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Abstrakt:

Rôzne modely môžu popísať produkciu mezónou J/ψ. Meranie účinného prierezu
nebolo dostatočne presné, aby bolo možné určiť, ktorý z daných modelov popisuje
reálnu produkciu lepšie. Následne sa pristúpilo k možnosti, že meranie polarizácie
J/ψ bude schopné rozlíšiť medzi modelmi. Za týmto účelom je potrebné, aby bolo
dosiahnuté presné meranie J/ψ s vysokou priečnou hybnosťou. Meranie polariza-
čného parametru λθ na experimentoch STAR a PHENIX môže naznačovať trend
smerom k pozdĺžnej polarizácií pri zvýšujúcej sa priečnej hybnosti. Tento argument
je ale platný iba v prípade, že azimutálny uhol ϕ má plochú distribúciu.
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Abstract:

Various models can describe the production of J/ψ meson. Measuring the cross sec-
tion was not precise enough to determine which of the given models describes the real
production better. Later the possibility that measuring the polarization J/ψ will
be able to distinguish between models has come to prominence. For this purpose
it is necessary to achieve the accurate measurement of J/ψ with high transverse
momentum. Polarization measurements of λθ parameter in STAR and PHENIX
experiments may indicate a trend towards the longitudinal polarization for an in-
creasing transverse momentum. Nevertheless, this argument is valid only if the
azimuthal angle ϕ has flat distribution.
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Chapter 1

Introduction

1.1 History

In year 1964 Sheldon Lee Glashow and James Bjorken suggested an additional
fourth quark, which they named charm because they were charmed with a symmetry
that it brings to the world of subnuclear physics.

A name of meson J/ψ has two letters because its discovery was announced si-
multaneously on Sunday November 10, 1974 by two different physics groups.

The group from research facility SLAC under the leadership of Burton Richter
found it while searching for the charm quark around the energy of 3 GeV. Richter
wanted to name the new particle "SP", after the accelerator SPEAR at which was the
particle discovered, but the name was not received with much enthusiasm. Therefore,
the name was changed to a Greek letter ψ. By coincidence in English transcription
of this Greek letter PSI the first two letters read in reverse order give the original
name "SP".

MIT group under the leadership of Samuel Chao Chung Ting working on experi-
ment in Brookhaven announced new particle with peak at 3.105 GeV. Ting assigned
it a name "J", probably because it is a letter in the alphabet one before "K" al-
ready used for a known strange meson. Maybe by another coincidence maybe not
the letter "J" strongly resembles a Chinese ideogram for Tings name (τ ) and also
it is a first letter of a name of his oldest daughters Jeanne. [1]

1.2 Time evolution

Let us have a collision of two nuclei, which move at about the speed of light.
In Figure 1.1 this particle collision is shown. The collision occurs at time t = 0, at
which also the position coordinates have zero values. The upper half corresponds
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to the time after the collision and the bottom half corresponds to the time before
it. The upper half outlines the forming of a drop of hot and dense matter, which
develops and expands over time to the point where, after various processes, occurs
a particle freeze-out. For all relativistic particles there applies an equation

√
t2c2 − z2 = τ , (1.1)

where τ is a proper time for the particle. If for any particle its own time equals zero,
the particle is moving at the speed of light and its trajectory lies on the light cone.

Figure 1.1: Time evolution of a collision is displayed inside the light cone, including
a formation time of a quark-gluon plasma, a critical temperature and a particle
freeze-out [2]

We can define new variables x± in the context of their relationship to the beams
of the light cone. They are defined as

x+ = tc+ z x− = tc− z . (1.2)

These coordinates are suitable for the description of ultra-relativistic particles, be-
cause when relations (1.2) are multiplied together we get the expression for the
square of the relativistic particle own time.

1.3 Nuclear modification factor

An observable comparing different conditions in collisions of protons and atomic
nuclei is called a nuclear modification factor, and for the given hadron h it is defined
by the equation

Rh
AA(y, pT ;W ) =

dσAA→h

dyd2pT
(y, pT ;W )

Nbin
dσpp→h

dyd2pT
(y, pT ;W )

, (1.3)
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where y is the rapidity of the hadron, pT is a transverse momentum, W is a nominal
value of the center of mass energy in a nucleon collision, and Nbin is the average
number of binary collisions of nucleons, most often calculated using the Glauber
model [3]. Different effects arising from nuclear matter at extreme temperatures
and pressures, such as shadowing, multiple parton scattering, and quenching or
suppression of final state affect a dependence of nuclear modification factor RAA

on the transverse momentum in different ways. It is not easy to make an a priori
prediction on the basis of these effects, because there is no exact model of a parton-
nucleon interaction. However; the predicted schematic models are flexible enough
to be able to describe the measured data [4].

1.4 Phase diagram of nuclear mater

Like in the classical phase transitions, a phase transition of nuclear matter can
be observed when a sufficient energy is supplied to the system. At the present
time, we are able to reach this energy (temperature and pressure) only in heavy
ion collisions. Under these conditions the nuclear matter is able to change into a
state called quark-gluon plasma, which is composed of asymptotically free quarks
and gluons. The phase diagram of nuclear matter is shown in Figure 1.2, showing
the dependence of the temperature on a baryon density.

Figure 1.2: Phase transition diagram of nuclear matter as the temperature depen-
dence of the baryon density

A hadronic gas at lower temperatures can be considered to be almost an ideal
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gas. By increasing the temperature above the value of 100 MeV π mesons begin to
form. The further increase of temperature promotes heavier resonances and baryon-
antibaryon pairs. If the temperature rises over a certain value, the production of the
particles becomes so strong that the power density of the hadronic gas exceeds the
internal energy density of the individual components of the gas. You can imagine
such a situation as hadrons (having the finite size) beginning to overlap. At this
stage it is not possible to talk about the hadron gas, but usually the name quark-
gluon plasma is used.

Quark-gluon plasma is formed at an early stage of a nucleus-nucleus collision.
The cooling begins immediately by expansion and radiation, and it lasts until the
moment when it reaches a critical temperature, and a phase transition into a state
of hadronic gas occurs. Then the system breaks down into color neutral hadrons.
In order accurately study the quark-gluon plasma, it is necessary to record the large
number of particles that are emitted during the entire duration of the collision.
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Chapter 2

The STAR experiment at accelerator
RHIC

2.1 Relativistic Heavy Ion Collider, RHIC

Relativistic Heavy Ion Collider RHIC is located at Brookhaven National Lab-
oratory (BNL) in the state New York. Since November 7, 2000 heavy ions are
accelerated with an intention to study quark-gluon plasma, indications of which
were observed at accelerator SPS [5]. In November 28, 2001 measurements of po-
larized proton proton collisions have started. A goal of these measurements is a
detailed study of spin properties of a proton.

The advantage of RHIC accelerator design is an ability to accelerate the unequal
types of particles. An example is the acceleration of ions of gold against protons or
deuterons. The acceleration of particles is possible for a mass number A in interval
between 1 and 200 and an atomic number Z in interval 1 to 80, where the ratio A /
Z ranges 1 to 2.5. In order to accelerate the unequal particles in the accelerator, it
is necessary to have two different circuits with large magnetic fields in the opposite
direction. These circuits are able to operate with different magnetic fields, to achieve
the same ratio of frequencies of bundles.

An arrangement of magnets in accelerator allows crossing of bundles at six points.
One of the biggest advantages of the accelerator is the ability to accelerate gold ions
in the energy range from injection energy up to the maximum energy. A typical
accelerator operates only at the highest energies.

In Figure 2.1 layout of RHIC accelerator is displayed. The injection system prior
to RHIC accelerator is composed of the Tandem Van de Graaff accelerator, Booster
Synchrotron, Alternating Gradient Synchrotorn (AGS).

Some of the parameters of RHIC accelerator are listed in Table 2.1.
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Figure 2.1: Schematic arrangement of RHIC accelerator and preaccelerate system
[6]
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Major parameters for the collider
Kinetic energy, injection top (each beam)

Au 8.86–100 GeV/u
Protons 23,4–250 GeV

Luminosity, Au–Au @ 100 GeV/u & 10 h av. 2 · 1026cm−2s−1
No. of bunches/ring 56
No. of Au-ions/bunch 1·109
Operational lifetime Au @ γ>30 Diamond length 10 h
Circumference, 43

4
CAGS 3833.845 cm

Beam separation in arcs 90 cm
Number of crossing points 6
Free space at crossing point ± 9 m
Crossing angle, nominal (maximum) 0(<1.7) mrad
No. of dipoles (192/ring+12 common) 396
No. of quadrupoles (276 arc+216 insertion) 492
Operating temperature, helium refrigerant < 4.6 K
Cool-down time, entire system ∼7d
Filling time (each ring) < 1 min
Beam stored energy ∼ 200 kJ

Table 2.1: Resume of some parameters of RHIC accelerator [6]
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Run species
√
s [GeV]

1 Au +Au 27.9
Au +Au 65.2

2 Au +Au 100
Au +Au 9.8
p + p 100.2

3 d + Au 100.7—100.0
p + p 100.2

4 Au +Au 100
Au +Au 31.2
p + p 100.2

5 Cu + Cu 100
Cu + Cu 31.2
Cu + Cu 11.2
p + p 100.2
p + p 204.9

6 p + p 100.2
p + p 31.2

7 Au +Au 100
Au +Au 4.6

8 Au +Au 100.7—100.0
Au +Au 100.2
Au +Au 4.6

9 p + p 249.9
p + p 100.2
p + p 100.2

10 Au +Au 100
Au +Au 31.2
Au +Au 19.5
Au +Au 3.85
Au +Au 5.75

11 p + p 249.9
Au +Au 9.8
Au +Au 100
Au +Au 13.5

12 p + p 100.2
p + p 254.9
U + U 96.4

Cu + Cu 99.9—100.0
13 p + p 254.9
14 Au +Au 7.3

Au +Au 100
h + Au 103.9—100.0

15 p + p 100.2
p + p 100
p + Au 100

Table 2.2: List of all runs on RHIC accelerator, whit colliding species and energy of
collision, run 15 is now in preparation

√
s [7]
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2.2 STAR detector

STAR experiment displayed in Figure 2.2 is designed to investigate the prop-
erties of a strongly interacting matter. The main point of interest are signs of a
quark-gluon plasma. The ability to measure many observebles at the same time
allows the study of the phase transition of a quark-gluon plasma to a hadron gas
in ultrarelativistic ion collisions. Large acceptance of detector enables the accurate
study of the characteristics event by event observebles. The most important parts
of the experiment are the time projection chamber TPC, the time of flight (TOF)
detector and a barrel electromagnetic calorimeter BEMC. The entire system is sur-
rounded by a magnet, which is at room temperature capable of producing a uniform
magnetic field with a maximum intensity of 0.5 T. A produced magnetic field curves
the paths of charged particles and we are able to roughly read off their momentum
from the curvature of the helix in the known magnetic field [8].

Figure 2.2: Scheme of STAR experiment with description of inner parts
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2.2.1 Overview of subsystems of the STAR experiment

Time Projection Chamber, TPC

Time Projection Chamber is used to detect tracks of charged particles at intervals
of pseudorapidity |η| ≤ 1.8 with full azimuthal coverage and with a momentum
greater than 100 MeV/c. The detector is able to identify particles by measuring the
energy loss using the Bhete-Bloch formula

−
〈
dE

dx

〉
= Kz2

Z

A

1

β2

[
1

2
ln

2mec
2β2γ2Tmax
I2

− β2 − δ(βγ)

2

]
, (2.1)

where z is the charge of the incident particle, Z is the atomic number of the absorber,
A is the nucleon number of the absorber, β = v

c
is the ratio of the speed of the

incident particle and the speed of light, me is the mass of electron, γ is the Lorentz
factor, Tmax is the maximum transferred kinetic energy, I is the mean excitation
energy and δ(βγ) is the correction for the effects caused by density. The constant
K is equal to

K = 4πNAr
2
emec

2 , (2.2)

where NA is Avogadro constant and re = e2

4πε0mec2
is a classical radius of the electron

[9].

The entire chamber of the detector is placed in a field of a solenoid magnet.The
detector is 4.2 meters long and 4 meters in diameter, and the entire volume of the
detector is hollow and filled with gas. The flying charged particles ionize the gas
inside the volume of the detector. Created secondary electrons drift in the electric
field towards a grounded readout surface at the end of the chamber. Formed ions
are drained into the central membrane located in the middle of the detector, as seen
in Figure 2.3. The membrane operates at the voltage of 28 kV.

The readout system is based on a mulitiwire readout chamber with readout pads.
A total number of readout pads in the detector is 136 608. Drifting electrons in a
strong field of anode create an avalanche of electron-ion pairs. Created positively
charged ions shadow a negatively charged anode. In front of the anode is therefore
placed a grid that is used to capture the positively charged ions.The avalanche
created at the end of the electron path amplifies the signal from 1 000 to 3 000
times.The charge induced from avalanches is distributed among several neighboring
readout pads. The position of the original path of a charged particle is therefore
determined in small fractions of the width of the readout pads.

Detector chamber is filled with a gas P10 (10% methane, 90% argon) with a
pressure adjusted to be 2 mbar higher than an atmospheric pressure. The electric
field is adjusted so that the drifting speed of electrons is as stable as possible and
consequently less sensitive to small variations in temperature and pressure of the
gas.
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15Jim Thomas - LBL 

TPC Gas Volume & Electrostatic Field  Cage

• Gas:   P10  ( Ar-CH4 90%-10% )  @  1 atm

• Voltage :  - 28 kV at the central membrane 
135 V/cm over 210 cm drift path

420 CM

Self supporting Inner Field Cage:
Al on Kapton using Nomex
honeycomb; 0.5% rad length

Figure 2.3: Scheme of Time Projection Chamber (TPC) with central membrane [8]

Time of Flight detector, TOF

Time of Flight detector is used to improve the distinction of pions from the kaons
in momentum range (0-2.5) GeV/c and to distinguish protons from the kaons in the
interval (0-4.5) GeV/c. It has a time resolution better than 100 ps, and it covers
the full azimuthal angle and pseudorapidity interval |η| ≤ 1.

The detector works on the principle of measuring a time of particles with known
trajectory. Starting time is measured by Position Vertex Detector (PVD) and the
end time by Time of Flight detector (TOF). When data from TPC are added (path
length and momentum), the particle can be identified. Time of Flight detector
consists of 120 sections, each covering 6 degrees in the azimuthal direction and one
unit of pseudorapidity (−1 < η < 0 or 0 < η < 1) [10].

Barrel Electromagnetic Calorimeter, BEMC

Barrel Electromagnetic Calorimeter is a sampling calorimeter composed of lead
layers and a scintillation material. It covers a range of pseudoriapidity |η| ≤ 1 and
full azimuthal angle . It is designed to measure the energy of electrons , photons
and hadrons decaying into lepton channels. The calorimeter is placed at a distance
of 220 cm from the beam pipe.

The calorimeter consists of 120 modules with dimensions ∆η×∆φ ' 1×0.1. One
calorimeter module consists of 21 scintillation plates, between which there is placed a
5 mm thick lead plate. Each scintillation plate is divided into 40 light-insulated tiles,
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so there are 20 in the direction of pseudorapidity and 2 in the azimuthal direction.
A light from 21 tiles from all layers is collected by single Photomultiplier Tube
(PMT). One such part is called a cylindrical tower of electromagnetic calorimeter.
In the calorimeter there are 4800 of such towers. The two innermost layers of the
scintillator is more separately connected to a special photo detector, which is used to
increase the resolution of photons and electrons from hadrons. Due to the splitting
of the signal in the first two scintillating tiles, their thickness was designed to be 6
mm instead of the usual 5 mm of the other 19 [11].

The trigger system and data collection on the STAR experiment

A data collection system has to be fast and flexible due to the fact that the data
are coming from multiple detectors. Each event has a data size of the order of 200
megabytes and reaches a processing speed of 100 Hz [8].

In addition to the data collection it is important also to sort them. A classi-
fication is provided by so-called triggering system, which processes the data from
the fastest detectors. From processed data the events that fill preset conditions are
chosen. The trigger system is divided into three levels 0 , 1 and 2, where 0 is the
fastest degree, and the other two are used in more sophisticated methods. STAR
experiment has also the third level trigger, which is able to completely reconstruct
the event in real time by using the so-called CPU farm. The trigger is capable of
handling a central Au + Au collision with a frequency of 50 Hz, including a rapid
analysis of some important observables (momentum of a particle, ionization energy
loss). The output of this trigger can also be a visual demonstration of event at TPC
2.4. Fast detectors, which are used for data processing triggering system are ZDC
and CTB .
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Figure 2.4: Particle tracks recorded TPC detector in collision of gold nuclei at RHIC
at maximum energy of accelerator
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Chapter 3

Production mechanism of J/ψ

3.1 Introduction

There are several models of J/ψ production mechanism which describe well mea-
sured cross sections [12]. However; cross section measurements are not enough to
distinguish between the quarkonium production models as you can see in Figure ??.
A measured data does include feed-down from b quark decays and decays of excited
states of a charmonium.

On the one hand, the non-relativistic quantum chromodynamics calculations
dominated by the Color Octet component (Figure 3.2b) predict that at asymptoti-
cally high transverse momentum pT direct produced J/ψ and ψ′ mesons are almost
fully transversely polarized. This model is in a good agreement with with observed
pT spectra of J/ψ in experiments at different energies [15].

On the other hand, a new next-to-leading-order calculation of Color Singlet
Model (Figure 3.2a) predicts longitudinal J/ψ polarization in the helicity frame
at low and mid-pT at mid rapidity [16].

For low-pT region, measurements of the polarization of J/ψ at PHENIX exper-
iment at

√
sNN =200 GeV are in a good agreement with the Color Octet Model

prediction. However; at low-pT the data are not able to distinguish between Color
Octet Model and Color Singlet Model, since in this pT region the both models
predictions are similar. Furthermore; Color Octet Model failed to describe J/ψ po-
larization measurements in CDF experiment at FermiLab at energy

√
sNN =1.96

TeV at high pT (pT>5 GeV/c).

The measurement of the J/ψ polarization at high-pT region can distinguish be-
tween the Color Octet Model and Color Singlet Model. With increasing pT , a
polarization in the Color Octet Model leads to a transverse polarization, while the
Color Singlet Model continues to predict a longitudinal polarization with no or small
dependence on pT .
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CHAPTER 1. THEORETICAL MOTIVATION

Figure 1.12: PHENIX J/ψ pT spectrum mea-

surements for mid and forward rapidity at
√

s = 200 GeV [33] compared with different

model predictions.

Figure 1.13: STAR J/ψ pT spectrum measure-

ments for mid-rapidity at
√

s = 200 GeV

[34, 18] compared with different model pre-

dictions.

The J/ψ polarization measurement is a crucial test for the NRQCD factorization and the

color-octet mechanism. At high pT , the model predicts strong transverse polarization in the

helicity frame (Jz = ±1, with respect to the J/ψ momentum direction), increasing with pT

[48, 49, 50, 51, 52]. It is in contrary to CSM calculations at next-to-leading and higher orders,

which predict longitudinal J/ψ polarization. Gluon fragmentation is the dominant process in

the production of a quarkonium with pT much larger than the quarkonium mass. When pT ≫
mJ/ψ, the fragmenting gluon is almost on its mass shell, and is therefore transversely polarized.

The cc̄ pair inherits this polarization, and NRQCD predicts that the polarization is preserve

during the non-perturbative transition via a soft-gluon emission to the final physical state. This

prediction is in disagreement with CDF polarization measurement [35]. CDF observes that the

J/ψ becomes slightly longitudinal with increasing pT , as it can be seen in Fig. 1.14.

At lower pT the situation is different. The prediction for the CDF energies (
√

s = 1.96

TeV) shows almost no polarization at pT ≈ 5 GeV/c, and according to calculation for lower

energy (
√

s = 200 GeV) [47] the polarization may even become slightly longitudinal at low pT

(1.5 GeV/c < pT < 5 GeV/c). The strong transverse polarization is not expected because the

fragmentation dominance does not occur at this pT region [47]. Figure 1.15 shows the polar-
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(a) PHENIX J/ψ pT spectrum measure-
ment at energy

√
sNN = 200 GeV in-

cluding comparison with different model
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fragmentation dominance does not occur at this pT region [47]. Figure 1.15 shows the polar-
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(b) STAR J/ψ pT spectrum measure-
ment at energy

√
sNN = 200 GeV in-

cluding comparison with different model
predictions [14]

Figure 3.1: Spectrum of transverse momentum pT of J/ψ measured at PHENIX
and STAR with comparison of production models
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Fig. 3 Illustration of three
different definitions of the
polarization axis z (CS:
Collins–Soper, GJ:
Gottfried–Jackson, HX:
helicity) with respect to the
directions of motion of the
colliding beams (b1, b2) and of
the quarkonium (Q)

colliding beams (Gottfried–Jackson frame [24], GJ), the op-
posite of the direction of motion of the interaction point (i.e.
the flight direction of the quarkonium itself in the centre-of-
mass of the colliding beams: centre-of-mass helicity frame,
HX) and the bisector of the angle between one beam and the
opposite of the other beam (Collins–Soper frame [25], CS).
The motivation of this latter definition is that, in hadronic
collisions, it coincides with the direction of the relative mo-
tion of the colliding partons, when their transverse momenta
are neglected (the validity and limits of this approximation
are discussed in detail in Sect. 7). For our considerations, we
will take the HX and CS frames as two extreme (physically
relevant) cases, given that the GJ polar axis represents an
intermediate situation. We note that these two frames differ
by a rotation of 90◦ around the y axis when the quarkonium
is produced at high pT and negligible longitudinal momen-
tum (pT " |pL|). All definitions become coincident in the
limit of zero quarkonium pT. In this limit, moreover, for
symmetry reasons any azimuthal dependence of the decay
distribution is physically forbidden.

We conclude this section by defining the somewhat
misleading nomenclature which is commonly used (and
adopted, for convenience, also in this paper) for the polar-
ization of vector mesons. These particles share the quantum
numbers of the photon and are therefore said, by analogy
with the photon, to be “transversely” polarized when they
have spin projection Jz = ±1. The counterintuitive adjec-
tive originally refers to the fact that the electromagnetic field
carried by the photon oscillates in the transverse plane with
respect to the photon momentum, while the photon spin is
aligned along the momentum. “Longitudinal” polarization
means Jz = 0. By further extension, the same terms are also
used to describe the “spin alignment” of vector quarkonia
not only with respect to their own momenta (HX frame),
but also with respect to any other chosen reference direction
(such as the GJ or CS axes).

3 Dilepton decay angular distribution

Vector quarkonia, such as the J/ψ , ψ ′ and Υ (nS) states, can
decay electromagnetically into two leptons. The reconstruc-
tion of this channel represents the cleanest way, both from
the experimental and theoretical perspectives, of measuring
their production yields and polarizations. In this and the fol-
lowing sections we discuss how to determine experimentally
the “spin alignment” of a vector quarkonium by measuring
the dilepton decay angular distribution. For convenience we
mention explicitly the J/ψ as the decaying particle, but con-
siderations and results are valid for any J = 1−− state.

We begin by studying the case of a single production
“subprocess”, here defined as a process where the J/ψ is
formed as a given superposition of the three J = 1 eigen-
states, Jz = +1,−1,0 with respect to the polarization axis z:

|V 〉 = b+1|+1〉 + b−1|−1〉 + b0|0〉. (1)

The calculations are performed in the J/ψ rest frame, where
the common direction of the two leptons define the refer-
ence axis z′, oriented conventionally along the direction of
the positive lepton. The adopted notations for axes, angles
and angular momentum states are illustrated in Fig. 4. Be-
cause of helicity conservation for (massless) fermions in

Fig. 4 Sketch of the decay J/ψ → #+#−, showing the notations used
in the text for axes, angles and angular momentum states

(a) Definition of production plane
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not only with respect to their own momenta (HX frame),
but also with respect to any other chosen reference direction
(such as the GJ or CS axes).
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the experimental and theoretical perspectives, of measuring
their production yields and polarizations. In this and the fol-
lowing sections we discuss how to determine experimentally
the “spin alignment” of a vector quarkonium by measuring
the dilepton decay angular distribution. For convenience we
mention explicitly the J/ψ as the decaying particle, but con-
siderations and results are valid for any J = 1−− state.

We begin by studying the case of a single production
“subprocess”, here defined as a process where the J/ψ is
formed as a given superposition of the three J = 1 eigen-
states, Jz = +1,−1,0 with respect to the polarization axis z:

|V 〉 = b+1|+1〉 + b−1|−1〉 + b0|0〉. (1)

The calculations are performed in the J/ψ rest frame, where
the common direction of the two leptons define the refer-
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Fig. 4 Sketch of the decay J/ψ → #+#−, showing the notations used
in the text for axes, angles and angular momentum states

(b) Definition of polarization axis in dif-
ferent frames

Figure 3.3: Definition and orientation of reference frame

3.1.1 Reference frame

For a definition of a polarization it is very important to choose the rest frame.
First we defined the production plane by a vector in the direction of the beam and
a vector of the produced J/ψ as is seen in Figure 3.3a, left hand side. The next
step is to define a polarization axis z. There are three common ways to define a
polarization axis and to determine specific frames to measure a polarization of J/ψ
(Figure 3.3a, right hand side). The most common frame which is used in collider
experiments is Helicity frame (HX), which defines z axis along J/ψ direction in
the laboratory frame. Recently the Collins-Soper frame (CS) was also used. It is
defined as a bisector of the angle formed by one beam direction and the direction of
the opposite beam. In fixed target experiments the Gottfried-Jackson frame (GJ) is
mostly used.

Finally, we can define decay angular coefficients. Angular distribution can be
written as

dσ

d cos θ dϕ
∝ 1 + λθ cos2(θ) + λϕ sin2(θ) cos(2ϕ) + λθϕ sin(2θ) cos(ϕ) (3.1)

where θ is a polar angle, defined as an angle between positron momentum in the
J/ψ rest frame and the polarization axis z. φ is an azimuthal angle. Definition
of the angles is shown in Figure 3.4. λθ coefficient is usually called a polarization
parameter. In general, λθ = −1 means a full longitudinal polarization and λθ = +1
a full transverse polarization, if we have assumed that there is no dependence on
the azimuthal angle.
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parallel. Because of angular momentum conservation, the
produced quarkonium has, thus, angular momentum com-
ponent Jz = ±1 along the direction of the colliding lep-
tons. This precise QED prediction (the relative amplitude
for the Jz = 0 component is of order me/Ee ! 3 × 10−4

for J/ψ production and smaller for Υ production) is com-
monly used as a base assumption in quarkonium measure-
ments in electron-positron annihilations (as, for example, in
the recent analysis of [17]). The fact that the dilepton system
coupled to a photon is a pure Jz = ±1 state is also an es-
sential ingredient in the determination of the expression for
the dilepton-decay angular distributions of vector quarkonia
(see Sect. 3).

The same reasoning can be applied to the production
of Drell–Yan lepton pairs in quark-antiquark annihilation
(Fig. 1(b)): the quark and antiquark, in the limit of vanish-
ing masses, must annihilate with opposite helicities, result-
ing in a dilepton state having Jz = ±1 along the direction
of their relative velocity. The experimental verification of
this basic mechanism has reached an impressive level of
accuracy [14]. Quark helicity is conserved also in QCD,
when the masses can be neglected. Similarly to the Drell–
Yan case, quarkonia originating from quark-antiquark anni-
hilation (into intermediate gluons) will thus tend, provided
they are produced alone, to have their angular momentum
vectors “aligned” (Jz = ±1) along the beam direction. This
prediction is in good agreement with the χc1, χc2 and ψ ′ po-
larizations measured in low-energy proton-antiproton colli-
sions [18–20].

At very high pT, quarkonium production at hadron col-
liders should mainly proceed by gluon fragmentation [21].
In NRQCD, heavy-quark velocity scaling rules for the non-
perturbative matrix elements, combined with the αS and
1/pT power counting rules for the parton cross sections, pre-
dict that J/ψ and ψ ′ production at high pT is dominated
by gluon fragmentation into the colour-octet state cc̄[3S

(8)
1 ]

(Fig. 1(c)). Transitions of the gluon to other allowed colour
and angular momentum configurations, containing the cc̄

in either a colour-singlet or a colour-octet state, with spin
S = 0,1 and angular momentum L = 0,1,2, . . . , as well
as additional gluons (cc̄[1S

(8)
0 ]g, cc̄[3P

(8)
J ]g, cc̄[3S

(1)
1 ]gg,

etc.), are more and more suppressed with increasing pT. Up
to small corrections, the fragmenting gluon is believed to be
on shell and have, therefore, helicity ±1. This property is
inherited by the cc̄[3S

(8)
1 ] state and remains intact during

the non-perturbative transition to the colour-neutral phys-
ical state, via soft-gluon emission. In this model, the ob-
served charmonium has, thus, angular momentum compo-
nent Jz = ±1, this time not along the direction of the beam,
but along its own flight direction.

“Unpolarized” quarkonium has the same probability,
1/(2J + 1), to be found in each of the angular momentum
eigenstates, Jz = −J,−J + 1, . . . ,+J . This is the case,

for example, in the colour evaporation model [22, 23]. In
this framework, similarly to NRQCD, the QQ̄ pair is pro-
duced at short distances in any colour and angular momen-
tum configuration. However, contrary to NRQCD, no hierar-
chy constraints are imposed on these configurations, so that
the cross section turns out to be dominated by QQ̄ pairs
with vanishing angular momentum (1S0), in either colour-
singlet or colour-octet states. In their long distance evolution
through soft gluon emissions, J = 0 states get their colour
randomized, assuming the correct quantum numbers of the
physical quarkonium. As a result, the final angular momen-
tum vector J has no preferred alignment.

In two-body decays (such as the 3S1 → %+%− case con-
sidered in this paper), the geometrical shape of the angu-
lar distribution of the two decay products (emitted back-to-
back in the quarkonium rest frame) reflects the polarization
of the quarkonium state. A spherically symmetric distribu-
tion would mean that the quarkonium would be, on average,
unpolarized. Anisotropic distributions signal polarized pro-
duction.

The measurement of the distribution requires the choice
of a coordinate system, with respect to which the momen-
tum of one of the two decay products is expressed in spheri-
cal coordinates. In inclusive quarkonium measurements, the
axes of the coordinate system are fixed with respect to the
physical reference provided by the directions of the two col-
liding beams as seen from the quarkonium rest frame. Fig-
ure 2 illustrates the definitions of the polar angle ϑ , deter-
mined by the direction of one of the two decay products (e.g.
the positive lepton) with respect to the chosen polar axis, and
of the azimuthal angle ϕ, measured with respect to the plane
containing the momenta of the colliding beams (“production
plane”). The actual definition of the decay reference frame
with respect to the beam directions is not unique. Measure-
ments of the quarkonium decay distributions have used three
different conventions for the orientation of the polar axis
(see Fig. 3): the direction of the momentum of one of the two

Fig. 2 The coordinate system for the measurement of a two-body de-
cay angular distribution in the quarkonium rest frame. The y axis is per-
pendicular to the plane containing the momenta of the colliding beams.
The polarization axis z is chosen according to one of the possible con-
ventions described in Fig. 3

Figure 3.4: Definition of polarization angels

3.2 Tevatron and LHC measurement of polarization

In Figure 3.5, NLO NRQCD predictions for λθ and λϕ as functions of pT in the
helicity and Collins-Soper frames with the measurements by CDF and ALICE are
shown. Since the parameters λθ and λϕ are very insensitive to the precise value of√
sNN , it is safe to overlap the data for

√
sNN = 1.8 TeV with the predictions for√

sNN = 1.96 TeV.

Comparison of leading order NRQCD prediction for λθ in Figure 3.5(a) with
direct J/ψ production in Figure 3.5(b), it can be seen that for pT � 2mc, results
are almost the same, the transition from the Tevatron to LHC and form central
(|y| < 0.6) to the forward (2.5 < y < 4) rapidity region„ this all valid only if the
helicity image. However, the transition from the helicity frame to Collins-Soper
frame strongly affect the various pT distribution as comparing Figure 3.5(b) and
3.5(c) is shown. The most significant effect occurs for λθ, which results NLO CSM
and NRQCD is approximately inverted. The theoretical uncertainty due to scale
differences gradually decline with incrising of value of pT . This behavior only reflects
the asymptotic freedom.

3.3 STAR measurement of polarization

The pT -dependent J/ψ polarization parameter λθ is shown in Figure 3.6. The
data from measurements in PHENIX are also included in this Figure. The sample
includes directly produced J/ψ as well as the J/ψ from the feed-down from the
higher excited states, χC and ψ′ (33 ± 5 %) and from the B meson feed-down(10-
25% or 4 < pT < 12 GeV/c). The result is also compared with two model predictions
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Figure 1: (color online) NLO NRQCD predictions (solid lines) for λθ and λφ as func-
tions of pT in the helicity and Collins-Soper frames including theoretical uncertainties
(shaded/yellow bands) compared to CDF [14,15] and ALICE [16] data. For compari-
son, also the NLO CSM (dot-dashed lines) predictions including theoretical uncertainties
(hatched/blue bands) as well as the LO NRQCD (dashed lines) and LO CSM (dotted
lines) ones are shown.

according to the on-shell scheme, to be mc = 1.5 GeV, and use the one-loop (two-loop)

formula for α
(nf )
s (µr), with nf = 4 active quark flavors, at LO (NLO). As for the proton

PDFs, we use the CTEQ6L1 (CTEQ6M) set [20] at LO (NLO), which comes with an

asymptotic scale parameter of Λ
(4)
QCD = 215 MeV (326 MeV). Our default choices for the

MS renormalization, factorization, and NRQCD scales are µr = µf = mT and µΛ =

mc, respectively, where mT =
√

p2
T + 4m2

c is the J/ψ transverse mass. The theoretical
uncertainty due to the lack of knowledge of corrections beyond NLO is estimated by
varying µr, µf , and µΛ by a factor 2 up and down relative to their default values. In
our NLO NRQCD predictions, we must also include the errors in the CO LDMEs, which
reflect the errors on the experimental data included in the fit. To this end, we determine
the maximum upward and downward shifts generated by independently varying their
values according to Table I in Ref. [7] and add the resulting half-errors in quadrature to
those due to scale variations.

In Fig. 1, we confront our NLO NRQCD predictions for λθ and λφ as functions of
pT in the helicity and Collins-Soper frames with the measurements by CDF [14,15] and
ALICE [16]. Since the cross section ratios in Eq. (2) are very insensitive to the precise
value of

√
s, we may safely overlay the data from

√
s = 1.8 TeV [14] with the predictions

for
√

s = 1.96 TeV. For comparison, also the LO NRQCD as well as the LO and NLO
CSM predictions are shown. In order to visualize the size of the NLO corrections to the
hard-scattering cross sections, the LO predictions are evaluated with the same LDMEs.
As in Ref. [6], we do not consider the range pT < 3 GeV, where nonperturbative soft-gluon

4

Figure 3.5: NLO NRQCD predictions for λθ and λϕ as functions of pT in the helicity
and Collins-Soper frames including theoretical uncertainties (shaded/yellow bands)
compared to CDF and ALICE data. For comparison, also the NLO CSM (dot-
dashed lines) predictions including theoretical uncertainties (hatched/blue bands)
as well as the LO NRQCD (dashed lines) and LO CSM (dotted lines) ones are
shown.[17]

for the λθ at mid-rapidity: The prediction of COM for direct J/ψ production (gray
shaded area) goes towards the transverse J/ψ polarization as pT increases. This
trend is different from what is seen in the RHIC data. Green dashed lines represent
a range of λθ for the direct J/ψ production from the NLO+CSM prediction and an
extrapolation of λθ for the prompt J/ψ production is shown as the hatched blue
band . This model predicts a weak λθ pT -dependence, and within the experimental
and theoretical uncertainties the RHIC result is consistent with the NLO+ CSM
model prediction. A blue line in Figure 3.6 is a linear fit of the data from PHENIX
measurements and the data from the STAR measurement with pT > 3 GeV/c.
This fit suggests that for higher pT the fitted curve tends towards the longitudinal
polarization.
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Figure 3.6: The polarization parameter λθ as a function of J/ψ pT (red stars)
for |y| < 1in p+p collisions at

√
sNN =200 GeV together with the PHENIX result

is shown as black circles. The results are compared with two model predictions:
NLO+Color Singlet Model (CSM) (green dashed lines) and NRQCD calculations
with Color Octet Model contributions (COM) (gray shaded area).
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Chapter 4

Analysis of simulated data

4.1 Methods of analysis of polarization

An analysis of polarization is in this work done in the helicity frame. It is focused
on a polar angle θ and also on an azimuthal angle ϕ. We are interested in parameters
λθ and λϕ defined in equation (3.1). To extract the individual parameters we have to
integrate the distribution over each of the angles separately. We obtain the angular
distribution integrated over ϕ:

W (cos θ) ∝ 1 + λθ cos2 θ , (4.1)

and the distribution integrated over θ:

W (ϕ) ∝ 1 +
2λϕ

3 + λθ
cos(2ϕ) . (4.2)

When we extract the polarization parameters λθ a λϕ, we can use a frame-
invariant approach. By combination of the polarization parameters we can obtain a
frame invariant quantity λ̃ which is defined as

λ̃ =
λθ + 3λϕ
1− λϕ

. (4.3)

This variable is better for comparing the polarization in different experiments since
this invariant parameter is less acceptance-dependent then the parameters λϕ, λθ
and λθϕ [18] .

4.2 Embedding

In this analysis J/ψ is reconstructed from dielectron decay channel J/ψ −→ e+e−

with branching ratio BR = 5.94 ± 0.06 % [19]. We are interested in high−pT J/ψ
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which have at least one of the decaying electrons with high-enough pT to trigger
High Tower trigger.

An embedding is a process when Monte Carlo simulated J/ψ data are embedded
in the real data. We used the data from proton-proton collisions at energy

√
sNN =

500 GeV. To save the computing time the embedded J/ψ are implemented with a
flat pT distribution in range 0 < pT < 30 GeV/c and a flat rapidity distribution in
range −1.5 < y < 1.5. To correct this non-physical behavior the weight according
to the real shapes of pT spectra is used, and it is defined as

w = pT · 2.939 ·
(
e−0.912·pT+0.03815·p2T +

pT
2.904

)−6.812
. (4.4)

The rapidity distribution remains flat, because the rapidity dependence does not
have a strong influence in our analysis. At each event they were randomly generated
five J/ψ’s, which decay only into the dileptonic channel. One million of such events
was generated. The process of embedding is described in a flowchart in Figure 4.1.4.6.2. Particle identification efficiency 32

Figure 4.13: Flowchart representing the embedding process. The real and simulated data are
combined and are fed as an input to the reconstruction algorithms[49].

δp(pMC
T ) =

prec − pMC

pMC
(4.8)

To include the TPC resolution and energy loss in the corrections the whole resolution histogram
has to be used. Moreover, the fact that the resolution obtained from the embedding is too small
requires the use of correction form the data. This is described in the subsection 4.6.5.

4.6.2 Particle identification efficiency

Calculating particle identification efficiency with the TPC is necessary to take into account the
fraction of rejected electrons. The PID efficiency is calculated from the data. This is done by
taking the nσe distributions for all particles in small momentum slices. Then a multiple Gaussian
fit is performed. Each gaussian corresponds to different type of particle. Gaussians for electrons,
pions, kaons and protons are fitted. To simplify the process the predicted mean values of the
Gaussian for each type of particle are calculated from Bichsel functions. The nσe resolution is
also taken into account[39]. The resolution is based on number of hits in the TPC used for dE/dx

calculation. The example of the nσe fits is shown if Fig.4.17.

The fit parameters are constrained in the overlap regions, where they are ambiguous, to obtain
physical values of these parameters [40]. The constraints are determined in the high momentum
region of p > 3 GeV, where fits are stable. This is done by performing the fits and tightening
the constraints. Each time the fit is done the parameters momentum dependence is fitted with a
constant. After repeating this process several times the parameter values have been obtained. They

32

Figure 4.1: Flowchart illustrating embedding process
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4.3 ϕmeasurement

In Figure 4.2 the distribution of ϕ angle is shown. There are no cuts applied,
and as we expected the distribution is flat.

hPhi
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Mean    1.571
RMS    0.9058

φ
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φ

Figure 4.2: Distribution of angle ϕ in simulate data with no additional cuts

Non-flat distribution in Figure 4.3 is caused by weighting the signal with the
function (4.4). There are several cuts applied. Track quality cuts and acceptance
cuts are applied in this figure as well. List of this cuts including their explanation
is in Table 4.1.

The distribution in Figure 4.4 in contrary to the previous figure has also High
Tower trigger applied. This means that at least one of the electrons fired this trigger.
In this manner we are keeping only the candidates for J/ψ with high enough pT
important for our analysis.
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Cut Name Comment
nFitPts ≥ 15 minimum number of points

in track fit
good quality of track and
resolution of track momen-
tum

nFitPts/nFitPtsMax ≥ 0.52 ratio of number of points
in track fit and maximum
number of available points
in fitting procedure

avoiding split tracks

DCA≤ 2 cm closest approach to the pri-
mary vertex

J/ψ have short lifetime so
it decays very close to the
primary vertex

|η| ≥ 1 pseudorapidity cut
pT ≥0.5 GeV/c transverse momentum cut

for a single track
low number allows the ac-
ceptance of electrons in lon-
gitudinal direction

−1 < nσe < 2 cut selecting electrons in
TPC

asymmetry of this cut re-
jects lots of hadrons, espe-
cially pions with momen-
tum p & 1.4 GeV/c

|1/β − 1| ≤ 0.003 cut selecting electrons in
TOF

since hadrons are slower
then electrons, this cut
rejects hadrons especially
with lower momentum (p <
1.4 GeV/c)

|ylocal| < 2 cm TOF matching this cut ensures that the
tracks from TPC match the
hits in TOF detector

E/p ≥ 0.5c BEMC cut rejecting
hadrons

Electrons, in contrary to
hadrons, should deposit all
of its energy in calorimeter

Table 4.1: List of cuts applied to identify electrons and guarantee track quality

35



 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8 9

φ 

0

0.5

1

1.5

2

2.5

3

hPhi_cuts
Entries  368451
Mean x   1.781
Mean y   1.581
RMS x  0.9767
RMS y  0.7117

1

10

210

hPhi_cuts
Entries  368451
Mean x   1.781
Mean y   1.581
RMS x  0.9767
RMS y  0.7117

J/Psi polarization, after electrons cuts

Figure 4.3: Distribution of angle ϕ in simulated data weighted with (4.4) and
adapted for acceptance for electrons
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Figure 4.4: Distribution of angle ϕ for various pT in simulated data weighted with
(4.4) and adapted for acceptance for electrons, with all cuts an trigger
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Conclusion

In this work we have analyzed embedded data in proton-proton collisions at
energy

√
sNN = 500 GeV. We have focused manly on extracting the azimuthal

distribution of the polarization of meson J/ψ. We were able to apply cuts for track
quality, acceptance and High Tower trigger. The weight to change a flat distribution
to the physical shape was applied too.

The next step will be to check the efficiency of the analysis by comparing the
data we have extracted using the analysis with the data there were put in with
embedding.

The point of this study is to ensure that our analysis is efficient enough, and we
do not reject a significant amount of J/ψ’s.

These measurements in general are important in order to understand the produc-
tion mechanism of quarkonia. It is important to determine which of given theoretical
models better describe the production of J/ψ. Some assumptions on the polarization
of J/ψ are based on a fact that the distribution in azimuthal angle ϕ is flat.
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