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Katedra fyziky
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Introduction
Heavy quarks form quarkonia, bound states of heavy quark and its antiquark.
Quarkonia are important for studying QCD mechanisms. They are also abundantly used for analyses of collisions. Although, the first quarkonium was discovered in 1974, the exact mechanism of quarkonium production is not fully
understood. There are many theoretical models for quarkonium production
mechanism. Various theoretical approaches imply different predictions of some
physical quantities that can be measured, such as cross section or polarization
of quarkonia.
Quarkonia are produced in a superposition different of mechanisms. The
production processes may define a subset of possible eigenstates of the angular
momentum component Jz . We call this phenomenon the quarkonium polarization [31]. This quantity may play the key role in distinguishing between theoretical models.
Quarkonia are vector mesons, thus they decay to dilepton pair. The total
angular distribution of the positive lepton momentum reflects quarkonium quantum numbers. Thus, we can study the quarkonium polarization through the dilepton decay distribution. Basic approaches to quarkonium production mechanism
and to quarkonium polarization measurements will be described in the bachelor thesis. Performed measurements of quarkonium polarization in pp and pp̄
collisions will be discussed.
The first chapter will be dedicated to short introduction to particle physics.
After that, features of quarkonia, discovery of J/ψ and Υ and common use
of quarkonia in particle physics will be described. Some models of quarkonium
production will be presented in the Chapter 3. The basic theory connected to polarization of quarkonia and its measurement are going to be discussed in fourth
chapter. Measurements of quarkonium polarization in pp and pp̄ by various
experimental facilities are in the fifth chapter.
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Chapter 1

Short Introduction
to Particle Physics
People think about principles of our word for thousands of years. Some interesting and pioneering theories were pronounced and discussed even in the antiquity.
We can mention for example atomism, the theory including idea of no more divisible parts of matter.
Although, some of relevant ideas such as indivisibility of small parts of matter were mentioned still long time ago, people were not able to verify their
correctness for long time. However, technological development in last hundred
years enabled scientists from many fields to gain great amount of new experimental information and develop further theories. Especially, our acquaintance
with the composition of matter was considerably improved.
At the beginning of last century Rutherford led the series of experiments
where metal foils were shot by alpha particles. Observed scattering of alpha
particles did not correspond to Thompson model, thus Rutherford designed
the pioneering theory about positively charged nucleus and electron cloud surrounding it. Particle physics passed long way since this time. Further scientists
improved Rutherfords idea, ”looked” inside the nucleus and observed even further structure of matter. The great amount of experimental data have been
produced by particle colliders such as the Large Hadron Collider or the Relativistic Heavy Ion Collider. Theories are compared to experimental results
of many affiliated collaborations. It all have led to development of modern
theories such as the Standard Model of particle physics.
The Standard Model attempts to clarify phenomena of the particle physics
on the base of properties of small number of elementary particles and interactions between them [54] (page 2). This theory includes three interactions,
weak, strong and electromagnetic. The elementary particles, building blocks
of matter, are divided into groups according to their properties. The situation
is illustrated in the Figure 1.1. Each particle has its antiparticle in the Standard
Model. The particle can be its own antiparticle as the case of the photon.
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Figure 1.1: Particles of the Standard Model with their masses, charges, spins
and flavours. Individual colours differentiate types of particles. Quarks are purple coloured, leptons green coloured, gauge bosons red coloured and the Higgs
boson is yellow coloured. Picture is taken from [55].
The particles can be classified according to their spin. Particles with a halfinteger spin are called the fermions and their behaviour follows the FermiDirac statistic and the Pauli exclusion principle. An integer spin is attributed
to bosons. The bosons obey the Bose-Einstein statistics and do not confirm
to the Pauli principle.
There are two basic types of elementary fermions in the Standard Model,
quarks and leptons. Leptons interact by the weak interaction, whereas quarks
also interact strongly. Gauge bosons with spin equal to 1 intermediate the interactions. Z0 , W + and W − bosons are responsible for the mediation of the weak
interaction, photons for the electromagnetic interaction, while gluons for the
strong interaction. The Higgs boson is characterized by the spin equal to 0
and does not carry charge [49]. The important property of the Higgs boson is
its invariant mass 125.7 ± 0.4 GeVc−2 [49], which pertains to the highest masses
of elementary particles.
Short overview of elementary particles and forces affecting them is going
to be described in this chapter. We will focus especially on properties of the strong
interaction.
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1.1

Leptons

Leptons are group of weakly interacting elementary particles from the Standard
Model. They do not interact strongly, since they do not carry any colour.
Three generations of leptons can be observed. First generation comprises
of electron e and electron neutrino νe , second of muon µ and muon neutrino νµ ,
third of tauon τ and tauon neutrino ντ .
Thompson discovered the first lepton, electron, in 1897 [52] (page 45). Electron is characterized by the biggest radiative losses between charged leptons
caused by its smallest invariant mass. The probability of emission of photon
by muon is approximately 40000 times smaller than the same for electron [28]
(page 152). Thus, muons are more penetrating and may fly through Earth’s
atmosphere. They were firstly observed in cosmic rays.
Charged leptons interact electromagnetically, whereas neutrinos without electric charge interact only weakly. Thus, they are able to penetrate matter easily
than other leptons. Electron neutrino was predicted by Pauli in 1930 on the base
of properties of electrons from β decay [52] (page 45). Initially, it was assumed
that neutrinos are massless. Nevertheless, neutrinos may have invariant mass
not equal to zero. It may imply interesting phenomenon, mixing of neutrino
flavours [54] (page 39).

1.2

Quarks

Quarks are elementary particles that interact both strongly and weakly. Quarks
are divided into three generations similarly as leptons. There are two quarks
in each generation, one with charge 32 , second with − 13 . Each quark carries one
colour, quantum number connected to the strong interaction. There are three
colours, red (r), green (g) and blue (b), and corresponding anticolours (r, g, b)
according to the convention.
The first generation comprises of up and down quarks, second of charm
and strange quarks, third of top and bottom quarks. Invariant mass of quarks
rises with increasing number of a generation. Up and down quark occur commonly in nature. They are bounded for example in protons and neutrons.
Many attempts to observe individual quarks were performed. None of them
succeeded, but convincing arguments for their existence were presented. Leptons
were scattered from nucleons. High-energy scattering of leptons on protons
and neutrons suggested that there exist inner particles [46]. Jet production is
also the probe of the existence of quarks [52] (page 121).
Quarks constitute composite particles, hadrons. There are two groups o
hadrons, baryons and mesons. Baryons consist either of three quarks or antiquarks. Mesons are bound state of a quark and an antiquark. A quark
and an antiquark in a meson can have same flavour. Mesons that consist of heavy
quark and its antiquark are called quarkonia.
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1.3

Higgs Boson

A scalar field that might be responsible for spontaneous symmetry breaking
in gauge theories was proposed [24]. This idea was developed later and it
led to the suggestion of existence of the Higgs Boson [24]. The particle production compatible with the Higgs boson was indeed observed by the ATLAS
and the CMS experiments at CERN as can be seen in papers [24] and [1].

1.4

Gravitational Interaction

The Gravitational interaction affects all particles with mass. It has infinity
reach similarly as the electromagnetic force and can only attract particles. It
is believed, that the interaction is mediated by massless type of boson called
graviton with the spin 2.
The gravitational interaction is the only one from four basic interactions that
is not included in the Standard Model. An unification of all four interactions is
considered to be extremely difficult, however few theories with this challenging
idea occurred. We can mention for example string theory and its models assumptions, one or more dimensional strings and single parameter, string tension
[54] (page 318).
Fortunately, the gravitational interaction can be neglected in the terms
of interactions between elementary particles at currently accessible energies [54]
(page 2). It has far smaller relative strength in the comparison to the strong
interactions than the others at these energies, around 10−39 [52] (page 17).

1.5

Electromagnetic Interaction

The electromagnetic interaction affects all particles with charge. There are
two types of charge, plus and minus, thus interaction can be both, repulsive
and attractive. The interaction is mediated by massless gauge bosons called
photons. They do not carry charge, thus they do not interact with other photons. The strength of interaction lies in between the strengths of the strong
and the weak interactions at accessible energies and short distances [52] (page
17). This interaction has infinite reach and is not negligible at both subatomic
and atomic levels.
The alectromagnetic interaction is described within the theory named quantum electrodynamics (QED).

1.6

Weak Interaction

Weak interaction is mediated by exchange of the gauge bosons W − , W + and Z 0 .
The invariant mass of W bosons is approximately 80.4 GeVc−2 , the invariant
mass of Z 0 about 91.2 GeVc−2 [49]. The typical range of the interaction is
2 · 10−3 fm [52] (page 92).
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The interaction affects both quarks and leptons. It is allowed to change
charge lepton to its neutrino for example. The weak interaction can modify
flavour of quarks. We should mention the β decay responsible for transition
of the neutron to the proton and the proton to the neutron. The β + decay
converts an up quark into a down quark by the emission of W + . Similarly,
during the β − decay a down quark is changed into an up quark by the emission
of W − .

1.7

Strong Interaction

The strong interaction affects quarks and glouns, but not leptons. The interaction is described within the theory called quantum chromodynamics (QCD).
As was mentioned, there are three colours and anticolours which play the role
of ”charges” in QCD similar to + and − charge in the quantum electrodynamics.
Each quark has one of three colours and anticolours.
Mediators of the interaction are massless gauge bosons named gluons. The important difference between the QED and the QCD is that photons do not carry
any charge whereas gluons carry the colour. Thus, gluons interact with each
other.
The potential between a quark and an antiquark can be represented by the Cornell potential [52] (page 120)
4 αs
+ kr.
(1.1)
3 r
αs is the running coupling constant of the strong interaction and depends
on the square of transferred fourmomentum Q2 . Experimentally determined
value of αs depending on momentum transfer Q is depicted in the Figure 1.2. k
is the string tension potential, r the distance between a quark and an antiquark.
The second term of the Cornell potential is the string potential. The coefficient k manifests itself at long distances. The potential rises with increasing
distance of a quark and an antiquark. If the energy of the potential exceeds
the invariant mass of two quarks, a new quark-antiquark pair arises. In other
words, it is impossible to simply separate one quark from others and observe it
alone. This phenomenon is called the colour confinement [52].
However, strong interacting matter behaves differently at short distances.
The first term of the potential is dominant in this case. Nevertheless, also this
term tends to zero with decreasing r. Q2 rises with descending r. Subsequently,
the whole first term tends to zero. Thus, quarks in dense matter behave almost
as free particles. This phenomenon is called asymptotic freedom. The Q2 rises
also with a temperature.
V (r) = −

1.8

Quark-Gluon Plazma

The matter can undergo the phase transition from cold nuclear matter to a dense
or/and hot deconfined stage of the matter according to theoretical predictions.
16

Figure 1.2: The strong coupling constant (band) with total uncertainty (band)
depending on the transferred momentum Q = pT . Full marks represent results
of the CMS measurements gained by different methods, empty marks outcomes
of different experiments at the HERA. The figure is taken from [39].
αs tends to zero with increasing Q2 and quarks originally strongly bounded
in hadrons commence to be less bounded to each other. At high temperature or/and high net-baryon-density (the density of baryons minus the density
of antibaryons), quark and gluon degrees of freedom are liberated [53]. Thus,
quarks and gluons behave almost as free particles. This state of matter is
called the quark-gluon plasma (QGP). A possible phase diagram with the baryon
chemical potential µB on the horizontal axis and the temperature T on the vertical axis can be seen in the Figure 1.3. The blue line intersecting the horizontal axis approximately at 1100 MeV depicts the first order-phase transition between the hadron gas and the QGP. The critical temperature increases
with the decreasing baryon chemical potential. The lattice QCD predicts existence of the cross-over at a lower baryon chemical potentials and a higher
temperatures [53]. The crossover is characterized by smooth phase transition
of higher order. The point where the first-order transition changes to the crossover is named the critical point.
The phase transition is a subject of an extensive experimental research.
Nuclear matter is characterized by low temperature and the baryon chemical
potential around 900 MeV. These properties are changed for example in heavy
ion collisions. It is believed that QGP occurs in high-energy more central heavy
ion collisions performed at RHIC and CERN.
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Figure 1.3: The possible phase diagram with the baryon chemical potential µB
on the horizontal axis and the temperature T on the vertical axis. The Figure
is taken from [60].
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Chapter 2

Quarkonia
Property of the strong force such as the quark-antiquark potential allows a quarkantiquark pair to create a bound state. Thus, a heavy quark and its antiquark
can form so called quarkonium. If the charm quark is bounded with its antiquark, it is called charmonium, in the case of the bottom quark bottomonium.
Quarkonia can be observed in many energetical states, which constitute so called
”families”.The charmonium ”family” can be seen in the Figure 2.1. Different
states of quarkonia have various quantum numbers such as a parity, an charge
conjugation or a total angular momentum.
The most abundantly produced charmonium is J/ψ with the approximate
invariant mass of 3.1 GeVc−2 and the same parity (P), charge conjugation (C)
and the total angular momentum identical to a photon, J P C = 1−− [50] (page
22). J/ψ is a vector mesons. Vector mesons may decay to a lepton-antilepton
pair.
The discovery of J/ψ was announced by two collaborations the same day.
It was the first observed charmed particle. Therefore, we regard the discovery
as the discovery of the charm quark. The observation of the heavier state
of a vector charmonium ψ(2S) was announced in the same month [6].
A particle with the approximate invariant mass of 9.5 GeVc−2 was observed
in the Fermilab [37]. It was the bottomium as was shown later [52]. It was also
exposed that the group from the Fermilab observed even three states Υ(1S),
Υ(2S) and Υ(3S) with resembling invariant mass during the discovery.
Υ is a vector meson composed of a bottom quark and its antiquark. Υ(nS)
refers to a specific energetic state. These states also may decay to a leptonantilepton pair. Υ is not so abundantly produced as lighter J/ψ because of energetic demands on a creation, thus we usually need considerable number of collisions in comparison to J/ψ for a purpose of an analysis.
A quarkonium production is either prompt or non-prompt. The prompt produced quarkonia originate either from a beginning of a collision or as a result
of a decaying of other, higher excited, quarkonium states. For example J/ψ can
be produced by decay of of heavier charmonium states, as ψ(2S) and χc , as is
depicted by arrows in the Figure 2.1. Quarkonia from the beginning of the col19

Figure 2.1: Charmonium family created by individual states. The invariant
mass of quarkonium state and its quantum numbers determine the position
of state in the picture. Invariant mass defines vertical position. Heavier states
are in the top. The figure is taken from [51].
lision are directly produced. J/ψ can be also produced from a feed-down of B
mesons. This is called a non-prompt production.
At first quarkonium discoveries of J/ψ and Υ are going to be discussed in this
chapter. Afterwards, quarkonia as probes of the quark-gluon plasma creation
will be discussed.

2.1

Discovery of J/ψ

Discovery of J/ψ was announced in 1974 [52] (page 57). Two groups, of S. Ting
from BNL and B. Richter from SLAC, published papers on the discovery the same
day. Particle was named J by the Ting’s group and ψ by Richter’s one, together
J/ψ [52] (page 57). Both groups were awarded Nobel Prize for their pioneering
work. At first we will discuss experiment from BNL.
Narrow and high peak in the cross section of the reaction p + Be → e+ +
−
e + X was observed. The J particle, as it was named by the Ting’s group,
had the mass around 3.1 GeVc−2 and the width was surprisingly narrow. They
measured the e+ e− mass spectrum by a spectrometer with two arms [13]. In another words, they were searching for some particle that decays to a positron
and electron pair. The invariant mass m0 of this particle can be easily calculated from the knowledge of relativistic energy of positron E+ and electron E−
and their momenta p+ and p− . For simplicity we will calculate m0 in natural
units (c = 1). We use the following convention:
p~c = P~ , m0 c2 = M

(2.1)

An equation can be rewritten as follows.
E 2 = m20 c4 + p~2 c2 = M 2 + P~ 2
20

(2.2)

Figure 2.2: Momenta of an electron and a positron after the reaction J/ψ →
e+ +e− , Θ, the angle between the momenta and the angle α, the complementary
angle to Θ. Figure is taken from [52].
If the particle decays to n others, the previous equation has the form
M 2 = E 2 − P~ 2 =

n
X
i

!2
Ei

−

n
X

!2
P~i

.

(2.3)

i

In our example of decay to electron and positron we obtain following equations.

2
2
M 2 = E 2 − P~ 2 = (E+ + E− ) − P~+ + P~− =
2

= (E+ + E− ) − (P+2 + P−2 − 2P+ P− cos α) =

(2.4)

2

= (E+ + E− ) − (P+2 + P−2 + 2P+ P− cos θ)
The value of momentum of positron is denoted P+ , momentum of electron
P− . α is the complementary angle to the angle between vectors of momenta
of positron and electron. During expansions of P~ 2 the law of cosines was used.
Afterwards, identity cos α = − cos θ was used, where θ is the angle between
momenta. Situation can be seen in the Figure 2.2. Previous method is taken
from [52] (page 82) and slightly modified.
Analogously, Ting’s group calculated the invariant mass of observed particle.
Their results are shown in the Figure 2.3. A narrow peak around 3.1 GeVc−2
can be seen. Ting made many checks. In the picture are displayed results
of the check connected to a magnet.
However, as was mentioned before Ting’s group was not the only one that
published an article about the J/ψ resonance. Richter’s group from Stanford Linear Accelerator announced the observation of resonance with the mass
around 3.1 GeVc−2 as well as Ting’s group. Richter’s group collided electrons
with positrons at different center-of-mass energies. At first they searched for particles which decays to hadrons [14]. The scan was performed by 200 MeV steps.
30% enhancement appeared at 3.2 GeVc−2 . It was caused by high energy tail
as was proved after. Subsequently, they looked at 3.1 GeVc−2 and 3.3 GeVc−2
and noticed 3 to 5 higher cross section in 2 from 8 runs at 3.1 GeVc−2 caused
by narrow resonance. Finally, they scanned cross section of multihadron final
21

Figure 2.3: The results of BNL group. There is the calculated mass of particle
J on x-axis and the number of events on y-axis. Shaded area corresponds
to normal magnet setting and unshaded one to magnet setting about 10% lower
than the normal one. The picture is taken from [56].
states, e+ e− final states and µ+ µ− ,π + π − , K + K − together, using much finer
energy steps, and observed resonance. They were not able to discriminate between µ+ µ− , π + π − and K + K − , because their muon identifications system did
not function [14]. However, it is known today J/ψ decays to µ+ µ− .

2.2

Discovery of Υ

Ledermans group discovered another heavy particle decaying in lepton-antilepton
pair in 1977 in Fermilab laboratory [37]. They used a double-arm spectrometer
such as the Tings group in the case of J/ψ discovery. They observed muons
and antimuons from collisions of a proton with targets p + (Cu, P t) → µ− + µ+
anything [37]. The computation of invariant mass was similar to that of J/ψ.
The invariant mass dimuon spectrum was measured and significant enhancement in the region of 9 − 10 GeVc−2 was observed [37].
The Fermilab group discussed the possible quark-antiquark composition
of Υ in the other paper [36] and refers to the work of Gottfried and Eichstein
in this paper. They mentioned that there might be three states with invariant
masses close to each other and calculated ”distances” between peaks on the base
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Table 2.4: Excess of data over continuum fit from paper [36]. The solid
curve marks three-peak fit, the dashed curve two-peak fit. The picture is taken
from [36].
of a theoretical potential between quark and antiquark [36]. Comparison of ”distances” between peaks from Ledermans experiment and Eichstein-Gottfried predictions can be seen in 2.1.
Possible existence of the mentioned three Υ states was verified later. The invariant masses of Υ(1S), Υ(2S) and Υ(3S) are approximately 9.5 GeVc−2 ,
10.0 GeVc−2 and 10.4 GeVc−2 [50].

Lederman experiment
Eichten and Gottdried

Two-peak fit
Three-peak fit
Three peaks

∆m(Υ0 − Υ)[M eV ]
650 ± 30
610 ± 40
420

∆m(Υ00 − Υ)[M eV ]
1000 ± 120
750

Table 2.1: The comparison of ”distances” between peaks from the Ledermans
experiment and the Eichstein-Gottfried predictions from [36].

2.3

Quarkona as the probes of a hot and dense
medium in heavy-ion collisions

Heavy quarks are produced during the hard-scattering initial stage of heavyion collisions. Subsequently, heavy quarks whether deconfined or bounded
in hadrons can be affected by occurring stages of a matter. Thus, we can
learn more about properties of the created medium by looking at modifications
23

of heavy flavour hadron production. Additionally, heavy quarks are unique
probes of the strongly interacting matter in heavy-ion collisions, since they interact with the medium differently from light quarks [58].
Quarkonia can be used as probes of QGP. It was suggested that extremely
hot and dense matter in the form of the quark-gluon plasma may occur in more
central and energetic heavy-ion collisions and the quark-antiquark potential
can be Debye-like screened by the medium [58]. Debye-screening radius decreases with temperature. If Debye radius is smaller than the radius of quarkonium, quark and its antiquark can be separated and quarkonium is ”melted”
in the medium [47]. Yields of quarkonia per binary nucleon-nucleon collision may be reduced by this phenomenon in the comparison to pp collisions.
The ”melting” of quarkonia is sequential and reflects the binding energy of quarkonium [48]. Thus, quarkonia can be used as ”thermometer” of the matter. See
the Figure 2.5.
The dissociation of a quark-antiquark pair is expected to depend on a temperature of the deconfined matter [25]. This dependence is illustrated by the cartoon in the Figure 2.5. For example Υ(nS) states might be useful for studying
the medium temperature.
The physical quantity that can be measured and provides comparison to the pp
collisions is called nuclear modification factor RAA . It is invariant cross section
per pT bin or bin of another quantity obtained from collision dN AA /dpT scaled
to invariant mass from pp collisions dN pp /dpT . There is one possible definition
[53]
RAA (pT ) =

dN AA (pT )
dpT
pp
hNcoll (pT )i dN
dpT

,

(2.5)

where hNcoll i is a number of binary collisions. If the collision is only the superposition of binary collisions, RAA would be equal to one. If the yield is
suppressed, RAA is smaller than one.
The suppression of Υ(nS) states was studied by the CMS Experiment at
CERN. Results from P bP b and pp collisions at the center-of-mass energy per nucleon pair 2.76 TeV was presented in [25]. The results are depicted in the Figure 2.6. As can be seen on the left side of the Figure 2.6, the ratio of Υ(2S)
to Υ(1S) yields in P bP b collisions is lower in comparison to the same ratio
in pp collisions at all measured centrality bins. The yields of Υ(1S) are suppressed in the comparison to pp collisions from the second centrality bin as can
be seen on the right of Figure 2.6 with RAA (Npart ). Npart is a number of participants of a collision. If the Npart rises, the collision is more central. There
are depicted RAA of Υ(1S) and Υ(2S) from P bP b collisions from the CMS
in the Figure 2.6. Data exhibit decreasing trend with increasing Npart . Υ(2S)
states are significantly more suppressed than Υ(1S) states at all centralities. It
can be seen also on the left panel of 2.6, where the dependence of the double
ratio on the number of participants can be seen.
The data favour the scenario of a stronger suppression of excited Υ states
[25]. However, measured modification of yields cannot be attributed only to ”melt24

Figure 2.5: The cartoon illustrating the ”temperatures of quarkonia melting”.
The picture is taken from [48].
ing” of Υ(nS). There are other phenomena altering quarkonium yields. For example the feed-down contribution of excited states. Furthermore, cold-nuclearmatter effects are needed to be taken into account.

2.4

Other effects altering quarkonia yields

As was mentioned earlier, yields of quarkonia may be altered by various phenomena occurring during the collisions [59]. Quark and antiquark may create
bound state also during different stages of heavy-ion collisions, for example during evolution of hot and dense medium or hadronization. This phenomenon is
called (re)combination and causes enhancement of quarkonium yields.
Cold nuclear matter effects such as alteration of parton distribution functions in nucleons, nuclear absorption or absorption on a comoving hadron may
be also significant. If a nucleon is bounded in nuclei, parton distribution function differs from a distribution function of a free nucleon. It causes deferences
between probability of q q̄-pair formation. The second mentioned phenomenon,
nuclear absorption, is especially relevant for heavy-ion collisions at lower centerof-mass energies and collisions of nucleon with heavy ion, since q q̄ pair can
be created while traversing nuclei. q q̄ pairs can be also affected by comoving
hadrons. Moreover, q q̄ pairs can lose energy due to interaction with medium.
Thus, its momentum could be decreased and quarkonium yields per higher pT
bins could be lower, whereas yields per lower pT bins could be enhanced.
It is challenging to distinguish between these phenomena and explain the altering of yields in comparison to pp collisions precisely. There are many models
available on the market that can be compared to experimental data.
√
For example, measurements of the J/ψ nuclear modification factor at sN N =
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Figure 2.6: The dependance of the double ration on the number of participants
Npart on the left. The nuclear modification factor RAA is shown on the right.
Event centrality bins are specified by centrality percentages. The picture is
taken from [25].
200 GeV were performed by PHENIX and STAR experiments [59]. Figure 2.7
shows obtained RAA as a function of centrality, for different pT ranges. The
results are compared to two model predictions, Zhao and Rapp [61] and Liu et
al. [44], which take into account J/ψ suppression due to the color screening,
as well as recombination as cold nuclear matter effects. Strong suppression is
observed for low pT J/ψ in all centrality bins. Also, high-pT J/ψ are suppressed
in central collisions, what suggests QGP formation.
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Figure 2.7: J/ψ RAA as function of a number of participants Npart compared
√
to different model predictions. The data from AuAu collisions at sN N =
200 GeV and mid-rapidity were measured by the PHENIX and the STAR.
The low-pT (< 5 GeVc−1 ) STAR results from the STAR are marked by the red
full circles, whereas the high-pT (> 5 GeVc−1 ) STAR data are shown
as the black full circles. The PHENIX measurements are marked with empty
squares. The full lines corresponds to Zhao and Rapp predictions [61], whereas
dashed to Liu at. all predictions [44]. Green lines show predictions for low-pT
and blue lines for high pT . The picture is taken from [59].
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Chapter 3

Quarkonium production
mechanism
There are three basic momentum scales in the case of quarkonium, quark mass
mQ , the momentum of the heavy quark or antiquark in the quarkonium rest
frame (order of mQ c2 ), the binding energy of the quark-antiquark pair (order
of mQ v 2 ) [18]. v is the typical velocity of the heavy quark in the quarkonium
rest frame. For charmonium vc2 ' 0.23 c and for bottomium vb2 ' 0.08 c [41].
A quarkonium production mechanism can be divided to two significantly different parts, the production of a heavy quark pair q q̄ and the evolution to the bound
quarkonium state [57]. q q̄ in the hard scattering at the early stage of a collision.
Significant momentum transfer is typical for this process, since at least energy
equal to the mass of heavy q q̄ is needed to be released. Therefore, the perturbative calculations can be used for the description of q q̄ formation. The hadronization process follows. Lower momenta of order mQ v and mQ v 2 are transferred
[18]. The non-perturbative approach has to be used for the calculations connected to the hadronization process. The separation of perturbative (typical
for short distances) and non-perturbative processes (typical for long distances)
is called factorization. There are many theoretical attempts that try to describe
the dynamical the evolution of the q q̄ pair, for example colour-evaporation model
(CEM), the colour-singlet model (CSM), the non-relativistic QCD (NRQCD)
factorization approach with colour-octet contributions in addition to the colour
singlet.

3.1

The colour-evaporation model (CEM)

The CEM is built on the assumption that every q q̄ pair with mass smaller
than that of the lightest open-heavy-flavour meson (H) pairand higher than
invariant mass of a heavy quark and its antiquark evolve into a quarkonium [18].
Quantum numbers of q q̄ such as colour and total angular momentum with its
alignment are randomized. The non-perturbative probability FQ of that q q̄ pair
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evolving into a heavy quarkonium state Q is expected to be process independent.
There are nine possible colour combinations for q q̄, but there is only one coloursinglet combination.
There are 2JQ + 1 possible eigenstates of the operator
P
Jz and i (2Ji + 1), where i runs over possible quarkonium states with mass
under the mass of open-flavour heavy meson pair. Therefore, we can calculate
probability FQ as follows [10]
1 2JQ + 1
P
.
(3.1)
9 i (2Ji + 1)
We can count the total cross section of the quarkonium production as [10]
FQ =

Z

2mH

σQ = FQ
2mq

dσqq̄
dmqq̄ ,
dmqq̄

(3.2)

where 2mH is the invariant mass of an open-heavy-flavour meson pair and 2mq
is the invariant mass of q q̄ pair.
Within the CEM, the cross section for a specific quarkonium state, for example Jψ, is calculated by formula [41]
σJ/ψ = %J/ψ σQ ,

(3.3)

where %J/ψ is the inverse of number of quarkonium lying between 2mc and 2mD .
2mD is determined from the fit to the data.
Quantum numbers are randomized, thus the CEM does not have the predictive power for polarization of quarkonia.

3.2

The colour-singlet model (CSM)

The CSM is established on assumptions different from that of the CEM. The
quantum numbers such as spin are the same from the creation of q q̄ pair
to the hadronisation, because the gluon emissions are suppressed [10]. Only
the q q̄ pairs in the colour-singlet state evolve into quarkonium. The CS model
is based on expansion in αs . The first power of αs that is not equal to zero is
called leading order (LO).
q q̄ are produced for example through a gluon fussion. The reactions contributing to the production of quarkonia within the LO CSM can be seen
in the Figure 3.1.
The q q̄ pair may evolve into a quarkonium. Only q q̄ pairs in the colour-singlet
state with the same spin and angular-momentum quantum numbers as a certain
quarkonium state develops into this quarkonium [18].

3.3

The non-relativistic quantum chromodynamics (NRQCD) approach

The NRQCD is the effective field theory. In this theory, q q̄ pairs in the coloursinglet and the colour-octet state may develop into a final color-singlet quarko29

Figure 3.1: The Feynman diagrams for qq →3 S1 g reactions, which contribute
to the quarkonium production within the LO CSM. Figure is taken from [41].
nium state. A resulting meson is colourless, however q q̄ pair can be transformed
to colour-singlet state by emission of a low-energy gluon [57].
Important feature of the NRQCD is factorization. Calculations are divided
to the short-distance perturbative part, long-distance non-perturbative calculations connected to the hadronization of the q q̄ pair. According to NRQCD,
the hadronization part of the process is described by non-perturbative longdistance matrix elements (LDME) [57]. The colour-singlet contribution to LDME
is calculated within the model, whereas the colour-octet with transition to coloursinglet state contribution are not determined within the theory. These elements
are determined by a fit to an experimental data.
The theory is based on expansion in αs and v [57]. The first powers of αs
and v that are not equal to zero are called leading order (LO). Further, we
can expand to the higher orders, next-to-leading order (NLO), next-to-next-toleading order (NLNLO) etc.

There are different models that are trying to describe the quarkonium production mechanism, for example kT -factorization [35], TMD factorisation [17]
and the combined use of the CGC formalism [38] and NRQCD [10].
All mentioned models predict cross section for quarkonium production. Some
of the predictions can be seen in the Figure 3.2.
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Figure 3.2: Prompt J/ψ yield as measured by LHCb ([3]) at s = 7 TeV compared
to different theory predictions, prompt NLO NRQCD ([45]), direct NLOCS
([20], [11]) direct NNLO CS ([12], [42]) and prompt NLO CEM ([32]). Figure is
taken from [10].
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Chapter 4

The Polarization
of Quarkonia
Quarkonia can be produced by the superposition of processes. These processes
may define subset of possible eigenstates of the angular momentum component
Jz , where z is suitably chosen quantization axis. We call this phenomenon
the quarkonium polarization [31].
There are many theoretical approaches to describe the production mechanism of quarkonia and they imply different predictions of the polarization.
Thus, the polarization of quarkonia may play the key role in distinguishing
between them. However, current results are not sufficient for this purpose
and some of them seem to be contradictory [30]. More appropriate measurements, systematic and various approaches to the polarization are needed to be
performed before conclusions. Basic concept of the quarkonium polarization
will be discussed in this chapter.
We will focus on vector quarkonium polarization in this thesis. The vector
meson is designation for meson with quantum numbers J P C = 1−− . The concept of these mesons’ polarization is similar to polarization of photon, because
both of them have the same charge-parity. If the z component of the total
angular momentum is equal to ±1, we say the quarkonium has transverse polarization. In the case of Jz = 0 quarkonium has longitudinal polarization.
The lepton-antilepton pair is also characterized by the same charge-parity.
Therefore, vector quarkonium, such as J/ψ, ψ 0 and Υ(nS) states, can decay
in a lepton-antilepton pair. A lepton and an antilepton are created with the samesized opposite momenta in the quarkonium rest frame thanks to momentum
conservation law. The probability distribution of quarkonium dileption decay
corresponds to the polarization of quarkonium [31]. Anisitropic distribution indicates polarization of measured quarkonia, whereas spherically symmetric distribution implies that quarkonia are unpolarized. The graphical dilepton decay
distribution of transversely and longitudinally polarized quarkonia in a natural
frame can be seen in the Figure 4.1. The natural frame is the frame in which
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Figure 4.1: The graphical representation of the dilepton decay distribution
of a) ”transversely” and b) ”longitudinally” polarized quarkonia. m is the magnetic quantum number of a quarkonium. The picture is taken from [31].
there is no the azimuthal anizotropy (polar and azimuthal angles will be discuss
later).

4.1

Reference Frames

If we want to measure quarkonium polarization, we need to define suitable reference frame. The plane containing both beams and the direction of the flight
of a quarkonium is called the production plane. This definition can be seen
on the left panel of the Figure 4.3 on the left. The xz plane is defined identically with the production plane in the case of the inclusive production, which
we consider. y-axis is perpendicular to the production plane and together
with x-axis and z-axis constitutes the right-handed coordinate system. Subsequently, the determination of z-axis (determination of its direction and the origin of the coordinate system lying on it) is sufficient for an unambiguous definition of a frame. Further, the angles ϑ and ϕ can be determined by the direction of the flight of positively charged lepton. The polar angle ϑ is the angle between positron momentum and z-axis. The azimuthal angle ϕ is defined as the angle between x-axis and a positive-lepton momentum projection
to the xy-plane. The definition of the angles can be seen in the Figure 4.2.
There are many possible conventions for the definition of z-axis, called a polarization axis. We will discuss here three reference frames, commonly used
in experiments. In principle all these reference frames can be called quarkonium
rest frame. First one is called Gottfried-Jackson frame. The orientation of z-axis
is defined by the direction of one beam [31]. Within second frame, Collins-Soper
frame, z-axis is determined as a bisector of the angle between the momentum
of particles in one beam P~1 and the minus momentum −P~2 of particles [31].
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Figure 4.2: The definition of angles ϑ and ϕ describing direction of flight
of positive lepton from the quarkonium decay. The arrow marked by l+ shows
the direction. ϑ is defined as the angle between positron momentum and z-axis
and ϕ as the angle between x-axis and a positive-lepton momentum projection
to the xy-plane. The picture is taken from [31].
The direction of z-axis in this case can be expressed as follows [57]:

~z =

P~2
P~1
−
|P~1 | |P~2 |.

(4.1)

The situation is outlined in the Figure 4.3. Third reference frame abundantly used in experiments is called the center-of-mass helicity frame [31].
The direction of z-frame is defined by the direction of a quarkonium momentum
in the center-of-mass frame.

4.2

Dilepton Decay Angular Distribution

As was mentioned, quarkonium may decay to a lepton and an antilepton. We
can experimentally determine directions of flights of leptons and obtain dilepton
decay angular distribution.
In this chapter we only consider the inclusive production, thus xz-plane
merge with production plane containing vector meson and beams, because all
possible experimentally definable polarization axes are situated in production
plane [30]. If quarkonia in an experiment originate from n processes, the most
general dilepton decay angular distribution can be written as
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Figure 4.3: The definition of production plane on the left. and three commonly
used coordinate systems on the right, Gottfried-Jackson (GJ) and Collins-Soper
(CS), and the helicity frame (HX). The picture is taken from [31].

W (cos ϑ, ϕ) =

n
X

f (i) W (i) (cos ϑ, ϕ) ∝
(4.2)

i=1


1
∝
1 + λϑ cos2 ϑ + λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cos ϕ ,
3 + λϑ
where f (i) is weight of i-th single subprocces, W (i) dilepton decay angular
distribution of i-th elementary subprocess and λϑ , λϕ , λϑϕ are polarization parameters [31]. The derivation of the equation (4.2) can be seen in [31]. We
are capable of measuring the shape parameters in experiments. If we integrate
the equation (4.2) over either ϕ or cos ϑ, we obtain one-dimensional angular
distribution.
Z
W (cos ϑ) =
0

2π


1
1 + λϑ cos2 ϑ + λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cos ϕ dϕ =
3 + λϑ

1
=
(1 + λϑ cos2 ϑ)
3 + λϑ
(4.3)
Both cos 2ϕ and cos ϕ vanish during integration over [0, 2π].
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Z

1


1
1 + λϑ cos2 ϑ + λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cos ϕ d cos ϑ =
−1 3 + λϑ
Z 1
p
1
=
(1 + λϑ cos2 ϑ + λϕ (1 − cos2 ϑ) cos 2ϕ + 2λϑϕ ( 1 − cos2 ϑ) cos ϑ·
−1 3 + λϑ
Z 1
p
1
· cos ϕ)d cos ϑ =
(1 + λϑ x2 + λϕ (1 − x2 ) cos 2ϕ + 2λϑϕ 1 − x2 x·
−1 3 + λϑ



1
1
1 3
1 3
· cos ϕ)dx =
x + λϑ x + λϕ x − x cos 2ϕ
=
3 + λϑ
3
3
−1


2λϕ
2
1+
cos 2ϕ
=
3
3 + λϑ
(4.4)
√
2
We used formulas sin√
ϑ = 1 − cos2 ϑ and sin 2ϑ = 1 − cos2 ϑ cos ϑ valid
at interval [0, π]. f (x) = 1 − x2 x is odd function at interval [−1, 1], thus this
part vanishes during integration. Overall, we can write

W (ϕ) =

W (cos ϑ) ∝

1
2λϕ
(1 + λϑ cos2 ϑ), W (ϕ) ∝ 1 +
cos 2ϕ.
3 + λϑ
3 + λϑ

(4.5)

Formulas (4.5) can be useful for separate determination of λϑ and λϕ . This
method is helpful in cases of low-statistics analysis, since it may improve stability
of a fit [31]. However, parameter λϑϕ vanishes during both integrations. One
of possible ways of gaining parameter λϑϕ is defining of new variable ϕ̃ as

ϕ − 34 π for cos ϑ < 0,
ϕ̃ =
(4.6)
ϕ − 14 π for cos ϑ > 0
and obtaining the distribution
√
W (ϕ̃) ∝ 1 +

2λϑϕ
cos ϕ̃,
3 + λϑ

(4.7)

as is written in [31].
Example of one dimensional cos ϑ and ϕ distributions measured by the ALICE experiment are shown in the Figure (4.4), in the HX and the CS frames.
J/ψ yield in each cos ϑ or ϕ bin is obtained by the fitting dimuon invariant mass
spectrum as shown in the Figure (4.5).

4.2.1

The Frame-Invariant Approach

Polarization axes are situated in the production plane in all here mentioned reference frames. Thus, we can rotate one reference frame about y-axis and obtain
another by this way. A matrices corresponding to the rotation reference frame
around y-axis by an angle δ and back are
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Figure 4.4: The acceptance-corrected angular distribution for the J/ψ decays
muons, for 2 < pT < 3 GeVc−1 . The distribution is simultaneously fitted
by equations 4.5. The picture is taken from [5].

Figure 4.5: The dimuon invariant mass spectrum for 2 < pT < 3 GeVc−1 ,
0 < | cos ϑ| < 0.15, together with the result of the fit. The J/ψ signal was
described by a Crystal Ball (CB) function and background by an empirical
function. The picture is taken from [5].
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cos δ
Ry (δ) =  0
sin δ

0
1
0



− sin δ
cos δ
0  , Ry−1 (δ) =  0
cos δ
− sin δ


0 sin δ
1
0 .
0 cos δ

(4.8)

Therefore, the formula for the retrograde rotation of the unit vector in the spherical coordinates ~r0 = (sin ϑ0 cos ϕ0 , sin ϑ0 sin ϕ0 , cos ϑ0 )T in the rotated frame can
be written as


cos δ 0 sin δ
sin ϑ0 cos ϕ0
1
0   sin ϑ0 sin ϕ0  =
~r = Ry−1 (δ)~r0 =  0
− sin δ 0 cos δ
cos ϑ0
.



sin ϑ cos ϕ
cos δ sin ϑ0 cos ϕ0 + sin δ cos ϑ0
 =  sin ϑ sin ϕ 
sin ϑ0 sin ϕ0
=
cos ϑ
− sin δ sin ϑ0 cos ϕ0 + cos δ cos ϑ0


(4.9)

If we substitute sin ϑ cos ϕ, sin ϑ sin ϕ and cos ϑ in the formula (4.2) by the expressions with the variables in the rotated frames from (4.9), we obtain
W (cos ϑ0 , ϕ0 ) ∝


1
1 + λ0ϑ cos2 ϑ0 + λ0ϕ sin2 ϑ0 cos 2ϕ0 + λ0ϑϕ sin 2ϑ0 cos ϕ0 ,
3 + λ0ϑ
(4.10)

where
λϑϕ cos 2δ − 12 (λϑ − λϕ ) sin 2δ
λϑ − 3Λ 0
λϕ + Λ 0
, λϕ =
, λϑϕ =
,
1+Λ
1+Λ
1+Λ
1
1
with Λ = (λϑ − λϕ ) sin2 δ − λϑϕ sin 2δ,
2
2

λ0ϑ =

(4.11)

as is written in [31].
Frame-independent inequalities for the parameters can be derived from another conditions [31].
|λϑ | ≤ 1, |λϕ | ≤

|λϕ | ≤ 1, |λϑϕ | ≤

1
(1 + λϑ ),
2

1
1
(1 − λϕ ), for λϕ ≤ − : (2λϕ + 1)2 + 2λ2ϑϕ ≤ 1.
2
3

(4.12)

(4.13)

Allowed regions for the decay angular parameters λϕ depending on λϑ and λϑϕ
depending on λϕ following from inequalities (4.12) and (4.13) are shown in the Figure 4.6.
The choice of suitable reference frame is important, because for example fully
”transverse polarization” in natural frame after the rotation δ = 90◦ is not fully
”longitudinal polarization”. In the other words, the decay angular parameters
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Figure 4.6: Allowed regions for parameters λϕ depending on λϑ and λϑϕ depending on λϕ shaded by grey colour. Left picture corresponds to inequalities (4.12),
right to (4.13). Figure is taken from [31].
in the natural frame λϑ = +1 and λϕ = 0 can be transformed by the rotation
δ = 90◦ to λ0ϑ = 13 , λ0ϕ = − 31 as can be seen in the Figure 4.7. An rotation angle between the helicity frame and Collins-Soper or Gottfried-Jackson
frame depends on a longitudinal momentum pL and a transverse momentum
pT of a quarkonium. Thus, if quarkonia are, for example, ”transversely” polarised in the helicity frame, polarization parameters in Collins-Soper frame are
dependent on pT and pL . Moreover, an acceptance of detectors can strongly
affect such data analysis. Overall, trends simple in one reference frame may
be alter by a change of reference frame to not so clearly interpretable trends
and searching for physical explanation may be more difficult.
As was mentioned above, interpretation of results may be less complicated,
if we use suitable reference frame. The frame invariant approach can help us
with comparing results obtained in different reference frames and draw frameindependent conclusions.
The transformation properties (4.11) of (4.2) imply the existence of an frame
invariant
(3 + λϑ ) + c1 (1 − λϕ )
F(c1 ,c2 ,c3 ) =
,
(4.14)
c2 (3 + λϕ ) + c3 (1 − λϕ )
where c1 , c2 , c3 are definite real parameters. The invariant has the same value
for the same data in all reference frames. One possible combination of the parameters is c1 = −3, c2 = 0, c3 = 1 [31]. Corresponding rotational invariant has
the shape
λ̃ = F(−3,0,1) =

λϑ + 3λϕ
.
1 − λϕ

(4.15)

The possible decay angular distributions for λ̃ = 1 and λ̃ = −1 are shown
in the Figure 4.7. λ̃ = 1 corresponds to the transverse polarization and λ̃ = −1
to the longitudinal polarization.
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Figure 4.7: The rotations of graphical representation of the total angular dilepton decay distribution corresponding to transverse and longitudinal polarization
and values of parameters λϕ , λϑ and the frame invariant from (4.15). The case
of transverse polarization with invariant λ̃ = 1 is on the left, ”longitudinal” case
with λ̃ = −1 on the right. The Figure is taken from [29].
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Chapter 5

Measurements
of quarkonium polarization
in proton-proton and
proton-antiproton collisions
5.1

J/ψ polarization measurements in pp colli√
sions at s = 200 GeV
by the STAR and PHENIX experiments

The PHENIX experiment at RHIC reported the J/ψ √
polarization measurements
in pp collisions in the dielectron decay channel at s = 200 GeV [9]. They
performed measurements of inclusive J/ψ with pT < 5 GeVc−1 at the midrapidity region |y| < 0.35. Direct J/ψ and J/ψ from feed-down from heavier
charmonium states and B mesons are included in results. The angular dilepton
distribution integrated over azimuthal angle ϕ was reconstructed for the purpose
of gaining the polarization parameter λϑ .
The STAR experiment√also reported measurements of inclusive J/ψ polarization in pp collisions at s = 200 GeV [8], via the dielectron decay channel.
The polarization parameter λϑ was reconstructed via the angular dilepton distribution integrated over azimuthal angle ϕ, as in the case of the PHENIX
measurements. The rapidity region was broader, |y| < 1, and the explored
pT region was 2 < pT < 6 GeVc−1 .
In the PHENIX experiment, the parameter λϑ was studied as a function
of pT in the HX, CS and GJ frames. The STAR experiment published results
only for the HX frame vs. pT . λϑ was obtained in each reference frame by the fitting measured and subsequently corrected cos ϑ distributions by the following
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Figure 5.1: Panels (a)-(c) show uncorrected cos ϑ distributions after the cembinatorial background substraction, for each pT bin. Panels (d)-(f) show total
effeciencies as function of cos ϑ. Systematics errors are shown as boxes. Panels
(g)-(i) show different efficiencies that contribute to the total efficiency. The figure is taken from [8].
function
f (cos ϑ) = A(1 + λϑ cos2 ϑ).

(5.1)

Example of uncorrected cos ϑ distributions after the combinatorial background subtraction and efficiencies from the STAR experiment are shown in the
Figure 5.1. Corrected for the efficiency, fitted cos ϑ distributions are presented
in the Figure 5.2.
The fitting was performed in three pT bins. In the case of the PHENIX
experiment, it was 0 < pT < 1 GeVc−1 for the first bin, 1 < pT < 2 GeVc−1
for second one, and 2 < pT < 5 GeVc−1 . In the STAR case, measured pT
region was divided to intervals 2 < pT < 3 GeVc−1 , 3 < pT < 4 GeVc−1
and 4 < pT < 6 GeVc−1 .
The λϑ parameter measured by PHENIX in the CS frame was out of the physically relevant interval [−1, 1]. The resulting values of the parameter λϑ in the HX
from both experiments can be seen in the Figure 5.3. The parameter in the GJ
frame is depicted in the Figure 5.4. In the case of the PHENIX experiment,
the values of the λϑ in the GJ frame are spread over a broader region than
in the HX, but have similar trend vs. pT .
The trend of the data in the HX frame are similar for both discussed experiments. The parameter λϑ decreases with increasing pT . Strong longitudinal
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Figure 5.2: Corrected cos ϑ distributions fitted with the function in equation (5.1). Blue line represents fit, the errors are statistical. Blue hatched
area represents the 1σ uncertainty. The figure is taken from [8].

43

λθ

1

p+p → J/ψ +X
s = 200 GeV
0.6 |y|<1

PHENIX data, |y|<0.35

0.4

CSM - direct NLO ++
CSM - direct NLO + approx.
Feed-down

STAR data, |y|<1

0.8

COM

0.2
0
-0.2
-0.4
-0.6
-0.8 helicity frame
-1
0
1
2

-0.16*p +0.18
T

χ2/ndf: 1.5/4
3

4

5

6

p (GeV/c)
T

Figure 5.3: The polarization parameter λϑ as the function of pT in the HX
frame. Red stars marks results of the STAR measurements, whereas black
circles corresponds to the PHENIX measurements. The blue line is the fit
of both sorts of the data. Statistical and systematic uncertainties are taken
into the account. Data are compared to different model predictions. Green
dashed lines demarcate NLO+ colour-singlet model (CSM) prediction for direct
J/ψ. Hatched blue region is extrapolation for the prompt J/ψ. Gray shaded
area represents LO NRQCD calculations with colour-octet contribution (COM).
The horizontal errorbars denote the widths of pT bins. The figure is taken
from [8].

Figure 5.4: Results of the PHENIX experiment. The polarization parameter λϑ
marked as λJ/ψ as the function of pT . The figure is taken from [9].
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polarization can be observed for pT > 3 GeVc−1 in the STAR experiment.
The data for the HX frame are compared to two model predictions, NLO+
CSM from [43] and LO COM from [27]. The LO COM (marked by the shaded
area in the Figure 5.3 are predictions for direct J/ψ. The NLO+ CSM calculations for direct J/ψ are demarcated by green dashed lines. The NLO+ CSM calculations are also extrapolated to the prompt production (hatched blue band).
The NLO+ CSM does not predict significant pT dependence, whereas the data
exhibit it. The LO COM suggests rather a trend opposite to the data trend
with the decreasing parameter λϑ as pT increases. However, both the STAR
and the PHENIX results are consistent with mentioned models within experimental and theoretical uncertainties.

5.2

J/ψ and ψ(2S) polarization measurements
√
in pp̄ collisions at s = 1.96 TeV by the CDF
experiments

The J/ψ and ψ(2S) polarization measurements were
√ performed at the CDF
experiment in pp̄ collisions at center-of-mass energy s = 1.96 TeV [7]. Both
vector mesons were detected in the dimuon decay channel. The mid-rapidity
range |y| < 0.6 and pT region from 5 to 30 GeVc−1 were explored.
The contribution of B meson decays was separated. The polarization parameter λϑ (denoted in this measurement as α ) was obtained for prompt J/ψ
and ψ(2S) in the HX frame. Measured pT range was divided into six bins
in the case of J/ψ, into three bins to the case of ψ(2S). The experimentally obtained cos ϑ distributions, integrated over the ϕ angle, were fitted with function
in the equation (5.1), in each pT bin.
Left and right panels of Figure 5.5 show the polarization parameter as a function of pT for J/ψ and ψ(2S), respectively. NRQCD from [26] and kT -factorization
from [15] predictions are marked by the blue bands and red lines, respectively.
Both these models are for direct production. kT -factorization predicts strong
longitudinal polarization and covers only pT < 20 GeVc−1 region in both cases,
J/ψ and ψ(2S). The NRQCD predicts λϑ close to zero at 5 GeVc−1 in the J/ψ
case. According to the NRQCD, λϑ has increasing trend with rising pT . The prediction at the same pT value for ψ(2S) is higher than for J/ψ.
The measured value of the J/ψ polarization parameter λϑ is consistent
with zero at the two first pT bins. The parameter decreases with increasing
pT towards negative values. The measured ψ(2S) polarization parameter λϑ
has a positive value at lowest pT bin and with increasing pT also decreases.
The NRQCD calculations reproduce J/ψ and ψ(2S) cross sections at the Tevatron [7]. Hovewer, the NRQCD prediction for the polarization strongly differs
from the trend of the measured data for both mesons. In the case of both
mesons, the kT -factorization predictions has the trend with decreasing value
of λϑ with rising pT such as the data, nevertheless predicted values significantly
underpredicts the measured values.
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Figure 5.5: Results of the CDF experiment on the J/ψ and ψ(2S) polarization
in the HX frame compared to two model predictions. The polarization parameter λϑ marked as α is shown as the function of pT . The results for J/ψ are
situated on the left, for ψ(2S) on the right. NRQCD prediction is shown as blue
area, kT -factorization as red line. The figure is taken from [7].

5.3

J/ψ polarization measurements in pp colli√
sions at s = 7 TeV by the ALICE experiment

The inclusive J/ψ polarization was studied√by the ALICE experiment in pp
collisions with the center-of-mass energy of s = 7 TeV [5]. The research was
performed at the rapidity range of 2.5 < y < 4 and for transverse momentum
region 2 < pT < 8 GeVc−1 . J/ψ were detected in the dimuon decay channel.
The J/ψ polarization parameters λϑ and λϕ were studied in the HX and the
CS frames. The parameters were obtained in three pT bins, 2 < pT < 3 GeVc−1 ,
3 < pT < 4 GeVc−1 and 4 < pT < 8 GeVc−1 . 2-D binning of cos ϑ vs. ϕ distributions was not performed due to insufficient statistics for this purpose. Thus λϑ
and λϕ were studied based on 1-D cos ϑ and ϕ distributions integrated over ϕ
and ϑ (4.5), respectively [5]. A simultaneous fit of | cos ϑ| and |ϕ| distributions
was performed at 0 < | cos ϑ| < 0.8 and 0 < |ϕ| < π/2.
The measured values of the parameters can be seen in the Figure 5.6. The upper panel shows λϑ in the CS and the HX frame. The parameter λϕ in both
frames is shown on the lower panel. The results on λϑ and λϕ are consistent
with zero within uncertainties in both frames. The biggest deflection from zero
value can be seen in the case of λϑ at the lowest pT bin. With increasing pT
measured value of λϑ in the HX frame tends to zero. With the exception of mentioned case, measured data show no polarization. No azimuthal anizotropy was
observed in both frames. λϕ is close to zero for all pT bins.
The difference between inclusive and prompt production in the polarization is estimated to be low (at most 0.05), however difference between prompt
and direct production can be significant [5]. The NLO calculations ([42], [33])
for direct J/ψ polarization parameter λϑ in HX frame via the colour-singlet
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Figure 5.6: The results on the J/ψ polarization parameters vs. pT performed
by the ALICE experiment. λϑ is shown in the top of figure, λϕ in the bottom.
The measurements were performed in the CS (red empty circes) and HX (black
full squares) frames. The figure is taken from [5].
model exhibit strong longitudinal polarization at pT ∼ 5 GeVc−1 [5], which is
in the contrast with discussed measurement. The S-wave colour-octet channels
calculations from [33] show significant transverse polarization [5]. The prediction of [33] are not supported by the results on λϑ presented by the ALICE
collaboration. However, other calculations are needed to be done before more
specific conclusions connected with the colour-octet model, for example to calculate the P-wave-channel contribution. More theoretical predictions are available
now, since the ALICE paper was published.

5.4

J/ψ polarization measurements in pp colli√
sions at s = 7 TeV by the LHCb experiment

The prompt J/ψ polarization
√ measurement was performed in the LHCb experiment in pp-collisions at s = 7 TeV [2]. The J/ψ were detected via dimuon
decay channel J/ψ → µ+ µ− . The polarization parameters λϑ , λϕ and λϑϕ
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in the HX and the CS frame were studied at the rapidity range 2.0 < y < 4.5
and pT region 2 < pT < 15 GeVc−1 . The edges of pT and y bins were
[2, 3, 4, 5, 7, 10, 15] GeVc−1 and [2.0, 2.5, 3.0, 3.5, 4.0, 4.5] respectively.
The total angular distribution is (apart from normalization factor)
d2 N
∝ 1 + λϑ cos2 ϑ + λϑϕ sin 2ϑ cos ϕ + λϕ sin2 ϑ cos 2ϕ.
d cos ϑdϕ

(5.2)

The data sample was big enough to perform 2-D binning and gain all three
parameters λϑ , λϕ and λϑϕ from (5.2). In the HX frame, the λϕ and λϑϕ were
consistent with zero [2]. Thus we can consider HX frame to be the ”natural”
frame. λϑ in the HX and the CS frame as the function of pT for different y
bins is shown in the Figure 5.7 on the left and on the right, respectively. λϑ
shows slight longitudinal polarization for the lowest pT bins and rises mildly
with rising pT .
The deviation of λϑ and λϕ in the CS frame from zero was slightly larger
than in HX frame but not significant. The λϕ was positive in the most of bins
(pT vs. y). λϕ was rather negative.
The results on λϑ vs. pT in the HX frame for 2.5 < y < 4.0 are shown
in the Figure 5.8 together with model predictions of the NLO CS ([19]) and NLO
NRQCD ([19], [34] , [21]) predictions. The NLO CS calculations are for direct
J/ψ, whereas the NLO NRQCD include contribution from the ψ(2S) and χc
feed-down. The NLO CS predicts λϑ decreasing with rising pT and strong
longitudinal polarization for 5 < pT < 15 GeVc−1 , which is in the disagreement with the LHCb measurement. There are three different NLO NRQCD
calculations shown in the Figure 5.8. The best agreement with the data was
found between the NRQCD prediction from [19] marked by green hatched area
in the Figure 5.8.
ψ(2S) polarization measurements were also presented by the LHCb in pp
collisions at center-of-mass energy 7 TeV in the paper [4]. Measurements were
performed for the 3.5 < pT < 15 GeVc−1 and 2.0 < y < 4.5. Results on parameters λϑ , λϕ , λϑϕ in the HX and the CS frame and λ̃ were obtained. There was
observed slight negative polarization in the results on λ̃. No strong polarization
was observed.

5.5

J/ψ and ψ(2S) polarization measurements
√
in pp collisions at s = 7 TeV by the CMS
experiment

The CMS experiment reported the prompt J/ψ and ψ(2S) polarization measurement in pp collisions at 7 TeV [22]. J/ψ and ψ(2S) were detected via dimuon decay channel. The measurements of J/ψ and ψ(2S) were performed in the transverse momentum ranges of 14 < pT < 70 GeV and 14 < pT < 50 GeV, respectively. The data for J/ψ and ψ(2S) polarization measurement were collected
at 0.6 < |y| < 1.2 and 1.2 < |y| < 1.5 GeV, respectively.
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Figure 5.7: The results on the J/ψ polarization parameter λϑ vs. pT for different
rapidity bins performed by the LHCb experiment. The left panel and the right
panel of the figure shows λϑ in the HX frame and in CS frame, respectively.

Figure 5.8: The results on the J/ψ polarization parameter λϑ vs. pT for the rapidity 2.5 < y < 4.0 in the HX frame. The measurement performed at the LHCb
experiment is compared to the NLO CS model from [19] (pink diagonal lines)
and the NLO NRQCD predictions from [19] (blue diagonal lines), [34] (red vertical lines) and [21] (green hatched).
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Polarization parameters λϕ , λϑ and λϑϕ from the dilepton decay angular
distribution (4.2) were studied in three frames, the HX, the CS and the PX
(the perpendiculat helicity frame) [22]. The parameters were obtained by fitting 2-D distributions, cos ϑ vs. ϕ. They calculated also the frame invariant
parameter λ̃ defined by the equation (4.15).
The results on parameters λϑ , λϕ and λϑϕ in the HX frame as a function of pT
for several |y| bins, for both vector mesons are shown in the Figure 5.9. The J/ψ
and ψ(2S) results for different rapidity ranges are on the left and on the right
hand-side, respectively. The measured parameters λϕ and λϑϕ in the HX frame
for different rapidity ranges are very close to zero. The λϑ is more deflected
from zero, but not significantly, and has slight positive values. The results
on λϑ in the HX frame are compared to the NLO NRQCD calculations for
|y| < 2.4 from [40]. The calculations are performed for prompt J/ψ and ψ(2S)
and are shown in the Figure 5.9 as green lines. Green dashed lines mark an estimate for the theoretical uncertainty. The measured λϑ is in disagreement
with the mentioned NLO NRQCD predictions.
The experimentally extracted frame-independent parameter λ̃ as a function
of pT in the rapidity range |y| < 0.6, in the HX, the CS and the PX frame for J/ψ
and ψ(2S) is shown in the Figure 5.10. The results on λ̃ in all three frames are
in good agreement. The good agreement is also seen in the cases of the other
measured |y| bins [22]. In the other words, no unaccounted systematic effects
are observed.
The measured parameter λ̃ shows no strong polarization in all |y| ranges.
The other parameters, λϑ , λϕ and λϑϕ , are also close to zero in all frames used
for measurement. Thus, strong polarization in the kinematic region studied
by the CMS can be excluded [22].

5.6

Υ(1S), Υ(2S) and Υ(3S) polarization mea√
surements in pp collisions at s = 7 TeV
by the CMS experiment

The polarization of inclusive Υ(1S), Υ(2S) and Υ(3S) was studied at the CMS
experiment
[23]. Υ(nS) were detected via dimuon decay channel in pp collisions
√
at s = 7 GeV. Υ(1S), Υ(2S) and Υ(3S) with 10 < pT < 50 GeV and |y| < 1.2
were measured. The analysed data sample was divided to two rapidity ranges
|y| < 0.6 and 0.6 < |y| < 1.2, for which results were presented.
The polarization parameters λϑ , λϕ , λϑϕ and the frame-independent parameter λ̃ were studied in three frames, the HX, the PX and the CS. The analysis
was performed using unbinned likelihood approach [23].
The parameters λϑ , λϕ and λϑϕ vs. pT in the HX frame for measured Υ(nS)
states in the rapidity range |y| < 0.6 can be seen in the Figure 5.11. These results
are consistent with zero, especially λϕ and λϑϕ are very close to zero and have
relatively small uncertainties. The λϑ shows slight transverse polarization for all
three measured Υ(nS) states. Similar values were obtained in the rapidity region
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Figure 5.9: The polarization parameters λϑ , λϕ and λϕϑ (from top to bottom)
as a function of pT measured by the CMS experiment in the HX frame. The results on J/ψ in the rapidity ranges |y| < 0.6, 0.6 < |y| < 1.2 and ψ(2S) in the rapidity ranges |y| < 0.6, 0.6 < |y| < 1.2 1.2 < |y| < 1.5 are depicted on the left
and on the right, respectively. The error bars correspond to total uncertainity
(at 68.3% CL). The measured parameter λϑ is compared to the NLO NRQCD
results for prompt vector mesons from [40] marked by green line. The model
uncertainties are marked by green dashed lines. The Figure is taken from [22].
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Figure 5.10: The frame-independent parameter λ̃ as a function of pT measured
by the CMS experiment in the CS, the HX and the PX frame. The left and right
panel shows λ̃ for J/ψ and ψ(2S), respectively. The J/ψ and ψ(2S) sample
with |y| < 0.6 was used for calculation of λ̃. The Figure is taken from [22].
of 0.6 < |y| < 1.2 [23].
The results on the frame-independent parameter λ̃ vs. pT in all explored
frames and both rapidity ranges for all measured Υ(nS) states are depicted
in the Figure 5.12. As can be seen, the results on λ̃ are in good agreement in all
studied frames. The λ̃ is compatible with zero. A slight transverse polarization
can be seen in the case of rapidity range |y| < 0.6 and Υ(2S) and Υ(3S).
All the polarization parameters are consistent with zero or are slightly deflected from the zero, thus strong polarization in any frame is excluded [23].
This result supports that the Υ(nS) states are probably created as unpolarized
mixture in pp collisions at 7 GeV. However, feed-down from other bottomium
states is not extracted. Therefore, clear conclusion for the direct production
of Υ(nS) states can not be done.
Υ(nS) states are better test of non-relativistic calculations than charmonia, because bottomia are significantly heavier. The NRQCD calculation [16]
predicts strong transverse polarization, which strongly disagrees with the CMS
results on Υ(nS) polarization [23].
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Figure 5.11: The polarization parameters for Υ(1S), Υ(2S) and Υ(3S) (from left
to right) λϑ , λϕ and λϕϑ (from top to bottom) as a function of pT measured
by the CMS experiment in the HX frame. The results on Υ(nS) in the rapidity range |y| < 0.6. The error bars correspond to total uncertainty (68.3%,
95.5%, 99.7% CL). The model uncertainties are marked by green dashed lines.
The Figure is taken from [23].
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Figure 5.12: The frame-independent parameter λ̃ for Υ(1S), Υ(2S) and Υ(3S)
(from left to right) as a function of pT measured by the CMS experiment
in the CS, the HX and the PX frame. The top and bottom panel shows λ̃
for rapidity range |y| < 0.6 and |y| < 1.2, respectively. The error bars indicate
to total uncertainty (68.3%, 95.5%, 99.7% CL) The Figure is taken from [23].
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Conclusion
Quarkonia are important for studying QCD mechanisms. They are also abundantly used for analyses of collisions. However, exact quarkonium production
mechanim is not known. There are theoretical models predicting observables
that can be measured in an experiment. Besides cross section, the polarization
of quarkonia provides opportunity to distinguish between theoretical models
Basic theoretical approaches to quarkonium production quarkonium and approaches to polarization measurements were discussed. The performed measurements of quarkonium polarization in pp and pp̄ collisions were presented
in the thesis and were compared to some model predictions.
The total angular dilepton distribution is determined by three polarization
parameters, λϑ , λϕ and λϑϕ . The polarization parameters are usually measured
in the HX, the GJ, the CS or the PX frame and are presented as the functions
of pT . Useful is also frame invariant parameter λ̃, which helps us with comparing results obtained in different reference frames and draw frame-independent
conclusions.
J/ψ polarization measurements by the STAR, the PHENIX, the CDF, the ALICE, the LHCb and the CMS were presented in the thesis. Most of measurements showed slight polarization. This fact is in a disagreement with models predicting strong polarization. However, we have to take into the account also that
some model predictions are performed only for direct production, whereas they
are compared to measurements with contribution from the feed-down of charmonium states with higher mass or B mesons. The results presented firstly
in the thesis were only for λϑ parameter. Other parameters, λϕ and λϑ was obtained from the measurements with broader data sample performed at the LHCb
and the CMS. ψ(2S) polarization measurements were presented by the CDF,
the CMS and the LHCb. No strong polarization was observed, but for example
in the LHCb case, slight negative polarization was seen. The results on Υ(1S),
Υ(2S) and Υ(3S) by the CMS were discussed in the thesis.
Presented measurements are important for quarkonium-polarization studies. However, more measurement have to be done before making more specific
conclusions. For example bigger data sample would be suitable for obtaining more precise results. There are another pT and y regions to be explored.
Studying of both, charmonium and bottomium states, is useful, because it is
supposed that there are different contributions from a feed-down for different
quarkonium states. Overall, here are many opportunities for next measurements
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of the quarkonium polarization.
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