0.152544
0.503253 3.57289 0.0551939 0.0433116
0.699786 1.93762 0.0240126 0.0280606
0.898004 | 0.967821 0.0120893 0.0120019
1.09699 0.452189 0.00636228 0.00630966
1.29637 0.214715 0.00350263 0.00646185
1.49597 0.11018 0.00213966 0.00540941

1.6957 0.0525681 0.00100095 0.00367188
1.89551 | 0.0241242 0.000477528 0.00187511
2.13961 | 0.0090084 0.000154534 0.000681777
2.43939 | 0.0028936 5.65853e-05 0.000141485
2.78101 | 0.000876288 1.97207e-05 5.61193e-05
3.18096 | 0.000257297 8.23772e-06 3.76981e-05
3.58105 | 6.84073e-05 3.6129e-06 1.83938e-05
3.98122 | 1.7785e-05 1.5745e-06 5.04578e-06
4.45894 | 3.80905e-06 5.97231e-07 1.79947e-06
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Table A.12: The K9 Spectra at 27 GeV, 30-40% Centrality Bin

pr % %pidy Statistical Error Systematic Error

0.311017 4.39122 0.156799 0.143757
0.502899 2.39608 0.045746 0.0453748
0.699432 1.2818 0.0200177 0.0144804
0.897687 | 0.597874 0.00915677 0.00609491
1.09672 0.281679 0.00482514 0.00448447
1.29615 0.130155 0.00260475 0.00270642
1.49579 | 0.0656179 0.00157181 0.00432266
1.69557 | 0.0314593 0.000732333 0.0019045
1.89544 | 0.0147243 0.000358037 0.00107701
2.13959 | 0.00534762 0.000111206 0.000405486

2.4395 | 0.00175919 4.21996e-05 6.71544e-05
2.78148 | 0.000523187 1.38387e-05 2.41722e-05
3.1817 | 0.000153075 5.77819e-06 1.60064e-05
3.58203 | 5.40609e-05 2.79438e-06 1.55494e-05
3.9824 | 1.27492e-05 1.24422e-06 3.61337e-06
4.46196 | 3.56201e-06 5.12412¢-07 1.69245e-06
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Table A.13: The K9 Spectra at 27 GeV, 40-60% Centrality Bin

pr % %pidy Statistical Error Systematic Error
0.310907 2.13525 0.0778577 0.0555707
0.502765 1.19391 0.0240351 0.0161109
0.699286 | 0.587115 0.00950083 0.0101913
0.89754 0.269559 0.00431877 0.00312618
1.09659 0.124635 0.00226172 0.00131242
1.29603 | 0.0564968 0.00117853 0.00085526
1.49568 | 0.0290938 0.00073538 0.00109577
1.69548 | 0.0139247 0.000354458 0.000921278
1.89536 | 0.00645799 0.000168647 0.000452337
2.13943 | 0.00233044 5.11682e-05 0.00016028
2.43937 | 0.000738642 1.85183e-05 2.74997e-05
2.78132 | 0.000231017 6.33556e-06 1.43275e-05
3.18161 | 6.35737e-05 2.58495e-06 7.11828e-06
3.58199 | 1.65697e-05 1.1416e-06 1.64372e-06
3.98242 | 5.86938e-06 5.6376e-07 4.70763e-07
4.46211 | 1.24058e-06 1.99548e-07 1.16823e-07
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Table A.14: The K9 Spectra at 27 GeV, 60-80% Centrality Bin

pr % %pidy Statistical Error Systematic Error

0.310541 | 0.592439 0.0281184 0.024368
0.502289 |  0.329069 0.0088728 0.0110548
0.69881 0.154255 0.00338661 0.00252164
0.897101 | 0.0671772 0.00145127 0.00114133

1.0962 0.0290112 0.000706149 0.000882077

1.2957 0.0131812 0.000382578 0.000296481
1.49542 | 0.00635311 0.000212921 0.000238175
1.69526 | 0.00297831 0.000104066 0.000178486
1.89518 | 0.00127945 4.54411e-05 7.71297e-05
2.13919 | 0.000491911 1.61535e-05 2.67672e-05
2.43926 | 0.000168504 6.59097e-06 7.30763e-06
2.78137 | 4.92986e-05 2.32989e-06 6.29021e-06
3.18189 | 1.33351e-05 1.01945e-06 1.20165e-06
3.58246 | 3.2087e-06 4.46961e-07 5.549e-07
3.98306 | 1.25003e-06 2.51616e-07 2.92148e-07
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Table A.15: The A Spectra at 19.6 GeV, 0-5% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error

0.506903 3.04543 0.150607 0.182409
0.703217 2.45842 0.0582922 0.0699425
0.900995 1.75481 0.0353148 0.0358348
1.09951 1.1845 0.0238759 0.027498
1.29847 0.713785 0.0153108 0.0107966
1.49771 0.434547 0.0099784 0.0164789
1.69715 0.244662 0.00552442 0.0061878
1.89671 0.119867 0.0025502 0.00250212
2.1417 0.0537312 0.000944258 0.00153364
2.44085 0.019418 0.000354782 0.000452074
2.78259 | 0.00570048 0.000173929 0.000184429
3.18152 | 0.00138018 3.31497e-05 6.98853e-05
3.58074 | 0.000281531 1.75064e-05 7.09165e-05
3.98016 | 8.61997e-05 5.57443e-06 2.18037e-05
4.45489 | 1.77134e-05 1.82756e-06 4.95809e-06
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Table A.16: The A Spectra at 19.6 GeV, 5-10% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error

0.506903 2.67891 0.151177 0.191248
0.703217 1.84938 0.0482116 0.0507414
0.900983 1.38422 0.0309566 0.0284346

1.09951 0.937015 0.0211903 0.0137772

1.29847 0.585769 0.0145018 0.00951201
1.49771 0.340112 0.00919081 0.0115022

1.69714 0.196668 0.00517221 0.00452073
1.89671 | 0.0965539 0.00241511 0.00163141
2.14168 | 0.0426722 0.000865059 0.000728414
2.44084 0.01514 0.000318012 0.000377207
2.78256 | 0.00447458 9.12886e-05 0.000119297
3.1815 | 0.00114094 3.10539e-05 8.35071e-05
3.58073 | 0.000246615 1.42188e-05 2.81398e-05
3.98013 | 6.30455e-05 4.75243e-06 6.28302e-06
4.45484 | 8.23933e-06 1.48694e-06 2.09869e-06
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Table A.17: The A Spectra at 19.6 GeV, 10-20% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error

0.506879 2.10778 0.0886561 0.17678
0.703192 1.48341 0.0297038 0.0400301
0.900958 1.04843 0.0179065 0.0201238
1.09947 0.682338 0.0117071 0.0149747
1.29843 0.423548 0.0079632 0.00868714
1.49766 0.239472 0.00486028 0.0052351
1.6971 0.12894 0.00254389 0.00229315
1.89666 | 0.0668698 0.0012817 0.00148153
2.14159 | 0.0306187 0.000481449 0.000627365
2.44074 | 0.0107563 0.00017812 0.000225502
2.78237 | 0.00326101 5.18701e-05 7.46386e-05
3.1813 | 0.000777124 1.6655e-05 2.62233e-05
3.58052 | 0.000194643 9.61347e-06 2.24612e-05
3.97993 | 4.01299e-05 2.75683e-06 4.39442e-06
4.4544 | 7.75951e-06 8.56451e-07 1.26606e-06
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Table A.18: The A Spectra at 19.6 GeV, 20-30% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error

0.50683 1.37922 0.0675577 0.0766315
0.703131 1.00664 0.0243479 0.0315445
0.900885 | 0.689646 0.0145046 0.0149738

1.0994 0.431909 0.00903254 0.00632716
1.29835 0.247467 0.00553152 0.00276087
1.49759 0.150388 0.00375469 0.00369851
1.69702 | 0.0776524 0.00183465 0.00198924
1.89656 | 0.0409432 0.000963239 0.000750587
2.14137 | 0.0178289 0.000340723 0.000217003
2.44052 | 0.00621579 0.000121792 0.000128264
2.78199 | 0.00190444 3.71259e-05 3.69254e-05
3.18093 | 0.000441897 1.1361e-05 1.44304e-05
3.58015 | 0.000109712 4.7428e-06 2.90795e-05
3.97955 | 2.98079e-05 2.1292e-06 2.51188e-06
4.45357 | 4.33469¢-06 6.0142¢-07 5.80996e-07
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Table A.19: The A Spectra at 19.6 GeV, 30-40% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error

0.506769 | 0.918752 0.0543414 0.0469027

0.703046 | 0.637276 0.0182896 0.0113391

0.900787 | 0.444075 0.0113331 0.010872

1.09929 0.270239 0.00707779 0.00631735
1.29824 0.156311 0.00438163 0.00193443
1.49745 | 0.0801806 0.00256075 0.00130173
1.69688 | 0.0465958 0.00143956 0.000652509
1.89644 | 0.0228069 0.000664768 0.000377441
2.14107 | 0.00967327 0.00023052 0.00016318
2.44021 | 0.00359009 9.24855e-05 4.90101e-05
2.78144 | 0.00100986 2.48445e-05 1.64048e-05
3.18036 | 0.000264253 8.90207e-06 1.68313e-05
3.57957 | 4.84853e-05 3.05708e-06 5.22206e-06
3.97897 | 1.18159e-05 1.33274e-06 3.12586e-06
4.45235 | 2.91448e-06 5.10008e-07 5.18037e-07
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Table A.20: The A Spectra at 19.6 GeV, 40-60% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error

0.506561 | 0.451482 0.0281096 0.017483
0.702777 | 0.311467 0.0096842 0.00791095
0.900494 | 0.189716 0.00509514 0.00446901
1.09897 0.114327 0.00314701 0.00127294
1.29791 | 0.0614233 0.00185425 0.00128873
1.49714 0.031437 0.00103084 0.000506114
1.69658 0.016339 0.000513877 0.00024124
1.89615 | 0.00828243 0.000255175 0.000186544
2.14049 | 0.00353054 9.03102e-05 6.26155e-05
2.43972 | 0.00124784 3.41961e-05 3.55281e-05
2.78078 | 0.000352345 9.76355e-06 1.22704e-05
3.17995 | 7.76656e-05 3.1036e-06 3.3225e-06
3.5794 | 1.89365e-05 1.32124e-06 1.64817e-06
3.97903 | 3.50542e-06 5.13971e-07 8.72376e-07
4.45312 | 1.02767e-06 2.12521e-07 2.89265e-07
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Table A.21: The A Spectra at 19.6 GeV, 60-80% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error
0.506 0.119652 0.00976175 0.0128927
0.702081 | 0.0771028 0.00324604 0.00322992
0.899701 | 0.045747 0.00172794 0.00167941
1.09814 | 0.0222399 0.000835712 0.00088614
1.29708 | 0.0111211 0.000456217 0.000334942
1.49633 | 0.00584112 0.000265428 0.000175933
1.69579 | 0.00265001 0.000117008 4.11491e-05
1.89543 | 0.00132067 5.89667e-05 2.25862e-05
2.13904 | 0.000462401 1.71536e-05 3.00162e-05
2.43847 | 0.00014782 6.57798e-06 9.40078e-06
2.77903 | 4.36185e-05 2.41874e-06 2.99695e-06
3.17872 | 7.29622e-06 8.09034e-07 7.91093e-07
3.57867 | 1.78213e-06 3.90285e-07 8.93268e-07
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Table A.22: The A Spectra at 19.6 GeV, 0-5% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.506952 | 0.382902 0.0231583 0.0294962
0.703278 | 0.328817 0.00948414 0.0161201
0.901068 | 0.245388 0.00576911 0.00980325
1.09959 0.186102 0.00430716 0.00712045
1.29857 0.118581 0.00285875 0.00463088
1.49781 | 0.0722651 0.00178749 0.00292055
1.69725 | 0.0397791 0.000938512 0.00148089
1.89682 | 0.0206244 0.000488738 0.000687217
2.14193 | 0.00915124 0.000185028 0.000276913
2.44109 | 0.00297192 6.90679¢-05 0.000115638
2.78301 | 0.00092804 2.53847e-05 7.45493e-05
3.18196 | 0.000201866 9.54691e-06 4.26293e-05
3.5812 | 4.68246e-05 4.01083e-06 6.04918e-06
3.9806 | 8.15064e-06 1.47748e-06 2.37858e-06
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Table A.23: The A Spectra at 19.6 GeV, 5-10% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.50694 0.322331 0.0215696 0.0287971
0.703278 | 0.276341 0.00892322 0.0165312
0.901056 | 0.215119 0.00577291 0.010574
1.09958 0.146788 0.00369636 0.00576395
1.29855 0.101984 0.0027324 0.00382459
1.4978 0.0586693 0.0016323 0.0021675
1.69724 | 0.0321215 0.000880941 0.00143359
1.8968 0.0167582 0.000453442 0.000538962
2.1419 | 0.00722804 0.00017101 0.00031642
2.44106 | 0.00258055 6.7394e-05 9.46517e-05
2.78294 | 0.000701764 2.18224e-05 3.30614e-05
3.1819 0.0001804 9.05586e-06 3.20537e-05
3.58112 | 3.72813e-05 3.72146e-06 4.09468e-06
3.98052 | 8.94492¢-06 1.67385e-06 2.75043e-06
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Table A.24: The A Spectra at 19.6 GeV, 10-20% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.506903 | 0.304138 0.015058 0.0172024
0.703217 | 0.221936 0.00525791 0.00907565
0.900983 | 0.169849 0.00338322 0.00504217
1.09951 0.117116 0.00230113 0.00414403
1.29847 | 0.0725787 0.00147646 0.00204323
1.49771 | 0.0447074 0.00097827 0.00123723
1.69714 | 0.0235454 0.000506674 0.000801431
1.89671 | 0.0120225 0.000255257 0.000386557
2.14168 | 0.00525091 9.67961e-05 0.000154896
2.44084 | 0.00183741 3.81012e-05 9.12834e-05
2.78256 | 0.000508925 1.2464e-05 2.74387e-05
3.1815 | 0.000122877 5.21803e-06 1.10113e-05
3.58073 | 2.72313e-05 2.15662e-06 5.3934e-06

3.98013 | 6.79208e-06 9.56727e-07 1.26386e-06
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Table A.25: The A Spectra at 19.6 GeV, 20-30% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.506793 | 0.229338 0.0124348 0.00868095
0.703082 | 0.174421 0.00466258 0.00524854
0.900824 | 0.118242 0.00268527 0.00229382
1.09932 | 0.0819933 0.00188456 0.00183257
1.29827 | 0.0467688 0.00112015 0.00128361
1.4975 0.0300538 0.000800205 0.00121853
1.69692 | 0.0141651 0.000357935 0.000673269
1.89648 | 0.00730812 0.000182189 0.000245356
2.14117 | 0.00317803 6.82426e-05 6.90376e-05
2.44032 | 0.00110714 2.75871e-05 4.3529¢-05
2.78161 | 0.000289029 8.71462e-06 1.65788e-05
3.18055 | 6.45657e-05 3.40465e-06 4.37921e-06
3.57975 | 1.17151e-05 1.30865e-06 1.37705e-06
3.97916 | 2.93253e-06 6.31515e-07 4.35264e-07
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Table A.26: The A Spectra at 19.6 GeV, 30-40% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.506683 | 0.174703 0.0121276 0.0144781
0.702936 | 0.125661 0.00442733 0.00484368
0.900653 | 0.0810703 0.00242753 0.00209249
1.09913 | 0.0552675 0.00166963 0.00154736
1.29807 | 0.0279235 0.000852711 0.000671211
1.49728 | 0.0160539 0.000545667 0.000400424

1.6967 | 0.00922346 0.000305523 0.00019564
1.89625 | 0.00426295 0.000141281 0.000144074
2.14063 | 0.00173892 4.93874e-05 4.77447e-05
2.43976 | 0.00056975 1.92906e-05 9.7756e-06

2.78063 | 0.000161644 6.44264e-06 5.63835e-06
3.17955 | 3.36495e-05 2.5792¢-06 5.90145e-06
3.57875 | 8.03203e-06 1.08154e-06 1.91645e-06
3.97814 | 7.40451e-07 2.76573e-07 4.19314e-07
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Table A.27: The A Spectra at 19.6 GeV, 40-60% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.506464 | 0.112664 0.00787363 0.00787161
0.702655 | 0.0686992 0.00227017 0.00218402
0.900336 | 0.044203 0.00131147 0.000938912
1.09879 | 0.0235759 0.000674365 0.000631224
1.29771 | 0.0127357 0.000398814 0.000302412
1.49693 | 0.00707935 0.000248299 0.000280061
1.69634 | 0.0035241 0.000117983 7.62034e-05
1.8959 | 0.00162525 5.49924e-05 3.71296e-05
2.1399 | 0.000643354 1.92031e-05 1.79361e-05
2.4391 | 0.000219409 7.99192¢-06 1.13703e-05
2.77961 | 6.05266e-05 2.81268e-06 4.13691e-06
3.1787 | 1.31685e-05 1.17361e-06 1.61265¢-06
3.57808 | 2.35163e-06 4.79198e-07 3.12863e-07
3.97764 | 4.50704e-07 1.5847e-07 1.85639¢-07
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Table A.28: The A Spectra at 19.6 GeV, 60-80% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.505731 | 0.0424263 0.0039827 0.00522111
0.70174 | 0.0222469 0.000996274 0.000591641
0.899323 | 0.011552 0.000456678 0.000382278
1.09774 | 0.00560298 0.000220899 0.000152436
1.29667 | 0.00289358 0.000124653 6.53995e-05
1.49594 | 0.00140398 6.87638e-05 4.57792e-05
1.69543 | 0.000574013 2.76196e-05 4.10763e-05
1.89507 | 0.000287377 1.5713e-05 1.16047¢e-05
2.13833 | 0.000107489 5.76398e-06 2.3267e-06
2.43785 | 2.84929¢-05 2.36776e-06 3.5305e-06
2.77812 | 6.80263e-06 9.25078e-07 5.74429e-07

3.178 1.28947¢-06 3.87324e-07 5.01395e-07
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Table A.29: The A Spectra at 27 GeV, 0-5% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error

0.506964 2.91077 0.133411 0.270985
0.703302 2.14565 0.0449534 0.0935926
0.90108 1.56177 0.0277902 0.0445585
1.09962 1.10625 0.0195461 0.0248028
1.29858 0.685575 0.0128229 0.0173452
1.49783 0.415031 0.00861428 0.00930844
1.69727 0.239869 0.00482066 0.00530374
1.89683 0.12622 0.00244864 0.00289344
2.14199 | 0.0568962 0.000883321 0.00131972
2.44115 0.02072 0.000331507 0.000543457
2.7831 | 0.00624643 9.51996e-05 0.000326695
3.18205 | 0.00153182 2.93013e-05 7.60025e-05
3.58128 | 0.000373394 1.05716e-05 3.6085e-05
3.98068 | 8.79586e-05 4.49184¢e-06 1.12911e-05
4.45605 | 1.65191e-05 1.42925e-06 6.66032e-06
5.05491 | 3.15125e-06 5.24213e-07 6.85854e-07
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Table A.30: The A Spectra at 27 GeV, 5-10% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error
0.506964 2.22049 0.106727 0.296598
0.703302 1.74994 0.0387733 0.0772975
0.90108 1.31748 0.025087 0.0415065
1.09962 0.903549 0.0169088 0.0256679
1.29858 0.55438 0.0110159 0.0189377
1.49783 0.340343 0.00775466 0.00947808
1.69727 0.200828 0.00455393 0.0065778
1.89683 0.100574 0.00212763 0.00253432
2.14199 0.045419 0.000789885 0.00107228
2.44115 | 0.0163311 0.000284069 0.000405658
2.7831 | 0.00517875 8.61533e-05 0.00019659
3.18206 0.00123 2.56272e-05 5.62303e-05
3.58128 | 0.000305164 9.59698e-06 2.89087e-05
3.98069 | 7.33606e-05 4.17886e-06 8.47374e-06
4.45605 | 1.52281e-05 1.39905e-06 4.22924e-06
5.05493 | 1.64964e-06 3.70574e-07 4.1496e-07
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Table A.31: The A Spectra at 27 GeV, 10-20% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error
0.506952 1.84577 0.0668798 0.121704
0.70329 1.347 0.0228575 0.0310586
0.90108 0.993115 0.0145201 0.0199444
1.0996 0.669203 0.00977327 0.0117199
1.29858 0.411675 0.00641392 0.00797065
1.49782 0.241795 0.00425345 0.00672524
1.69726 0.128955 0.00213467 0.00214612
1.89683 | 0.0698843 0.00113117 0.00145191
2.14197 | 0.0320438 0.000421545 0.000624681
244113 | 0.0120916 0.000165445 0.000279698
2.78307 | 0.00364087 4.75475e-05 8.7422e-05
3.18203 | 0.000925104 1.50462e-05 3.19456e-05
3.58124 | 0.000240609 5.62756e-06 1.74144e-05
3.98066 | 6.14705e-05 2.48237e-06 6.74989e-06
4.45597 | 1.00448e-05 7.84424e-07 3.49536e-06
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Table A.32: The A Spectra at 27 GeV, 20-30% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error

0.506927 1.41417 0.0601916 0.0686867
0.703253 | 0.950441 0.0183346 0.0311708
0.901031 | 0.663512 0.0111276 0.012643
1.09955 0.437285 0.0073339 0.0108383
1.29852 0.260703 0.00474431 0.00362635
1.49777 0.15062 0.00310057 0.00278365
1.6972 0.0835296 0.0016514 0.00144452
1.89676 | 0.0443475 0.000861959 0.000622852
2.14182 0.019937 0.000313234 0.000378482
2.44098 | 0.00726405 0.000116769 0.000115615
2.78281 | 0.00227343 3.48689e-05 6.82534e-05
3.18176 | 0.000573633 1.10488e-05 1.60107e-05
3.58099 | 0.000150965 4.31995e-06 1.20357e-05
3.98039 | 3.78576e-05 1.8209e-06 2.59942e-06
4.45539 | 6.82292¢-06 5.71995e-07 7.43187e-07
5.05427 | 8.78699¢-07 1.99417e-07 2.82261e-07
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Table A.33: The A Spectra at 27 GeV, 30-40% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error
0.506866 | 0.914463 0.0461105 0.0488241
0.703168 | 0.624633 0.0146989 0.015063
0.900946 | 0.413689 0.00832226 0.00842395
1.09946 0.255933 0.00514017 0.00435061
1.29842 0.148995 0.003247 0.00219528
1.49767 | 0.0858376 0.00216563 0.00126369
1.69711 0.047581 0.00116519 0.000660177
1.89667 | 0.0254699 0.00060554 0.000362607
2.14164 | 0.0108157 0.000209128 0.000153234
2.44084 | 0.0041253 8.32034e-05 7.09296e-05
2.78261 | 0.00131656 2.51998e-05 4.37921e-05
3.18163 | 0.000319089 7.87195e-06 1.01775e-05
3.58094 | 8.35437e-05 2.99658e-06 3.73978e-06
3.98043 | 2.19849¢-05 1.41864e-06 2.86501e-06
4.45568 | 4.99071e-06 4.81811e-07 1.37652e-06
5.05482 | 5.07583e-07 1.5564e-07 2.89767e-07
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Table A.34: The A Spectra at 27 GeV, 40-60% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error

0.506573 0.44558 0.0227728 0.0327217
0.702802 | 0.311527 0.00804372 0.0124731
0.900531 | 0.190184 0.00415958 0.00567363
1.09904 0.113062 0.00249267 0.00255646

1.298 0.0649417 0.00157917 0.00149858
1.49727 | 0.0335442 0.000893465 0.000789114
1.69675 0.018245 0.000473956 0.00047439
1.89634 | 0.00930793 0.000236861 0.000160166
2.14104 | 0.00409336 8.60636e-05 7.69801e-05
2.44038 | 0.00142436 3.02349e-05 2.38163e-05
2.78214 | 0.000458527 9.71474e-06 9.86979e-06
3.18155 | 0.000116212 3.11945e-06 4.49976e-06
3.58123 | 3.13228e-05 1.27356e-06 1.45189e-06

3.9811 | 7.68234e-06 5.59909e-07 4.46344e-07
4.45808 | 1.4118e-06 1.95333e-07 1.55854e-07
5.05833 | 1.97548e-07 6.51943e-08 8.31659e-08
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Table A.35: The A Spectra at 27 GeV, 60-80% Centrality Bin

pr % ijjc\lf -y Statistical Error Systematic Error
0.506171 0.13354 0.00939271 0.00849798
0.702313 | 0.0796228 0.00268914 0.00369036
0.899969 | 0.0458414 0.00135093 0.00142028
1.09844 | 0.0248159 0.000749574 0.000652817
1.29741 0.012725 0.000422735 0.000435817
1.49667 | 0.00606759 0.000219018 0.000130655
1.69616 | 0.0034145 0.000129717 0.000121099
1.89579 | 0.00158172 5.54098e-05 5.21242e-05
2.13988 | 0.000635531 1.93774e-05 9.31727e-06
2.43935 | 0.000222981 7.44093e-06 6.21283e-06
2.78057 | 6.72571e-05 2.42208e-06 2.97562e-06
3.18027 | 1.4226e-05 8.62961e-07 1.28457e-06
3.58022 | 3.31917e-06 3.7337e-07 2.82299e-07
3.98033 | 5.15742e-07 1.44369e-07 1.98528e-07
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Table A.36: The A Spectra at 27 GeV, 0-5% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.507025 | 0.525637 0.0319096 0.0484824
0.703375 | 0.468099 0.0118168 0.0202459
0.901178 | 0.365031 0.0074058 0.0120194

1.09973 0.266265 0.00509428 0.0102759

1.2987 0.179952 0.00367391 0.0042521

1.49796 0.111866 0.00246122 0.00360306
1.69741 | 0.0656503 0.0013916 0.00218298
1.89697 | 0.0345786 0.000707481 0.00129831
2.1423 0.0149772 0.000254868 0.000432885
2.44148 | 0.00558511 0.000101182 0.000231208
2.78367 | 0.00165219 3.1761e-05 7.95591e-05
3.18264 | 0.000371845 1.14282¢-05 3.45889¢-05
3.58187 | 7.11952e-05 9.5122e-06 1.42043e-05
3.98128 | 1.94129¢-05 1.87438e-06 9.92708e-06
4.45733 | 2.97219e-06 6.72803e-07 1.17728e-06
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Table A.37: The A Spectra at 27 GeV, 5-10% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.507001 | 0.493737 0.0302959 0.0343701
0.703363 | 0.415937 0.0110643 0.0226276
0.901154 | 0.318249 0.00685517 0.0143969
1.09969 0.227765 0.0046933 0.0109601
1.29868 0.151825 0.00332223 0.00708869
1.49792 | 0.0891936 0.00213945 0.00397605
1.69737 | 0.0506859 0.00112751 0.00186266
1.89693 | 0.0271495 0.000606574 0.000974325
2.14221 | 0.0123692 0.000229505 0.000533421
2.44138 | 0.00465751 9.15243e-05 0.000216506
2.78351 | 0.00129335 3.21072e-05 6.98637e-05
3.18248 | 0.000321057 9.95992¢-06 3.78224e-05
3.58171 | 8.33375e-05 4.30923e-06 2.05072e-05
3.98112 | 2.06471e-05 1.93257e-06 6.17297e-06
4.45698 | 4.37354e-06 6.79068e-07 1.99695e-06
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Table A.38: The A Spectra at 27 GeV, 10-20% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.506976 | 0.411332 0.0167228 0.0371211

0.703314 | 0.330979 0.00652851 0.0134225

0.901105 | 0.256058 0.0041331 0.00713493
1.09964 0.172624 0.00269916 0.00511882
1.29861 0.109989 0.00182778 0.00324791
1.49787 | 0.0684699 0.00127587 0.0018609

1.69731 | 0.0383202 0.00068174 0.00149162
1.89687 | 0.0201275 0.00034995 0.000540019
2.14206 | 0.00895384 0.0001289 0.000246517
2.44124 | 0.00323511 5.01393e-05 8.96129¢-05
2.78326 | 0.00099227 1.60235e-05 5.42652¢-05
3.18221 | 0.000232707 5.90375e-06 2.50444¢e-05
3.58144 | 5.70365e-05 2.38857e-06 4.97365e-06
3.98085 | 1.3499e-05 1.01239¢-06 1.55469e-06
4.45639 | 2.20018e-06 3.13762e-07 5.03975e-07
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Table A.39: The A Spectra at 27 GeV, 20-30% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.506927 | 0.337764 0.0158738 0.0194188
0.703253 | 0.241661 0.00521382 0.00779835
0.901031 0.18476 0.00347087 0.00536355
1.09955 0.119749 0.00219562 0.00162581
1.29852 | 0.0737258 0.00143109 0.00155999
1.49776 | 0.0436679 0.000956725 0.00118554

1.6972 0.0241968 0.000511236 0.000566246
1.89676 | 0.0125632 0.000258716 0.000249578
2.14182 | 0.00557942 9.4473e-05 0.000139181
2.44098 | 0.00198572 3.66321e-05 5.83019¢-05
2.78279 | 0.000611525 1.17724e-05 2.7759e-05

3.18174 | 0.000156901 4.56713e-06 1.38412e-05
3.58098 | 3.40406e-05 1.72463e-06 5.99043e-06
3.98038 | 8.44137e-06 7.88814e-07 2.1119e-06

4.45537 | 1.05184e-06 2.21902e-07 9.91271e-07
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Table A.40: The A Spectra at 27 GeV, 30-40% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.506854 0.2704 0.0153295 0.0176053
0.703156 | 0.180101 0.00497218 0.00566702
0.900909 | 0.123292 0.00288145 0.00233907
1.09942 | 0.0781383 0.00182119 0.00150869
1.29837 0.045343 0.00111611 0.00127471
1.49761 | 0.0267929 0.000725506 0.000589666
1.69704 | 0.0146692 0.000387726 0.000387549

1.8966 | 0.00769133 0.000206143 0.00020023
2.14144 | 0.00312277 6.67278e-05 0.000100057

2.4406 | 0.00114695 2.65967e-05 3.66986e-05
2.78211 | 0.000338047 8.345e-06 1.70054e-05
3.18106 | 8.81689¢-05 3.22952¢-06 5.86313e-06
3.58027 | 2.22132e-05 1.42361e-06 1.37646e-06
3.97967 | 5.75879e-06 6.51395e-07 5.05542e-07
4.45385 | 1.19293e-06 2.29912e-07 1.93392e-07
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Table A.41: The A Spectra at 27 GeV, 40-60% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.506683 | 0.142294 0.00764821 0.00857243
0.702936 | 0.0998529 0.00276433 0.00286522
0.900653 | 0.0637063 0.00152198 0.00158754
1.09913 | 0.037674 0.000904393 0.000632173
1.29807 | 0.0214926 0.000557484 0.000611179
1.49728 | 0.0113392 0.000318304 0.000319532
1.69671 | 0.00593155  0.000165223 0.000116117
1.89626 | 0.00292735 7.96319e-05 5.40122e-05
2.14067 | 0.00125668 2.89463e-05 1.96325¢-05
2.43981 | 0.000429235  1.06897¢-05 1.01169¢-05
2.78076 | 0.000129115 3.6454e-06 5.28297¢-06
3.17971 | 2.71815e-05 1.1942¢-06 2.28341e-06
3.57894 | 7.31421e-06  5.88194e-07 2.51803e-06
3.97836 | 1.13237¢-06  2.26779¢-07 7.1155e-07
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Table A.42: The A Spectra at 27 GeV, 60-80% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.505829 | 0.0556569 0.0039838 0.00368768
0.701886 | 0.032025 0.00113059 0.00143005
0.899506 | 0.017058 0.000537869 0.000528261
1.09797 | 0.00907184 0.000291679 0.000221009
1.29694 | 0.00435913 0.000149219 9.96698e-05
1.49626 | 0.00223045 8.72616e-05 5.58137e-05
1.69578 | 0.00105549 4.13184e-05 2.62944e-05
1.89547 | 0.00051138 2.13523e-05 2.06558¢e-05
2.13926 | 0.000188738 6.90754e-06 9.96316e-06
2.43889 | 5.86246e-05 2.74485e-06 4.12733e-06
2.7801 | 2.23922¢-05 1.20931e-06 1.466e-06
3.18012 | 4.11016e-06 4.21528e-07 3.55002e-07
3.58038 | 5.90902e-07 1.42917e-07 2.58441e-07
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Table A.43: The 2 Spectra at 19.6 GeV, 0-5% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.703705 | 0.325617 0.0523691 0.0330905
0.901471 | 0.211576 0.01881 0.00954593
1.09995 0.144091 0.0092578 0.00443508
1.29885 0.092744 0.00461881 0.00418959
1.49804 0.056034 0.00248299 0.00168931
1.69742 | 0.0321983 0.00126938 0.00114226
1.89693 | 0.0175479 0.000664599 0.000810343
2.14208 | 0.00808841 0.000248772 0.000197354
2.44113 | 0.00322031 0.000110325 0.000184639
2.78287 | 0.00094906 3.73639e-05 5.27514e-05
3.18167 | 0.000224377 1.48876e-05 1.83746e-05
3.58078 | 6.49933e-05 7.10238e-06 7.18332e-06
3.9801 | 6.57323e-06 2.46446e-06 2.52609e-06
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Table A.44: The Z~ Spectra at 19.6 GeV, 5-10% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.703668 | 0.249913 0.0633227 0.0320261
0.901434 | 0.173787 0.0188597 0.00943092
1.09991 0.131955 0.0095861 0.00480855
1.29881 0.0724131 0.00451718 0.00244113
1.49799 | 0.0438371 0.00223962 0.00142856
1.69737 | 0.0235304 0.00106213 0.000883061
1.89688 | 0.0132219 0.000565716 0.000446929
2.14195 | 0.00648673 0.000227847 0.000226459

2.441 0.00213052 8.35462e-05 9.04732e-05
2.78265 | 0.000747428 3.30275e-05 3.04441e-05
3.18144 | 0.000187916 1.36568e-05 1.99978e-05
3.58055 | 3.67598e-05 5.54586e-06 9.34063e-06
3.97986 | 9.78235e-06 2.70331e-06 2.13206e-06
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Table A.45: The =~ Spectra at 19.6 GeV, 10-20% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error
0.703717 | 0.155001 0.0246093 0.0102292
0.901483 | 0.128118 0.0102904 0.00614883
1.09997 | 0.0818642 0.00435307 0.00136785
1.29887 | 0.0496754 0.00222994 0.00121382
1.49807 | 0.0322744 0.00127576 0.00110438
1.69744 | 0.0173244 0.000606468 0.000622966
1.89695 | 0.0100598 0.000338711 0.000278984
2.14214 | 0.00464524 0.000128412 0.000105755
2.44118 | 0.00176099 5.42547e-05 4.91005e-05
2.78299 | 0.00052417 1.82625e-05 1.25041e-05
3.18178 | 0.000129628 7.55346e-06 1.08602e-05
3.5809 | 3.56853e-05 3.56274e-06 4.16783e-06
3.98022 | 6.81374e-06 1.58615e-06 1.43306e-06

161



Table A.46: The =~ Spectra at 19.6 GeV, 20-30% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.703656 | 0.116923 0.0213244 0.0112337
0.901422 | 0.080663 0.00757715 0.00419811

1.0999 0.0516722 0.00341786 0.00175903

1.2988 0.0318896 0.00171961 0.00117189
1.49799 | 0.0177715 0.000792741 0.000670552
1.69737 | 0.0105126 0.000438152 0.000315506
1.89689 | 0.00596312 0.000244082 0.00019185
2.14201 | 0.00252885 8.21243e-05 3.92354e-05
2.44107 | 0.000926079 3.3825e-05 3.00276e-05
2.78286 | 0.000326635 1.38355e-05 8.589e-06
3.18172 | 8.73064e-05 5.88157e-06 7.36272e-06
3.5809 | 1.55951e-05 2.35039e-06 8.75537e-07
3.98029 | 6.40147e-06 1.34411e-06 1.02747e-06
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Table A.47: The =~ Spectra at 19.6 GeV, 30-40% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.703656 | 0.0648729 0.0134742 0.00409349
0.90141 | 0.0410465 0.00510202 0.00221094
1.09988 | 0.0266579 0.00230498 0.00117635
1.29879 | 0.0168239 0.00113792 0.000923307
1.49796 | 0.00953818 0.000539707 0.000362058
1.69733 | 0.00605024 0.000328779 0.000185251
1.89684 | 0.00300689 0.000152136 8.76178e-05
2.14188 | 0.00139478 5.89425e-05 3.04705e-05
2.44093 | 0.000459797 2.25416e-05 1.33193e-05
2.78251 | 0.00015744 9.37158e-06 6.20953e-06
3.1813 | 4.66532e-05 4.36261e-06 4.39411e-06
3.58041 | 8.59668e-06 1.72142e-06 1.58481e-06
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Table A.48: The =~ Spectra at 19.6 GeV, 40-60% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.703461 | 0.0285968 0.00772637 0.00295571
0.901178 | 0.0178794 0.00215036 0.00121747
1.09963 | 0.0111237 0.000934225 0.000557597
1.29852 | 0.0061416 0.000424901 0.000330602

1.4977 | 0.00387609 0.000251001 9.90058e-05
1.69708 | 0.0018824 0.000102993 6.50418e-05

1.8966 | 0.00102383 5.739e-05 3.30187e-05
2.14135 | 0.0004547 2.14905e-05 1.12979e-05
2.44045 | 0.000161906 9.5299e-06 7.73705e-06
2.78181 | 5.33911e-05 3.67419e-06 4.4261e-06
3.18076 | 1.1371e-05 1.39381e-06 8.47064e-07
3.58004 | 2.69931e-06 6.73424e-07 4.16714e-07
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Table A.49: The =~ Spectra at 19.6 GeV, 60-80% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.702789 | 0.00732551 0.00306138 0.000961371
0.900421 | 0.00320116 0.000525955 0.000323685
1.09883 | 0.00187799 0.000235991 0.000113728
1.29772 | 0.00113287 0.000116106 4.9327e-05
1.49693 | 0.000463788 4.10714e-05 5.18645e-05
1.69637 | 0.000344186 3.18568e-05 4.40045e-05
1.89595 | 0.00013134 1.36089e-05 1.39323e-05
2.14014 | 6.14844e-05 6.07708e-06 4.6085e-06
2.43952 | 1.48824e-05 2.53673e-06 2.16e-06
2.78079 | 4.62551e-06 1.0942e-06 1.35175e-06
3.18045 | 1.74692e-06 5.33889e-07 9.60589e-07

3.5804 | 7.75469e-07 3.39178e-07 1.79357e-07
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Table A.50: The =+ Spectra at 19.6 GeV, 0-5% Centrality Bin
pr % ijg: - Statistical Error Systematic Error
0.703815 | 0.0859108 0.0169288 0.0192415
0.901593 | 0.0528052 0.00508936 0.00196072
1.10009 | 0.0411364 0.00282351 0.00169922
1.29902 0.02772 0.0015335 0.00123077
1.49821 | 0.0184955 0.000916532 0.00095783
1.6976 | 0.0105367 0.000474707 0.000254834
1.89713 | 0.00588859  0.000264031 0.000335567
2.14252 | 0.00262372  0.000104171 0.000194779
2.44159 | 0.00100921 4.89566e-05 6.11626e-05
2.7837 | 0.000311287  1.96597e-05 2.33111e-05
3.18251 | 7.7993e-05 8.38822e-06 5.92796e-06
3.58163 | 2.15208¢-05  4.08645¢-06 2.59793¢e-06
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Table A.51: The =+ Spectra at 19.6 GeV, 5-10% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.703766 | 0.0573267 0.0140606 0.00587788
0.901544 | 0.0399419 0.00462503 0.00340085
1.10003 | 0.0356136 0.00284511 0.00179662
1.29894 | 0.0237024 0.00153699 0.00135211
1.49814 | 0.0130082 0.000719401 0.000537285
1.69752 | 0.00759722 0.000381099 0.000344905
1.89704 | 0.00471507 0.000243182 0.000214489
2.14234 | 0.00208625 9.48541e-05 0.000126642
2.44138 | 0.000740523 4.23268e-05 3.08879e-05
2.78334 | 0.000219505 1.60432¢-05 1.22203e-05
3.18215 | 5.43882¢-05 7.40268e-06 5.35452e-06
3.58127 | 1.58198e-05 3.32321e-06 2.78319e-06
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Table A.52: The =+ Spectra at 19.6 GeV, 10-20% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.703741 | 0.0550831 0.00926777 0.00667018
0.90152 | 0.0327063 0.00276727 0.00157875
1.10001 | 0.0239597 0.0014422 0.00107688
1.29892 | 0.0158704 0.000796231 0.000636979
1.49811 | 0.0101225 0.000430524 0.000256173
1.69749 | 0.00608621 0.00024917 0.000160407
1.89702 | 0.00320952 0.000125802 9.0876e-05
2.14226 | 0.00153933 5.36326e-05 4.63332e-05
2.44131 | 0.000585653 2.49191e-05 9.82158e-06
2.78322 | 0.000150563 9.039¢e-06 6.06956e-06
3.18203 | 4.20962¢-05 4.14493e-06 6.22876e-06
3.58115 | 8.66104e-06 1.73601e-06 1.02499¢-06
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Table A.53: The =F Spectra at 19.6 GeV, 20-30% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.703717 | 0.0337022 0.00677072 0.00413597
0.901483 | 0.0246317 0.00227363 0.00168879
1.09997 | 0.0144208 0.000996027 0.000686731
1.29887 | 0.0104837 0.000598846 0.000217998
1.49807 | 0.00597746 0.000301024 0.000271903
1.69744 | 0.00351883 0.000164821 6.96102e-05
1.89695 | 0.00214052 0.000104361 9.37454e-05
2.14214 | 0.000877314 3.72567e-05 5.50783e-05
2.44118 | 0.000339899 1.79812e-05 1.12439¢-05
2.78298 | 0.000101726 6.87048e-06 3.15731e-06
3.18178 | 2.28811e-05 2.81965e-06 1.47861e-06
3.58089 | 4.75157e-06 1.33283e-06 1.09808e-06
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Table A.54: The =+ Spectra at 19.6 GeV, 30-40% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.703485 0.01947 0.00467893 0.00172853
0.901227 | 0.0150019 0.0018362 0.000804061
1.09969 | 0.0105814 0.000947854 0.000464726
1.29859 0.006354 0.000439958 0.00030768
1.49778 | 0.0033915 0.000206399 0.000124739
1.69719 | 0.0019063 0.000114331 9.89629e-05
1.89672 | 0.000961722 5.81196e-05 6.7503e-05

2.14168 | 0.00045815 2.58453e-05 1.68408e-05
2.44084 | 0.000167759 1.20911e-05 1.10692e-05
2.78259 | 5.13981e-05 4.85786e-06 4.66604e-06
3.18166 | 1.46101e-05 2.26595e-06 2.43099e-06
3.58106 | 3.81508e-06 1.06382¢-06 9.41905e-07
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Table A.55: The =F Spectra at 19.6 GeV, 40-60% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.703351 | 0.0117602 0.00296067 0.00213436
0.901044 | 0.00687914 0.000890386 0.000501518
1.09947 | 0.00441358 0.000419749 0.000231952
1.29832 | 0.00260888 0.000186659 0.000146467
1.49748 | 0.00125551 8.61861e-05 5.74344e-05
1.69682 | 0.000741028 4.75837e-05 2.69215e-05
1.89632 | 0.000349437 2.41387e-05 1.31945e-05
2.14065 | 0.000178225 1.15079¢-05 4.61369e-06
2.43966 | 5.22682e-05 4.35915e-06 6.40986e-06
2.78024 | 1.52391e-05 1.84308e-06 9.59755e-07

3.179 2.36489¢-06 6.13003e-07 3.82509e-07
3.57807 | 4.36425e-07 2.51418e-07 1.56249¢-07

Table A.56: The =F Spectra at 19.6 GeV, 60-80% Centrality Bin

pr = Npgg; —;  Statistical Error  Systematic Error

0.702814 | 0.00236111 0.000712073 0.000361292
0.900397 | 0.00157364 0.000314977 0.000121
1.09874 | 0.000844937 0.000114628 7.52759e-05
1.29753 | 0.000417909 4.84236e-05 3.44955e-05
1.49661 | 0.000227413 2.65202e-05 2.44974e-05
1.69592 | 0.000103283 1.34421e-05 1.42526e-05
1.89538 | 4.58468e-05 7.08591e-06 8.98625e-06
2.13849 | 2.00427e-05 3.02018e-06 2.55959e-06
2.43743 | 5.85346e-06 1.40377e-06 4.46366e-07
2.7763 | 6.25369e-07 3.48183e-07 5.49998e-07
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Table A.57: The 2~ Spectra at 27 GeV, 0-5% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error
0.703827 | 0.321599 0.0561827 0.0357682
0.90163 0.21124 0.0180886 0.0136243
1.10013 0.146118 0.00803941 0.0045698
1.29905 0.102324 0.00459093 0.00545914
1.49825 | 0.0578573 0.00214588 0.00206263
1.69764 0.037151 0.00129288 0.000925795
1.89716 | 0.0202406 0.000656681 0.000518866
2.14261 | 0.00994685 0.00025641 0.000275068
2.44168 | 0.00376746 0.000102493 0.000120459
2.78387 | 0.00124759 3.56903e-05 4.47986e-05
3.18268 | 0.000331453 1.44081e-05 1.18326e-05
3.58181 | 7.37428e-05 6.14747e-06 8.9116e-06
3.98113 | 2.62085e-05 3.31635e-06 2.7628e-06
4.45685 | 4.88926e-06 1.12103e-06 8.30793e-07
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Table A.58: The Z~ Spectra at 27 GeV, 5-10% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.703827 0.21162 0.0353715 0.0195915

0.90163 0.171672 0.0143259 0.00811354
1.10013 0.11685 0.00730493 0.00495559
1.29905 | 0.0762126 0.00357639 0.00199707
1.49825 | 0.0490611 0.00208252 0.00234127
1.69764 | 0.0290358 0.00111213 0.000917894
1.89716 | 0.0163089 0.000577365 0.000603811
2.14261 | 0.0076928 0.000216248 0.000201613
2.44168 | 0.00311182 9.22667e-05 9.20837e-05
2.78387 | 0.000953519 3.04796e-05 2.40164e-05
3.18268 | 0.00026545 1.22783e-05 8.5043e-06

3.58181 | 7.04314e-05 5.63626e-06 3.49764e-06
3.98113 | 1.23972e-05 2.38032e-06 3.01236e-06
4.45685 | 3.60664e-06 1.06023e-06 1.39049¢-06

173



Table A.59: The =~ Spectra at 27 GeV, 10-20% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.703827 | 0.187381 0.0239611 0.0164207

0.901617 | 0.119119 0.00787796 0.0049388

1.10012 | 0.0881611 0.00404635 0.00233918
1.29904 0.055296 0.00203111 0.00175623
1.49824 | 0.0340344 0.00108355 0.000455016
1.69763 | 0.0198167 0.000570254 0.000301719
1.89715 0.011613 0.000319461 0.000210156
2.14258 | 0.0054344 0.000117794 0.000100538
2.44164 | 0.00212835 4.89854e-05 3.7782e-05

2.78381 | 0.000693962 1.68694e-05 1.96159e-05
3.18262 | 0.000178754 6.74576e-06 1.42533e-05
3.58174 | 4.73379e-05 3.08784e-06 3.93719e-06
3.98107 | 1.16364e-05 1.48254e-06 2.34304e-06
4.45672 | 3.29361e-06 5.93022e-07 5.24353e-07
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Table A.60:

The =~ Spectra at 27 GeV, 20-30% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.703815 | 0.107139 0.0153597 0.011159
0.901605 | 0.0795601 0.00607877 0.00311588

1.1001 0.0543462 0.00284811 0.00169738
1.29902 | 0.0319374 0.0013734 0.00084706
1.49821 | 0.0198222 0.000719188 0.000398953
1.6976 0.0119902 0.000404432 0.00026101
1.89713 | 0.00702361 0.000225149 0.000146318
2.14254 | 0.00332564 8.5026e-05 6.77898e-05
2.44159 | 0.00123936 3.38144e-05 2.94802e-05
2.78372 | 0.000425131 1.23654e-05 1.62764e-05
3.18254 | 0.000102087 4.72602e-06 4.08357e-06
3.58166 | 2.51994e-05 2.17608e-06 3.04356e-06
3.98099 7.868e-06 1.17024e-06 9.91746e-07
4.45652 | 1.41834e-06 3.55619e-07 1.75097e-07
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Table A.61: The =~ Spectra at 27 GeV, 30-40% Centrality Bin
pr % Np;”;; - Statistical Error Systematic Error

0.703766 | 0.0726938 0.0149728 0.00630822
0.901544 | 0.0490768 0.00449704 0.00311481
1.10004 0.029024 0.00190972 0.00109838
1.29896 | 0.0196142 0.00100643 0.000655873
1.49815 | 0.0112088 0.000489261 0.000138308
1.69753 | 0.00680446 0.000284192 0.000165348
1.89705 | 0.00364429 0.000142512 0.000119404
2.14236 | 0.00172316 5.50891e-05 3.45966e-05
2.4414 | 0.000685341 2.336e-05 1.55895e-05
2.78339 | 0.000207969 7.99928e-06 8.91072e-06
3.1822 | 5.85353e-05 3.52475e-06 2.97991e-06
3.58132 | 1.36529e-05 1.58291e-06 1.10416e-06
3.98065 | 4.27122e-06 7.86761e-07 6.24871e-07
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Table A.62: The =~ Spectra at 27 GeV, 40-60% Centrality Bin

pr % Np;l+;dy Statistical Error Systematic Error

0.703497 | 0.0382045 0.00620491 0.00511321
0.901239 | 0.0220012 0.00208555 0.00119749

1.0997 0.0127067 0.000873804 0.000578465
1.29861 | 0.00791596 0.000455434 0.000320038
1.49781 | 0.00447238 0.000210288 8.18857e-05

1.6972 | 0.00241515 0.000104615 4.00642e-05
1.89673 | 0.00125364 5.14568e-05 3.94117e-05
2.14171 | 0.000617598 2.14073e-05 1.55044e-05
2.44087 | 0.000229769 9.01057e-06 2.88505e-06
2.78267 | 7.09057e-05 3.18295e-06 3.84104e-06
3.18176 | 1.82217e-05 1.31563e-06 1.38661e-06
3.58116 | 4.09708e-06 5.70912e-07 5.14753e-07
3.98078 | 1.58775e-06 3.52612e-07 1.27262e-07
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Table A.63: The =~ Spectra at 27 GeV, 60-80% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.703058 | 0.00792855 0.00187615 0.00165778
0.900739 | 0.00491807 0.000700553 0.000517278
1.09919 | 0.00244092 0.000225702 8.3466¢-05

1.29809 | 0.0013412 0.000105185 6.23859¢-05
1.49731 | 0.000720183 5.08521e-05 2.81886e-05
1.69675 | 0.000378088 2.42676e-05 1.82997e-05
1.89632 | 0.000216098 1.52708e-05 9.03071e-06
2.14095 | 9.7136e-05 6.17499e-06 5.22747e-06

2.4403 | 2.79353e-05 2.44101e-06 3.00123e-06
2.78207 | 1.19324e-05 1.20584e-06 1.77051e-06
3.18162 | 2.08128e-06 4.70372e-07 7.51165e-07
3.58149 | 6.45573e-07 2.21051e-07 2.74789e-07
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Table A.64: The =+ Spectra at 27 GeV, 0-5% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.703949 | 0.128248 0.0243246 0.0150766

0.901764 | 0.0736639 0.00579713 0.00409954
1.10029 | 0.0546684 0.00314402 0.00107573
1.29922 | 0.0363766 0.00174824 0.00139616
1.49843 | 0.0234234 0.000947203 0.000845053
1.69783 | 0.0151309 0.000560913 0.000359702
1.89737 | 0.00856183 0.000304995 0.000257382
2.14307 | 0.00440561 0.000130663 0.000165643
2.44215 | 0.00161995 5.44599e-05 8.48449e-05
2.78474 | 0.000577606 2.18178e-05 1.48383e-05
3.18358 | 0.000142664 8.94327e-06 4.42044e-06
3.58271 | 3.9286e-05 4.23259¢-06 3.58337e-06
3.98205 | 1.13232e-05 2.14807e-06 9.67442e-07
4.45883 | 2.50259e-06 7.92963e-07 4.3716e-07
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Table A.65: The =+ Spectra at 27 GeV, 5-10% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.703888 |  0.08362 0.0163342 0.00751674
0.901691 | 0.0624466 0.00566408 0.00138641
1.1002 | 0.0464871 0.00284602 0.00137223
1.29914 | 0.0325642 0.00163568 0.00109416
1.49835 | 0.019099 0.000834276 0.000610977
1.69774 | 0.0124884 0.000519652 0.000644059
1.89726 | 0.00680927  0.000262997 0.000162958
2.14285 | 0.00336953  0.000109203 0.000106581
2.44192 | 0.00137032 4.92302e-05 5.03784e-05
2.7843 | 0.000435351  1.80601e-05 1.01422¢-05
3.18312 | 0.000106033  7.25221e-06 5.49332e-06
3.58226 | 2.67724e-05  3.31266e-06 1.79835¢-06
3.98159 | 7.49904e-06  1.86387¢-06 1.31456¢-06
4.45784 | 2.4464¢-06 7.39486e-07 5.54643¢e-07
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Table A.66: The =+ Spectra at 27 GeV, 10-20% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.703888 | 0.0699416 0.00966637 0.00764713
0.901691 | 0.0498201 0.00348138 0.00139706
1.1002 0.033362 0.00160058 0.00072509
1.29913 | 0.0231016 0.000887898 0.000567747
1.49833 0.014169 0.000468876 0.000400101
1.69774 | 0.00846513 0.000258406 0.000162354
1.89726 | 0.00504757 0.00015058 0.000133724
2.14283 | 0.00233455 5.74822e-05 7.49468e-05
2.4419 | 0.000937256 2.62204e-05 2.36171e-05
2.78428 | 0.000306199 9.89816e-06 8.6955e-06
3.1831 | 7.91905e-05 4.31542e-06 3.65548e-06
3.58223 | 2.20544e-05 2.01238e-06 7.13458¢e-07
3.98157 | 6.77885e-06 1.10099e-06 9.22866e-07
4.45779 | 1.20001e-06 3.7472e-07 2.96306e-07
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Table A.67: The =t Spectra at 27 GeV, 20-30% Centrality Bin
pr % ijg: - Statistical Error Systematic Error
0.703839 | 0.052822 0.00771282 0.00410642
0.901642 | 0.0337514 0.00284089 0.00219144
1.10014 | 0.0242262 0.00135516 0.00112623
1.29907 | 0.0140927 0.000637721 0.000458568
1.49826 | 0.00895591 0.000341391 0.000229025
1.69765 | 0.00544639 0.000198532 8.17933e-05
1.89717 | 0.00306532 0.000107011 7.6183e-05
2.14265 | 0.00147151 4.36606e-05 2.64115e-05
2.44171 | 0.000568564 1.90138e-05 2.18755e-05
2.78394 | 0.00019881 7.83775e-06 1.21857e-05
3.18276 | 4.88856e-05 3.15049e-06 1.68794e-06
3.58189 | 1.33969¢-05 1.5096e-06 5.21005e-07
3.98122 | 2.00406e-06 5.74043e-07 4.81912e-07
4.45703 | 1.02948e-06 3.1104e-07 3.9817e-07
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Table A.68: The =t Spectra at 27 GeV, 30-40% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.703839 | 0.0290524 0.00528682 0.00350238
0.90163 | 0.0221315 0.00225073 0.00106792
1.10012 | 0.0149989 0.000963888 0.000549758
1.29903 | 0.00868457 0.000454922 0.000245696

1.4982 | 0.00563447 0.000271356 0.000176146
1.69758 | 0.00330288 0.000149654 9.24456e-05
1.89708 | 0.00179812 7.80027e-05 4.41814e-05
2.14234 | 0.000787155 2.86967e-05 1.35272e-05
2.44131 | 0.000310946 1.35157e-05 1.20295e-05
2.78303 | 9.48371e-05 5.08849¢-06 2.84083¢-06
3.18161 | 2.60585e-05 2.28602e-06 1.73963e-06
3.58047 | 7.33419e-06 1.0712¢-06 9.22604e-07
3.97955 | 1.4523e-06 4.60754e-07 4.43256e-07
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Table A.69: The =t Spectra at 27 GeV, 40-60% Centrality Bin
pr % ijg: - Statistical Error Systematic Error
0.703558 | 0.0143142 0.00249559 0.00172376
0.901288 | 0.0104077 0.00106328 0.000520533
1.09975 | 0.00669659 0.000497484 0.000213096
1.29864 | 0.00376764 0.000220383 0.00011097
1.49781 | 0.00227121 0.000116359 8.15099e-05
1.69717 | 0.00131117 6.37957e-05 6.34879e-05
1.89669 | 0.000675371 3.14757e-05 2.21468e-05
2.14151 | 0.000271776 1.0975e-05 9.30713e-06
2.44056 | 0.000104935 5.34289¢-06 2.94561e-06
2.78189 | 3.17728e-05 1.91408e-06 1.38339¢-06
3.18069 9.45e-06 9.4617e-07 1.00205e-06
3.57983 | 1.53648e-06 3.74642¢-07 4.30493e-07
3.97917 | 3.50523e-07 1.55318e-07 8.79764e-08

184



Table A.70: The =t Spectra at 27 GeV, 60-80% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.703119 | 0.00377615 0.000879413 0.000774175
0.9008 | 0.00199005 0.000273616 0.000204289
1.09924 | 0.00108969 0.000118268 7.00412e-05
1.29814 | 0.000679376 5.84126e-05 2.504e-05
1.49734 | 0.000368293 2.91685e-05 2.17799e-05
1.69676 | 0.00020328 1.55824e-05 1.85262e-05
1.89632 | 0.000100657 8.29363e-06 4.82894e-06
2.14087 | 4.22049e-05 3.58814e-06 3.51144e-06
2.44016 | 1.30946e-05 1.57772e-06 1.36206e-06
2.7817 | 5.30913e-06 7.72782e-07 7.99258¢-07
3.18111 | 1.15607e-06 3.12304e-07 2.29629¢-07
3.58084 | 3.12567e-07 1.51385e-07 7.28612¢-08
Table A.71: The Q~ and Q% py Spectra at 7.7 GeV
Centrality pr % Npig; —5 Statistical Error Systematic Error

Q- 1.01427 | 0.00261527 0.000944016 0.000312062

0-60% 1.44464 | 0.000978677 0.000270339 0.000167983

1.78541 | 0.000404759 8.62406e-05 4.58896e-05

2.22129 | 9.08301e-05 2.88634e-05 1.43706e-05

Qr 1.0088 | 0.000855682 0.000204696 4.29255e-05

0-60% 1.4436 | 0.000234903 7.45194e-05 2.53923e-05

1.78349 | 7.95117e-05 3.20239e-05 9.04318e-06

2.21821 | 1.81605e-05 1.24703e-05 8.54971e-06
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Table A.72: The Q™ pr Spectra at 11.5 GeV

Centrality pr % ijg; —7 Statistical Error Systematic Error
0-10% 1.01313 | 0.00814011 0.00350706 0.00123738
1.39583 | 0.00297549 0.000723081 0.000406702
1.78956 | 0.00172435 0.000273602 0.000120962
2.1861 | 0.000565869 0.000103202 3.70281e-05
2.58393 | 0.000172394 4.3147e-05 1.51498e-05
3.13005 | 2.05214e-05 7.97135e-06 1.73688e-06
10-60%  1.00563 | 0.00364036 0.00060951 0.00022089
1.39186 | 0.00113642 0.000122437 6.81066e-05
1.78653 | 0.000428949 4.17648e-05 2.7983e-05
2.18393 | 0.00013559 1.6255e-05 9.75575e-06
2.58266 | 3.18495e-05 6.14252¢-06 3.73544e-06
3.13015 | 7.31537e-06 1.5676e-06 5.51835e-07
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Table A.73: The QFpr Spectra at 11.5 GeV

Centrality pr % ijg; 0 Statistical Error Systematic Error
0-10% 1.01367 | 0.00367224 0.00148974 0.00369203
1.3961 | 0.00140577 0.00031946 0.000231605
1.7898 | 0.000653242 0.0001118 7.37817e-05
2.18636 | 0.000262759 5.20221e-05 1.4515e-05
2.58419 | 7.855e-05 2.23603e-05 6.10852e-06
3.13102 | 8.46299¢-06 4.5805e-06 8.90806e-07
10-60% 1.0113 | 0.000970335 0.000211822 9.95379¢-05
1.39489 | 0.000395753 5.50952e-05 1.51357e-05
1.78865 | 0.000234294 2.50402e-05 9.76809e-06
2.18517 | 6.37403e-05 9.66436e-06 4.78446e-06
2.58297 | 1.01077e-05 3.27398e-06 1.92162e-06
3.12641 | 2.61219e-06 9.57011e-07 2.27913e-07
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Table A.74: The Q™ pr Spectra at 19.6 GeV

Centrality pr % ijg; —7 Statistical Error Systematic Error
0-10% 1.01203 | 0.0170832 0.00296004 0.00251965
1.39542 | 0.00707997 0.000674653 0.000563584
1.78947 | 0.00331902 0.000280701 0.000244399
2.18638 | 0.000854749 9.7949e-05 0.000162385
2.58461 | 0.000347719 4.33678e-05 5.57209e-05
3.13475 | 6.67558e-05 9.39822e-06 1.22649e-05
10-20% 1.0126 | 0.0102127 0.0015584 0.00148067
1.39557 | 0.00417735 0.000424869 0.00044988
1.78931 | 0.00197503 0.000179893 0.00014164
2.18585 | 0.000554177 6.24609e-05 8.775e-05
2.58366 | 0.000178461 2.58696e-05 2.78197e-05
3.12905 | 2.92421e-05 5.69909e-06 4.18861e-06
20-40%  1.00867 | 0.00419571 0.000591435 0.000641952
1.39357 | 0.00225078 0.000205111 0.000181032
1.78775 | 0.000620339 5.69479e-05 5.23943e-05
2.1847 | 0.000230813 2.30432¢-05 3.59344e-05
2.58295 | 5.64163e-05 8.88816e-06 8.64608e-06
3.1289 | 1.24654e-05 2.394e-06 1.78018e-06
40-60%  1.00552 | 0.00110674 0.000245822 0.000205001
1.39191 | 0.000389916 6.47817e-05 3.35968e-05
1.78674 | 0.000183049 2.89577e-05 1.428e-05
2.18432 | 3.82172¢-05 8.25889e-06 6.09312e-06
2.58322 | 1.32465e-05 3.65834e-06 2.27302e-06
3.13297 | 2.9554e-06 9.48778e-07 5.42546e-07
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Table A.75: The Qtpp Spectra at 19.6 GeV

Centrality pr % ijg; 0 Statistical Error Systematic Error
0-10% 1.01483 | 0.00780381 0.00125578 0.00054454
1.39664 | 0.00367763 0.000399356 0.000270005
1.79031 | 0.00180344 0.000158798 0.00015186
2.18687 | 0.000679038 6.88774e-05 2.72305e-05
2.58471 | 0.0002032 2.70923e-05 2.7714e-05
3.13304 | 2.66992e-05 5.65005e-06 6.58442e-06
10-20%  1.01418 | 0.0063183 0.00105186 0.000800465
1.39634 | 0.00257344 0.000281131 0.000167403
1.79003 | 0.00110879 0.00011062 8.99004e-05
2.18659 | 0.00038033 4.20205e-05 2.52479e-05
2.58443 | 0.000108106 1.82675e-05 1.55106e-05
3.13194 | 2.35251e-05 4.41111e-06 2.19719e-06
20-40%  1.01491 | 0.0024452 0.000367367 0.000207725
1.39667 | 0.00102401 0.000104086 5.99532e-05
1.79035 | 0.000548453 4.76946e-05 4.20097e-05
2.18691 | 0.000178079 1.81421e-05 8.81391e-06
2.58475 | 5.56916e-05 8.16267¢-06 7.62273e-06
3.13318 | 7.77912e-06 1.96016e-06 7.05653e-07
40-60%  1.00869 | 0.000617707 0.000164295 4.7414e-05
1.39337 | 0.000310459 5.04858e-05 2.44599e-05
1.78715 | 0.000103307 1.86916e-05 8.49428e-06
2.18362 | 4.2699e-05 7.78225e-06 1.76535e-06
2.58135 | 7.4499¢-06 2.51914e-06 1.23896¢-06
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Table A.76: The Q™ pp Spectra at 27 GeV

Centrality pr % ijg; —7 Statistical Error Systematic Error
0-10% 1.01754 | 0.0124927 0.00204919 0.00139717
1.39777 | 0.00865718 0.000767841 0.000667535
1.79135 | 0.00368167 0.000269663 0.000375214
2.18793 | 0.00130169 9.47594e-05 0.000169243
2.5858 | 0.000442722 4.14181e-05 4.26519e-05
3.1372 | 8.83589e-05 8.30889e-06 1.10068e-05
10-20%  1.01456 | 0.0100671 0.00162976 0.00130854
1.39651 | 0.00518716 0.000480465 0.0003642
1.79019 | 0.00193869 0.000154097 0.000121925
2.18676 | 0.000716157 5.77449e-05 8.87863e-05
2.5846 | 0.000277121 2.62264e-05 2.37117e-05
3.13259 | 3.80716e-05 4.84698e-06 4.79573e-06
20-40%  1.01729 | 0.00418737 0.000483233 0.00048164
1.39767 | 0.00234685 0.000183764 0.000157054
1.79127 | 0.000924254 6.64142¢-05 5.86529e-05
2.18784 | 0.000384396 2.6126e-05 4.14167e-05
2.58571 | 0.000106905 9.88205e-06 9.1321e-06
3.13685 | 2.55497e-05 2.36213e-06 3.32363e-06
40-60%  1.01142 | 0.00124037 0.000256704 0.000144039
1.39495 | 0.000715879 9.43549e-05 4.83292e-05
1.78871 | 0.000213957 2.53438e-05 1.35878e-05
2.18524 | 7.06493e-05 8.67516e-06 7.58653e-06
2.58303 | 2.59733e-05 4.0219e-06 2.22405e-06
3.12667 | 2.98132e-06 9.19676e-07 3.99199e-07
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Table A.77: The Qtpp Spectra at 27 GeV

Centrality pr % ijg; 0 Statistical Error Systematic Error
0-10% 1.02033 | 0.00848074 0.00134475 0.00125046
1.39879 | 0.00517073 0.000470267 0.000413838
1.79225 | 0.0023014 0.000178634 0.000119314
2.18884 | 0.00103122 7.52202¢-05 7.31802¢-05
2.58672 | 0.000302677 2.95642e-05 2.73506e-05
3.14075 | 6.99047e-05 7.09398e-06 8.44036e-06
10-20%  1.01778 | 0.00546324 0.000818779 0.00075296
1.39787 | 0.00313816 0.000297686 0.000247821
1.79144 | 0.00131549 0.000110281 7.56148e-05
2.18802 | 0.000652817 5.33592e-05 4.92434e-05
2.58589 | 0.00014271 1.73693e-05 1.17796e-05
3.13753 | 3.55171e-05 4.39631e-06 3.39167e-06
20-40%  1.01628 | 0.00332534 0.000433737 0.000484053
1.39726 | 0.00167727 0.000131418 0.000133861
1.79089 | 0.000713622 5.03964e-05 3.69368e-05
2.18746 | 0.000246654 1.84123e-05 1.79938e-05
2.58532 | 8.94659¢-05 8.27051e-06 6.62418e-06
3.13536 | 1.64359e-05 1.79187e-06 1.58493e-06
40-60%  1.00999 | 0.00092586 0.000187503 0.000121921
1.39415 | 0.000493195 6.73542e-05 3.88722e-05
1.78793 | 0.000189466 2.54691e-05 1.0149e-05
2.18443 | 5.93032e-05 8.29557e-06 4.38956e-06
2.5822 | 1.8805e-05 3.56701e-06 1.37112e-06
3.12355 | 1.4826e-06 5.38501e-07 1.95485e-07
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Table A.78: The Q pr Spectra at 39 GeV, 0-5% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.964511 | 0.0219906 0.00418377 0.00243898

1.25135 | 0.0123583 0.00113967 0.000655964
1.54719 | 0.00791966 0.000486096 0.000535862
1.84496 | 0.00403859 0.00024748 0.000207353
2.18823 | 0.00178677 0.000104579 0.000121663

2.5861 | 0.000583055 4.46881e-05 3.62699e-05
2.98469 | 0.000175305 1.95473e-05 1.23396e-05
3.38367 | 8.2603e-05 9.707e-06 9.53049e-06
3.78294 | 1.98664e-05 4.23158e-06 2.1258e-06

Table A.79: The Q pp Spectra at 39 GeV, 5-10% Centrality Bin

pr = Npggpz —;  Statistical Error  Systematic Error

0.964987 | 0.0233191 0.00321152 0.00175369
1.25149 0.0108186 0.000829887 0.000564417

1.5473 0.00645427 0.000384831 0.000426884
1.84507 0.0033582 0.000191006 0.000201884
2.18841 | 0.00137512 7.61259e-05 8.94509e-05

2.5863 | 0.000508042 3.41342e-05 4.10817e-05
2.98488 | 0.000190317 1.52775e-05 1.29386e-05
3.38388 | 6.11445e-05 7.22466¢e-06 6.68444e-06
3.78314 | 1.15512e-05 3.10767e-06 1.2274e-06
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Table A.80: The Q pr Spectra at 39 GeV, 10-20% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error
0.964951 | 0.0139117 0.00130655 0.000972202
1.25147 | 0.00685703 0.000373611 0.000351166
1.5473 0.00383364 0.000166526 0.00019191
1.84507 | 0.00224125 9.30772e-05 0.000137383
2.1884 0.00101058 3.94607e-05 6.54338e-05
2.58629 | 0.000326136 1.62243e-05 2.05695e-05
2.98487 | 0.000108617 7.69933e-06 7.47314e-06
3.38387 | 2.80399e-05 3.51073e-06 3.02206e-06
3.78312 | 1.11986e-05 1.72558e-06 1.51884e-06
Table A.81: The Q pp Spectra at 39 GeV, 20-40% Centrality Bin
pr = Npggpz —;  Statistical Error  Systematic Error

0.964529 | 0.00613366 0.000464408 0.000482266
1.25135 0.0036376 0.000152306 0.00018011
1.54721 | 0.00203621 6.96722e-05 0.000102693
1.84497 0.0010535 3.59518e-05 5.34074e-05
2.18824 | 0.000451825 1.51067e-05 2.83077e-05
2.58611 | 0.000149032 6.52618e-06 9.04302e-06
2.9847 | 5.18299e-05 3.19059e-06 3.46051e-06
3.38369 | 1.83105e-05 1.59193e-06 1.92681e-06
3.78295 | 4.86789e-06 7.8599e-07 5.78471e-07
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Table A.82: The Q pr Spectra at 39 GeV, 40-60% Centrality Bin

pr % Np;”;; - Statistical Error Systematic Error

0.962424 | 0.00150255 0.000168779 0.00011467
1.25067 | 0.000873941 5.65913e-05 4.42422e-05
1.54666 | 0.000446857 2.55647e-05 2.26753e-05
1.84444 | 0.000217455 1.30817e-05 1.13446e-05
2.18729 | 7.99036e-05 5.02446e-06 5.01505e-06
2.58514 | 3.44753e-05 2.53849e-06 2.41237e-06
2.9837 1.084e-05 1.25925e-06 8.48381e-07
3.38267 | 2.55218e-06 5.25301e-07 2.74997e-07

Table A.83: The Q pr Spectra at 39 GeV, 60-80% Centrality Bin

pr = Np;”;pz —;  Statistical Error  Systematic Error
0.955978 | 0.000395057 7.6762e-05 2.85425e-05
1.24767 | 0.000137647 1.8828e-05 6.79811e-06
1.54398 | 7.23025e-05 8.64694e-06 4.17389e-06
1.84177 | 2.90401e-05 3.93771e-06 1.65186e-06
2.18244 | 9.48253e-06 1.63222e-06 6.05358e-07
2.58013 | 4.88535e-06 8.93084e-07 3.80133e-07
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Table A.84: The Q*pr Spectra at 39 GeV, 0-5% Centrality Bin
pr % ijg: - Statistical Error Systematic Error

0.964328 | 0.0187996 0.00298593 0.00157598
1.25129 | 0.00922456 0.000818335 0.000401911
1.54715 | 0.00635392 0.000404823 0.000399175
1.84492 | 0.00329351 0.000194724 0.000226219
2.18815 | 0.00159298 8.45269¢e-05 0.00011271
2.58603 | 0.000525121 3.62808e-05 4.66908e-05
2.98461 | 0.000144081 1.54141e-05 1.91855e-05
3.3836 4.7635e-05 7.55315e-06 5.48612¢e-06
3.78286 | 1.32325e-05 3.32735e-06 2.89071e-06

Table A.85: The QFpr Spectra at 39 GeV, 5-10% Centrality Bin

pr % Np;l+;dy Statistical Error Systematic Error
0.966324 | 0.0113505 0.00203278 0.000806675
1.25186 | 0.00767646 0.00062246 0.000348094
1.54759 | 0.00425723 0.000276944 0.000181824
1.84534 | 0.00222152 0.000144529 0.000129361
2.1889 | 0.00117129 6.43318e-05 7.7389e-05
2.58679 | 0.000354153 2.63332e-05 3.17318e-05
2.98538 | 0.00011909 1.27636e-05 7.74561e-06
3.38439 | 3.90352e-05 6.00599e-06 4.37323e-06
3.78366 | 1.82734e-05 3.41554e-06 2.40392e-06
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Table A.86: The QFpy Spectra at 39 GeV, 10-20% Centrality Bin

pr % ijg: - Statistical Error Systematic Error
0.965262 | 0.011051 0.00102827 0.000870082
1.25157 | 0.00610198 0.000338657 0.000222224
1.54737 | 0.00279582 0.00012737 0.000143071
1.84512 | 0.00169046 7.37022e-05 8.73265e-05
2.18852 | 0.000749598 3.14249e-05 4.52517e-05
2.58641 | 0.000239253 1.36043e-05 2.08925e-05
2.98499 | 8.48907e-05 6.28114e-06 6.08529¢-06
3.38399 | 2.67788e-05 3.25632e-06 3.05086e-06
3.78326 | 1.15415e-05 1.72943e-06 1.65885e-06

Table A.87: The QFpp Spectra at 39 GeV, 20-40% Centrality Bin

pr % Npgg;z 7 Statistical Error Systematic Error
0.96387 | 0.00471022 0.000369886 0.000326242
1.25114 | 0.0028673 0.000124328 0.000100199
1.54704 | 0.00154131 5.69661e-05 6.27121e-05
1.84481 | 0.000832524 3.06329e-05 4.32569e-05
2.18796 | 0.000335101 1.22217e-05 2.10045e-05
2.58583 | 0.000111427 5.33866e-06 9.78318e-06
2.98441 | 4.0074e-05 2.62248e-06 2.64615e-06
3.38339 | 1.18529e-05 1.28043e-06 1.2367e-06
3.78265 | 4.22458e-06 6.95414e-07 5.51819e-07
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Table A.88: The Q' pr Spectra at 39 GeV, 40-60% Centrality Bin

pr % ijg: - Statistical Error Systematic Error

0.962204 | 0.00119804 0.000144036 8.18628e-05
1.2506 | 0.000615025 4.45353e-05 2.48371e-05
1.54659 | 0.000395916 2.33153e-05 1.60627e-05
1.84437 | 0.000160727 1.03952e-05 8.24992¢e-06
2.18716 | 8.10099e-05 4.85982¢e-06 5.00156e-06
2.58502 | 2.24916e-05 2.08384e-06 1.96354e-06
2.98358 | 7.14426e-06 9.85557e-07 5.68896e-07
3.38255 | 1.98146e-06 4.71987e-07 2.04934e-07

Table A.89: The QFpp Spectra at 39 GeV, 60-80% Centrality Bin

pr % NPZZZ 0 Statistical Error Systematic Error
0.95607 | 0.000235876 5.39199e-05 1.78122¢-05
1.24772 | 0.000110506 1.52906e-05 5.97741e-06
1.54404 | 5.57292¢e-05 6.99255e-06 3.42604e-06
1.84181 | 2.15681e-05 3.28713e-06 1.11545e-06
2.18253 | 7.85769e-06 1.50318e-06 5.3586e-07
2.58023 | 3.99415e-06 7.9905e-07 3.7056e-07
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APPENDIX B

Data Table of Strange Particle dN/dy

Table B.1: The K% dN/dy

K

Energy  Centrality | dN/dy  Stat_Err Sys_Err

27 GeV 0-5% 23.4608  0.184125  0.803043
5-10% 19.2747  0.164732  0.664027
10-20% 14.6685 0.0979301  0.556008
20-30% | 9.66451 0.0752485  0.397568
30-40% | 6.56729 0.0658161 0.334484
40-60% 3.11378  0.0335869  0.168607
60-80% | 0.832945 0.0129548 0.0523479

19.6 GeV 0-5% 21.0136  0.190014  0.633776
5-10% 17.1702  0.182699  0.564741
10-20% 12.8878  0.106224  0.439176
20-30% 8.52321  0.0828938  0.302806
30-40% 5.37491  0.0668607  0.223596
40-60% 2.5854  0.0351001 0.123448
60-80% | 0.701406 0.0140789 0.0448103

198



Table B.2: The A and A dN/dy

A A
Energy Centrality dN/dy Stat_Err Sys_Err dN/dy Stat_Err Sys_Err
27 GeV 0-5% 12.523 0.0986795 0.356634 2.90898 0.0264658 0.0716985
5-10% 10.1533 0.0877966 0.31395 2.50348 0.0245017 0.0655394
10-20% 7.63072 0.0502942 0.198574 1.95162 0.0143452 0.0497626
20-30% 5.18224 0.0380865 0.132891 1.38844 0.0119441 0.0329385
30-40% 3.19287 0.0350673 0.0923374 0.95616 0.0108381 0.0238407
40-60% 1.49362 0.0190592 0.0734593 | 0.485461 0.00675674 0.0128007
60-80% 0.372609  0.00716617  0.0220901 | 0.147908  0.00326446 0.0100471
19.6 GeV 0-5% 13.5214 0.124265 0.338916 1.97557 0.0210184 0.0487331
5-10% 10.8106 0.110803 0.274835 1.64934 0.0200398 0.0428585
10-20% 8.12758 0.0668637 0.220166 1.31555 0.0120638 0.0302655
20-30% 5.23155 0.0513071 0.136154 0.938293 0.0101812 0.020953
30-40% 3.30028 0.0377854 0.0840888 | 0.640749  0.00931681 0.0173609
40-60% 1.48071 0.0237305 0.0528799 | 0.336451 0.00605149 0.0103521
60-80% 0.354257  0.00899181  0.0206641 | 0.103221  0.00313628  0.00626957
Table B.3: The 2~ and E+ dN/dy
o =t
Energy Centrality dN/dy Stat_Err Sys_Err dN/dy Stat_Err Sys_Err
27 GeV 0-5% 1.80806 0.0394294 0.0823548 0.676678 0.0153543 0.0280729
5-10% 1.39817 0.0338772 0.0613239 0.55396 0.0143418 0.0220828
10-20% 1.03013 0.0184683 0.0442439 0.411474 0.0081972 0.0165308
20-30% 0.624685 0.0130844 0.0270563 0.278551 0.00633414 0.0114425
30-40% 0.369642 0.00953039 0.0157103 0.169088 0.00705268 0.00700716
40-60% 0.165986 0.00745476 0.0114568 0.0782753  0.00364916 0.00338947
60-80% 0.0337505  0.00269309  0.00350648 | 0.0157098  0.00128874 0.00131534
19.6 GeV 0-5% 1.77205 0.0458699 0.0783067 0.49934 0.014971 0.0238159
5-10% 1.42113 0.0443178 0.0660478 0.388539 0.0140746 0.0150714
10-20% 0.971514 0.0233193 0.0400111 0.299309 0.00795358 0.0118822
20-30% 0.615316 0.0253766 0.0293617 0.191038 0.00592319 0.00768778
30-40% 0.32878 0.0120774 0.012783 0.118258 0.00752661 0.00655993
40-60% 0.13542 0.00828794  0.00742067 | 0.0546374  0.00249077 0.00277317
60-80% 0.0274921  0.00310966  0.00259198 | 0.0115101  0.00099926  0.000503011
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Table B.4: The Q= and QF dN/dy

Q- at
Energy Centrality dN/dy Stat_Err Sys_Err dN/dy Stat_Err Sys_Err
39 GeV 0-5% 0.20264 0.00900492 0.00825241 0.166105 0.00691071 0.00614294
5-10% 0.177013 0.00684442 0.00657822 0.112017 0.00491252 0.00380827
10-20% 0.111571 0.00312123 0.00380873 0.0871698 0.00260734 0.00296746
20-40% 0.0545675 0.00131194 0.00179019 0.04253 0.00109382 0.00133382
40-60% 0.0127127  0.000524924  0.000413617 0.010129 0.000448424  0.000289939
60-80% 0.00271887  0.000258469  8.52111e-05 | 0.00196502  0.000166152  7.73212e-05
27 GeV 0-10% 0.154464 0.00991486 0.00606177 0.097128 0.00644993 0.00423082
10-20% 0.102613 0.00705708 0.00457674 0.0604311 0.00407852 0.00253276
20-40% 0.0440682 0.00247146 0.00171593 0.0334974 0.00197105 0.00155707
40-60% 0.0131746 0.00140327  0.000517131 | 0.0103893 0.00107676  0.000419111
19.6 GeV 0-10% 0.160162 0.0196019 0.0113662 0.0812905 0.00611435 0.00265233
10-20% 0.0959867 0.00752222 0.0047012 0.0569186 0.00482428 0.00251965
20-40% 0.043665 0.00502187 0.00302201 0.0236951 0.0017385 0.000800428
40-60% 0.0104316 0.00223982 0.00119814 0.00671811  0.000940283 0.00021567
11.5 GeV 0-10% 0.0824223 0.0130436 0.00386625 0.0356727 0.00591868 0.00197067
10-60% 0.0329979 0.00547655 0.00352239 | 0.00987569  0.00105947  0.000336112
7.7 GeV 0-60% 0.0272618 0.00612652 0.00138937 0.00799258 0.00198897 0.0002044
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