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SUMMARY

Experimental measurements of quarkonium cross section and polarization are two main
approaches to gain insight into quarkonium production mechanism. Quarkonium polariza-
tion refers to anisotropic spatial distribution of lepton decay from quarkonium with regard to
quarkonium momentum. Although many theoretical models achieve good consistency with the
experimental measurement on quarkonium transverse momentum spectra, they have very differ-
ent predictions on quarkonium polarization. Therefore, quarkonium polarization measurements
have a strong capability to distinguish different models and portrait the quarkonium production
mechanism. In this study, the main detectors in Solenoidal Tracker At RHIC (STAR), time
projection chamber, time-of-flight and Barrel Electromagnetic Calorimeter are fully applied for
track reconstruction, particle identification and physical quantity measurement. The raw yield
of J/1 as a function of polar and azimuthal angles is calculated from STAR datasets collected
in 2012 from p+p collisions at /s = 200GeV, and the efficiency of detectors is obtained by
GEANTS3 simulation. A statistical estimator for J/1 polarization parameters is constructed
based on the principle of maximum likelihood estimation. Its properties are studied via Monte
Carlo simulation. It is the first time that the measurements of Ay, Ag¢ and Ain, are presented
by STAR experiment. The results don’t suggest prominent ]/ polarization. Among avail-
able theoretical models compared with the measurement, the CGC+NRQCD achieve the best

agreement.

xii



CHAPTER 1

INTRODUCTION

1.1 Standard Model

What the universe is made of is an ultimate philosophy question. Standard Model is the
modern theory describing the properties of fundamental particles and their interactions. The
fundamental particles can be divided into two groups: fermions and bosons, as shown in Fig-
ure 1. The fermions include quarks and leptons, which are building blocks of visible matter.
The bosons include gluon, photon, W boson and Z boson, which are responsible for interac-
tions among particles, and Higgs boson which gives mass to particles through the subtle Higgs
mechanism [1]. The spin of a fermion is an odd multiple of half h, and that of a boson is an
even multiple of half h. Quarks and leptons have three generations. Up quark, down quark,
electron and electron neutrino are in the first generation. Charm quark, strange quark, muon
and muon neutrino are in the second. Top quark, bottom quark, tau and tau neutrino are in

the third.
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Figure 1: Elementary particles of standard model [2].

The interactions in the Standard Model include electromagnetic, weak and strong forces.
They are described by quantum field theory (QFT) and share the same framework of calculation
[3]. The bosons exchanged in the process of these interactions are gauge bosons, which have a

spin of h. Photons participate in the electromagnetic interaction between charged particles. W



boson and Z boson are mediated in the weak interaction. Gluons are responsible for the strong
interaction between quarks and gluons. The scattering amplitude for the process of exchanging
a gauge boson can be calculated with Feynman diagrams [4]. For electromagnetic interaction,
weak interaction and strong interaction at high energy, the calculation can be written as power
series expansion based on perturbation theory [5], where the dominant contribution is from the
lowest order terms. To avoid the divergence of the sequence, all the terms are renormalized [2].

Often, the evolution of a system is calculated by finding the minimum of Lagrangian which
is the kinematic energy minus potential energy with respect to general coordinates. Quantum
electrodynamics (QED) describes the electromagnetic interaction between charged particles [4].
QED is an Abelian gauge theory with the symmetry group U(1) [6]. The Lagrangian of QED

reads

. 1
L= $(iy*Dy —mb — ;FnF,
q

where y* are Dirac matrices; 1\ a bispinor field of spin-1/2 particles; D, = 0, + ieA, + ieBy
is the gauge covariant derivative; m is the mass of charged particle; A, is the covariant four-
potential of the electromagnetic field; B, is the external field imposed by external source;
Fuv = 04Ay — 0vAy is the electromagnetic field tensor [7].

The process of beta decay that a neutron decays into a proton, electron, and electron neu-
trino is due to the weak interaction [8]. The observation of CP-violation in weak interaction has
improved our understanding of the symmetry of the universe [9]. The electromagnetic interac-
tion and weak interaction can be unified into electroweak interaction described by electroweak

theory with an SU(2) x U(1) group.



Quantum chromodynamics (QCD) is the theory that describes the principles of the strong
interaction between quarks and gluons [10]. Analog to the electrical charge of particles in
quantum electrodynamics, quarks carry colour charge which is called red, green and blue,
respectively. The SU(3) colour symmetry states that the strong interaction is invariant under
rotation in color space. QCD is a non-Abelian gauge theory because the SU(3) do not commute
[11].

Two important phenomena, color confinement [12] and asymptotic freedom [13], have been
discovered for the strong interaction. Since no individual quark is observed in the experiment,
color confinement states that color charged particles cannot be isolated and therefore cannot be
directly observed in normal condition [12]. Asymptotic freedom states that interaction between
two color charged particles becomes weaker as the energy scale increases and the distance scale
decreases [14].

The Lagrangian of QCD [15] reads

_ i 1 v
L= le)q,a(ryuauéab - ng”tgbAS - mqéab)wq,b - ZF/&VFAH )
q

where y* are the Dirac y-matrices and g o are quark-field spinors for a quark of flavor g
and mass my, with a color-index a that runs from a = 1 to 3 as quarks come in three
colors. The kinematic energy of quarks is Zqﬁ)q‘a(wuauéab — mMgdap ) Pgp — %FﬁVFAW and
the potential terms represents the energy that quarks interact with strong interaction field

Zq IT)q,a(ngutgbAS)ll)q,b-



Due to the heavy mass of charm quark, the velocities of quarks in the charmonium states
are low [2]. The observed spectra of charmonium resonances correspond to different eigenstates
of QQ system provides a good probe of the QCD potential in the non-relativistic limit, which
is non-relativistic QCD (NRQCD).

The NRQCD potential [2] can be decomposed into two components. Analog to QED po-
tential between an electron and a positron, one component of the NRQCD potential between a

quark and an antiquark is called short-range NRQCD potential [2]

4
Vi) =32

where o is the coupling constant for the strong interaction and r is the distance between the
quark and antiquark.

At relatively large distances, the energy density between the quarks containing the gluon
field is constant. The energy stored in the field is thus proportional to the distance between
the quarks [2]

Vi(r) = «kr

where k ~ 1GeV/fm. Thus, the complete NRQCD potential in the QQ state is



The production of heavy quark and anti-quark is perturbative while hadronization is non-
perturbative, which cannot be calculated from first principle. In the process of hadronization,
quarks and anti-quarks undergo a ”cooling down” process such that the hadrons are formed
[16]. The observed hadrons are usually mesons or baryons, which contain two or three valence
quarks, respectively. Exotic states have also been discovered where hadrons consist of more

than three quarks, e.g. pentaquarks [17].

1.2 Heavy flavor quarkonium

A meson made of a quark and its anti-quark is called quarkonium [18]. The quarkonium
formed by heavy quarks, including charmonium and bottomonium, is called heavy flavor quarko-
nium.

The existence of charm quark was proposed by Sheldon Lee Glashow and James Bjorken.
The spectra of charmonium states and the decay processes are present in Figure 2. The ground
state of charmonium J/1 meson has a rest mass of 3.0969GeV/c? and mean lifetime 7.2 x 1072's
[18]. It was discovered independently by two research groups from Stanford Linear Accelerator
Center (SLAC) and Brookhaven National Laboratory (BNL). Because this discovery reveals
the existence of the fourth known quark, the charm quark, Burton Richter and Chao Chung
Ting were awarded the 1976 Nobel Price.

Hadronic decay modes of J/1{ are strongly suppressed because of the OZI Rule [19]. The
branching ratios (BR) of J/1{ main decay modes are [20] :

J/¥ — hadrons BR = (87.7 + 0.5) %;

J/b — efe” BR = (5.94 % 0.06) %;



J/b — ptu~ BR = (5.93 + 0.06) %;

Mass (MeV)
4700 | X(4660)
4500 |
(4415)
Thresholds: . (Cc)
4300 - X(4260) T
DDt | T 1 R
1 (4160)
400 DD (4040)
T
3900 |
(3770)
DD T @S
3700 | 7, (2S) y(28)
T
3500 | n
3300 | T T
T n°
n
3100 |
n,(1S) JIy (18)
2000 L
JPC - o+ 1" 1 ot 1+ o++

Figure 2: Spectrum and transitions of the charmonium family [18].

1.2.1 J/¥ production mechanism

The heavy mass of charm quark plays a cut-off effect that the perturbative phase of quarko-

nium production can be calculated precisely. However, the non-perturbative phase of quarko-



nium production can only be accessed by experimental measurements and phenomenological

models.

1.2.1.1 color evaporation model

The color evaporation model (CEM) calculates the cross section for quarkonium production

in hadron collisions in the following way:

4m? do -
()‘[A—FB%H—FX]:FHJ' dm? - >—[A+B — QQ +X]

where my, is the mass of meson M containing the heavy quark Q, do is the differential cross
section for a QQ pair to be produced in a collision of A and B, Mg is the invariant mass of
QQ. Fy is the fraction factor represent the ratio that invariant mass of QQ less than 2mp,
which is assumed to be universal that can be determined by data [21]. As one of the simplest
quarkonium production model that was first proposed in 1970’s, the calculation doesn’t take

quantum numbers such as angular momentum, spin or color of quarks into account [22, 23].

1.2.1.2  color-singlet model and color-octet model

The quantum states of color-singlet and color-octet read % (rf4+gg-+bb) and rg, rb, gT, gb,
br, bg, %(r? —gg), %(r? + gg — 2bb) respectively [2]. In the color-singlet model, it assumes
that the quantum state of the pair does not evolve between its production and hadronization,
neither in spin, nor in color. The differential production cross section is calculated in the

following way:



dofA+B = QQ+X] = Z J dxidxyfi (xi, we) (x5, E) A5 0q X (0

ij
where parton distribution functions (PDFs) fi(xi, ur) (fj(xj, uf)) is the number density of the
parton of flavour i (j) inside the hadron A (B); x; (x;) is the parton momentum fraction denoted
the fraction parton carried from proton; and p is factorisation scale [24].
Compared with color-singlet model, color-octet model take quantum numbers that angu-
lar momentum, spin and color into the calculation of production mechanism and express the
hadronization probability of a heavy-quark pair into a quarkonium via long-distance matrix

elements (LDMEs) < Og > [25].

dofA+B — QQ +X] = Z J dxidy;fi(xi, kE)T5 (%5, 1E) A0y 500 +x (HRy HE, HA) < OF >

1’)] )n

where n denotes sets of quantum numbers including color, angular momentum and spin;
fi(xi, up) (fi(xi, nr)) is the parton distribution function of parton of i (j) flavour. The cross
section is calculated by summing up all component contribution. For the color-singlet and
color-octet model, they essentially differs from how many quantum states allowed during the

process of quarkonium production.
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Figure 3: Top: J/1{ cross section times branching ratio as a function of pt in p+p collisions at
/s = 200GeV. Solid circles, open circles and blue squares are the published results from STAR
[26]; triangles are the published results for n| < 0.35 from PHENIX [27]. Bars and boxes are
statistical and systematic uncertainties, respectively. The curves are CEM (green) [28], NLO
NRQCD A (orange) [29], CGC + NRQCD (blue) [30], and NLO NRQCD B (magenta) [31]
theoretical calculations, respectively. Bottom: ratios of these results with respect to the central

value [32].
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Figure 4: PHENIX J/1 p7 spectrum measurement at energy /Snyn = 200 GeV compared with

different model predictions [33].

The theoretical models on J/1 production mechanism provide very distinct predictions on
J/W polarization, while have good agreement with ]/ cross section experiment measurements

as shown in Figure 3 and Figure 4. Therefore, the experimental measurement of | /1 polarization
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become a useful tool to distinguish different models and constraints the parameters of theoretical

models.

1.2.2 J/U polarization

To extract the J/1 polarization parameters from data, we need to define the polarization
reference frame first. As shown in Figure 5, p1 and py correspond to the colliding proton’s
momentum in the J/1{ rest frame, which defines the production plane. Y axis is perpendicular
to the production plane. The difference between Helicity frame and Collins-Soper frame is that
the Z axis in Helicity frame is defined along the sum of p; and p, vector, while the Z axis in
Collins-Soper frame is defined as the bisector of p; and p; vector. Consequently, after Y axis
and 7 axis is aligned, the X axis is determined. In the present study, we usually measure the
polarization parameters in Helicity frame and Collins-Soper frame.

To remove the effect of the arbitrary choice of reference frame, Ain, is the specific quantity

remaining the same in both the Helicity frame and the Collins-Soper frame.

Ao + 3A¢
Ay = —————— (1.1)
mnv -] —)\d)
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Figure 5: Definition of the polarization frames: helicity(HX) and Collins-Soper(CS) frames [34].
The y-axis is perpendicular to the production plane, which is defined by the momenta of the

two colliding protons, represented by p; and p; respectively.

A particle may be observed preferentially in a state belonging to a definite subset of the
possible eigenstates of the angular momentum component ], along a characteristic quantization
axis. When this happens, the particle is said polarized [35]. Polarization of ]/ indicates the
anisotropic spatial distribution of lepton decay from ]/ with respect to J/{ momentum. And
the differential cross section of J /1 decay products can be written as the Fourier series expansion
as following:

o°N

2 ) .
—_— 2 2 .
303000 o 1+ Agcos“0 + Apsin“Bcos(2¢d) + Aggpsin(20)cosd, (1.2)



14

where the coefficients Ag, A, and Agy are parameters determining the probability density dis-
tribution of the decay products with respect to the polarization (Z) axis in the J/1 rest frame.
As illustrated by Figure 6, when Ag = +1 the positron prefers moving parallelly to z axis and

when Ag = —1 the positron prefers moving orthogonally to z axis.

m ==l m=0
i y o
X ) XA K

Figure 6: The extreme cases that when polarization parameter Ag is equal to +1 and -1 respec-

a) I 4 b) 4

tively. The probability that positron decay from the direction is equal to the distance of the

corresponding surface from the origin [35].
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The integration over cos® or ¢ yields the one-dimensional distribution of ¢ and cos6 re-

spectively,
:
W(cos8) o m(] + Agcos?0), (1.3)
22
W(P) o T+ +‘;’\ecosz¢ (1.4)

Due to the nature of differential cross section of positron decay from ]/1 is probability which
should be greater than or equal to 0 for every direction. This requirement exerts constraints
on the J/1{ polarization parameters so that the admissible set of J/1 polarization parameters

is shown in Figure 7.

1
S & 1
~ <
0.5 | 0.5
| s TR 0 f-mmmmmm e
-0.5- : -0.5
- T I‘ T -1 T I: T
- -0.5 0 0.5 1 1 -0.5 0 0.5 1
Ag A(p

Figure 7: Allowed regions for the J/1{ polarization parameters [35].
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The rest of the thesis is organized as following:

Chapter 2 introduces Relativistic Heavy Ion Collider (RHIC), the physics tasks of Solenoid
Tracker at RHIC (STAR) experiments, and main detectors used for triggering, track recon-
struction, and particle identification.

Chapter 3 explains how the J/1 signals are reconstructed, including: how to identify elec-
trons, how to calculate the invariant mass spectra, remove the combinatorial background and
get the signal of J/1{ particle.

Chapter 4 describes how to calculate likelihood based on dataset and efficiency of detectors,
locate the optimum point of likelihood and exam the property of estimator via toy Monte Carlo
simulation.

Chapter 5 presents the systematic uncertainties coming from different sources, and how to
combined them together as overall systematic uncertainty of our measurements.

Chapter 6 draws the conclusion based on empirical measurements results.

Chapter 7 summarizes the ]J/1{ polarization using STAR 2012 dataset and provides a vista
on the J/1 polarization measurements from p+Au and Au+Au collisions system from STAR

2011 and 2015 datasets.



CHAPTER 2

STAR EXPERIMENT

2.1 Relativistic Heavy Ion Collider (RHIC)

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL)
is the first machine in the world capable of colliding heavy ions [36]. As shown in Figure 8,
the detectors locate in 6 o’clock and 8 o’clock are STAR and PHENIX respectively. The
colliding atoms are ionized and striped of outside electrons in the Tandem Van de Graaff,
accelerated at Alternating Gradient Synchrotron (AGS), then injected into the RHIC rings
and accelerated to desire energy [37]. The superconducting magnets along the ring deflect
and focus the beam. The beams of protons and heavier nuclei are accelerated by oscillating
electrical field to nearly the speed of light. By convention, one beam is called the ”blue” beam
(clockwise), while the other is called ”yellow” beam (anticlockwise) [37]. When two beams
of ions colliding with each other, the constituent quarks and gluons will undergo a break-up
and regroup-up. This process provides an important window for us to gain insight into many
important physics mechanisms. The measurements conducted at RHIC help to develop cutting
edge physics theory and put influential ones in test [38]. With the capability of high precision
track reconstruction, momentum measurement, and particle identification at the mid-rapidity
region, the STAR experiment is designed for multiple important tasks including the property

of quark-gluon plasma (QGP) and proton spin physics [39].

17
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\

PHEN

Figure 8: The complex structure of Relativistic Heavy Ion Collider at Brookhaven National

Laboratory [36].

QGP, also known as quark-gluon soup, is a state of nuclear matter which exists at ex-
tremely condition [38]. QGP consists of asymptotically free strong-interacting quarks and
gluons. Through collision of Au nuclei, the QGP is generated in the overlapping region with
an almond shape. The dynamical evolution of the QGP can be described by hydrodynamics,
which can successfully describe experimental results on azimuthal anisotropy of final state par-

ticles. The QGP will cool down to form hadrons shortly after its generation [40]. Such a phase
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transition is illustrated in the phase diagram of nuclear matter in Figure 10, in analogy to the
phase diagram of water. Understanding the properties and phase transition of QGP is essential

for us to understand the evolution of the early universe [38].

Reaction

Y (defnes )

Figure 9: Through collision of Au nuclei, the QGP is generated in the overlapping region with

an almond shape.
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Figure 10: Phase diagram and critical point of QGP [41].
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The recent understanding of proton’s spin suggests it is made of three components, quarks’
spin, gluons’ spin and quark and gluon orbital angular momenta [42]. To investigate the con-
tribution from each component, it is required to know the prior knowledge of momentum
distribution of the quarks and gluons of proton, which is studied by parton model [43]. To
understand the nature of proton’s spin thereby the nature of fundamental particles’ spin, as
one of important goals of RHIC, the experiments at RHIC were also designed to conduct the
experiments of colliding spin-aligned proton beams.

The installation of Siberian Snake [44] makes it possible for spin physics experiments. The
Siberian Snake is an arranged group of dipole magnets. The anomalous magnetic moment of
the proton is 2.792uy, where the nuclear magnetic moment py = % [45]. When protons enter
the Siberian Snake, the magnetic field will exert a torque on the protons due to the interaction

between the magnetic field and protons’ intrinsic magnetic moment [46]. It will rotate the

orientation of protons’ spin to the desired direction.

2.2  Solenoidal Tracker At RHIC (STAR)

For high energy physics experiments at colliders, detectors usually have an onion-like struc-
ture. This kind of hierarchical structure gives detector the capability to distinguish different
types of particles and measure their physics quantities such as momentum, energy and so forth.
The center-of-mass energy +/s is calculated based on the total energy and momentum of the

two colliding particles [2],
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The scattered partons are observed as jets or leading hadrons. The momenta of jets or hadrons

can be precisely measured and applied to calculate differential cross section [2].

2.2.1 Time Projection Chamber

Time Projection Chamber (TPC) shown in Figure 11 is the main detector at STAR to
reconstruct the trajectories of charged particles and help identify particles. The length of the
TPC is 420cm, the outer diameter of the drift volume is 400cm and the inner diameter of the
drift volume is 100cm. The TPC is placed inside a solenoidal magnet that provides a uniform
homogeneous and non-divergent magnetic field of 0.5 Tesla magnitude. The gas inside TPC is
called P10 gas (90% argon, 10% methane by volume) [47].

When energetic charged particles go through the P10 gas, they ionize nearby gas atoms
and ionized particles drift in an exerted electrical field of the TPC to the side. Multi-wire
proportional chambers (MWPC) are mounted on both sides of the TPC. High voltage is exerted
on each wire of the MWPC. When an ionized particle passes by the wire, it causes avalanche
and generates a current signal along the wire. The positive ions created in the avalanche induce
a temporary image charge on the pads which disappears as the ions move away from the anode
wire. The image charge is measured by a preamplifier /shaper/waveform digitizer system. The
induced charge from an avalanche is shared over several adjacent pads, so the original track
position can be reconstructed to a small fraction of a pad width. There are a total of 136,608
pads in the readout system [48]. Knowing the measured drift velocity of ionized particles, one
can calculate the position of the charged particle along the z-axis. The trajectory of the charged

particle is then reconstructed by lining up the hits from the TPC. With the magnitude and



23

direction of the magnetic field is known, the momentum and charge sign of energetic charged

particles can be determined by calculating the Lorentz force exerted on the particle.
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The complex of Time Projection Chamber [49].
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Meanwhile, the charged particle loses its kinematic energy as it ionizes the gas atoms nearby.
The Bethe-Bloch equation calculates the energy loss per unit length traversed [50].
dE

—< —>=KZZ
dx ZAB2

) 8(BY)
—p2 - 220 (2.1)

Z 1 1 2mec? By Wing,
2 2

where K = 4ntN Arﬁmecz; A atomic mass of absorber; ze charge of incident particle; Z atomic
number of absorber; I mean excitation energy (eV); d(Ry) density effect correction to ionization
energy loss; Tiax is the maximum kinetic energy which can be imparted to a free electron in a
single collision [2, 18]. STAR experiments use Bichsel function instead [51].

The energy loss is normalized by calculating no, with Equation 2.2

no. — log(dE/dx)measurea — Log(dE/dX)theoretical
¢ o(log(dE/dx))

(2.2)

where log(dE/dxX)theoretical 18 the theoretical log(dE/dx) calculated by Bethe-Bloch equation;
log(dE/dX)measurea is calculated by how much extent the trajectory is bend via ionization
process and o(log(dE/dx)) is the variation of log(dE/dx) from the measurements. As shown in
Figure 12, measurements of log(dE/dx) distinguish electron tracks from hadron tracks based

on the different characteristic of energy loss.



dE/dx (keV/cm)

10 P (GeV/c)

Figure 12: The characteristics of energy loss distribution for different particles [47].

25



Basic parameters for the STAR TPC

and 1its associated

hardware
Item Dimension Comment
Length of the TPC 420 cm Two halves,
210 cm long
Outer diameter of 400 cm 200 cm radius
the drift volume
Inner diameter of 100 cm 50 cm radius
the drift volume
Distance: cathode 209.3 cm Each side
to ground plane
Cathode 400 cm diameter At the center of the
TPC
Cathode potential 28 kV Typical
Drift gas P10 10% methane,
90% argon
Pressure Atmospheric Regulated at
+2 mbar 2 mbar above atm.
Drift velocity 5.45 cm/ps Typical
Transverse 230 pm/+/cm 140 V/em & 0.5 T
diffusion (o)
Longitudinal 360 um/+/cm 140 V/cm
diffusion (o)
Number of anode 24 12 per end
sectors
Number of pads 136 608
Signal to noise 20:1
ratio
Electronics 180 ns FWHM
shaping time
Signal dynamic 10 bits
range
Sampling rate 9.4 MHz
Sampling depth 512 time buckets 380 time buckets
typical
Magnetic field 0, £025T, Solenoidal
+05T

Figure 13: Main parameters for the STAR TPC [47].
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2.2.2  Vertex Position Detector and Time Of Flight

As shown in Figure 14, the vertex position detector (VPD) exists as two identical detector
assemblies, one on the east and one on the west of STAR. Each of the nineteen channels used
in each assembly is composed of a Pb converter followed by a fast, plastic scintillator which
is read out by a photomultiplier tube (PMT). The signals from the nineteen channels in each
assembly are digitized independently by two different sets of electronics [52]. The start time
of the collision and the position of vertex can be calculated based on the average time of two

VPDs assemblies.

Figure 14: The complex of VPD detectors [52].
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The Time of Flight (TOF) detector covers 27t in azimuth angle and [n| < 1 in pseudo-rapidity
[53]. It extends the limit of particle identification capability to a higher momentum range than
that of the TPC. As the main component of TOF, multi-gap resistive plate chamber (MRPC) is
designed to achieve good time and reasonable position resolutions, where signals are generated

when charged particles travel through the gas and cause the avalanche [54]. Figure 15 depicts

the schematic structure of MRPC [54].

Honey comb length = 20.8 cm
electrode length = 20.2 cm

pad width = 3.15cm

pad interval = 0.3cm

honey comb thickness = 4mm

(not shown: mylar 0.35mm)

outer glass thickness = 1.1mm
*\ inner glass thickness = 0.54mm

« gas gap = 220micron
< PC Board thickness = 1.5 mm

inner glass length = 20.0 cm
outer glass length = 20.6 cm
PC board length = 21.0 cm

honey comb

1 PC board

pad

electrode (graphite)

glass

L
8‘9 9‘4 position (cm)

Figure 15: Two side views of the structure of a MRPC module. The upper (lower) view shows

the long (short) edge. The two views are not shown at the same scale [53].
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Together with the start time of collision recorded by the VPD and the time of arrival
recorded by the TOF, the time interval from the start time and the time the particle reaches
the TOF can be calculated accordingly. The vertex position of collision of beams is calculated
by:

= C(Teast - Twest)/2 (2~3)

where, Teqst and Tyest are the time recorded by the VPD, c is the speed of light. The start time

is calculated by:

Tstart = (Teast + Twest)/z - L/C

where, the distance L = 5.7m.

== (2.4)
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Figure 16: Inverse velocity vs momentum from 2.6 million TOFr+pVPD-triggered events in

d+Au collisions [53].
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Figure 17: Left top: TPC dE/dx vs the momentum in d4+Au collisions. Left bottom: TPC
dE/dx vs the momentum after TOFr PID selection of |13 < 0.03. Clean electron identification
is achieved. Right: dE/dx from TPC after TOFr PID selection (left bottom panel) for 1.0 <

p < 1.5GeV/c [53).

2.2.3 Barrel ElectroMagnetic Calorimeter

In STAR, a sampling calorimeter uses lead and plastic scintillator for the detection of
electromagnetic energy [55]. The calorimeter is constructed from a number of relatively small
modules, which allows the calorimeter to cover the necessary area and be flexible to complex

geometry as well [55].
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The geometry and coverage of the Barrel ElectroMagnetic Calorimeter (BEMC) is shown
in Figure 18. It covers the pseudo-rapidity range [n| < 1 and full azimuthal angle. The STAR
physics program requires that the calorimeter permit the reconstruction of the ®’s and isolated
photons at relatively high pt &= 25—30GeV/c and be capable of identifying single electrons and
pairs in intense hadron backgrounds from heavy vector mesons and W and Z decays [55].

In STAR, a sampling calorimeter uses lead and plastic scintillator for the detection of
electromagnetic energy [55]. The calorimeter is constructed from a number of relatively small
modules, which allows the calorimeter to cover the necessary area and be flexible to complex
geometry as well [55].

When energetic charged particles go through a scintillator, scintillator molecules absorb
energy and go to excited states. The molecules will release photons and come back to the ground
state. The photon signal is led to photomultiplier tubes via optical fibers. After calibration,
one can measure the energy that the particle deposits in the BEMC from the amplitude of the

signal from the photomultiplier readout [55].



33

Figure 18: The geometry and coverage of BEMC [49].

as shown in Figure 19,

In contrast to that hadrons only deposit a fraction of its energy,

electrons deposit all the kinematic energy. By measuring the ratio of momentum over the

energy, it help us distinguish electrons from hadrons.
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CHAPTER 3

]/ SIGNALS RECONSTRUCTION

3.1 J/¥ reconstruction

To measure the polarization parameters Ag, A¢ and Agg, one need have both the precise
measurement of raw yield distribution of polar and azimuthal angular distribution of positron
momentum with regard to J/1 momentum and the knowledge of detectors’ efficiency. There-
after, the ]/ polarization parameters measurement can be decomposed into three main steps
: 1) event reconstruction, 2) spatial distribution of probability density function measurement
including central value and statistical uncertainty of polarization parameters, 3)systematic un-
certainty measurements with regard to different sources.

The event reconstruction refers to means that reconstruct physics event of interest happened
during the collision. In my study, the event of J/{ decay to dielectron are of significance.
First of all, the observable quantity like electron’s momentum, positron’s momentum, J/1’s
momentum and so on should be measured precisely in order to reconstruct the event of J/1’s
decay. Meanwhile, the combinatorial background that the event mistakenly taken as J/1{ decay
should also be calculated as well. The technique called ”unlike sign minus like sign” is applied
to remove combinatorial background in this study.

The spatial distribution of probability density function measurement involves the likelihood

estimation and minimization. Based on maximum likelihood estimation, the likelihood is cal-
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culated according to the definition in combination with efficiency of detectors. The problem
of finding the probability density function match the empirical observation best is transformed
to the problem of minimization. The ROOT TMinuit package is applied to search for the

minimum point of the likelihood.

3.1.1 Datasets

Three STAR datasets in p+p collisions at /s = 200 GeV collected in 2012 are used in this
study. The present measurement of J/1{ polarization focuses on the process that J/{ decays
into an electron and a positron. Hence, the capability to identify electron track is the most
important part to reconstruct J/{ mesons.

As listed in Table I, the track quality cuts indicates whether a track is a ”good” track. First
of all, the momentum of a track should be great than 0.2 GeV/c because the magnetic field
will bend the trajectory of charged particle, if the momentum of the charged particle is too
low, it will form a closed circular track inside TPC, which would be rejected by STAR track
reconstruction algorithm. The cut on the distance of the closed approach to the primary vertex
(DCA) is set to be less than lem due to the short lifetime of ]/, which requests the electron
tracks that decay from J/1{ particle should be within 1ecm away from the vertex position. The
number of TPC hits used in track reconstruction (nHitsFit) is required to be larger than 20.
NHitsdEdx indicates how many hits point are used to measure energy loss (dE/dx) of particle
during traversal per length [56]. The ratio of nHitsFit/nHitsMax (nHitsRatio), where nHitsMax
is the maximum number of points available in track fit, is required to be larger than 0.52 and

less than 1.02.
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As listed in Table II, for electron identification, the cut for the normalized energy loss is
—1.9 < noe < 3. The BEMC and TOF are also used for the electron identification. The BEMC
has a better capability to identify electrons with relatively high momentum (pt > 1GeV/c) . It
requests the momentum over energy of the track satisfy that 0.3 < p/E < 1.5. Complementarily,
the TOF has a better capability to identify electrons with relatively low momentum. It requests
the TOF matching Y{I;)Cglc:ll satisfy that |Y1T0(2El| <2cmand 1/ — 1] < 0.03.

As listed in Table III, triggers define under what condition that the detectors start to
record information of interests. The datasets used in this analysis are triggered by minimum-
bias (MB), BHT0O and BHT?2 trigger respectively. For VPDMB-nobsmd triggered events, it
is triggered by a coincidence signal from the VPDs on both sides. The integrated luminosity
of VPDMB-nobsmd is 0.029 pb~' with 734.853 million events. For BHT0*BBCMB*TOF0
triggered events, in combination with the coincidence signal from BBC and TOF, it requires
additionally an electron fire high tower (HT) trigger with DSMADC readout greater than 11
and ADCO readout greater than 180, which corresponds to an energy deposition in the BEMC
that is larger than 2.6GeV. The integrated luminosity of BHTO*BBCMB*TOFO is 1.371 pb~!
with 39.164 million events. Similarly, for BHT2*BBCMB triggered events, in combination with
coincidence signal from BBC, it requires an electron fire HT trigger with DSMADC readout
greater than 18 and ADCO readout greater than 300, which corresponds to an energy deposition

in the BEMC larger than 4.3GeV. The integrated luminosity of BHT2*BBCMB is 23.550 pb~!

with 36.062 million events. The electron track is called triggered electron.
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TABLE I: Track quality cuts

0.2 < pr < 30 GeV/c
-1<n<1
DCA < 1cm
nHitsFit > 20
nHitsdEdx > 11

nHitsRatio > 0.52

TABLE II: Electron identification cuts

BEMC electron -1.9 < no. < 3,p7 >1GeV/c,03 <p/E <15

TOF electron  -1.9 < no, < 3, |Y1TOF | < 2cm,|1/p—1] < 0.03

ocal

TABLE III: Triggered electron cuts

BHTO pt >2.6 GeV/c, DSMADC>11, ADC0>180

BHT2 pt >4.3 GeV/c, DSMADC>18, ADC0>300
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3.1.2 ]/ reconstruction from data

The process that ]/ decay to dielectron is a two-body decay. To reconstruct J/{ meson
via its decay products electron and positron, the invariant mass is calculated from the four

momenta of the electron and positron, namely [2]

2

My = pupp— = Ez - pZ (31)

Two electrons with opposite charge sign in the same event are paired and the invariant mass
is calculated to reconstruct J/1\ candidates. These dielectron pairs are called unlike-sign pairs
, which receives contributions from not only electron-positron pairs from J/psi decay, but also
those randomly paired ones, which is referred to as combinatorial background. To remove the
combinatorial background, two electrons or positrons with the same sign in the same event are
paired, which are called like-sign pairs. By subtracting like-sign distribution from unlike-sign
distribution, I can remove the contribution from the combinatorial background and extract the
signal distribution. This technique to remove combinatorial background is called ”unlike sign
minus like sign”. The invariant mass spectra of dielectron pairs in different pt bins are present

in Figure 20.



40

DU S L Sl S A Al it Al Rk A ML) ML) LA LA LA LALLM LA AL A RS LALL) L) LAY L] RAA) LAl AR A A LA LAAM RALAS LA Rk RS LA LAL) LAk A LA LALAY LA LA A LM LA R
?5°'U<pY<2GeV/c F2<p <4 Gevic F4<p <6Gevic F 6<p_<8Gevic F8<p_<14Gevic =+ Unlike

2 3.0<'M,., <3.15 GeVic? 3.0 <'M,-, <3.15 GeVic? 3.0 <'M,-, <3.15 GeVic? 3.0 <'M,-, <3.15 GeV/c? 3.0 <M, <315 Gevic? [ Like

0oF S(Unlike-Like) = 131.0 F S(Unlike-Like) = 476.0 F S(Unlike-Like) = 442.0 F S(Unlike-Like) = 330.0 F S(uniike-Like) =910 2~ ynlike-Like
5 B(Like) =11.0 B(Like) = 20.0 B(Like) = 39.0 B(Like) = 19.0 B(Like) =5.0 i

Sk SB=12.2 b siB =244 EsB=121 b siB=184 EsB=212 —Fit

200}

6 27 28 28 3 31 32 33 a4 3

Me-e GeVic?

Figure 20: Invariant mass spectra of dielectron pairs in different pt bins (from left to right: pr
= 0-2, 2-4, 4-6, 6-8, 8-14 GeV/c). The black markers (blue filled histograms) are the spectra
from unlike-sign (like-sign) charge pairs, while the red marker represent those obtained by

subtracting the like-sign spectra from the unlike-sign ones. The latter are fit to Double Crystal

functions represented by the red solid curves.

3.1.3 J/1¥ decay products cosO and ¢ distribution

Using the same method ”unlike sign minus like sign”, 1 calculate the 2-dimensional for

positron from J/{ candidate decay distribution as a function of (cos®,d). The results are

shown in Figure 21.
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Figure 21: 2D distribution of J/1 candidates from data as a function of (cos6, ¢) plane in

0-2, 2-4, 4-6, 6-8, 8-14 GeV/c). The top (bottom) row

different pt bins (from left to right: pr

shows the distributions in the HX (CS) frame.

]/ Reconstruction Efficiency from Detector Simulation

3.1.4

The detectors response to track of electrons differently with regard to orientation, momen-

tum, energy of the trajectory of electrons and acceptance and trigger of detectors. Hence,the

knowledge of detectors’ response is essential for us to interpret datasets collected from the

experiment, which is called efficiency of detectors. The GEANT detector simulation and em-

bedding technique are used to calculate the efficiency of detectors [57]. The simulated tracks are

embedded into the real data tracks information. To correctly represent the detectors’ response,

the simulated tracks are weighted according to the real data distribution by a weight function.
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The Levy weight function is used to weight the pt distribution in the embedding. The Levy
function has the following form with parameters A, B and C and the parameters of Levy weight

function is set by fitting to pt distribution in dataset.

Levy(pr) = V2Ap1/(1 + (v/pr2 + 3.09692 — 1.865)/BC)°® (3.2)

where, A = 339.805, B = 8.96953 and C = 0.210824.

The rapidity distribution is also weighted [58]. The rapidity weight function is:

0.5y2

1.4162) (3:3)

wy = exp(—

The value of the fitting parameter is: A = 1.42 + 0.04.
In pairing procedure, I select EMC electron first, then seek for another candidate from TOF
matching. In this way, the TOF efliciency has a dependence on EMC matching efficiency. Then,

I need to calculate the TOF efficiency condition with following formula:

P(TOF) = P(TOFJEMC)P(EMC) + P(TOF/EMC)P(!EMC) (3.4)

P(TOF)(1 — P(EMC) /1)

| =
p(TOFIEMC) PIEMC]

2

The TOF matching efficiency is calculated by a function poe~P1*PT)"2 in 20 bins of In| < 1.
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As shown in Figure 22, the overall efficiency of detectors as a function of (cos0,d) is

calculated by the ratio of Monte Carlo tracks passed all cuts over all Monte Carlo tracks in the

embedding.
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Figure 22: ]/ reconstruction efficiency from embedding as a function of (cos6, ¢) in different
pr bins (from left to right: pr=0-2, 2-4, 4-6, 6-8, 8-14 GeV/c). The top(bottom) row shows

the efficiencies in the HX (CS) frame.

In the end, the statistical and systematic uncertainty of polarization parameters are mea-
sured, which indicates how precise the measurements are. The statistical uncertainty of polar-
ization parameters mainly depends on the how many samples are collected in the dataset. And
the systematic uncertainty of polarization parameters are measured mostly with regard to the

choice of cuts configuration.



CHAPTER 4

EXTRACTION OF J/ijp POLARIZATION

4.1 Maximum Likelihood Estimation of J/{ Polarization Parameters

The probability density function indicates the spatial distribution of positron decay from

]/, can be written as a Fourier series as following.

(8, d) o< 14 Agcos?0 + ApsinOcos(2d) + Aggpsin(20)cosd (4.1)

where 0 is polar angle and ¢ is azimuthal angle as shown in Figure 23. Coefficients of the Fourier
series represent the contribution of each component term. Our measurements try to determine
the values of these coefficients that match the experimental observation best. The results

represent the anisotropic characteristics of probability density function of J/1 polarization.

44
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quarkonium
rest frame

production

plane —

Figure 23: The definition of production, polar angle 8 and azimuthal angle ¢.

Statistically, the measurement to extract the J/1{ polarization parameters from the dataset
is point estimation.

In this study, maximum likelihood estimation is applied to extract parameters of ]/ po-
larization. The negative log-likelihood is calculated based on the probability density function,
spatial distribution of positron decay from J/1{ and reconstruction efficiency €(cos 6, ¢):

2N

P(cos 0, blAe, Agy hog) = 55

(cos B, dlAg, Ay Aggp) * €(cos B, ). (4.2)



46

The likelihood function for a data sample with N observed ]J/\’s is thus

N
L(Ag, Agy Aog) = | ] Plcos B, bilAg, Adg Aogy),s (4.3)

i=1

which would reach maximum at the true Ag, Ay, Agg, values. In our study the MLE is obtained

by finding the minimum of the negative logarithm of the likelihood function

N
—InL (Ao, Apy Aag) = — D InP(cosBy, hiAe, Ap, Aeg) (4.4)

i=1

by finding the place where —InL(Ag, A, Aogp) = —InLpin, i-e.,

olnL B olnL B olnL B

- —0. 4.
Pe  Ohg  Ohey D (4.5)

The statistical uncertainties are obtained with —InL = —InLi, +1/2 [18].

As shown in Figure 24, the likelihood we calculated based on the dataset from prt range
[6,8]GeV/c is a convex function. I extract the ]J/1 polarization parameters’ value by locating
the position of the function’s minimum point. The process to find the minimum point of
the objective function is called minimization. Broadly speaking, numerical methods for the
minimization are methods that approach to the solution via a sequence of calculation. In this
measurement, Newton’s method implemented by ROOT Minuit package solves the minimum
point of the objective function by constructing the sequence of searching point that approaching

to the minimum [59].
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Figure 24: For instance, the objective function likelihood as a function of (Ag,A¢) at pt [6-8]

GeV/c in helicity frame is convex.

4.2 Bias of the estimator

When an estimator is implemented, we should also investigate the properties of the estima-
tor. With the raw yield distribution of (cos9, ¢) from datasets and efficiency of detectors, one
can construct an estimator as above to estimate the J/1 polarization parameters. For an esti-
mator, there are four aspects of properties we should bear in mind. These are bias, efficiency,

consistency and robustness.
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For the estimation, we usually concern about the difference between the average of collection
of parameter’s estimations and the true value of the parameter. The estimator is called unbiased
if and only if the mean of estimation of the parameter is equal to the true value of the parameter
[60]. Statistically, if the estimator is unbiased, the mean value extracted by the estimator should
agree with the truth.

Efficiency is another important property of the estimator, which indicates the variation of
the collection of measurements. If the measurements of parameters is regarded as to hit the
position of some target’s bulleye, for two unbiased estimator, the one with a smaller mean
square error is a more efficient and desirable one [61].

The bias and variance indicates the accuracy and precision of the estimator. Namely, when
estimators have unbiased estimation on parameters that the mean of estimation is equal to the
truth of parameters, then variance of the measurements is the further property to decide which
estimator is better than the others. The efficient estimator is the minimum variance unbiased
estimator (MVUE) [61].

An estimator is called consistent if the collection of estimation T,, of parameter converge in

probability to the true value of parameter [61].
Pr{ lim T, = 0} (4.6)
n—oo

Robustness of an estimator usually is a relatively vague property. Broadly speaking, it indicates

the estimator can still achieve successful and accurate point estimation under certain circum-
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stances. In our situation, the input of the J/1 polarization parameters to generate pseudo
distribution of cos® and ¢ can be outside well-defined domain. Robustness is a desirable

property that simplify the calculation and data processing [61].
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Figure 25: Distributions of the estimated central value (top row) and statistical uncertainty
(bottom row) for Ag (left), Ay (middle) and Agy (right) from 1000 pseudo experiments in 6 <

Pt < 8 GeV/c bin in the HX frame. See text for details.
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With the probability density function of positron distribution for fixed truth values of J/1
polarization parameters, we generate a pair of random numbers corresponding to (cos, ¢).
To take the efficiency of detectors into consideration, a random number is rolled based on 2-
dimensional efficiency histogram of (cos0,¢) to decide whether to accept the entry of (cos6,¢)
generated. The total number of entries is set as the same as that in the datasets. In this way, 1
produce pseudo data of (cos0,d) distribution. Same as data, we apply the maximum likelihood
estimator to extract the polarization parameters from these pseudo datasets. For an unbiased
estimator, based on the law of large numbers, the extracted polarization parameters’ values
should converge to the true value I feed to probability density function asymptotically. This
experiment has been repeated for N times (N=1000) and the result from each experiment is
filled in a histogram such that I can compare the mean of extracted polarization parameters
and the true polarization parameters I feed in the probability density function beforehand.

With the toy Monte Carlo technique, I can simulate and sample J/1{ decay. Importantly,
during this process, the truth of parameters’ values of probability density function is known
ahead of each experiment. Thus, it allows us to exam the bias of the estimator by comparing
the measured parameters’ values and the truth of parameters’ values.

As shown in Figure 26-Figure 28, the mean of extracted polarization parameters locate
within one-sigma area of the true polarization parameters I feed in the probability density

function.
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Figure 26: Statistical uncertainties for Ag from data (vertical red lines) and 1000 pseudo exper-
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Figure 28: Same as Figure 26 but for Agg.
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Sometimes, an estimator has a precise measurement in parameters estimation at a single
point doesn’t guarantee that it can achieve good performance over a wide range of domain.
Therefore, I not only compared the truth of polarization parameters and measured value of
polarization parameters at a single point that extracted from real dataset, but also scan the
another 4 points around with the interval equals to 0.2. That is with the measured polarization
parameters’ value centered I also feed the each polarization parameter that +0.2, -0.2, +0.4
and -0.4 to the probability density function of positron decay from ]J/1{ and conduct the toy
Monte Carlo simulation described above. Thereafter, I compared the measured polarization
parameters’ value and their statistical errors with the true polarization parameters’ value and
their statistical errors.

As shown in Figure 29 and Figure 30, points of measured polarization parameters and the
truth of polarization parameters are present. The measured polarization parameters and their
errors are fit with linear function, it is observed that the measured polarization parameters’
value is just around the truth polarization parameters’ value, hence points locate near the line
of y = x. The measured polarization parameters’ statistical error is only a little bit offset
to the line y = x. This observation indicates our estimator achieve high accuracy in the
parameters estimation over a wide range of domain and good accuracy in the parameters’ error
estimation over a wide range of domain as well. More importantly, the relationship between the
measured parameters and truth of parameters provide us the routine to calibrate the estimator
by mapping measured value to the truth. This calibration is applied in our calculation to get

the final measurement results.
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Figure 29: Biases in the central value estimation: the x-axis is the input A value that are used to
generate pseudo data, while the y-axis is the mean of the extracted A values from 1000 pseudo
experiments. From top to bottom, Ag, Agy and Agg in the HX frame, and Ag,Agy and Agg in the
CS frame, respectively. From left to right, pt = 0-2, 2-4, 4-6, 6-8 and 8-14 GeV/c, respectively.

The red line is y = x, while the black line is a linear fit y = ax + b to the points.
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Ao¢ in the CS frame, respectively. From left to right, pr = 0-2, 2-4, 4-6, 6-8 and 8-14 GeV/c,

respectively. The red line is y = x, while the black line is a linear fit y = ax to the points.
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4.3 minimum point position and 1o contours

The likelihood function is projected to the plane of two parameters as shown above and
the 1o contour and the measured minimum point position are present. The area of 1o contour
indicates 68% confidence interval [18]. And the maximum distance of this contour along each

axis suggests the magnitude of statistical uncertainty of each parameter.
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Figure 31: —InLyin + 0.5 contour (black area) from data as a function of Ag and Ag. Also

shown are the Ag and Ay values estimated from data using the MLE.

. . . - .
B S S B
< < < < <
o2 osf oaf E
o ofF |
b 1 I n L 1 i n n n 1 R n n n I n n n I L n n n L
(] ] (] ] (]
s ; . s .
E 2 sF 2] 2
<t < < <! 3
- osp 05 o2k o0z2f
o+
£
osp 05 e 3 04
;
-3 g 1 1 n 1 n L 1 1 1 1 1 1
. Sttty L bttt it
(] ] (] ] (]
3 E E z £
~< ~<o.4| < ~<o.4 <
b
02
01) 0]
-02| o -02]
02 -03| £ o 04
04 -0.4] -0.2| 0.6]
perdrtsdrepeet ey o e R
1 [ @ ® ()
& - . s .
E 2 2
g F
~d < - < 2,
.
02 ol 04 o2
0] 0.
!
-0.4] -0.1f -0.2] —02p
o] 0.
02| -03) —oaf
o
o7 -0}
N o n n n L -0. 1 n n n 1 1 1 n n n L 1 I vl n 1 n 1
. eyttt eyt sttt g
) [ @ ® (3

Figure 33: Same as

Figure 31 but for Ag and Agg
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4.4 Goodness of fit

After the polarization parameters’ value from dataset are extracted, the expected cos8 and ¢
distribution are calculated with Monte Carlo method. Together with the efficiency of detectors,
the extracted polarization parameters’ value are feed in the probability density function to
generate the expected cos® and ¢ distribution. It is compared with the real cos® and ¢
distribution from datasets. As shown in Figure 34 and Figure 35, the expected distribution
is consistent with the real distribution in dataset and x?/ndf indicates the consistency of the
results of measurement with regard to dataset and the level of goodness of fit. Meanwhile, the
extreme cases that when polarization parameters are equal to 1 or -1 are also shown in Figure 34
and Figure 35. The differences between them suggest how much different can be expected from

the experimental observation.
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Figure 34: The comparison of theoretical distribution and raw data distribution in ¢. The top

(bottom) row shows the HX (CS) frame.
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Figure 35: The comparison of theoretical distribution and raw data distribution in cos8. The

top (bottom) row shows the HX (CS) frame.

In summary, the probability density function of positron decaying from ]/ is a Fourier
series as a function of cos® and ¢. The characteristics of the probability density function
describe the spatial probability density distribution of positrons’ (decay from J/1) momentum

with respect to J/1 momentum, which provides us the good probe to distinguish available
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theoretical quarkonium formation models. I calculate the likelihood function based on dataset
collected from the experiment and efficiency of detectors, pin down the minimum point position
of the objective function to extract J/1 polarization parameters. Moreover, toy Monte Carlo
simulation is conducted to check the properties of the estimator, which contribute to achieve

the reliable measurement result with high accuracy.



CHAPTER 5

SYSTEMATIC UNCERTAINTY

In experimental measurements, results of the measurements can be affected by many factors
introduced by choice, configuration, threshold and the others. It is important to know their
effects along with the measurement results, which also suggests the level of accuracy of mea-
surement results. This chapter will introduce main factors that may affect the measurement

results and how they are calculated.

5.1 pt Weight function

The choice of pt weight function (see Eq. 3.2), which was obtained by fitting the measured
J/W¥ pT spectrum, could to some extent affect the J/1p polarization parameter estimation. To
calculate the systematic uncertainty from the pt weight function, another function PowLaw(pr)
(see Figure 36) is utilized to recalculate the J/1 reconstruction efficiency with the following
parameters.

PowLaw(pt) = A(1 + (=)3)¢ (5.1)

X
B
where, A = 4.90151, B = 3.30694 and C = -4.86445.The variation of polarization parameters

is taken as a systematic uncertainty from the pt weight function.

60
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Figure 36: The comparison of Levy function and Powerlaw function fit to the measured J/1

production cross section [62].

5.2 p7 smearing

Compared with the invariant mass distribution of J/1{ from the experimental data, the
distribution obtained from embedding is narrower. In order to reproduce the invariant mass

distribution in embedding to better account for the momentum resolution, the transverse mo-
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mentum is smeared by adding a component from Double Crystal Ball (DCB) function, which

reads

P(p'rfec)p'lMC) X e_RTZ)—o( <R<fp

where

Tec

R (PEPE %

PIFA ¢ pT
The parameters are fit by x* minimization.

Considering the resolution of pt measurement, pt is smeared using the function fReso(p1,.)-

fReso(prme) = V a?x? + b2 (5.2)

where, a = 0.0035324 and b = 0.00829197
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The resolution is parameterized by a Double Crystal Ball function and a pt dependent
resolution function. In this systematic uncertainty calculation, the parameter a is adjusted to
a = 0.0035324 + 0.0003 and a = 0.0035324 - 0.0003.

5.3 DCA cut efficiency

Due to the short lifetime of J/1 meson [63], to reconstruct the event of J/{ decay to
dielectron, it is required the distance of closest approach DCA < 1ecm by default. The distance
between the electron track is within lcm away from vertex.

To calculate the systematic uncertainty from DCA configuration, DCA cut is adjusted from
DCA < 1em to DCA < 0.8¢cm and DCA < 1.2cm and the maximum variation of polarization
parameters’ value are assigned as systematic uncertainty from DCA cut configuration.

5.4 nHitsFit cut efficiency

It has been introduced that the charged particle’s trajectory is reconstructed from the
readout of TPC by lining up the hits position left by the charged particle. The quantity nHitsFit
refers to how many hits are used to reconstructed a track. So the nHitsFit cut affects whether a
track is defined as a good track and then make a difference in J/1 reconstruction. To calculate
the systematic uncertainty from this aspect, the nHitsFit cut is adjusted to nHitsFit > 18,
nHitsFit > 19, nHitsFit > 22 and nHitsFit > 25 and the maximum variation introduced by
these changes is taken as systematic uncertainty from nHitsFit cut.

5.5 nHitsDedx cut efficiency

The energy loss per unit length is also calculated based on the readout of TPC. The quantity

nHitsDedx indicates how many hits are used in the calculation of dE/dx, which affects the
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accuracy of no. measurement. The nHitsDedx cut is adjusted in both data and embedding
to nHitsDedx > 15 from nHitsDedx > 11 and the variation of polarization parameters is

assigned as a systematic uncertainty.

5.6 p/E cut efficiency

The ratio of momentum over energy p/E is used in the electron identification process. The
cut on p/E together with other electron identification cuts will affect the number of electron
candidates and their distribution. By adjusting the cut on p/E, we estimate the systematic
uncertainty originated from the p/E cut. The p/E cut is adjusted in both data and embedding
from 0.3 < p/E < 1.5t0 0.2 < p/E < 1.4 and 0.4 < p/E < 1.6. The maximum variation is

taken as a systematic uncertainty.

5.7 ADCO cut efficiency

The ADCO cut is changed by multiplying the factor 0.95 or 1.05. For BHTO trigger, it is
changed in both data and embedding to ADCO > 180 % 0.95(or1.05). For BHT2 trigger, it
is changed to ADCO > 300 * 0.95(or1.05). The maximum variation is taken as a systematic

uncertainty.

5.8 TOF matching efficiency

The systematic uncertainty from TOF matching efficiency is calculated in 20 n bins and
fitted by a function poe”P1*PT)"2 Parameters are adjusted by their uncertainties and the

variation is assigned as the systematic uncertainty from TOF matching efficiency.
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different n range as a function of pr.
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Figure 38
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In Equation 3.5, r = P(TOF)/P(TOFIEMC). Figure 39 shows this ratio of electron from
this study and the ratio of pion from low luminosity runs used in 2011 D* analysis [64]. The
correlation between TOF and EMC efficiencies depends on their geometrical acceptances. At
high pt, where the tracks are closer to straight lines, we expect the correlation independent
of p1, as Figure 39 shows. Therefore, a constant extrapolation for the ratio r is applied to
pT > 1GeV/c. We use the ratio r of electrons in Figure 39 to calculate the J/1 efficiency and
assign the difference between this efficiency and the one calculated by the r from pions as a

uncertainty.

6 1.2__' L B L L '__
T z
S Fa 1
o o8, * 2
TR E
G 06 ]
U o04F - electron -
0.2 —~pion E

% 2 s 4
pTGeV/c

Figure 39: Ratio of TOF efficiency over TOF efficiency condition on no EMC matching for

electron and pion in p+p MB at 200 GeV. Pion is taken from David’s D* 2011 analysis [64].
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5.9 TOF 1/p cut efficiency
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Figure 40: The mean of the Gaussian function sampling the 1/f3 distribution.
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1/B o distribution
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Figure 41: The sigma of the Gaussian function sampling the 1/ distribution.

The Gaussian function is used to sample the 1/ distribution and calculate TOF 1/ cut
efficiency. The mean of Gaussian function is the bin content of Figure 40 at corresponding
momentum and the variation of Gaussian function is the bin content of Figure 41 at corre-
sponding momentum. Using the Gaussian function to roll a random number, if the random

number is within the 1/ cut, then this track passes the 1/ cut. In the systematic uncertainty
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calculation, the mean or the variation of Gaussian function is adjusted in embedding by its
uncertainty separately. The maximum variation from these changes is assigned as a systematic

uncertainty from 1/ cut efficiency.

5.10 no. cut efficiency

In the embedding, a Gaussian function is used to sample the no, distribution by setting the
no, value to each track, where the mean and variance of the Gaussian function is determined
by photonic electron study. The default choice of mean and variance of the Gaussian function is
from the fit by a constant (see Figure 42). In the systematic uncertainty calculation, the mean
and variance of the Gaussian function is fit by the function y = kx + b. In this way, the pt
dependence of the mean and variance of the Gaussian function are taken into the consideration.
And the maximum of absolute difference get from these new efficiency is assigned as systematic

uncertainty from the no. cut configuration.
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Figure 42: Top left is the mean of Gaussian function with the fit by POL0O. Top right is the
mean of Gaussian function with the fit by POL1. Bottom left is the sigma of Gaussian function

with fit by POLO. Bottom right is the sigma of Gaussian function with the fit by POL1
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5.11 Rapidity weight function

The systematic uncertainty from rapidity weight is calculated by adjusting the parameters
of rapidity weight function based Barbara’s study [58]. The parameter is adjusted in embedding
by its uncertainty and the variation of polarization parameter measurement is assigned as a

systematic uncertainty.

5.12 Systematic uncertainty combination
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Figure 43: Systematic uncertainty of Ag, Ag,Ae¢ and Aqpn, in Helicity and Collins-Soper frame

from different sources.



73

The systematic uncertainties from different sources in different pt bins are shown in Fig-

ure 43.
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Figure 44: Systematic uncertainty combination of Ag, A¢,Agp and Ay, in Helicity and Collins-

Soper frame.

Figure 44 shows the combined systematic uncertainty, which is square root of summation

of all the systematic uncertainty square.



CHAPTER 6

RESULTS ON J/{p POLARIZATION

As shown in Figure 45 and Figure 46, the /1 polarization parameters have been extracted
in the dielectron channel (open circles) in both the Helicity and Collins-Soper frames. These are
the first measurement of Ay, Ag¢, and Ainy in the Helicity frame, and the first J/1p polarization
measurements of Ag, Ag, Aoy and Ain, in the Collins-Soper frame for p+p collisions at /s =
200GeV at STAR experiment. The dielectron and dimuon results are shown as open and
filled circles, and are consistent with each other in the overlapping pt range [65]. The J/1’s
polarization results do not exhibit significant transverse or longitudinal polarization with little
dependence on pr.

As shown in Figure 45, there are four theoretical models compared with experimental mea-
surements. These are the theoretical results calculated by the improved color evaporation
model (ICEM) [66], NRQCD with two sets of LDMEs denoted as "NLO NRQCD1” [67] and
"NLO NRQCD2” [68] respectively and color glass condensate (CGC) [69] in conjunction with
NRQCD. Because the theoretical predictions and experimental measurements are all close to
the the line that A = 0, both theoretical models and experimental results don’t suggest promi-
nent |/ polarization. Among these model calculations compared to the experimental result,
the CGC4+NRQCD achieves the best agreement overall. As shown in Figure 46, the Aiy, values
measured in the two frames are consistent with each other within experimental uncertainties

and consistent with the CGC+NRQCD calculations within uncertainties.
74
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TABLE IV: x?/NDF and the corresponding p-values between data and different model calcu-

lations.

Model x?/NDF | p-value
ICEM [66] 13.28/9 | 0.150
NRQCD1 [67] 48.81/32 | 0.029
NRQCD2 [68] 42.99/32 | 0.093
CGC+NRQCD [69] | 32.11/46 | 0.940
2
STAR (@) p+p s =200GeV  (b)
O Jy-e'e, HX, lyl<1o0 | g ¢ Jy-e'e, CS, y<1.0
1+ @ Jy-p'u, HX, lyl<o5 4 SR ¢ Jy-p'y, CS, |y[<0.5
D 4 |
—1-  CJICEM(promp 12 <m < 1.5GeV | ﬁ; . ¢ .
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< .
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Figure 45: The J/1 polarization parameters (from top to bottom: Ag, Ap, Agg) as a function

of pr in the Helicity (left) and Collins-Soper (right) frames.
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Figure 46: The ]/ polarization parameters (from left to right: Ag, Ap, Aeg) as a function of

pt in the Helicity (top) and Collins-Soper (bottom) frames.



CHAPTER 7

SUMMARY AND OUTLOOK

Precise measurement of anisotropic property of J/i polarization can enhance the under-
standing of physics on quarkonium production mechanism. The presented measurement in this
thesis measurement of ] /1 polarization utilizes the advanced detectors at STAR for track recon-
struction and particle identification. The estimation on J/1{ polarization parameters is based
on maximum likelihood estimation. Properties of the estimator is analyzed by Monte Carlo
technique. Compared with theoretical predictions, the theory CGC together with NRQCD
best describes the result of measurements. Measurements of J/1 polarization in p+Au and
Au+Au collisions may provide insights into cold and hot nuclear matter effects on quarkonium
production, which has been used extensively to study the properties of Quark-Gluon Plasma.
The further deeper and more comprehensive result can be expected from the J/1{ polarization
measurements in p+Au and Au+Au collisions at /syn = 200GeV using the data taken in 2011

and 2015.
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