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Abstrakt: Kvark-gluonové plazma, nové, horké a husté skupenství hmoty, lze
vytvořit v relativistických srážkách těžkých jader. Studiem jeho vlastností se zabývá
například Brookhavenská národní laboratoř. Ukázalo se, že tato horká jaderná hmota
se svými vlastnostmi blíží dokonalé kapalině a že může dosahovat nejvyšší hodnoty
vířivosti, která kdy byla pozorována. Právě takto vysoká výřivost ovlivňuje spin
vyprodukovaných částic, jehož orientace může být určena pomocí Λ hyperonů. Tato
práce diskutuje kroky nutné k identifikaci Λ hyperonu a především určení orientace
jeho spinu. Cílem analýzy bylo získat globální polarizaci lambda hyperonu ze srážek
Au-Au s energií 27 GeV v těžišťové soustavě na detektoru STAR.
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Abstract: Quark-gluon plasma, a new hot and dense state of matter, can be created
in relativistic heavy-ion collisions. Brookhaven National Laboratory is an example
of a place where its properties are studied. It was shown that this hot nuclear
matter is almost a perfect fluid and that it can reach the highest value of vorticity
which have been ever observed. Such high vorticity influences the orientation of the
produced particle spin. The orientation can be reconstructed via Λ hyperons. This
thesis discusses the steps needed for the identification of the Λ hyperon, especially
the determination of its spin orientation. The goal of this analysis was to reconstruct
the global polarization of Λ hyperon using the data from Au-Au collisions at center-
of-mass energy 27 GeV from the STAR experiment.
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Introduction

Quark-Gluon Plasma (QGP) is a novel state of matter, where quarks and gluons
are asymptotically free. The QGP is believed to exist in the beginning of the Universe
shortly after the Big Bang. In a laboratory, the QGP can be studied in relativistic
heavy-ion collisions. However, the lifetime of this matter in heavy-ion collisions is
very short (few units of fm/c [1]), therefore the direct measurement of its properties
is impossible. The QGP properties can be studied using various probes, such as:
soft probes (i.e. particles with transverse momenta pT < 2 GeV/c), hard probes
(i.e. particles with pT > 10 GeV/c) or electromagnetic probes (i.e. photons and
dileptons) [2], [3]. For example, studies of the medium fluid dynamical expansion
has revealed that the QGP is almost perfect liquid [4], [5]. More precisely the ratio of
shear viscosity to entropy is close to the lowest value determined from the quantum
mechanics [6].

Other properties of the QGP medium are also extensively studied. For example,
the QGP’s vorticity is estimated as the highest being ever observed in the uni-
verse [7]. The vorticity describes rotation of the system having the same direction
as the system angular momentum and it is a thermodynamic quantity needed for
description of the local fluid [8]. The initial vorticity can be studied indirectly via
measurements of particle polarization (spin alignment). The spin-orbital coupling
can cause the preferential orientation of particle spins along the direction of the sys-
tem angular momentum. Therefore, the measured value is align between the global
angular momentum of a non-central collision and the spin of the emitted particles.

This work is focused on steps needed to compute the global polarization. The
natural choice of the particle is in this case the lightest strange baryons produced
in high abundances, Λ or Λ, because of its self-analyzing nature of decay. More
precisely, the direction of the emitted proton from the parity-violating weak decays
of Λ is highly correlated with the Λ spin.

The Λ particle can be reconstructed via its decay products (daughters), i. e. pro-
tons and pions. This task can be performed via Kalman Filter [9]. The second part of
the polarization analysis is reconstruction of the daughter proton angular distribu-
tion in the Λ rest frame. One has to first estimate the reaction plane which is related
to the geometry of a collision, using an event plane detector. The other important
ingredient related to the reaction plane is its resolution which has to be also esti-
mated. Furthermore, there are different analysis techniques that allow to measure
the polarization, e.g. an invariant mass or event plane method that are presented in
this work. The comparison between them can help to estimate the precision of the
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results [10].

Data analyzed in this task are from Au-Au collisions at
√
sNN = 27 GeV collected

in 2018 by the STAR experiment at RHIC.

The measured Λ and Λ polarization when compared to different model predictions
may reveal information about the vorticity of the QGP medium. This value is im-
portant for the QGP model because the vorticity as the thermodynamic quantity
can probe the QGP formation and its dynamics.
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Chapter 1

Global lambda polarization in
heavy-ion collisions

In this chapter, the basic information about the Quark-Gluon Plasma and its
properties will be introduced. Next, the concept of the QGP vorticity and its relation
to the global hyperon polarization is discussed.

1.1 Quark-gluon plasma

Figure 1.1: The QCD phase diagram as function of temperature and baryon chemical
potential µB [11].

The Quark-Gluon Plasma (QGP) is a novel state of matter where quarks and
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gluons are liberated. The first measured evidence of the QGP occurred at CERN
in 2000 [12] and the existence of the QGP was later confirmed by RHIC at BNL
[13], [14]. The existence of this state was already predicted by the Standard Model
of strong interaction. In particular, this model described the state of matter in
which partons (quarks and gluons forming hadrons) are asymptotically free. The
phase transition from hadron gas (classical matter) to QGP is expected to occur at
temperature T = (156.5±1.5) MeV [15] from the lattice QCD calculations at µB = 0.
One can imagine this process as melting of hadrons [16]. This phase transition is
depicted in the QCD phase diagram in Fig. 1.1. It is excepted that the QGP was
presented in the early Universe (10−5 s after the Big Bang) or can be found in the
center of compact stars (white dwarfs, neutron stars and quark stars) [17]. Both
of these places are currently unattainable for us. Other possibility how to create
QGP is in a laboratory via high-energy nucleus-nucleus collision because the energy
density in the colliding heavy nuclei going through each other is high enough.

Unfortunately, the lifetime of the QGP which is created in a last manner is pretty
short (up to 10-15 fm/c) [18]. Therefore, its properties (e.g. temperature, pressure,
energy density, entropy, baryon chemical potential) cannot be measured directly but
via different experimental probes. Results are then compared to theoretical predic-
tions, e.g. statistical model [19]. The space-time evolution of the QGP including all
stages, such as pre-equilibrium, QGP, mixed phase of the QGP and hadron gas, and
hadron gas is depicted in Fig. 1.2.

Freeze out

Chemical freeze out

Interacting
hadron gas

Mixed
phase

QGP

Pre-equilibrium

Incoming nuclei

Figure 1.2: Space-time diagram of a heavy-ion collision including various stage of
the evolution of the medium [21], modified.

Heavy-ion (HI) collisions data together with related hydrodynamics theories show
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that the QGP can be described as a nearly perfect liquid. By the word nearly is meant
that the liquid has low ratio of shear viscosity to entropy density (η/s ≈ 0.12) [20].

One of the observables that can be used to study presence of the QGP in HI
collisions is the nuclear modification factor RAA. It is defined as a normalized ratio
between the numbers of produced particles in HI and p-p collision as a function of
transverse momentum pT, i.e.

RAA(pT) =
1

〈Ncoll〉

dNAA
dpT

(pT)
dNpp
dpT

(pT)
(1.1)

where 〈Ncoll〉 is number of binary nucleon-nucleon collisions. One expects that RAA

equals one in the case of the absence of the QGP and other nuclear effects [22].

The next observable is azimuthal anisotropy of produced particles. The azimuthal
particle distribution can be written as a Fourier series w.r.t. the reaction plane as
follows

E
d3N

dp3
=

1

2π

d2N

pTdpTdy

{
1 +

∞∑
n=1

2vn cos[n(φ−ΨRP)]

}
(1.2)

where φ is the azimuthal angle of measured particle, ΨRP is the reaction plane angle
and vn is the n-th flow coefficient. In particular, the v2 (so-called elliptic flow) can
indicate the creation of the deconfined medium [23].

1.2 Vorticity of the QGP

The vorticity ~ω is a pseudovector field describing rotation at a point in a fluid. It
is defined as

~ω = ~∇× ~v (1.3)

where ~∇ = ( ∂
∂x

; ∂
∂y

; ∂
∂z

) and ~v is a velocity at the point1. The units of ω are inverse
time s−1. The vorticity is twice larger than the angular momentum at the chosen
point. The direction of the vorticity is given by the right-hand rule, i.e. if your curled
fingers on the right hand show the direction of the rotation, the raised thumb shows
the direction of ~ω [24].

Fig. 1.3 illustrates the related ~v vectors (yellow arrows) and the final direction
of the rotation of the emerging QGP in non-central HI collisions with an impact
parameter ~b. The upper figure shows a situation before the collision. The lower
figure presents a situation after the collision where the participants of the collision
are "melted" and the spectators continue ahead being deflected from the z-axis by
repulse impulse. The depicted deflection corresponds to positive directed flow v1 in
the forward direction [8]. Actually, the deflection is also possible to opposite angle
with respect to the z-axis. This can occur in the case that the collision energy is
much lower and the attractive forces are more significant.

1Sometimes the vorticity is defined as ~ω = 1
2
~∇× ~v. Then the angular momentum at the point

has the same value [7].
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The depicted deflection of the spectators is very important to understand the
vorticity of the QGP. One has to know the direction of the angular momentum
which gives the average direction of the system vorticity. The forward detectors at
large pseudorapidity, measuring the spectators, can be used to estimate the angular
momentum of the system Ĵsys by means of the so-called event plane [8]. This will be
discussed more in detail in Chapter 4.1.

z

b

x

Figure 1.3: Schematic of HI collision with impact parameter b in the xz-plane where
z is the beam direction.

The vorticity of the QGP was estimated to be ω ≈ (9 ± 1) × 1021 s−1 [7] which
shows that the QGP can be perceived as the perfect vortical fluid. For comparison,
one can introduce vorticity of different fluids:

• Solar subsurface flow - ω ≈ 10−7 s−1

• Terrestrial atmospheric patterns - ω ≈ 10−7 − 10−5 s−1

• Supercell tornado cores - ω ≈ 10−1 s−1

• The Great Red Spot of Jupiter - ω ≈ 10−1 s−1

• Heated soap bubbles - ω ≈ 10−1 s−1

• Turbulent flow in bulk superfluid He-II - ω ≈ 10 s−1

• Superfluid nanodroplets - ω ≈ 107 s−1

Hence, one can see that the QGP may be the most vortical fluid which has been
ever observed in the universe.
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1.3 Polarization of Lambda hyperon

The angular momentum of the created medium Ĵsys influences the spin of pro-
duced particles which can be then aligned along the direction of Ĵsys via spin-orbit
coupling. This global polarization of the particles can be experimentally measured
using hyperons (containing s-quark). Hyperons decay via weak decays whose prop-
erty is that the decay (daughter) particles prefer the production in the spin direction
of the mother hyperon. In the case of the antiparticles, the direction of daughter
baryons is opposite to the mother hyperon spin direction. This process is depicted
in Fig. 1.4, where ~PΛ is the hyperon polarization and ~p∗p with θ∗ are the momentum
of the daughter baryon and the angle between the polarization ~PΛ and momentum
~p∗p in the rest frame of the hyperon, respectively [10].

Figure 1.4: Schematic of a HI collision where the produced Λ (spinning tops) are
polarized w.r.t. the angular momentum of the system Ĵsys [7].

The angular distribution of the daughter baryon can be expressed as

dN

d cos θ∗
∝ 1 + αHPH cos θ∗ (1.4)

where PH is the polarization of the hyperon and αH is its decay constant αΛ =
0.732 ± 0.014 and αΛ = −0.758 ± 0.010 for Λ and Λ, respectively [25]. Hence the
global polarization can be measured via the daughter baryon distribution. Taking
into account the resolution of the reconstructed event plane R1 the expression for
the global angular polarization is

PH =
8

παH

〈sin
(
Ψ1 − φ∗p

)
〉

R1

(1.5)

where Ψ1 is the event plane of the first order, R1 is its resolution and φ∗p is azimuthal
angle of the daughter particle in the rest frame of mother hyperon. Due to their
abundant production, often chosen hyperons for this measurement are Λ and Λ
particles [7].
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The measured global Λ and Λ polarization as a function of the collision energy is
shown in Fig. 1.5. The most recent results from the ALICE experiment for energies√
sNN = 2.76 TeV and 5.02 TeV are compared with the older ones from the STAR

experiment at energies
√
sNN = 7.7− 62.4 GeV and

√
sNN = 200 GeV. At 200 GeV

where the measurement is so far the most precise, the obtained polarization of Λ and
Λ hyperons is 〈PΛ〉 = 0.277±0.040 (stat.) ± 0.039

0.049 (syst.) % and 〈PΛ〉 = 0.240±0.045
(stat.) ± 0.039

0.049 (syst.) % [10]. Moreover, one can measure global polarization of Ξ or
Ω hyperons. Results from the STAR experiment in Au-Au collisions at

√
sNN = 200

GeV are also presented in Fig. 1.5 and compared to the Λ polarization measurements.
The measured values are 〈PΞ〉 = 0.47± 0.10 (stat.) ± 0.23 (syst.) % for Ξ particles
and 〈PΩ〉 = 1.11 ± 0.87 (stat.) ± 1.97 (syst.) % for Ω particles and are consistent
with Λ hyperon polarization [26].

Figure 1.5: The global hyperon polarization PH as a function of collision
√
sNN for

Λ, Λ, Ξ and Ω particles [26].

In general, a decreasing trend of polarization with increasing energy of the collision
can be seen. The energy dependence of the Λ polarization can be described, for
example, by a multi-phase transport model (AMPT) [10]. These calculations also
predict that lighter particles having higher spin may be more polarized by the system
vorticity. The higher polarization for Ξ and Ω (multi-strange particles) could be
caused by their earlier time of freeze-out. The feed-down effect (contribution of non-
primary hyperons) reduces the measured polarization. This effect is more significant
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for Λ hyperons than Ξ and Ω hyperons [10].

The dependence of the global hyperon polarization on centrality of collision can
be seen in Fig. 1.6. The hyperon polarization is larger in the peripheral collisions
indicating the centrality dependence of the fluid vorticity [10].

Figure 1.6: The global hyperon polarization PH as a function of collision centrality
for Λ and Ξ particles in Au-Au collisions at

√
sNN = 200 GeV [26].
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Chapter 2

STAR experiment

In this chapter, the RHIC collider at BNL, the STAR experiment and the future
plans of the RHIC transition to a new EIC collider are described.

2.1 RHIC

Figure 2.1: A photo of the RHIC accelerators with positions of STAR and PHENIX
experiments indicated [27].

The Relativistic Heavy Ion Collider (RHIC) is a device at Brookhaven National
Laboratory (BNL) on Long Island in the USA. The beginning of this collider was
in the year 1983 during the Aurora meeting when was raised a task to prepare
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parameters of the future collider. The building started from tunnels (the ring shape
of approximately 3.8 km circumstance [28]) from the previous project Colliding
Beam Accelerator (CBA), formerly ISABELLE [29]. One of the first main goals of
the RHIC was to achieve low net baryon density in the central rapidity region [30].
The scheme of the RHIC can be seen in Fig. 2.1.

RHIC consists of two storage rings (yellow and blue) which cross at 6 interaction
points (IPs) [31]. In 2000 at RHIC, there were four experiments running: STAR
(6 o’clock position) that is still collecting data, PHENIX (8 o’clock position) that
finished operations in 2016, and two smaller detectors BRAHMS (2 o’clock position)
and PHOBOS (10 o’clock position) which were stopped in 2005. Currently, a new
detector sPHENIX is being built [32].

The RHIC can collide protons, heavy ions such as Au, Cu or U nuclei or unequal
species like p-Au, d-Au or 3He-Au. Furthermore, the proton beam can be polarized
[33], [34]. The center-of-mass (CMS) energies that can be reached by RHIC are
between 7.7 GeV and 200 GeV per nucleon for Au-Au collisions and up to 510 GeV
in the case of polarized protons. Overview of different species collided at different
CMS energies at RHIC until 2020 can be seen in Fig. 2.2.

Figure 2.2: A graph of collided species combination, CMS energies and luminosities
since 2000 [35].

2.2 STAR

The STAR experiment (Solenoidal Tracker At RHIC) was designed to measure
and investigate the properties of strongly interacting matter (QGP) [36]. Before the
upgrades of the STAR which were related to the Beam Energy Scan II (BES-II)
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[37] scheduled from 2019 to 2020, the STAR detector consisted of 18 subsystem,
examples of them can be seen in Fig. 2.3.

Figure 2.3: The layout of the STAR detector before the upgrade [42].

The Time Projection Chamber (TPC) [43] in the center of the STAR detector
reconstructs tracks, measures momenta and identifies species of produced particles.
The Particle IDentification (PID) is performed using information about particle
ionization energy loss (dE/dx) in the TPC gas. The length of the TPC is 4.2 m
and the outer diameter of the drift volume is 4 m. It covers approximately |η| < 1.8
units of pseudorapidity [43].

The Time of Flight (TOF) [44] detector is based on Multi-gap Resistive Plate
Chamber (MRPC) technology and it was installed in 2003. The TOF has a time
resolution . 100 ps. It covers −1 ≤ η ≤ 1 units of rapidity. The TPC and TOF
detectors are used together to separate some particle species. For instance, TPC
alone can not separate pions and protons for transverse momenta 2.0 . pT . 4.0
GeV and TOF has an overall problem with the separation of pions and proton [44],
[45].

The Barrel Electromagnetic Calorimeter (BEMC) [46] covers the TOF and TPC
detector and its acceptance is |η| < 1.0 in full azimuthal angle. The BEMC consists
of 120 calorimeter modules which are used for electromagnetic energy measurement.
It is also used to identify electrons and it can trigger on high-pT particles (e.g. jets,
leading hadrons, direct photons, and electrons) [46].

The solenoidal magnet with uniform magnetic field is located along the beam
direction. The strength of the magnetic field is 0.5 T [47]. The detectors TPC, TOF
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and BEMC are placed inside of the magnet.

The Beam-Beam Counter (BBC) [48] is composed of scintillators located around
the beam pipe on the east and west pole tips of the magnet. Both parts (annuli)
of BBC are 3.75 m from the center of the STAR detector. The BBC covers range
3.4 < |η| < 5.0 in full azimuthal range and it provides also a trigger for the polarized
proton measurements [48].

The Vertex Position Detector (VPD) [49] or currently pseudo Vertex Position
Detector (pVPD) integrated into the STAR trigger system provides the location of
the collision vertex. It consists of two detectors on the west and east side of the
STAR detector. Each of these parts is located immediately outside the beam pipe.
The data from pVPD are the input to the minimum-bias trigger for Au-Au collisions
[49], [50].

Figure 2.4: The layout of the STAR detector with highlighted upgraded parts such
as iTPC, EPD and eTOF [51].

The main goals of BES-I program were exploration of the QGP phase diagram,
search for the possible critical point of the QCD, and study of phase transition be-
tween hadronic and partonic matter [52]. The program was focused on collisions en-
ergies between 7.7 GeV and 19.6 GeV. However, the precision of some measurements
(e.g. the net proton kurtosis, the directed flow, and the dilepton production [51])
was insufficient to draw precise physics conclusions. Therefore, before the next stage
of BES (BES-II) the STAR detector underwent a couple of upgrades, namely the
following detectors were installed: inner Time Projection Chamber (iTPC), Event
Plane Detector (EPD), and endcap Time of flight detector (eTOF), as can be seen
in Fig. 2.4 [51].

The almost final data acquired in BES II program (2020) are gathered in Tab. 2.1.
As can be seen, the BES-II program has been very successful. Currently, the highest
priorities are to complete the second phase of BES-II and start with Cold QCD
forward physics program. The next plan is an exploration of the microstructure of
the QGP via soft and hard probes in 2023-25 [53].
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The fixed-target mode (FXT) at STAR extends the collision energy to lower values
(namely 4.59, 7.3, and 31.2 GeV/nucleon in 2019 [38] and 3.85, 5.75, 9.8, 13.5, 19.5,
44.5, 70 and 100 GeV/nucleon in 2020 and 2021 [39], [40]) and is a part of the BES II.
The position of the fixed target is 2.05 m west of the center of the STAR detector.
Thin gold foil (1 mm) is used as the target. Few days of running (1-2 days) at each
collision energy provides the sufficient statistics for BES II program [41].

Table 2.1: Summary of all BES-II and FXT Au-Au beam energies
√
sNN, related

baryon chemical potential µB, event statistics, run times, and date collected [53].

2.2.1 Event plane detector

This detector is described in more detail because it is used in this analysis.

The Event Plane Detector, which was fully installed and started gathering data
in 2018, is designed to measure the current of charged particles that are created
in heavy-ion collisions in range 0.7◦ < θ < 13.5◦ (2.14 < |η| < 5.09) with respect
to beam axis. This detector consists of two parts (east and west). Each of them
is segmented into 12 supersectors consisting of 31 tiles, as can be seen in Fig. 2.5.
All of the supersectors are connected by means of a bundle of 31 optical fibers
which proceed to a silicon photomultiplier (SiPM) evaluating the incoming light
and transferring it into electrical signal. Next, the signal is amplified and sent for
processing in the STAR digitizing and acquisition system [54].

In general, one of the detector wheels can be segmented into 16 so-called rings.
By one ring is meant a group of tiles lying in the same radius from the beam axis.

The event plane of a collision (see Chapter 4.1) is reconstructed via the azimuthal
pattern of charged particles. The species or origin of a particle is not important in
this case therefore the EPD does not have to be capable of particle identification.
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Figure 2.5: The scheme of EPD system where is depicted one of two EPD wheels
[54].

Additionally, the magnetic field of 0.5 T bending the measured charged particles does
not significantly affect the resulted event plane. Hence, all needed to be recorded by
the EPD is a single hit point of each particle.

The relativistic charged particles in EPD pass through the plastic scintillator
planes where they produce a signal. The measured signal distribution includes recog-
nizable peaks corresponding to each minimally ionizing particles (MIPs) traversing
the detector [54].

2.3 EIC

The Electron-Ion Collider (EIC) is a new planned construction at BNL in 2025
when the RHIC will be retired [55]. The EIC should start to operate in the early
2030s. The EIC will provide colliding polarized electrons with polarized light ions at
high intensities. The EIC was launched as an official project in December 2019 when
it was granted Critical Decision Zero (CD0) [56]. The estimated cost for the EIC is
between 1.6 and 2.6 billion dollars and it should be constructed over ten years [57].

The future EIC will have to meet following requirements [56]:

• Polarized protons and electrons at a level of ∼ 70%

• The wide-ranging scale of ions from deuteron to uranium

• The CMS energies from 20-100 GeV for e-p collisions with the possibility of
upgrades up to 140 GeV

• The value of electron-nucleon luminosity at least 1033 − 1034 cm−2·s−1
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Figure 2.6: The scheme of the planned EIC accelerator [56].

The schematic of the EIC can be seen in Fig. 2.6 where the new additional Electron
Storage Ring (cyan color), Polarized Electron source, Injector Linac and Electron
Cooler are shown.

The new properties if colliding beams (electron-electron) also require a new suit-
able detectors. The EIC program can be completed by studying the inclusive, semi-
inclusive and exclusive processes of electron-light/heavy nucleons, and polarized
electron-light nuclei collisions. A proposal of central detector design meeting all
requirements is shown as a 3D model in Fig. 2.7.
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Figure 2.7: An illustration of a generic EIC concept detector [56].

The required pseudorapidity coverage of the concept detector is |η| < 3.5. Then it
has to be able to precision tracking (resolution of 20 µm for all coordinates) and p-
measurement (2% resolution for pT > 0.1 GeV/c), electron and hadron identification,
and jet energy measurements [56].
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Chapter 3

Dataset and reconstruction of
Lambda hyperons

In this chapter, a description of the analyzed dataset, Λ hyperon, Kalman filter,
and used selection criteria for Λ and Λ reconstruction will be discussed.

3.1 Dataset

In this work, data from Au-Au collisions at
√
sNN = 27 GeV from the STAR

experiment are used. This dataset was produced in 2018 and its production tag is
P19ib [58]. The used library is TFG21g which is the abbreviation of Tracking Focus
Group, 21 indicates the year 2021 and the letter g describes the version. The overall
number of events processed in this analysis is 6.068·107.

Λ and Λ particles are reconstructed using the Kalman filter described in more de-
tail in the following section. In the Λ and Λ reconstruction, only the reconstructed
particles with pT > 0.5 GeV/c are included. The particles are divided into 9 central-
ity bins (CID) describing different centrality ranges C, see Tab. 3.1, where CID = 0
are most peripheral and CID = 8 most central collisions.

CID 0 1 2 3 4 5 6 7 8
C [%] 80-70 70-60 60-50 50-40 40-30 30-20 20-10 10-5 5-0

Table 3.1: Division of centrality bins CID and related centrality ranges C.

3.2 Kalman filter

The Kalman filter (named after the Hungarian scientist Rudolf Emil Kálmán
[59]) is a method used to optimally estimate particle traces. In principle, this filter
performs prediction, and then it continues with a filter step.
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The first step consists of extrapolation of the state vector to the subsequent k-th
level of the detector. The state vector ~r is a vector of real independent numbers
s1,..., sn describing for instance position (x, y, z), momentum (px, py, pz), and energy
E of the measured particle as follows

~r = (s1, s2, s3, s4, s5, s6) = (x, y, z, px, py, pz, E). (3.1)

First, one estimates approximation of the state vector in the first surface in the
detector which measured the wanted particle. One denotes this state vector as r0

and the related covariance matrix C0 can be chosen as

C0 = I · A (3.2)

where I is an identity matrix and A is an arbitrary large positive number. Then
the algorithm proceeds to the next surface. In general, the state vector ~r is changed
between k-th and (k + 1)-th surface as follows

~rk+1 = Ak+1~rk + ~ηk+1 (3.3)

where Ak is a linear function (a matrix) describing the change of the state vector,
called extrapolator and ~ηk is a random variable related to the noise of the measure-
ment, such that

〈~ηk〉 = 0, (3.4)

and is described by a covariance matrix

Qk = 〈~ηk · ~ηTk 〉. (3.5)

After that, one proceeds to the next (k + 1)-th surface of the detector. If the new
state vector ~r(k+1) is different then the current estimation of the ~k is changed in the
following way

~̃rk+1 = Ak+1~rk (3.6)

C̃k+1 = Ak+1CkA
T
k+1 +Qk+1 (3.7)

where ~̃rk+1 and C̃k+1 are an estimation of the state vector and the covariant matrix
with respect to the previous k measurements, respectively [59].

In the filter step, the best estimation of the state vector according to all surfaces
which have been already analyzed is chosen, i.e. first k+ 1 measurements. Then the
algorithm proceeds to the next surface and the process is repeated [60].

An example of the reconstruction of particle track in 2D space is shown in Fig. 3.1
where the significant improvement of estimation with the increasing number of mea-
surements with respect to the initial one can be seen.
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Figure 3.1: Scheme of the track fit where measured values are labeled as green dots,
the state vector as white dots and the real track of particle as the red curve [60].

In general, this method includes following advantages [61]:

• No large matrices are included.

• Time of computation is proportional to the number of surfaces detecting the
particle.

• The estimated track is not just extrapolation of the initial measured state
vector. The reconstructed track is close to the real one.

• No requirement of linearity for all points of tracks, but only for the adjacent
points.

• Optimal extrapolation of the track in foregoing and following detectors (calorime-
ters, vertex detectors, etc.).

Specifically, the KF particle finder (KFPF) package used in this analysis was first
developed for CBM (Compressed Baryonic Matter) experiment. In 2012, the KFPF
had implemented about 50 decay channels containing resonances, strange particles,
multi-strange hyperons and charmed particles [62]. Currently, the KFPF includes
above 100 decay channels, see Fig. 3.2, and it was successfully adapted to the STAR
detector thanks to its geometry independence. The KFPF is able to estimate a wide
range of parameters, such as position of particle decay, momentum, energy, mass,
decay length and lifetime including their uncertainties [9], [63].

The package is written in ROOT which is an object oriented framework for data
analysis written in C++. It was created for CERN where the amount of produced
data was too enormous for any other programs (e.g. FORTRAN) [64].
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Figure 3.2: Block diagram of decay channels included in KFPF package [9].

3.3 Lambda hyperon

Figure 3.3: The lambda hyperon

Lambda particle (Λ) was discovered in 1950 by Anderson’s group at Cal Tech.
It is classified as a hyperon (i.e. baryon containing at least one strange quark and
no heavier quarks) and a V-particle because its decay resembles a "V" shape in a
bubble chamber [65].

Particle Λ and its antiparticle Λ consist of u, d and s-quark and u, d and s-quark,
respectively. It is called a strange particle due to the relatively long mean lifetime
τ = (2.632 ± 0.020) × 10−10 s [25] which was inexplicable in the time of discovery
[66]. Its mass is mΛ = (1115.683± 0.006) MeV [25] and it has no electric charge. It
is a fermion because of the spin 1

2

+. Izospin is zero. The main decay channels of Λ
hyperon are included in Tab. 3.2.
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Γi Fraction (Γi/Γ)
Λ→ p+ π− (63.9± 0.5) %
Λ→ n+ π0 (35.8± 0.5) %
Λ→ n+ γ (1.75± 0.15)× 10−3

Table 3.2: First three decays modes of Λ hyperon [25].

The Λ hyperons can be found in nucleus. Such nuclei are called hypernuclei. These
single- or double-Λ hypernuclei provide new information about strange hadronic
matter and nΛ, pΛ and ΛΛ interaction [67].

3.3.1 Reconstruction of Λ hyperon via KFPF

The Λ and Λ particles are reconstructed by means of the KF particle finder via
the decay channels Λ → p + π− and Λ → p + π+, respectively. However, not all of
the reconstructed particles are real Λs (Λs). The so-called fake Λs are combinato-
rial background of random proton-pion pairs which can approach each other by a
coincidence and they seem like the daughter of one particle. Therefore, for the Λ
reconstruction, it is necessary to apply some selection criteria (see Fig. 3.4). Often
used topological variables are:

• Proton to pion DCA1 - maximum of acceptable DCA between daughter par-
ticles. The larger proton to pion DCA the more probably the particles are not
from Λ decay.

• Λ decay length - minimum distance between the primary vertex and the decay
point. The Λ decay point is expected to be displaced from the primary vertex.

• Proton/pion DCA - minimum of acceptable DCA between the primary vertex
and the daughter particle. Particles that are close to the primary vertex could
come from the different particle decays or they can be primary.

• Λ DCA - maximum of acceptable DCA between the primary vertex and the
reconstructed track of Λ. The remoter Λ are probably not primary but can
come from feed-down.

The topological KFPF selection criteria used in this analysis are gathered in
Tab. 3.3 where dmax is maximum DCA between daughter particles, χ2

fit is χ2 of
fit of daughter particle tracks describing whether the uncertainties of their trajecto-
ries are acceptable2, χ2

topo is χ2 of the distance between the production point of the

1DCA - distance of closest approach
2The χ2 for n measured values is defined as

χ2 =

n∑
i=1

(
xi − µi

σi

)2

(3.8)

where xi, µi and σi are the i-th measured and fitted value and its standard deviation, respectively.

35



Λ

π-

p

B

Proton to

pion DCA

Primary
vertex

Λ DCA
Reconstructed track

Proton DCA

Pion DCA

Figure 3.4: Scheme of a decay of Λ hyperon into related proton and pion in a magnetic
field of detector.

mother particle and the primary vertex, l is a decay length of the mother particle, dl
is the uncertainty of the decay length, and χ2

prim is criterion to distinguish between
secondary and primary particles which is defined as

χ2
prim = ∆~rT(Ctrack + CPV )−1∆~r (3.9)

where ∆~r is difference between the primary vertex position and the track, Ctrack is
a covariance matrix of the reconstructed track and CPV is a covariance matrix of
the reconstructed primary vertex position [68].

dmax [cm] χ2
fit l [cm] l/dl χ2

topo χ2
prim

<1 <10 >5 >5 <5 >18.6

Table 3.3: Default KFPF selection criteria. See text for more details.

Nevertheless, some secondary Λ hyperons are reconstructed as well. By secondary
particle one means Λ hyperons which are daughter of heavier particles, e.g. Σ+,
Σ0, Σ−, Ω−, Ξ0, Ξ−, etc. [25]. As was already mentioned in subsection 5.2.1, these
daughter Λ hyperons as well as the fake ones can influence the measured global Λ
polarization. The Λ (Λ) are reconstructed using an invariant mass method - pairing
of all identified pion and proton candidates.

The invariant mass of Λ (Λ) candidates was fitted by a double Gaussian distribu-
tion

G(x) = A1 exp

[
−1

2

(
x− µ1

σ1

)2
]

+ A2 exp

[
−1

2

(
x− µ2

σ2

)2
]

(3.10)

where A1,2 are amplitudes, µ1,2 and σ1,2 are the mean values and the standard
deviations of the related Gaussian distribution, respectively. The overall mean value
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of the Λ signal is estimated as follows

µ =
A1µ1σ1 + A2µ2σ2

A1σ1 + A2σ2

(3.11)

and the overall standard deviation is

σ =

√
A1σ1(σ2

1 + µ2
1) + A2σ2(σ2

2 + µ2
2)

A1σ1 + A2σ2

− µ2. (3.12)

The background of the Λ (Λ) candidates was fitted by the polynomial of the second
order

pol2(x) = ax2 + bx+ c. (3.13)

The double Gaussian distribution G(x) was fitted in the invariant mass range
1.10 GeV/c2 < Minv < 1.13 GeV/c2 and the background pol2(x) in the full range
except 1.11 GeV/c2 < Minv < 1.12 GeV/c2. These ranges were used as initial values
for the final fit of the invariant mass by G(x) + pol2(x).

The background yield B is defined as

B =

∫ µ+3σ

µ−3σ
pol2(x) dx
bw

(3.14)

where bw is the bin width. The signal yield was computed as follows

S =

∫ µ+3σ

µ−3σ
G(x) dx
bw

. (3.15)

The signal-to-background yield ratio S/B is just their proportion. The related un-
certainties are computed via ROOT function IntegralError.

An example of the above-mentioned procedure can be seen in Fig. 3.5. To evaluate
the quality of the fit, the pull distribution gi(x) is used, defined as

gi(x) =
xi − f(xi)

σ(xi)
(3.16)

where xi is the i-th measured value, f(xi) = G(xi) + pol2(xi) and the σ(xi) is the
uncertainty of the fit.
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Figure 3.5: The invariant mass distribution of Λ hyperon candidates with pT > 0.5
GeV/c for centrality bin 60-70% where N is number of all reconstructed candidates,
S is signal yield, B is the background, S/B is their ratio. For more detail see text.
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Chapter 4

Reconstruction of the first order
event plane

In this chapter, the event plane, steps needed for its reconstruction, the computa-
tion of its resolution, and different corrections will be discussed.

4.1 Event plane

One of the important ingredients to compute the Λ polarization is determination
of the so-called event plane (EP). The event plane is closely related to the reaction
plane (RP) which is illustrated in the Fig. 4.1 and which is defined by two vectors:
direction of the beam (z-axis) and the impact parameter ~b. The angle of the reaction
plane ΨR with respect to the laboratory axis can not be measured directly because
the impact parameter cannot be measured directly. One can say that the event plane
is an experimental estimation of the RP.

Figure 4.1: The scheme of the reaction plane in a non-central collision of two nuclei
where ~b is the impact parameter and ΨR is an angle of the reaction plane. [69]

The resolution of the EP is limited by the finite number of produced particles
and the fluctuations of their multiplicity for the fixed orientation of EP [70]. Hence,

39



the difference between RP and EP. One way to determine the EP is by using the
so-called event flow vector ~Qn (or Q-vector) which is defined as follows

~Qn =

(
Qx

Qy

)
=

(∑
iwi cosnφi∑
iwi sinnφi

)
(4.1)

where φi is the azimuthal angle of i-th produced particle and wi is an associated
weight. The most common choice of this weight maximizes the EP resolution. The
event plane angle Ψn of the n-th harmonic (or the n-th order) can be obtained by
equation

Ψn =
arctan

(
Qy

Qx

)
n

=
arctan

(∑
i wi sinnφi∑
i wi cosnφi

)
n

. (4.2)

It should be noted that n-th EP angle Ψn lies in the range of 〈0; 2π/n) [71].

The EPD detector at STAR (see Chapter 2.2.1) can be used for the reconstruction
of the EP. There one can choose the weights wi as follows

wi =


0 nMIP < Min

nMIP Min ≤ nMIP < Max
Max nMIP ≥Max

(4.3)

where nMIP is the number of minimum ionizing particles which have two thresh-
olds, i.e. Min = 0.3 because of a dark signal and Max = 3 to suppress Landau
fluctuations.

The nMIP can be computed from ADC (analog-to-digital converter) signal which
is measured on each tile in the EPD. If one assumes a linear dependence of the
particle energy loss E in the scintillator on the ADC value, then

E = G · (ADC +O) (4.4)

where G is a gain and O is a offset. Both of these constant values have to be
calibrated. However, energy loss is not the point of interest in this case. The wanted
information is the number of particles, which can be obtained as

nMIP =
ADC +O

MPV
(4.5)

where MPV is the most probable value for the one MIP Landau distribution [72].

In ideal case, the EP can be obtained by Eq. (4.2). Nevertheless, the EPD’s tiles
do not have the same sensitivity and there are also other effects which can negatively
influence the reconstruction of the EP, therefore one can use additional corrections
to improve the resolution of the EP:

• Phi-weighting - different weights for each EPD’s tiles

– Ring-weighting - different weights of signal w.r.t. ring or ring groups of
the EPD

– Eta-weighting - different weights of signal w.r.t. pseudorapidity of the
produced particles

• Recentering - the Q-vectors are averaged over large sample of events [73].

• Psi-shifting - flattening of the EP distribution

40



4.1.1 Phi-weighting
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Figure 4.2: Comparison of raw Ψ1 and phi-weighted Ψ1 distribution for Au-Au col-
lisions at energy

√
sNN = 27 GeV where Rw is the ring-weighting and Ew is the

eta-weighting.

The measured Ψ1 distribution has to be isotropized which can be done by a so-
called phi-weighting correction which is trivial to introduce in the case of a finite-
element system (e.g. EPD). One assumes an azimuthal angle symmetry of the par-
ticle flux for each ring of the EPD in case the measured signal is averaged over a
large sample of events. The next assumption is the proportionality of the measured
signal on each detector tile to the flux in an event. As a reminder, the measured
ADC signal from EPD is proportional to the chosen weight wi in Eq. (4.2) except
the lowest and the highest values. One can consider the anisotropy of dwi/dφ as an
inefficiency which can be corrected by bk coefficients which depend on the azimuthal
angle φ and on the tile in case of the EPD. The bk coefficient is introduced as follows

bk,r ≡
〈wk〉k
〈〈wk〉k〉r

(4.6)

where k and r denote k-th tile and the ring related to k-th tile of the EPD, respec-
tively, and the angle brackets 〈. . . 〉k or r denote the mean value for k-th tile or all
tiles in the ring r for a large sample of events. The corrected w′k is then

w′k =
wk
bk
. (4.7)

The scattering of the produced particles in the upstream material of the detector
is the main source of the observed anisotropy. The scattering causes a multiplying
effect, i.e. the number of the observed particles can be greater than their real number
(bk > 1). As was shown, this correction is strong tool enough that the reasonable
results can be obtained without any other corrections [74].
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An example of using the phi-weighting of the Ψ1 distribution can be seen in Fig.
4.2 where just 4 inner rings (see paragraph 4.1.2 Ring-weighting) for ring-weighting
(Rw) were considered.

4.1.2 Ring-weighting

This method considers different weights for each ring or ring-groups (RGs) of
EPD. It was shown for Au-Au collisions at 27 GeV that each ring is correlated with
the adjacent rings at the value of a few percent and that the inner first 5 rings are
most correlated through the entire group [75]. The outer rings (12 - 16) are also
correlated with each other but they are anticorrelated with the inner group of rings.
These observation are related to flow and antiflow of spectators and participants,
respectively. The intermediate rings (6 - 11) can be described as a transition region
and they weakly correlate with the inner and outer rings [75].

One can introduce the ring weights Zr into Eq. (4.2) for n = 1 as follows

Ψ1 = arctan


16∑
r=1

Zr
∑
i∈r

wi sinφi

16∑
r=1

Zr
∑
i∈r

wi cosφi

 . (4.8)

where some weights Zr can be chosen for instance as zero in order to neglect some
problematic rings. This correction may be used just for the first iteration and then
instead of them the eta-weighting can be used.

The most optimal set of Zr can be found by maximizing the resolution of the event
plane, see Eq. 4.21, or minimizing following value

ξ = 1−
√
〈cos[(ΨE

1 −ΨW
1 )]〉 (4.9)

where we consider first-order EP and E and W denote east and west wheel of the
EPD, respectively. The square root in the Eq. 4.9 can be omitted because the resolu-
tion is a positive value and the square root is an increasing function for these values.
This problem is suited for the CERN library MINUIT (Function Minimization and
Error Analysis [76]). Actually, only the relative weights Zr between rings or RGs are
important to the analysis, thus one of the weight can be chosen as 1.

4.1.3 Eta-weighting

Alternatively to the ring-weighting, more general eta-weighting can be used. In
this case we consider v1 depending on the centrality C and pseudorapidity η as a
weight for the measured particles in the EPD. The easiest way how to capture both
of the mentioned dependencies is to divide the data with respect to the centrality
of collisions and then fit the v1 dependence on η with the polynomial of the third
order

v1(η, C) = aη3 + bη2 + cη + d. (4.10)
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The quadratic coefficient b can be neglected because it is always approximately zero
and the constant coefficient d is usually negative and low with respect to the other
terms in Eq. 4.10 thus can be also neglected [77]. Hence, the final weight for particles
is

v1(η, C) = aη3 + cη. (4.11)

However, the knowledge of the v1 is needed for this type of weighting. Therefore, the
optimal way to compute the angle of EP Ψ1 using this correction is to use the ring-
weighting for the first iteration (for instance there one can consider just the inner
rings), to compute the a and c coefficients, and after that to use the eta-weightings.
In fact, there is nothing like a wrong choice of weights because the worse choice just
provides a worse resolution.

4.1.4 Psi-shifting

The main goal of this correction is to flatten the Ψ1 distribution. The corrected
Ψ′1 can be introduced as

Ψ′1 = Ψ1 + ∆Ψ1 (4.12)

where the term ∆Ψ1 is defined as

∆Ψ1 =
∑
n

[An cos(nΨ1) +Bn sin(nΨ1)] . (4.13)

As can be seen from the Eq. (4.12), Ψ1 is fully corrected when the term ∆Ψ1 equals
zero. Hence, the terms in the Eq. (4.13) are subtracted from each other for all n or
alternatively

An = − 2

n
〈sin(nΨ1)〉 (4.14)

Bn =
2

n
〈cos(nΨ1)〉, (4.15)

where the angle brackets 〈. . . 〉 denote the mean value for a large sample of events.
Consequently, the Eq. (4.12) can be expressed as

Ψ′1 = Ψ1 +
∑
n

2

n
(−〈sin(nΨ1)〉 cos(nΨ1) + 〈cos(nΨ1)〉 sin(nΨ1)) . (4.16)

Frequently, the sum is computed up to the fourth harmonic (n = 4) because the
higher terms are mostly too low to have any effect on the RP resolution [78]. To
reach the flattest Ψ1 distribution it is good to use this correction more times in
iterations.

An example of applying the psi-shifting together with the phi-weighting on the Ψ1

distribution can be seen in Fig. 4.3 where just 4 inner rings for ring-weighting (Rw)
were considered.
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Figure 4.3: Comparison of raw Ψ1 and phi-weighted + psi-weighted Ψ1 distribution
for Au-Au collisions at energy

√
sNN = 27 GeV where Rw and Ew mean ring-

weighting and eta-weighting, respectively.

4.1.5 Recentering

This correction can be perceived as normalization of the measured Q-vectors and
it is more practical than the other because it provides zero average of the Q-vectors.
It can deal with the situation that some part of the detector does not work but it is
less sensitive to strong acceptance variations [73].

The normalization depends on the used corrections. In the case of all corrections
(phi-weighting, psi-shifting and ring- or eta-weighting), the normalized Q′1-vector
has following form

~Q′1 =
~Q1∑

i

Ziw
′
i

(4.17)

where Zi is ring- or eta-weight of i-th particle and w′i denotes phi-weight corrections.
If one does not consider ring- or eta-weighting and phi-weighting then for all i Zi = 1
and w′i = wi, respectively.

4.1.6 Summary of the corrections

In this analysis, all of the above-mentioned corrections are used. The recentering
is performed always including the raw data. The final EP Ψ1 angles used for the
global Λ polarization computation is presented in Fig. 4.3. It includes: 4 iterations
including recentering, phi-weighting, eta-weighting, and psi-shifting.
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4.2 Resolution of the event plane

As it was already mentioned, the finite multiplicity of the produced particles limits
the accuracy of the EP estimation. The EP resolution for n harmonic is defined by

Rn = 〈cos [n(Ψn −ΨRP)]〉 (4.18)

where the angle brackets 〈. . . 〉 denote the mean value for a large sample of events.
The right side of Eq. (4.18) can be computed as follows

Rn(χ) =

√
2

2
χ exp

(
−χ

2

2

)[
In−1

2

(
χ2

2

)
+ In+1

2

(
χ2

2

)]
(4.19)

where Ik is the modified Bessel function of the first kind and the dimensionless
parameter χ is

χ = vn
√
N (4.20)

where vn is the n-th order flow coefficient and N is the multiplicity of produced
particles [73]. The dependence of R1 on χ can be seen in Fig. 4.4. One can estimate
the EP resolution by dividing the full event into two independent sub-events A and
B with equal multiplicity. The resolution of the sub-events has following form

Rn,sub =
√
〈cos[n(ΨA

n −ΨB
n )]〉, (4.21)

i.e. the square root of the above-mentioned correlation because both of sub-events
are positively correlated. This is based on the fact that each sub-event is correlated
with the RP [79]. The coefficient χsub can be computed from Eq. (4.19) for a given
Rn,sub by iteration. Then the last step to get the full EP resolution is following

Rn,full = R(
√

2χsub) (4.22)

where the Eq. (4.19) is used.

Figure 4.4: The event plane resolution of n-th (n = km) harmonic of the particle
distribution with respect to χm = vmσ = vm

√
N where N is multiplicity of the

produced particles and σ its standard deviation [79].
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If the first order EP resolution is low (<0.5) then the Eq. (4.22) is approximately

R1,full ≈
√

2Rsub (4.23)

because the parameter χ is proportional to
√
N and the full event consists of two

times more particles than the sub-event [73]. However, in this work, the full Eq.
(4.22) is preferred.

An example of the first order EP resolution for Au-Au collisions at energy
√
sNN =

27 GeV can be seen in Fig. 4.2 where just 4 inner rings for ring-weighting (Rw) were
considered.
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Figure 4.5: Comparison of the resolution of the first order event planes R1 with
respect to centrality of collisions including recentering, phi-weighted, psi-shifting,
ring-weighting (Rw), and eta-weighting (Ew) for Au-Au collisions at energy

√
sNN =

27 GeV. The results are for 4 iterations.

The final distribution used in this analysis is the 4th iteration which is related to
the 4th iteration in Fig. 4.3.
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Chapter 5

Daughter proton angular distribution
and global lambda polarization

In this chapter, analysis of Λ (Λ) polarization via daughter proton angular distri-
bution and the manners to extract global Λ (Λ) polarization will be described.

Recall, that the global Λ (Λ) polarization can be computed as follows

PH =
8

παH

〈sin
(
Ψ1 − φ∗p

)
〉

R1

(5.1)

where Ψ1 is the first order event plane, R1 is its resolution and φ∗p is azimuthal angle
of the daughter particle in the rest frame of mother hyperon.

The computed resolutions R1 for Au-Au collisions at energy
√
sNN = 27 GeV

and for pT > 0.5 GeV/c are introduced in Tab. 5.1. Next, one considers the decay
constants αΛ = 0.732 ± 0.014 and αΛ = −0.758 ± 0.010 for Λ and Λ, respectively
[25].

C [%] 80-70 70-60 60-50 50-40 40-30 30-20 20-10 10-5 5-0
R1 0.2286 0.3173 0.4074 0.4643 0.5028 0.5056 0.4525 0.3520 0.2140

Table 5.1: The resolution of the first order EP R1 for each centrality range C.

5.1 Proton angular distribution

To obtain the Λ (Λ) polarization, one has to reconstruct the angular distribution
of daughter baryons, φ, which has to be boosted to the rest frame of the mother
particle φ∗. Then one uses the angle of the reconstructed event plane (see Chapter
4.1) to find the angular distribution with respect to the event plane of the collision
(Ψ1 − φ∗). Together with the computed resolution of the event plane R1 in Fig. 4.5
one has all values needed for the global polarization in Eq. (1.5)

Raw φ distributions of daughter protons (antiprotons) from Λ (Λ) decays as a
function of their azimuthal angle in the laboratory frame for Au-Au collisions at
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Figure 5.1: The angular distribution of daughter protons (p) and antiprotons (p) for
Au-Au collisions at

√
sNN = 27 GeV.

energy
√
sNN = 27 GeV can be seen in Fig. 5.1. The periodic minima observed in

the proton and antiproton distribution are related to the construction of TPC that
is segmented and some parts of it have low sensitivity.

The next step is the boost of the daughter protons (antiprotons) to the rest frame
of the mother Λ (Λ) particle. This can be done using following equations


E ′

p′x
p′y
p′z

 =


γ −γβx −γβy −γβz
−γβx 1 + (γ − 1)β

2
x

β2 (γ − 1)βxβy
β2 (γ − 1)βxβz

β2

−γβy (γ − 1)βyβx
β2 1 + (γ − 1)

β2
y

β2 (γ − 1)βyβz
β2

−γβz (γ − 1)βzβx
β2 (γ − 1)βzβy

β2 1 + (γ − 1)β
2
z

β2

 ·

E
px
py
pz

 (5.2)

where E is energy of the particle, ~p = (px, py, pz) is its momentum, ~β = (βx, βy, βz) =
(vx, vy, vz) is velocity of the mother particle and γ = 1√

1−β2
. The angle of the boosted

daughter particle is then

φ∗ = arctan

(
p′y
p′x

)
. (5.3)

The angular distribution of daughter protons (antiprotons) in the rest frame of
their mother particle is presented in Fig 5.2.
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C [%] 80-70 70-60 60-50 50-40 40-30 30-20 20-10 10-5 5-0
a 0.1608 0.1600 0.1600 0.1595 0.1457 0.1369 0.1092 0.0772 0.0700
c -1.950 -1.900 -1.850 -1.706 -1.438 -1.340 -1.045 -0.717 -0.700

Table 5.2: The cubic a and linear c coefficients for centrality ranges C used in eta-
weighting.

The next step is to obtain the angular distribution of the boosted daughter par-
ticles with respect to the event plane Ψ1 − φ∗, as can be seen in Fig. 5.3. The
reconstructed EP includes phi-weighting, psi-shifting, recentering and eta-weighting
with parameters gathered in Tab. 5.2, see Chapter 4.1 for more details.
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Figure 5.2: The angular distribution of daughter protons (p) and antiprotons (p) in
Λ (Λ) rest frame φ∗ for Au-Au collisions at

√
sNN = 27 GeV.

The linear and cubic parameters in Tab. 5.2 are from previous analysis by STAR
[80]. As was mentioned in Chapter 4.1, these parameters are related to the flow
coefficients v1 which are different for each centrality range.

The final distribution Ψ1 − φ∗ can be used in Eq. (5.1) to compute the global
polarization of Λ (Λ). However, the polarization is contaminated by the background.
Therefore, the invariant mass method or event plane method are applied in order to
subtract the background contribution.

49



-3 -2 -1 0 1 2 3
Ψ1 − φ∗ [rad]

500

502

504

506

508

510

512

514

516 ×103
C
ou

nt p∗
p∗(×3)

Boosted daughter proton w.r.t. EP distribution

Figure 5.3: The angular distribution of daughter protons (p) and antiprotons (p)
in Λ (Λ) rest frame φ∗ with respect to the angle of EP Ψ1 for Au-Au collisions at√
sNN = 27 GeV.
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5.2 Results of global Λ hyperon polarization

5.2.1 Invariant mass method

N

Minv

fbg(Minv)=

s(Minv)

b(Minv)

s(Minv)
b(Minv)

Figure 5.4: Schematic of the invariant mass of reconstructed candidates where
fBg(Minv) is a background fraction, s(Minv) = G(Minv)+pol2(Minv) is the measured
signal and b(Minv) = pol2(Minv) is the background.

As was mentioned, the reconstruction of Λ hyperons has a residual background
contamination. Some of the reconstructed Λs are not real Λs which influences the
measured polarization, in particular the term 〈sin

(
Ψ1 − φ∗p

)
〉 in Eq. (1.5). The mean

measured value of the sine term can be written as

〈sin (Ψ1 − φ∗p)︸ ︷︷ ︸
∆φ

〉 = [1− fBg(Minv)] · 〈sin(∆φ)〉Sg + fBg(Minv) · 〈sin(∆φ)〉Bg (5.4)

where fBg(Minv) is the background fraction, see Fig. 5.4, 〈sin(∆φ)〉Sg is the polar-
ization signal for (Λ) and 〈sin(∆φ)〉Bg is the polarization of the background [81].

The first step is to fit the invariant mass distribution for each centrality bin as
was already described, see Fig. 3.5. The fit parameters A1, A2, σ1, σ2, µ1, µ2, a, b, and
c were used to compute the fBg(x) fraction as a function of the invariant mass.

Next, the 〈sin
(
Ψ1 − φ∗p

)
〉 was computed for each invariant mass bin and fitted with

function in Eq. (5.4). An example of the fitted distribution for 30-50% centrality bins
is shown in Fig. 5.5. The computed values of the polarization contributions of signal
and background for Λ and Λ are gathered in Tab. 5.3.
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Figure 5.5: The measured 〈sin(∆φ)〉 as a function of on the invariant mass of Λ
candidates in the centrality range 30-40%, fitted with the function in Eq. 5.4. See
text for more details.

〈sin(∆φ)〉Sg [10−4] 〈sin(∆φ)〉Bg [10−4]

C [%] Λ Λ Λ Λ
80-70 3.87 ± 14.5 -10.2 ± 26.3 -58.3 ± 78.6 -134 ± 113
70-60 1.98 ± 8.98 0.8 ± 15.9 -13.0 ± 56.1 -53.4 ± 75.5
60-50 7.09 ± 6.09 -8.1 ± 10.8 -10.0 ± 41.5 7.4 ± 53.1
50-40 8.46 ± 4.25 -10.23 ± 7.63 16.8 ± 29.2 -36.0 ± 37.9
40-30 8.79 ± 3.14 -18.74 ± 5.74 9.8 ± 20.6 -14.9 ± 27.6
30-20 5.75 ± 2.43 -15.02 ± 4.53 15.5 ± 14.9 -16.3 ± 20.7
20-10 4.54 ± 1.96 -9.50 ± 3.71 3.6 ± 10.6 -23.0 ± 15.7
10-5 4.48 ± 1.79 -9.33 ± 3.41 8.08 ± 9.29 -23.8 ± 13.8
5-0 3.48 ± 1.60 -10.16 ± 3.10 3.69 ± 7.65 -18.8 ± 11.7

Table 5.3: The polarization contribution of the signal 〈sin(∆φ)〉Sg and of the back-
ground 〈sin(∆φ)〉Bg for Λ and Λ with pT > 0.5 GeV/c in Au-Au collision at√
sNN = 27 GeV for each centrality range C.

The values of the global polarization of Λ and Λ as a function of centrality com-
puted from Eq. (5.1) can be seen in Tab. 5.4. These results for Λ and Λ are consistent
within uncertainty, cf. Fig. 5.6, however there is a hint of larger Λ polarization for
centrality C < 40%.
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Figure 5.6: The global Λ and Λ hyperon polarization PH as a function of centrality
C for Au-Au collisions at

√
sNN = 27 GeV where the invariant mass method (IMM)

is used. Results for Λ are slightly shifted to the right for clarity.

C [%] PΛ [%] PΛ [%]
80-70 0.59 ± 2.21 1.50 ± 3.86
70-60 0.217 ± 0.984 -0.08 ± 1.68
60-50 0.606 ± 0.520 0.664 ± 0.889
50-40 0.634 ± 0.318 0.740 ± 0.552
40-30 0.608 ± 0.217 1.252 ± 0.383
30-20 0.395 ± 0.167 0.998 ± 0.301
20-10 0.349 ± 0.151 0.705 ± 0.276
10-5 0.442 ± 0.176 0.890 ± 0.326
5-0 0.566 ± 0.261 1.595 ± 0.487

Table 5.4: The global Λ and Λ hyperon polarization PΛ and PΛ as a function of
centrality C for Au-Au collisions at

√
sNN = 27 GeV where the invariant mass

method (IMM) is used.
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5.2.2 Event plane method
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Figure 5.7: The measured signal yield S as a function of ∆φ for Λ candidates in the
centrality range 30-40%, fitted with the function in Eq. 5.5 where one considers first
term of the sum (blue line) and without the sum terms (green line). See text for
more details.

The event plane method is mainly used in flow analysis; however, it can be used
for the polarization measurements as well. First, one counts the number of Λ and Λ
(signal yield S) for each ∆φ = Ψ1−φ∗p bin and for each centrality bin C. The width
of the ∆φ is chosen as π/3. Then the Λ yield is fitted by the function

p0

[
1 + 2p1 sin(∆φ) + 2

k∑
n=2

pncos(n∆φ)

]
(5.5)

where the value p1 is the wanted 〈sin
(
Ψ1 − φ∗p

)
〉 value [10], [82]. An example can be

seen in Fig. 5.7. The fit was done for two different versions of Eq. 5.5. First, just the
first terms of the sum (k = 2) were considered. The related fitted values are labeled
as pn. In the second case, the sum in Eq. 5.5 is neglected and the related fitted values
are labeled as pn,2. The results show that one can consider just the first term with
sinus in Eq. 5.5 for simplification, as the pn values are the same in both cases. The
second and higher order cosine terms pn (n ≤ 2) are related to the flow coefficient
vn. Hence, the fit with the cosine term describes the data better. However, the p2

54



has a opposite sign contrary to expected elliptic flow v2 which could be caused by
the decay kinematics and STAR acceptance effects [82].
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Figure 5.8: The global Λ and Λ hyperon polarization PH as a function of centrality
C for Au-Au collisions at

√
sNN = 27 GeV where the event plane method (EPM) is

used. Results for Λ are slightly shifted to the right for clarity.

Λ Λ
C [%] p1 [10−4] p1,2 [10−4] p1 [10−4] p1,2 [10−4]
80-70 3.24 ± 14.0 3.47 ± 13.6 7.3 ± 25.1 7.0 ± 24.5
70-60 0.94 ± 11.14 1.3 ± 10.8 10.4 ± 19.3 10.0 ± 18.8
60-50 16.94 ± 8.05 16.41 ± 7.81 -12.9 ± 14.1 -12.2 ± 13.8
50-40 10.40 ± 5.73 9.94 ± 5.57 -15.5 ± 10.4 -15.3 ± 10.1
40-30 14.11 ± 4.48 13.65 ± 4.35 -28.65 ± 8.32 -28.19 ± 8.08
30-20 -2.14 ± 3.68 -2.16 ± 3.57 -14.18 ± 7.01 -13.69 ± 6.80
20-10 -0.44 ± 3.13 -0.46 ± 3.04 4.88 ± 6.09 4.76 ± 5.93
10-5 1.51 ± 4.00 1.28 ± 3.90 -18.56 ± 7.91 -17.30 ± 7.69
5-0 0.29 ± 3.35 0.34 ± 3.26 -5.59 ± 6.70 -5.94 ± 6.51

Table 5.5: The computed p1, p1,2 values of Λ and Λ hyperons for each centrality
range C for Au-Au collisions at

√
sNN = 27 GeV. See text for more details.
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C [%] PΛ [%] PΛ [%]
80-70 0.49 ± 2.12 -1.07 ± 3.69
70-60 0.10 ± 1.22 -1.10 ± 2.05
60-50 1.447 ± 0.687 1.06 ± 1.17
50-40 0.779 ± 0.430 1.125 ± 0.752
40-30 0.976 ± 0.310 1.914 ± 0.556
30-20 -0.147 ± 0.253 0.942 ± 0.466
20-10 -0.034 ± 0.241 -0.362 ± 0.453
10-5 0.150 ± 0.395 1.772 ± 0.755
5-0 0.047 ± 0.545 0.88 ± 1.05

Table 5.6: The global Λ and Λ hyperon polarization PΛ and PΛ for each centrality
range C for Au-Au collisions at

√
sNN = 27 GeV where the invariant mass method

(EPM) is used. See text for more details.

The p1 and p1,2 values are gathered in Tab. 5.5 and the final global polarization
of Λ and Λ computed from Eq. (5.1) can be seen in Tab. 5.6 and Fig. 5.8.

In this case, the uncertainties of PH for both hyperons are larger, but they are
still consistent between each other within 2 sigma. For centralities C < 50%, a hint
of larger PH for Λ than for Λ is there as well as in case of the IMM.
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Chapter 6

Summary and disscusion

In this research task, the computation of global Λ polarization in Au-Au collisions
at
√
sNN = 27 GeV from the STAR experiment at RHIC was the goal. The needed

steps for this analysis included the reconstruction of the event plane of each col-
lision, the reconstruction of the Λ and Λ hyperons, their daughter baryon angular
distribution boosted to the rest frame of the mother particle with respect to the
event plane, and two methods (namely the invariant mass method and event plane
method) to extract the global Λ polarization PH . The first estimation of the PH
was made for Λ and Λ using the above-mentioned methods that give reasonable and
comparable results with the published ones in Nature [7].

The reconstructed event plane, especially its resolution is comparable with dif-
ferent results for the same dataset [80]. It should be also mentioned that the EPD
results are at least 1.4 times better than when using BBC [80]. Thus the EPD was
chosen in this work. The psi-shifting could be neglected as can be seen in Fig. 4.2 be-
cause the phi-weighting is a strong enough correction to flatten the Ψ1 distribution,
but this hypothesis should be tested, i.e. test it for different energy of collision and
explore its impact on the resolution of the event plane. Therefore, one would have
to introduce another correction or find a better set of parameters for ring-weighting
instead of using eta-weighting. It could be concluded that the ideal number of it-
eration is 3 as can be seen in Fig. 4.5. The fourth and higher iterations does not
significantly change the resolution. However, the interesting observation is that the
second iteration slightly deteriorates the resolution. The ineffectiveness of the second
iteration can be also seen in Fig. 4.3 where the Ψ1 distribution is not flattened as
much as just inverted. However, this effect can be also related to the fact that in the
second iteration the Ring-weighting is used with parameters (1, 1, 1, 1,~0) including
just the inner rings. If the weighting had been used from the beginning, this effect
could have been avoided. Therefore, it is important to do at least 3 iterations.

The reconstructed Λ and Λ with pT > 0.5 GeV/c were considered in this work.
This condition improves the statistical uncertainty of the global Λ polarization for
the most central collisions although the target of interest is centrality range 20-50 %.
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Figure 6.1: Comparison of the global Λ hyperon polarization PΛ as a function of
centrality C for Au-Au collisions at

√
sNN = 27 GeV where the invariant mass

method (IMM) and the event plane method (EPM) are used. Results for IMM are
slightly shifted to the right for clarity.
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Figure 6.2: Comparison of the global Λ hyperon polarization PΛ as a function of
centrality C for Au-Au collisions at

√
sNN = 27 GeV where the invariant mass

method (IMM) and the event plane method (EPM) are used. Results for EPM are
slightly shifted to the right for clarity.
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The invariant mass method and the event plane method which were used can
be compared to each other for Λ and Λ in Fig. 6.1 and in Fig. 6.2, respectively.
In the case of Λ, the both methods of computation of the global Λ polarization
PΛ are consistent within one sigma with each other except the centrality range 20-
30 %. One can see that the polarization is weakest for the most central collisions
(<20 %), strongest for the peripheral collisions (30-60 %), and most inaccurate for
the most peripheral collisions (>60 %) which could be caused by lower statistics
or by the larger fluctuation of the medium. This pattern is consistent with results
shown in Fig. 1.6. For the Λ, the methods are comparable within one sigma except
the centrality range (10-20 %). Contrary to PΛ, the polarization of the Λ is stronger
in the centrality range and more variable for the most central collisions (<20 %).

The centrality range (20-50 %) can be compared with results introduced in Fig. 1.5.
The non-central collisions, e.g. 20-50 %, are the most interesting because in the
central collisions the strong vorticity is not expected due to symmetry of the system
and in the peripheral collisions, the medium with the vorticity is smaller or do not
have to be created. The computed Λ (Λ) hyperon global polarization in centrality
range 20-50 % is gathered in Tab. 6.1. The PΛ is in agreement with the official result
published in Nature within the uncertainties except for the centrality range 20-30 %
for both methods. Notice, it is the same centrality range being not in accordance
for the different methods IMM and EPM. In the case of PΛ, all values are consistent
with the published data for both methods.

C [%] 20-30 30-40 40-50 20-50
(Nature 548.62 [7])

PΛ [%] IMM 0.395 ± 0.167 0.608 ± 0.217 0.634 ± 0.318 1.047 ± 0.282EPM -0.147 ± 0.253 0.976 ± 0.310 0.779 ± 0.430

PΛ [%] IMM 0.998 ± 0.301 1.252 ± 0.383 0.740 ± 0.552 1.245 ± 0.471EPM 0.942 ± 0.466 1.914 ± 0.556 1.125 ± 0.752

Table 6.1: The global Λ and Λ hyperon polarization PΛ and PΛ as a function of
centrality C for Au-Au collisions at

√
sNN = 27 GeV where the invariant mass

method (IMM) and the event plane method (EPM).

The comparison of the invariant mass method and the event plane method is
important tool to crosscheck the obtained results, and can be used to determine the
systematic uncertainty of the polarization.

The presented PH results are the first look. They are extremely very reasonable
and in agreement with the published values, however, need further refinement and
corrections, e.q. acceptance or helicity correction. The first one is related to the
acceptance of the detector and the second one to the fact that some Λ and Λ are
easier to reconstruct than others. The refined results are the last step to compute
the initial vorticity of the QGP and this will be part of my following work.

The published results in Nature [7] were done using older data. The repeating
of the measurement using the newer dataset is important to confirm the previous
results or get more precise results due to larger statistics in more centrality ranges.
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Conclusion

In this thesis the global Λ (Λ) hyperon polarization in Au-Au collisions at energy√
sNN = 27 GeV from the STAR experiment was computed. For this purpose, the

event plane of collisions was reconstructed using information from the event plane
detector. To refine the angle of EP, the phi-weighting, eta-weighting, recentering,
and psi-shifting corrections were used. The resolution of the EP was successfully
estimated by the sub-event method. The Λ (Λ) candidates were reconstructed via the
Kalman filter using the topological selection criteria. The daughter baryon angular
distribution was boosted to the rest frame of their mother particle Λ (Λ) with respect
to the related event plane.

The global polarization PΛ and PΛ were successfully extracted from data contam-
inated by background by using two different methods: the invariant mass method
and the event plane method. The result polarization, see Tab. 6.1, are consistent
within two sigma with the official results published in Nature [7] for centrality range
20-50 %. Both methods give consistent results within one sigma except the central-
ity range C = 20-30 % for Λ hyperon and C = 10-20 % for Λ which are consistent
within two sigma.

The next step that will be included in my following work is to refine the results
by using acceptance and helicity correction, to compute the related vorticity of the
QGP, to estimate systematic uncertainties, and to compare the polarization with
the simulated results from hydro model.
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