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Abstract

The Compressed Baryonic Matter experiment (CBM) at FAIR and the

NA61/SHINE experiment at CERN SPS aim to study the area of the QCD

phase diagram at high net baryon densities and moderate temperatures using

heavy ion collisions. The FAIR and SPS accelerators cover energy ranges 2-11

and 13-150 GeV per nucleon respectively in laboratory frame for heavy ions up

to Au and Pb. One of the key observables to study the properties of a matter

created in such collisions is anisotropic transverse flow of particles.

In this work the performance of the CBM experiment for anisotropic flow

measurements is studied with Monte-Carlo simulations using gold ions at SIS-

100 energies employing different heavy-ion event generators. Also procedures

for centrality estimation and charged hadron identification are described and

corresponding frameworks are developed.

The measurement of the reaction plane angle is performed with Projectile

Spectator Detector (PSD), which is a hadron calorimeter located at very forward

angle. To prevent radiation damage by the high intensity ion beam, the PSD has

a hole in the center to let the beam pass through. Various combinations of CBM

detector subsystems are used to investigate the possible systematic biases in flow

and centrality measurements. Effects of detector azimuthal non-uniformity and

the PSD beam hole size on physics performance are studied. The resulting per-

formance of CBM for flow measurements is demonstrated for identified charged

hadron anisotropic flow as a function of rapidity and transverse momentum in
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different centrality classes.

The measurement techniques developed for CBM were also validated with the

experimental data recently collected by the NA61/SHINE experiment at CERN

SPS for Pb+Pb collisions at the beam momenta 30A GeV/c . Compared to

the existing data from the NA49 experiment at the CERN SPS, the new data

allows for more precise measurement of anisotropic flow harmonics. The fixed

target setup of NA61/SHINE also allows to extend flow measurements available

from the STAR at RHIC beam energy scan (BES) program to a wide rapidity

range up to the forward region where projectile nucleon spectators appear. In

this thesis an analysis of the anisotropic flow harmonics in Pb+Pb collisions at

beam momenta 30A GeV/c collected by the NA61/SHINE experiment in the year

2016 is presented. Flow coefficients are measured relative to the spectator plane

estimated with the Projectile Spectators Detector (PSD). The flow coefficients are

obtained as a function of rapidity and transverse momentum in different classes

of collision centrality. The results are compared with the corresponding NA49

data and the measurements from the RHIC BES program.



Kurzfassung

Das ”Compressed Baryonic Matter” Experiment (CBM) bei FAIR und das

NA61/SHINE Experiment bei CERN SPS zielen darauf ab, den Bereich des QCD-

Phasendiagramms zu untersuchen bei hohen Nettobaryonendichten und moder-

aten Temperaturen unter Verwendung von Schwerionenkollisionen.

Die FAIR- und SPS-Beschleuniger decken den Energiebereich von wenigen bis

150 GeV pro Nukleon im Laborrahmen für Schwerionen bis hin zu Au bzw. Pb

ab.

Der anisotrope Teilchenfluss gehört zu den wichtigsten Beobachtungsgrößen,

die Aufschluss über die Eigenschaften der in Schwerionen hohen energie Materie

geben. In Rahmen dieser Arbeit werden Monte-Carlo Simulationene durchgeführt

und analysiert, um zukünftige Messungen den anisotropen Teilchenflusse mit dem

CBM Detectorsystem zu optimieren. Es wurden verschiedene Ereignisgenera-

toren verwendet, um die SIS-100 Strahlionen zu bescheiben. Auch Verfahren zur

Zentralitätsabschätzung und zur Identifizierung von geladenen Hadronen werden

beschrieben, fü die entsprechende Komputerprogramme wurde entwickelt.

Verschiedene Kombinationen von CBM-Detektor-Subsystemen werden ver-

wendet, um die möglichen systematischen Fehlers in der Fluss- und Zen-

tralitätsmessungen. Es werden die Auswirkungen der azimutalen Inhomogenität

des Detektors und der Strahllochgröße auf die Qualität des Messungen unter-

sucht. Die resultierende Performanz der CBM-Detektorsystems für Flussmessun-

gen wird für identifizierte geladene anisotrope Hadronenströmungen als Funk-
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tion von Rapidität und Transversalimpulse in verschiedenen Zentralitätsklassen

demonstriert.

Die für CBM entwickelten Analysetechniken wurden auch auf die experi-

mentellen Daten angevendet, die kürzlich mit dem NA61/SHINE-Experiment

am CERN SPS in Blei-Blei-Kollisionen am Strahlimpulsen 30A GeV/c gemessen

wurden. Im Vergleich zu den bestehenden Daten des NA49-Experiments am

CERN SPS ermöglichen die neuen Daten eine genauere Messung von Höheren

Ordnungen des anisotropen Fluss. Der ”fixed target” Aufbau des NA61/SHINE

Experiment ermöglicht es auch, durchgeführten Messungen des Flusses. die

Flussmessungen, die vom STAR-Experiment am RHIC zur Verfügung stehen,

auf einen weiten Rapiditätbereich bis in den vorderen Bereich auszudehnen,

in dem Projektil-Fragmente auftreten. In dieser Arbeit wird eine Analyse des

anisotropen Flusses in Blei-Blei-Kollisionen bei Strahlimpulnen von 30A GeV/c

vorgestellt, der vom NA61/SHINE-Experiment im Jahr 2016 gemessen wurde.

Die Flusskoeffizienten werden mithilfe der PSD gemessen Spektatoren bestimt.

Die Flusskoeffizienten werden als Funktion von Rapidität und Transversalimpuls

in verschiedenen Klassen der Kollisionszentralität analysiert. Die Ergebnisse wer-

den mit den entsprechenden NA49-Daten und den Messungen aus dem RHIC

BES-Programm verglichen.
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Chapter 1

Introduction

1.1 Fundamental forces

All existing types of interaction can be deduced from four fundamental forces:

gravitation, electromagnetic, weak and strong force. Gravitation is the weakest

force at microscopic scale, but becoming dominating at astronomical scales. Ev-

ery object with a non-zero mass is a subject to the gravitational interaction. It is

responsible for the formation of the stars and planets, galaxies and black holes.

The electromagnetic interaction appears between any two electrically charged

particles. Like gravitation it is long-range, but much stronger. Electromagnetic

force keeps electrons inside the atoms and defines the properties of any chemical

element. It is hard to imagine our every-day live without human-made electrical

devices. The weak interaction is a short-range correlation which is responsible

for the β-decay. The strong force is the strongest force in this list. It keeps

nucleons inside the atomic nucleus and quarks and gluons inside the nucleons.

The summary of all fundamental forces in presented in the table 1.11.1. The most

complicated and less understood interaction is the strong interaction.
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Table 1.1: Fundamental forces.

Interaction Gravitation Weak Electromagnetic Strong

Carrier not observed yet W±, Z0 γ g

Strength 10−2 10−34 10−6 10

Range (m) ∞ 10−18 ∞ 10−15

1.2 Standard model

The Standard model of particle physics is a theory classifying all known elemen-

tary particles and describing three out of four (except of gravitation) fundamental

forces. All elementary particles can be divided into two large groups (figure 1.11.1):

• bosons (integer spin)

• fermions (half-integer spin)

In the boson sector there are four gauge bosons (force carriers) with spin S = 1

and the Higgs boson with spin S = 0. In the fermion sector there are six quarks

(up, down, charm, strange, top, bottom) and six leptons (electron, electron neu-

trino, muon, muon neutrino, tau, tau neutrino). They are paired to form three

generations, which have similar properties. Almost all matter which we see con-

sist of up and down quarks which form protons and neutrons, and electrons. With

the discovery of the Higgs boson, which explains the mechanism how elementary

particles acquire mass, the Standard model is complete and self-consistent. Al-

though there are several phenomena unexplained, such as:

• baryon matter asymmetry

• neutrino oscillations and non-zero mass

• dark matter and dark energy
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Figure 1.1: The Standard Model of elementary particles [11]

• gravity

There are many theoretical attempts to solve those problems introducing new

particles, symmetries or dimensions. (Un)fortunately non of them were confirmed

experimentally.

1.3 Quantum-chromo dynamics

Quantum-chromo dynamics (QCD) is a theory of strong interaction between

quarks and gluons. It is a quantum field theory based on Special Unitary group

in 3 dimensions (SU(3) symmetry). The two main features of the QCD theory

are:

• quark confinement (there no free quarks)

• asymptotic freedom (interaction between quarks is weak at short distances

or large energies)
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The QCD Lagrangian is:

LQCD = ψ̄i (i(γ
µDµ)ij −mδij)ψj −

1

4
Ga
µνG

µν
a (1.1)

where ψi is a quark field wavefunction with a flavor i, Dµ := ∂µ − ig Aαµ λα/2

is the gauge covariant derivative, γµ are Dirac matrices, Gµν is gauge invariant

gluon field strength tensor:

Ga
µν = ∂µAaν − ∂νAaµ + gfabcAbµAcν (1.2)

where Aaν are the gluon fields.

The theory is quite complicated and cannot be solved analytically. There

several theoretical approaches to this problem including lattice QCD, perturba-

tive QCD and effective field theories. This work is dedicated to experimental

approach to study QCD.

1.4 Exploration of the QCD phase diagram

A schematic representation of the QCD phase diagram is shown in the figure 1.21.2.

At low baryon chemical potential µB and low temperature T matter exists in

the form of hadrons (mostly protons and neutrons). At a temperature around

150 MeV and zero chemical potential a smooth cross-over transition to quark and

gluon degrees of freedom occurs as we know from lattice QCD calculations. This

transition is illustrated in the figure 1.31.3. Unfortunately it is very challenging

to extend those calculations to non-zero µB due to so-called ”sign”-problem.

At large baryon chemical potential and moderate temperatures QCD inspired

models expect structures in the phase diagram, like first order phase transition

and critical endpoint, and exotic phases of QCD matter [33, 22].

There are different ways to study the QCD phase diagram in the region of
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Figure 1.2: Schematic phase diagram of dense nuclear matter, in the baryon

chemical potential µB - temperature T plane [22].

high net-baryon densities, mainly:

• Neutron stars observation

• Neutron stars mergers and gravitational waves

• Relativistic heavy-ion collisions

Combinations of all three methods will allow us to study wide area of the diagram

including high temperatures and get a common picture. The properties of the

dense baryonic matter at different conditions a summarized in the table 1.21.2.

Nuclear matter can be characterized by by its equation of state (EoS), which is

related to pressure (p), temperature (T ), volume (V ), energy (E), density (ρ)

and isospin (p):

p =
δE

δV

∣∣∣∣
T=const

(1.3)
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Figure 1.3: A schematic picture of the the transition from nuclear to deconfined

quark matter with increasing density [22].

Table 1.2: Dense baryonic matter properties at different conditions.

Neutron stars Gravitational waves Heavy-ion collisions

Temperature (MeV) <10 10-100 100-150

Density (ρ0) <10 2-6 5-15

Time ∞ 10 ms 10−23 s

Size 10 km 10 km 10 fm

with V = A/ρ and δV/δρ = −A2ρ:

p = ρ2 δ(E/A)

δρ

∣∣∣∣
T=const

(1.4)

Illustration of different theoretical predictions of EoS are shown in the fig-

ure 1.41.4.

1.4.1 Neutron stars

Given the EoS, mass and radius of a neutron star can be calculated by the the

Tolman-Oppenheimer-Volkoff (TOV) equation [55], which is a solution of Ein-
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Figure 1.4: The neutron star mass-radius relation as predicted by different Equa-

tions of State [44].

stein’s equation [66] in spherical coordinates:

dP

dr
= −Gm

r2
ρ

(
1 +

P

ρc2

)(
1 +

4πr3P

mc2

)(
1− 2Gm

rc2

)−1

(1.5)

There are a lot of theoretical hypotheses about neutron star composition and

corresponding equations of state [77, 88], as illustrated in the figure 1.51.5. The most

interesting part is the inner core, where extreme densities of 3-9 ρ0 are reached.

According to TOV equation, the measurement of mass and radius of a neutron

star would determine the EoS. Already the mass information allows to discrim-

inate different EoS. With observation of a neutron star with a mass of 2 Solar

masses by Shapiro delay [44] many EoS were ruled out. Several model prediction

are shown in the figure 1.41.4 together with the experimental constrains.

The Neutron Star Interior Composition Explorer (NICER) at the International

Space Station (ISS) will provide simultaneous measurements of mass and radius

of neutron star in the near future [1010]. The measurement principle is based

on gravitation lensing which is stronger with increasing mass to radius relation.
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Figure 1.5: Possible structure of the neutron star [99].

By detecting radiation from two sides of neutron star at the same time radius

estimation can be obtained.

1.4.2 Neutron star mergers and gravitational waves

After the first observation of gravitation waves by LIGO and Virgo Collabora-

tions [1111] we have one more way to study the QCD phase diagram. During a

collision of two neutron stars a hot (10-100 MeV) and dense (2-6 ρ0) medium is

created. A simulation of the density and temperature in a neutron star merger

is shown in the figure 1.61.6.
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Figure 1.6: Distributions of the rest-mass density ρ in units of ρ0 (left panel) and

the temperature (right panel) on the equatorial plane at a post-merger time of

t=6.34 ms for the LS220-M132 binary [1212].

The observation of the system evolution (prompt or delayed collapse to black

hole or no collapse) with gravitation waves together with electromagnetic sig-

nals [1313, 1414] allows to constrain the equation of state.

1.4.3 Relativistic heavy-ion collisions

Another method to explore the QCD phase diagram is especially relevant to this

thesis and the only one which can be performed in the laboratory is the analysis

of relativistic heavy-ion collisions. Different stages of a heavy-ion collision at

ultra-relativistic energies are shown in the figure 1.71.7.

During a collision of two heavy nuclei at high energies, a hot and dense medium

is created in the overlap region. The lifetime and size of it is very small, but unlike

to previous methods number of collision one can study limited only by accelerator

and detector capabilities.

Experimentally we have an access only to the final stage of the collision. There

are many detector techniques which allow to reconstruct the final stage and anal-

ysis techniques (together with model calculations) to make assumptions about
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Figure 1.7: Stages of a heavy-ion collision [1515].

the initial stage.

The investigation of properties of strongly interacting matter with heavy-ion

collisions started around 40 years ago. During this time the experimental tech-

nologies wastly evolved. With different types of accelerators and detectors we

were able to increase energies and interaction rates by many orders of magnitude,

but the initial idea of colliding two nucleus and measuring produced particles still

allows us to learn something new.

There two different approaches in colliding heavy ions (in general, any parti-

cles): colliding two beams, and one beam (projectile) with a fixed target. Respec-

tively, all heavy ion experiments can be divided into colliders and fixed target.

There are advantages and disadvantages of each type of experiment geometry.

Advantages of the fixed target geometry comparing to colliders:

• higher luminosity can be achieved

• full acceptance in forward hemisphere including projectile spectators (no

beam pipe)

• coverage for low pT due to relativistic boost

Advantages of the collider geometry comparing to fixed target:

• higher energy can be achieved
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• uniform backward-forward acceptance

• acceptance doesn’t change depending on energy

Brief historical overview

The investigation of the properties of strongly interacting matter at high temper-

atures was proposed by Rolf Hagedorn more then 50 years ago. To achieve such

condition of hot and dense matter the high energy heavy-ion collisions could be

used. It was suggested that with increasing the energy, new degrees of freedom

may become available. At that time no quarks and gluons were discovered yet,

and the QCD theory was not developed.

Exploration of the QCD phase diagram with heavy-ion collisions started

around 40 years ago with AGS experiments [1616] at Brookhaven National Lab-

oratory (BNL) [1717], at Nuclotron in JINR [1818], Dubna and at CERN. Also con-

tributed a lot experiments FOPI [1919, 2020] and KaoS [2121].

After years of experimental and theoretical efforts one of the biggest discovery

in this field was made in the year 2000 – the quark-gluon plasma. The exiting

properties of this state of matter are still being revealed. For example, it was

shown at RHIC collider at BNL that quark-gluon matter has properties of an

ideal liquid [2222].

At the moment there are several experiments exploring QCD phase diagram

in a different energy ranges:

• HADES [2323] at SIS18

• Baryonic Matter at Nuclotron (BM@N) [2424, 2525], Dubna, Russia

• NA61/SHINE [2626, 2727] at Super Proton Synchrotron (SPS)

• STAR [2828] at Relativistic Heavy Ion Collider (RHIC), Brookhaven, US
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• A Large Ion Collider Experiment (ALICE) [2929, 3030] at Large Hadron Collider

(LHC) [3131]

Recently, STAR Collaboration extended Beam Energy Scan (BES) Programme

to energies below
√
sNN=7.7 GeV with fixed target regime of detector operation

– STAR Fixed Target (FXT) Programme [3232]. There are several heavy-ion ex-

periments preparing to start operation in the near future.

• Multi-Purpose Detector (MPD) at Nuclotron-based Ion Collider Facility

(NICA) [3333, 3434] in Dubna, Russia.

• Compressed Barionic Matter (CBM) at Facility for Antiproton and Ion

Research (FAIR) in Darmstadt.

• Heavy-ion program at J-PARC [3535] in Japan (in a planning stage stage).

MPD will operate at energies
√
sNN=4-11 GeV in the collider mode. More details

about the Compressed Baryonic Matter experiment are in the section Sec. 3.13.1.

One of the most important observables, which is sensitive both to the EoS and

the degrees of freedom in the early fireball, is the anisotropic collective flow of

particles, which will be discussed in the following chapter.

There are many observables constructed to put constrains on the theories, in

the next section described one of them – the anisotropic flow.
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Anisotropic flow

The first attempts to study properties of nuclear matter using heavy-ion collisions

(A+A) started in the 1970s. It was suggested that there is a difference between

A+A and multiple nucleon-nucleon collisions due to large collective pressure,

shock waves and collective flow. After several years of developing measuring

techniques and improving detector technologies, the collective flow of protons was

observed in 1980s at the BEVALAC and SIS-18 at GSI [3636, 3737]. The next big step

was done at Brookhaven Alternate Gradient Synchrotron (AGS) and later at the

CERN Super Proton Synchrotron (SPS) by observing the in-plane elliptic flow,

which appears above beam kinetic energy of 4A GeV . It was first suggested by

Ollitrault [3838] in 1992. Later at the Brookhaven Relativistic Heavy Ion Collider

(RHIC) large elliptic flow and it scaling with number of constituent quarks was

observed [3939]. That is considered as an indication of the strongly interacting

Quark Gluon Plasma (sQGP). The experiments at CERN Large Hadron Collider

(LHC) confirmed the large elliptic flow [4040], but not the scaling at high transverse

momentum. During last years an elliptic flow pattern was observed in p+Pb and

even high multiplicity p+p collisions at LHC.
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2.1 Geometry of heavy-ion collision

In heavy-ion collisions, the initial geometry and relative position of the nuclei play

an important role. A picture of two colliding nuclei is shown on the figure 2.12.1, left.

The vector, which is connecting centers of the nuclei is called impact parameter

Figure 2.1: Left: the two nuclei approach each other along the direction of the

z-axis with impact parameter b. The plane spanned by b and ez is the reaction

plane. Right: the spatial asymmetry develops through multiple scattering into a

momentum asymmetry. Taken from [4141].

b. The reaction plane (RP ) is spanned by the vector of the impact parameter

and the beam direction. The azimuth of the reaction plane is called the reaction

plane angle (ΨRP ), and it is a symmetry plane of the collision. For non-central

collisions, the asymmetry of the initial energy density in the transverse plane is

expected to be aligned with the direction of the reaction plane.

There are different ways to estimate this angle with measurable quantities. To

estimate the reaction plane orientation it is common to use the azimuthal asym-

metry of particle production in the plane transverse to the beam direction. Due

to the momentum transfer between participants and spectators, the spectators

(fragments of projectile and target nuclei) are deflected in the course of the colli-

sion. The spectator deflection direction is likely to be correlated with the impact

parameter (or reaction plane) direction. As an approximation for the reaction

plane angle one can use following symmetry planes:
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• participants plane (defined by the symmetry plane of participating nucle-

ons)

• projectile spectators plane

• target spectators plane

They are illustrated in the figure 2.22.2.

Figure 2.2: The illustration of the definitions of the reaction plane and participant

plane (PP ) coordinate systems [4242]. The distribution of the produced particles

does not coincide with the reaction plane due to the fluctuations.

In this work, projectile spectators will be used to define the reaction plane.

This method provides an estimate of the reaction plane independent of the pro-

duced particles. The rapidity gap between spectators and produced particles

allows to suppress non-flow contributions (will be discussed later) and momen-

tum conservation effects [4343].

During the evolution of the created medium, spatial anisotropy of the energy

density converts to momentum anisotropy of the produced particles due to in-

teraction between them [4444]. In an asymmetrical medium, the pressure gradient
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will be also asymmetrical. Figure 2.12.1 (right) illustrates, that a particle will expe-

rience a larger pressure in the direction of the reaction plane. The anisotropy of

the produced particles in the final stage can be measured experimentally. Based

on the symmetries of the overlap region one can quantify this asymmetry using

Fourier decomposition:

d3N

d3p
=

1

2π

d2N

pTdpTdy
(1 + 2

∞∑
n=1

vn cos(n(ϕ−Ψm,SP ))) (2.1)

where n is harmonic number, Ψm,SP is a symmetry plane angle for a harmonic

m (in general case, m 6= n and flow coefficients can be defined relative to any

symmetry plane), vn are called flow harmonics and can be calculated as follows:

vn{Ψm} = 〈cos(n(ϕi −Ψm,SP )〉 (2.2)

where the angle brackets mean an average over all particles in all events. The

sine term vanishes due to symmetry with respect to the reaction plane.

The flow harmonics correspond to the asymmetry for a given harmonics in

the Fourier expansion of the distribution. v1 corresponds to the deflection of

the particles transverse to the beam (directed flow), v2 and higher vn correspond

to the distribution elipticity (elliptic flow), triangularity (triangular flow), etc.

Magnitude of vn depends of the system size, energy, centrality and other event

and particle properties. The main feature of anisotropic flow is its sensitivity to

early stages of collision. It is originated from particles spatial anisotropy in initial

stage, which vanishes already in first few fm/c of the collision.

2.2 Existing data

During past 40 years flow measurements from low energies at SIS-18 and AGS

to very high energies at LHC were performed. In this section selected results
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relevant to this work are discussed.

Figure 2.3: Directed flow slope for protons and pions at midrapidity vs. Au+Au

collision energy (left). Statistical (bars) and systematical (shaded area) uncer-

tanties are shown separately. Elliptic flow slope at midrapidity vs. collision

energy [4545] (right).

Directed flow slope for protons and pions at midrapidity figure 2.32.3 (left) Di-

rected flow slope for protons and lambda changes sign.

Example of existing elliptic flow measurement in a wide energy range is shown

in the figure 2.32.3 (right). Elliptic flow changes sign two times.

Measurements [4646] by the NA49 experiment, which is predecessor of the

NA61/SHINE , of the directed flow are presented in the figure 2.42.4. Proton and

pion directed and elliptic flow were measured at the energies of 40 and 158A GeV

.

First preliminary STAR Fixed target results on anysotropic flow measurements

in Au+Au collisions at 4.5A GeV [4747] are presented in the figure 2.52.5. The STAR

fixed target energy range is close to CBM energies and the lowest SPS energy.

At lower energies high precision differential measurements are performed by the

HADES Collaboration [4848, 4949].
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Figure 2.4: Directed flow v1 for pions (left) and protons (right) vs. rapidity

(top) and transverse momentum (bottom) for Pb+Pb collision @ 40A GeV beam

energy. Three different centralities are shown in different colors.

2.3 Flow measurement methods

To calculate flow coefficients one needs to use Eq. 2.22.2. It contains experimentally

unmeasurable quantify Ψn,SP . There are several ways to rewrite this equation

to have only experimentally measurable quantities on the right-hand side. The

methods are following:

• event plane method

• scalar product method

• cumulant method
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Figure 2.5: Mid-rapidity directed flow slope versus beam energy for for baryons

(left). Elliptic flow v2 for pions and protons (right) [4747].

2.3.1 The flow-vector

The azimuthal asymmetry of the measured distributions can be described in the

terms of two dimensional flow vector qn which is defined by a sum of unit vectors

un,i:

un,i = {cosnϕi, sinnϕi} (2.3)

Qn =
1

M

M∑
i

un,i (2.4)

where ϕ is azimuthal angle of a particle, M is number of particles. Qn-vectors

are determined event-by-event, while un,i-vector for a single particle with index

i. One could also use a different normalization of the flow vector, for example,

normalize to its absolute value:

Qn =
1

Q

M∑
i

un,i (2.5)

Experimentally we don’t measure individual particles, but tracks or signals in

calorimeters or any other type of channelized detector. In this case the definition

of the flow vector should be adjusted. For example, in case of a calorimeter one



24 Chapter 2. Anisotropic flow

can rewrite the Qn vector definition:

Qch
n =

1

Es

Ns∑
j

Ej nj (2.6)

The unit vector nj points to the center of the j-th module, Ej is the energy

deposition in the j-th module, Ns is the number of modules and Es =
∑Ns

j Ej

is the total energy. The Qn-vector gives the average direction of particles for a

given harmonic.

2.3.2 Event plane method

Using equation Eq. 2.42.4 one can estimate the reaction plane angle with the so-

called event plane angle:

Ψn
EP =

1

n
atan2(Qn

y , Q
n
x) (2.7)

In case of infinitely large M , the event plane angle coincides with the reaction

plane angle. Otherwise, one needs to use the resolution correction factor R, which

shows how good both angles are correlated. With a known reaction plane angle,

resolution can be calculated as:

Rn = 〈cosn(Ψn
RP −Ψn

EP )〉 (2.8)

There are different ways to estimate the Q-vector resolution correction factors

RA
1,α{B,C}. For example, the 3-subevent method:

RA
1,α{B,C} =

√
2
〈QA

1,αQ
B
1,α〉〈QA

1,αQ
C
1,α〉

〈QB
1,αQ

C
1,α〉

(2.9)
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or mixed harmonic method:

RA
1,α{B,C,D} =

√
2
〈QA

1,αQ
B
1,β〉〈QA

1,αQ
C
1,γQ

D
2,δ〉

〈QB
1,βQ

C
1,γQ

D
2,δ〉

(2.10)

where A,B,C,D are different subevents (measured in different kine-

matic regions or for different particle species) and (α, β, γ, δ) =

{(x, x, x, x), (x, x, y, y), (y, y, y, x), (y, y, x, y)}.

Independent estimates of the flow harmonics vn can be obtained using the

following method:

vα1 {A} =
2〈u1,αQ

A
1,α〉

RA
1,α

(2.11)

vαβγ2 {A,B} = καβγ
4〈u2,αQ

A
1,βQ

B
1,γ〉

RA
1,βR

B
1,γ

, (2.12)

where for v1 α = x, y, for v2 καβγ = 1 for (α, β, γ) = {(x, x, x), (y, x, y), (y, y, x)}

and καβγ = −1 for (α, β, γ) = (x, y, y). It is known, that vn fluctuates significantly

from event to event [5050]. As was shown in [5151], that the event plane method in

case of ideal resolution R = 1 gives observed 〈vn〉 equals ”true” vn. In reality,

the resolution correction factor is always smaller and in a low resolution limit

R << 1 the measured vn equals
√
〈v2
n〉. This makes the measurement with the

event plane method ambiguous.

2.3.3 Scalar product method

To remove the ambiguity of the event plane method, one can use a different

normalization of the Q-vector. With a normalization Q/M instead of Q/|Q| one

will measure vn =
√
〈v2
n〉 independently of resolution. This method is called

scalar product method.
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2.3.4 Cumulant method

The anisotropic flow can be also estimated using the azimuthal correlation be-

tween particles. For a 2-particle correlation it can be done in a following way:

〈〈2〉〉 ≡ 〈〈ein(ϕ1−ϕ2)〉〉 = 〈v2
n{2}〉+ δn (2.13)

where the first averaging is done for particles in one event, and the second aver-

aging is over all events, δn is so-called non-flow contribution, which comes from

all correlations not related to the system initial geometry (for example from

resonance decays, jets, momentum conservation). To reduce the non-flow con-

tribution, a rapidity gap can be introduced between particles. Another way to

suppress non-flow is to use correlation of more then 2 particles:

〈〈4〉〉 ≡ 〈〈ein(ϕ1+ϕ2−ϕ3−ϕ4)〉〉 (2.14)

Flow coefficients using 4-particle correlation can be calculated as:

vn{4} = 4
√
〈〈4〉〉 − 2〈〈2〉〉2 (2.15)

More details on cumulants one can find in [5252, 5353].

2.4 Corrections for detector azimuthal

anisotropies

In case of an ideal detector, the Q-vector relation to the symmetry plane is limited

only by the multiplicity of the particles within the acceptance. In reality, the

detector non-uniformity in ϕ and effects from magnetic field, additional material

etc., can bias the measurement. Data driven corrections for those effects were
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suggested in [5454].

The effect of the detector bias on the measured components of the u-vector

(xn and yn) can be written as follows:

〈xn〉ΨSP = xn + vna
+
2n(cosnΨSP + λs+2n sinnΨSP ) (2.16)

〈yn〉ΨSP = yn + vna
−
2n(sinnΨSP + λs−2n cosnΨSP ) (2.17)

where 〈yn〉ΨSP and 〈xn〉ΨSP are unknown ”true” components, a±2n = 1±x2n is the

acceptance coefficient and λc±m∓n = vm
vn

xm±n
a±2n

is the smallness parameter. Unbiased

correlation can be recovered by applying several corrections. Ones which are

relevant for this work are briefly described below.

2.4.1 Recentering

The recentering correction shifts the un vector to the nonzero values of cn and sn

in equations Eq. 2.162.16 and Eq. 2.172.17. This effect can be corrected for by subtracting

from the un vector components their corresponding average values: The effect of

Q
y

Q
x

Q
y

Q
x

correction

Recentering

Figure 2.6: Schematic illustration of the recentering correction step.

detector bias is illustrated by the distorted shape of the distribution. In case of
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an ideal detector, it should have circular shape and a center in the point (0,0).

This step corrects for shifts in both x and y directions.

2.4.2 Twist

In the next step correction for effective rotation of the reaction plane angle is

done. It is corrected by rotation of the Q-vector distribution.

Q
y

Q
x

Q
y

Q
x

correction

Twist

Figure 2.7: Schematic illustration of the twist correction step.

2.4.3 Rescaling

In the last step, which was used in this thesis, the correction for different detector

sensitivities in x and y direction is done. For example, if the detector has a better

acceptance in x-direction, the measured symmetry plane angle will biased. To

correct for it, the Q-vector distribution is symmetrized by rescaling.

2.4.4 Q-vector correction framework

All the described and more corrections were implemented in Qn-Vector Correc-

tions Framework by J. Onderwaater, V. Gonzalez and I. Selyuzhenkov [5555, 4141].
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Q
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Q
y

Q
x

correction

Rescale

Figure 2.8: Schematic illustration of the rescale correction step.

The framework is a ROOT based C++ modular package with experiment-

independent interface. Figure 2.92.9 illustrates the QnVector Corrections Frame-

work performance with ALICE data [4141]. After these corrections, the elliptic

flow measurements with different event plane estimators are fully consistent with

each other. At the moment it is a default tool for the flow analysis in ALICE.

Within this work it was interfaced to CBM simulations and to NA61/SHINE

data.
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Figure 2.9: Elliptic flow v2 of charged particles estimated with event planes from

different ALICE detectors.



Chapter 3

Fixed target experiments at

FAIR and CERN SPS

3.1 Facility for Antiproton and Ion Research

The Facility for Antiproton and Ion Research (FAIR) is a future accelerator

complex at GSI, Darmstadt, which is designed to provide high-intensity heavy-

ion beams with the SIS-100 accelerator ring. It will have the ability to accelerate

all ions of all chemical elements including antiprotons. The beam kinetic energy

range is 2-11A GeV for gold ions and 5-11 and 14-29 GeV for protons.

Timeline for FAIR construction:

• July 2017: Groundbreaking, start of excavation and trench sheeting

• July 2018: Start of shell construction

• 2022: Buildings completed

• 2025: Completion of full facility and start of operations

The chematic view of the FAIR accelerator complex is shown in the figure 3.13.1.
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Figure 3.1: Schematic view of the Future Facility for Antiproton and Ion Re-

search.

3.1.1 The Compressed Baryonic Matter experiment

It was mentioned in section Sec. 33 that there are many operating and future

facilities aiming at the study of properties of QCD matter. The future Com-

pressed Baryonic Matter experiment plays an unique role among them due to its

unprecedented event rates of the order of up to 107 Au+Au collisions/sec. The

rate capability of CBM is shown in the figure 3.23.2. Such high rates are needed

to perform multi-differential measurements of rare probes which are required to

contribute to the following open questions:

• Equation of state of the QCD matter

• QCD phase transition and critical point(s)

• Chiral symmetry restoration and hadron modification in a dense medium
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Figure 3.2: Interaction rates as function of collision energy for existing and

planned heavy-ion experiments.

• Hypernuclei properties

Extreme collision rates also put challenging requirements on detector technolo-

gies and computing performance. To measure very high collision rates, fast and

radiation hard detectors, and front-end electronics with free-streaming readout

is needed as well as high speed data acquisition and a high performance comput-

ing farm for online event selection based on 4 dimensional (space+time) event

reconstruction.

Physics program

To address the physics questions mentioned above, CBM will perform compre-

hensive measurements of the following observables:
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• Hadron yields, collective flow, correlations, fluctuations

• Production of (multi-)strange hyperons (K, Λ, Σ, Ξ, Ω) at (sub)threshold

energies

• In-medium modifications of light vector mesons ρ, ω, φ â†’ e+ + e− (µ+ +

µ− ) via dilepton measurements

• Hypernuclei lifetimes and yields

• Charm production and propagation at threshold energies

• Excitation function in p+A collisions (J/ψ, D0 , D+− )

• Charmonium suppression in cold nuclear matter

This thesis is dedicated to CBM performance for anysotropic flow measurements.

Experimental setup

The CBM experimental setup is shown in the figure 3.33.3. It comprises the following

components:

• a superconducting dipole magnet (needed for momentum measurement of

charged particles);

• a Micro Vertex Detector (MVD) consisting of four layers of silicon mono-

lithic active pixel sensors (displaced vertices reconstruction);

• a Silicon Tracking System (STS) based on double-sided silicon micro-strip

sensors arranged in eight stations inside a dipole magnet (main tracking

detector);

• a Time-of-Flight wall (TOF) based on Multi-Gap Resistive Plate Chambers

(MRPC) with low-resistivity glass (charged hadrons identification);
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• a Ring Imaging Cherenkov (RICH) detector comprising a CO2 radiator

and a UV photon detector realized with multi-anode photomultipliers for

electron identification (electron and pion identification);

• a Transition Radiation Detector (TRD) (pion suppression, particle tracking,

and identification using specific energy loss);

• a Muon Chamber (MuCh) system for muon identification consisting of a

set of gaseous micropattern chambers sandwiched between hadron absorber

plates made of graphite and iron;

• an Electromagnetic Calorimeter (ECAL) (measurement of photons);

• a Projectile Spectator Detector (PSD) (event characterization, event plane);

• a First-Level-Event-Selection (FLES) system (online event reconstruction

and selection).

Dipole magnet The magnet houses the Silicon Tracking System (STS) and

provides a magnetic field integral of 1 Tm [5656]. With this magnetic field the

STS is able to reconstruct tracks with a momentum resolution of ∆p/p = 1.5%.

The magnet gap has a height of 144 cm and a width of 300 cm to accommodate

the STS. The maximum magnetic field is around 1 T. The energy stored in the

magnet is about 5 MJ. The magnet will be self-protecting. However, in order

to limit the temperature rise to 100 K in case of a quench, the energy will be

dumped in an external resistor. The implementation of the magnet geometry in

CBMROOT is shown in figure 3.43.4.

Micro Vertex Detector The micro-vertex detector is designed to provide high

resolution secondary vertices reconstruction of short lived particles such as D0

(D±)-mesons (decay length cτ = 124 (314) µm). To reduce multiple scattering
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Figure 3.3: The CBM experimental setup. For muon measurements, the RICH

detector will be replaced by the MuCH, which is shown to the right of the beam

axis.

inside the detector, the MVD has a very low material budget of 300-500 µm

silicon equivalent for sensors and support structures. The detector consist of

three stations of monolithic active pixel sensors (MAPS). They are located at

distances 5, 10, 15 and 20 cm downstream from the target. The transverse pixel

size of about 18-20 µm will allow to reconstruct secondary vertices with resolution

of 50-100 µm along the beam axis. Schematic view of the MVD detector is shown

in the figure 3.53.5. All four stations have different size and number of sensors to

have similar acceptance.

Silicon Tracking System The Silicon Tracking System (STS) [5757] is the core

detector of the CBM setup. It is located inside the dipole magnet, which allows

for measurement of the momentum of charged particles. With 8 layers of silicon

double-sided strip sensors it has a momentum resolution up to 1.5%. The sensors
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Figure 3.4: CBM Dipole magnet geometry implementation in CBMROOT (ge-

ometry version 18a).

are located at distances between 30 and 100 cm from the target. A low material

budget is achieved with 300 µm thick sensors, carbon ladders and microcables.

A schematic view of the STS is shown in figure 3.63.6.

Ring Imaging Cherenkov detector The task of the Ring Imaging

Cherenkov [5858] detector is to identify electrons in a momentum range up to

8-10 GeV/c . The identification technique is based on the measurement of

Cherenkov radiation emitted by charged particles passing a radiator. Adjusting

the refractive index of a radiator material one can achieve a signal from electrons,

but keep the pions below light production threshold. In CBM the gaseous CO2

will be used as radiator. The light will be focused by spherical mirrors, and

will be measured with photo-multipliers. In the CBM setup, the RICH detector

will be placed after the dipole magnet and the STS in front of the Transition
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Figure 3.5: Schematic view of the Micro Vertex Detector.

Radiation Detector at the distance about 1.6 m downstream of the target.

Transition Radiation Detector Three Transition Radiation Detector sta-

tions, each consisting of 3 detector layers, will serve for particle tracking and

for the identification of electrons and positrons with momentum p > 1.5 GeV/c

(γ > 1000) [5959]. They are located at distances approximately 5 m, 7.2 m and

9.5 m downstream the target. In order to keep the occupancy below 5% for cen-

tral heavy-ion collisions, the minimum size of a single cell should be about 1 cm2.

The pion suppression factor obtained with 9 TRD layers is estimated to be well

above 100 at an electron efficiency of 90%.

Muon Chamber Measuring and identifying low-momentum muons in heavy-

ion collisions is experimentally challenging. In CBM that is planed to achieve

using a hadron absorber system to suppress the contributions from all other par-

ticle species. Between the absorber walls, tracking stations (triplets) are placed.

The hadron absorbers vary in material and thickness, and the tracking stations

consist of detector triplets based on GEM and MRPC technologies [6060]. The

MuCh system is placed downstream from the STS stations. To reduce the num-

ber of background muons from pion and kaon weak decays, the detector system
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Figure 3.6: Schematic view of the Silicon Tracking System.

has to be as short as possible.

Time-of-Flight detector Measuring Time-of-Flight allows to identify charged

particles after matching the hit in TOF with the corresponding track measured in

the STS. A particle mass m can be calculated using time-of-flight t, track length

l and momentum p in a following way:

m2 = p2(
1

β2
− 1) ; β =

l

t
(3.1)

To obtain sufficient separation between different particle species (mostly pro-

tons, kaons and pions), a time resolution better than 80 ps is needed [6161]. For an

acceptance coverage close to the one of the STS total size of the TOF wall placed

at a distance of 7 m downstream the target has to be 12×9 m2. To achieve those

goals a TOF wall consisting of state-of-the-art Multigap Resistive Plate Cham-

bers (MRPC) is under construction. A schematic view of the TOF wall is shown
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Figure 3.7: Schematic view of the Time-of-Flight wall.

in figure 3.73.7.

Electromagnetic Calorimeter A ”shashlik” type calorimeter will be used to

measure direct photons and photons from neutral meson decays. The ECal will

be composed of modules which consist of 140 sandwiched lead and scintillator

layers. The ECal is not a part of the day-one setup.

Projectile Spectator Detector The main purpose of the Projectile Spectator

Detector [6262] is to provide experimental information of the heavy-ion collision

centrality, and the orientation of its symmetry plane. The detector is designed to

measure the energy distribution of the projectile nucleus fragments (spectators),

and the forward going particles produced close to beam rapidity. The transverse

layout of the PSD is shown in the figure 3.83.8 with different colors indicating parts

(PSD1, PSD2, PSD3) with different sensitivity to spectators. The PSD has 44

modules and covering polar angles of 0.21◦ < Θ < 5.7◦ (4.3◦) at a distance of

8 m from the target. The angular acceptance is optimized for the FAIR energy
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Figure 3.8: Transverse layout of the Projectile Spectator Detector. With different

colors regions with sensitivity to spectator fragments are highlighted.

range
√

sNN=2.7-4.8 GeV. The PSD has a rectangular hole of size 20 x 20 cm in

the center which is needed to avoid radiation damage at high beam intensities

expected at CBM. The PSD is sensitive to spectator fragments (central modules)

and produced particles (outer modules).

First-Level-Event-Selection The CBM physics program includes the mea-

surement of particles with very small production cross-section which requires

high reaction rates. The CBM experiment is designed for operation at interac-

tion rates up to 10 MHz, which corresponds to a beam intensity of 109 ions/s,

and a 1% interaction target. The bandwidth of 10 GByte/s can be achieved with

modern optical fibers and transceivers. To perform measurements at 10 MHz,

a trigger is needed. There are no simple observables to implement a hardware

trigger, so an online software trigger will be used. Track reconstruction and se-

lection of short-lived particles will be done online by the existing computer farm

(GSI GreenIT Cube) using many-core processors. Only evens of interest will be
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stored.
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3.2 Super Proton Synchrotron @ CERN

The Super Proton Synchrotron (SPS) is a particle accelerator at The European

Organization for Nuclear Research (CERN). It was commissioned in 17 June 1976

Figure 3.9: The Super Proton Synchrotron as part of current particle accelerator

complex at CERN.

and is still operating. The maximum energy for proton acceleration is 450 GeV,

for heavy-ions is around 150A GeV . Nowadays it is mainly used as an injector

for high-intensity proton and lead beams for the Large Hadron Collider (LHC).

Besides that, SPS is used to provide beams to several fixed target experiments,

such as NA61/SHINE, NA62 and COMPASS.

3.2.1 NA61/SHINE experiment

NA61/SHINE (standing for ”SPS Heavy Ion and Neutrino Experiment”) is a

particle physics experiment is placed at Super Proton Synchrotron (SPS) in the

H2 beamline of the North Area (NA).
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The NA61/SHINE physics goals include:

• Search for the onset of deconfinement and for the critical point of strongly

interacting matter which is pursued by investigating p+p, p+Pb and

nucleus-nucleus collisions

• precise hadron production measurements for improving calculations of the

initial neutrino beam flux in the long-baseline neutrino oscillation experi-

ments as well as for more reliable simulations of cosmic-ray air showers.

The detector system is shown in the figure 3.103.10 and includes:

Figure 3.10: Layout of the NA61/SHINE experiment.

• several Time Projection Chambers

• Projectile Spectator Detector (PSD)

• two Time-of-Flight walls

• Trigger and Beam Position Detectors (BPD)
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Time Projection Chambers

In the NA61/SHINE experiment the measurement of particle trajectories and

ionization energy loss (dE/dx) is provided by four Time Projection Chambers

(TPC). Two of them are located inside a dipole magnets, called Vertex-TPC(1,2)

(VTPC1 and VTPC2) and contribute mainly to momentum measurements. They

have a gas volume of 200 x 250 x 67 cm each, and are divided into two sensitive

volumes located at each side from the beam. The other two TPCs are located out-

side the magnetic field, called Main-TPC(Left, Right) (MTPCL and MTPCR).

They have a much larger volume of 390 x 390 x 112 cm and provide most of the

dE/dx sensitivity. There are also additional small chamber Gap-TPC (GTPC)

placed on the beamline between the VTPCs to provide momentum determina-

tion of high momentum particles, and two Forward-TPCs (FTPC) to supplement

forward tracking.

Projectile Spectator Detector

NA61/SHINE Projectile Spectator Detector is a hadron calorimeter designed to

measure forward rapidity particles (projectile spectators). The transverse layout

Figure 3.11: Transverse layout of the Projectile Spectator Detector. With differ-

ent colors regions with sensitivity to spectator fragments are highlighted.



46 Chapter 3. Fixed target experiments at FAIR and CERN SPS

is shown in figure 3.113.11. It consists of 44 long modules and one additional short

module. The central part of the detector has a better granularity with transverse

module size 10 x 10 cm (16 modules). All other modules have size 20 x 20 cm.

One more short module with a size 20 x 20 cm is located in front all other

in the center to decrease shower leakage from the high energy heavy-ion beam

particles. This short module has only two sections in longitudinal direction, while

the long modules have ten sections. The design is similar to the CBM PSD, it is

described in section 3.1.13.1.1. The Projectile Spectator Detector is sensitive mostly

to spectator fragments (outer modules are also sensitive to produced particles),

and is used for event (centrality) classification and reaction plane determination.

Trigger and Beam Position Detectors

The trigger system consists of scintillator counters (S1, S2, S3) which also can

be used for beam particle identification (in case of secondary beams) and veto

scintillator counters (V1, V2) with a hole in the middle to reject off-target inter-

actions, a charge detector (Z) and an interaction trigger detector (S4). For beam

position and direction determination three Beam Position Detectors (BPDs) are

used. Each of them is a wire chamber detector, and fist the BPD is located at a

distance of about 30 m upstream of the target.

Time-of-Flight detector

Two Time-of-Flight walls are placed downstream from the MTPCs. They are

designed to cover kaons at midrapidity at SPS collision energies. Each of the

TOF array consists of about 1000 scintillators which are read out by two photo-

multiplier tubes. The time resolution of the measurement is approximately 60 ps.

Additionally, the total deposited charge is measured to distinguish double hits.

Measured TOF hits are assigned to the closest extrapolated track.



Chapter 4

Calibration tools and analysis

frameworks

This chapter describes the preparatory work, namely the tuning of event and

track cuts, data quality assurance (QA), calibration and development of analysis

frameworks (centrality, particle identification). It is organized in the following

way:

• Dataset description of NA61/SHINE data and CBM simulation with track

and event cuts

• Calibration of NA61/SHINE data

• Centrality Framework description and obtained results

• Particle Identification Framework description and obtained results

The flow results presented in chapter 55 are based on this preparatory work.
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4.1 CBM simulation setup

4.1.1 Event generators

In this work simulations have been performed using the Ultra relativistic Quan-

tum Molecular Dynamics (UrQMD) event generator [6363, 6464], and the Dubna

Cascade Model with the Quark Gluon String Model (DCM-QGSM) and the Sta-

tistical Multifragmentation Model (SMM) [6565] as afterburner.

UrQMD is a Monte Carlo event generator for proton-proton, proton-nucleus,

and nucleus-nucleus collisions developed at the Goethe University. In the stan-

dard mode it is based on the propagation of hadrons, and provides a solution

for the relativistic Boltzman equation. There are no spectator fragments in this

model. All spectators are protons and neutrons.

In the DCM-QGSM code spectator fragments are formed by the coalescence

process. After that, further decay of the exited and unstable nucleus is done with

the SMM afterburner. In the end, the most realistic description of spectator

fragment formation available on the market is used for this simulation.

4.1.2 Datasets

To study the CBM physics performance, a set of simulations was performed.

The first set is dedicated to flow performance studies, and consists of 3M Au+Au

collisions at a beam momentum of 10A GeV/c simulated with the UrQMD event

generator. The CBM detector response for those collisions is simulated with the

GEANT3 [6666] transport code, and a realistic digitization and reconstruction is

done in CBMROOT version Jul17. The PSD geometry consists of 44 modules

and has a rectangular hole of size 20 x 20 cm in the center (diamond shape).

The second set of simulations is dedicated to the study of the PSD hole size

effect on the performance of flow and centrality estimation. It consists of 300k



4.1 CBM simulation setup 49

Au+Au collisions at 10A GeV/c simulated with DCM-QGSM event generator

with spectators coalescence and statistical multifragmentation (SMM). The CBM

detector response is simulated with GEANT4 [6767] and CBMROOT version Jul17.

Three different simulations with PSD hole sizes of 0, 7 and 20 cm were performed.

The details are summarized in the table 4.14.1.

Table 4.1: Simulated datasets used in this thesis.

Model UrQMD DCM-QGSM-SMM

System Au+Au Au+Au

Beam momentum 10A GeV/c 10A GeV/c

PSD geometry 44 modules hole size 20 cm 44 modules hole size 0, 7, 20 cm

Transport code GEANT3 GEANT4

Detector response CBMROOT Jul17 CBMROOT Jul17

4.1.3 Event selection

The list of event cuts used for CBM performance studies is presented below:

• Existence of the primary vertex and a good fit quality χ2
vertex fit of the

reconstructed vertex:

X 0.5 < χ2
vertex fit < 1.5

• Position of the reconstructed primary vertex to select events with vertex

position close to the target region:

X −0.1 < Zvertex(cm) < 0.1

X −0.1 < Xvertex(cm) < 0.1

X −0.1 < Yvertex(cm) < 0.1



50 Chapter 4. Calibration tools and analysis frameworks

4.1.4 Track selection

Track cuts used to select primary particles with a good track fit quality are listed

below:

• Total number of hits in the STS+MVD is larger than 3 to assure sufficient

momentum resolution:

X Nhits(STS +MVD) > 3

• Number of hits associated to the track is required to be more than 70% of

the maximum number of points along the particle trajectory to avoid track

splitting (hardcoded cut in track reconstruction procedure):

X N total
hits /N

potential
hits > 0.7

• Distance of closest approach of the track to the primary vertex normalized

on its errors less than 3 to select primary particles:

X χ2
vertex < 3

The azimuthal angle ϕ vs. transverse momentum pT distribution is shown in the

figure 4.14.1 for MC-true protons (left) and MC-true positively charged pions (right).

Non-uniformity in ϕ is observed for both protons and pions. Positively charged

particles are deflected by the magnetic field which causes this non-uniformity.

The pseudorapidity η vs. transverse momentum pT distribution for all selected

tracks is shown in the figure 4.24.2. In the plane pseudorapidity versus transverse

momentum, the phase space acceptance is more uniform. The CBM detector has

transverse momentum coverage to very low pT .
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Figure 4.1: Azimuthal angle ϕ distribution vs. transverse momentum pT for

MC-true protons (left) and MC-true positively charged pions (right) after track

selection.
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Figure 4.2: Pseudorapidity η distribution vs. transverse momentum pT for all

charged particles reconstructed with STS+MVD after track selection.
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4.2 NA61/SHINE data

A sample of Pb+Pb collisions at 30A GeV/c collected in 2016 was used for the

analysis. The approximate number of events for each trigger as well as trigger

definitions can be found in the table 4.24.2. About 10% of the data were collected

with target removed configuration.

Table 4.2: Trigger definitions and approximate number of collected events for

Pb+Pb @ 30A GeV/c .

Trigger Definition Number of events

T1 (beam) S1 ∗ S2 ∗ V 1bar

T2 (central) S1 ∗ S2 ∗ S3bar ∗ V 1bar ∗ PSD

T3 (beam) S1 ∗ S2

T4 (minbias) S1 ∗ S2 ∗ S3bar ∗ V 1bar

4.2.1 Event selection

The event cuts can be divided into two categories: biasing and non-biasing. Non-

biasing event cuts use only information from the detectors upstream from the

target. They have no impact on collision selection and cannot contribute to

systematic biases. The main purpose of those cuts is to select beam particles

with a desired position and direction (in case of secondary beams also identify

the projectile particle type).

Biasing event cuts are cutting on variables which characterize beam interaction

with the target. They bias the selected events, especially for low multiplicity

collisions. The list of non-biasing cuts is presented below:

• Beam position cut (BPD) to remove beam outlayers

X −0.5 < BPD1x (cm) < 0.3
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Figure 4.3: PSD energy vs. multiplicity correlation for central T2 trigger.

X −0.7 < BPD1y (cm) < 1.1

X −0.7 < BPD2x (cm) < −0.1

X −0.4 < BPD2y (cm) < 0.3

X −1.05 < BPD3x (cm) < 0.35

X −0.55 < BPD3y (cm) < 0.05

• Multi-Hit Time Digital Converter cut (sometimes referred as WFA cut) to

reject off-time particles, that come too close with the triggered particle

X WFAbeam (T1) < 4000 ns

X WFAinteraction (T4) < 25000 ns

• S1 and S2 cuts to select beam particles with appropriate charge (Pb beam

is primary, but the cut still is used to remove tails of the distribution)

The list of biasing cuts is presented below:
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Figure 4.4: PSD energy vs. multiplicity correlation for minimum bias T4 trigger.

• Existence of the primary vertex and a good fit quality of the reconstructed

vertex

X 0.5 < χ2
vertex fit < 1.5

• Position of the reconstructed primary vertex to select events with vertex

position close to the target region

X −593 < Zvertex (cm) < −591

X −0.35 < Xvertex (cm) < 0.3

X −0.37 < Yvertex (cm) < 0.08

After event selection, the available statistics for configuration with magnetic field

and target inserted is 1.1 M events for the minimum bias trigger T4 and 0.6 M

events for the central trigger T2 which was fully efficient in the 0-15% centrality

class.
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4.2.2 Tracks selection

Track cuts used to select primary particles with a good track fit quality are listed

below:

• ”Good” track status (track status = 0)

• Total number of clusters in the TPCs larger than 30 (to have large enough

number of cluster for dE/dx calculation) and number of clusters in the

vertex TPCs larger than 15 (large enough number of clusters in magnetic

field to allow for a good momentum resolution):

X Nclusters(V TPC1 + V TPC2) > 15

X Nclusters(Total) > 30

• Number of hits associated to the track was required to be more than 55%

of the maximum number of points along the particle trajectory to avoid

track splitting:

X Nclusters(Total)/N
potential
clusters > 0.55

X Nclusters(Total)/N
potential
clusters < 1.1

• Distance of closest approach to the primary vertex in the plane transverse

to the beam direction less than 2 cm in x direction and less than 1 cm in y

direction to select primary particles (different values of the cut in x and y

direction are due to tracks bending in x direction in the magnetic field):

X |bx| < 2 cm

X |by| < 1 cm

The azimuthal angle ϕ vs. pseudorapidity η distribution for selected tracks is

shown in the figure 4.54.5. The detector acceptance is non-uniform in azimuthal

angle, which is connected to Vertex TPCs geometry - they consist of two sensitive
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Figure 4.5: Azimuthal angle ϕ distribution vs. pseudorapidity η for all charged

particles after track selection.

volumes located on each side (left and right) from the beam. That results in

”holes” in the acceptance at +π/2 (above the beam) and −π/2 (below the beam).

The size of those holes is different because the beam was not centered with respect

to the VTPC and was shifted by around 20 cm above the center. The ”hole” size

is becoming larger for tracks with smaller pseudorapidity.

The transverse momentum pT vs. pseudorapidity η distribution for selected

tracks is shown in the figure 4.64.6. In pseudorapidity and transverse momentum the

phase space acceptance is more uniform. There are two structures at 3 < η < 4

and 3.5 < η < 4.5 which corresponds to tracks starting from VTPC1 and VTPC2.

VTPC2 provides coverage to a very forward rapidities which in combination with

fixed-target geometry allows for unique measurements of flow in this kinematic

region.

The azimuthal angle ϕ vs. transverse momentum pT distribution for selected

tracks is shown in the figure 4.74.7. NA61/SHINE spectrometer provides coverage to
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Figure 4.6: Transverse momentum pT vs. pseudorapidity η for all charged parti-

cles after track selection.

very low transverse momentum down to pT = 0. Similarly to figure 4.54.5 the ”hole”

in azimuthal angle acceptance is observed. It is less visible at low transverse

momenta pT < 0.3 GeV/c .

Charged pion and proton identification was based on specific energy loss dE/dx

in the TPCs. The details of particle identification will be discussed in the Chap-

ter 4.44.4.
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Figure 4.7: Azimuthal angle ϕ vs. transverse momentum pT for all charged

particles after track selection.
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4.3 NA61/SHINE TPC calibration

Before obtaining any physics results, the detector which was used for any kind of

measurement has to be calibrated. In case of the NA61/SHINE experiment, the

main detectors are TPCs. There are several parameters of TPCs which require

calibration. The main ones are drift velocity vD, detector position in space and

so-called T0 value which is connected with electronics reaction time. Within this

work NA61/SHINE TPCs were calibrated. The procedure was performed in 4

major Stages, which will be disscussed in details later:

• Stage 1: global T0 and Multihit time-to-digital converter calibration

• Stage 2: drift velocity vD

• Stage 3: chamber T0

• Stage 4: chamber positions in y-direction (alighnment)

For Stages 1 and 3 only the functionality of the SHINE Framework was used. The

calibration procedure was developed by Peter Kövesarki and Andras Laszlo [6868,

6969]. It was tested and approved during this work. For Stages 2 and 4 a program

was developed in addition to the basic SHINE functionality.

4.3.1 Global T0 calibration (Stage 1)

This Stage takes as an input raw data and does not need unpacking of TPC

data. The first component (so-called global T0 calibration) calibrates the time-

to-digital converter (TDC) which measures the time phase between S11 and the

start of the TPC time sampling. The calibration procedure is based on the

information that the phase shift between S11 and TPC time sampling spans the

interval [0, 40] ns due to electronics properties. The TDC distribution window

can be identified with the spanned TDC window using a linear calibration. The
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Figure 4.8: TPC time sampling (global T0 calibration).

distribution after calibration is shown in the figure 4.84.8. The second component

calculates calibration factors for CAEN V1290N Multihit-TDC (MHTDC). The

pertinent unit is triggered by the MainTrigger signal, which occurs uniquely for

each event. The occurrance times of the signal of the other beam detectors (such

as the S11) relative to the MainTrigger is recorded with a 200 ps time resolution.

The timing of MainTrigger is not very accurate and the timing reference signal

of NA61 is the S11. Therefore, the reconstruction software needs to find the

matching S11 signal to the MainTrigger and needs to recalculate the ocurrance

times relative to that.

The calibration module correlates the occurrance times of S11 relative to Main-

Trigger and determines the unknown most probable time shift between the two

along with a narrow acceptance window, in order to avoid matching the of Main-

Trigger to off-time S11 hits.
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4.3.2 Drift velocity calibration (Stage 2)

This stage calibrates drift velocity in all chambers. First, track reconstruction

using drift velocity measured with detector control system (DCS) is done. The

DCS measurement precision is usually about 1%, which 10 times worse than is

needed for a final reconstruction. Then, global tracks are splitted into segments

for each TPC and refited as local tracks. Local tracks in different TPCs are

extrapolated to a common plane and a distance in y-direction is calculated:

∆y = yα − yβ (4.1)

where α is a TPC we want to calibrate, β is a reference TPC or TOF (in case

of TOF, extrapolation is done to a TOF position and yTOF is a coordinate of

TOF hit). The illustration of the drift velocity calibration principle is shown in

figure 4.94.9. Then, drift velocity value can be estimated as:

Figure 4.9: Illustration of drift velocity calibration procedure on TOF and one

of the MTPCs example.

vD = vDCSD (1−∆y/yβ) (4.2)

where vD is the estimation of ”true” drift velocity value, vDCSD is initial estimation

measured with Detector Control System DCS.

As a starting point one always needs to use TOF to have a reference detector

without drift velocity miscalibration. Calibration sequence which was used pre-
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sented in 4.104.10. In this case everything is calibrated with respect to TOF-L (the

Figure 4.10: Illustration of drift velocity calibration sequence. With red arrows

direction of calibration is shown, with grey arrow combination which was used

only for cross-check.

magnetic field polarity for calibrated runs was such, that positively charged parti-

cles were deflected to the left). To verify results of the calibration procedure, this

Stage 2 was performed one more time to assure that there is no slope anymore

in ∆y vs y. Plots for all TPCs and TOF combinations used for calibration are

shown in the figure 4.114.11. The drift velocity resolution should be less than 1o/oo to

not provide any bias in track reconstruction procedure. The achieved resolution

is usually even smaller than 1o/oo.

4.3.3 Chamber T0 calibation (Stage 3)

This stage determines the T0 , i.e. the unknown but constant time offset of the

delay of drift time sampling with respect to the timing reference of the event, the

S11 signal. Traditionally, T0 is split according to the:

T0 = T global0 + T chamber0 (4.3)

where T global0 is an overall delay, also slightly depending on the time-of-flight of

the beam particle along with some of the cable delays common to all chambers.
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Figure 4.11: ∆y vs y after drift velocity calibration. With the red line linear fit

is shown with 2 parameters slope and offset.

By convention in the NA61/SHINE experiment, T V TPC1
0 = −94.6 ns which deter-

mines T global0 given from our T0 calibration procedure for VTPC1. The T chamber0

for the other chambers are simply defined by their respective:

T chamber0 = T0 − T global0 (4.4)

The T0 is determined in the following way using the bottom point method:

(T0 + tbottom)vdrift = Ldrift (4.5)

where Ldrift is the drift length vdrift is the drift velocity tbottom is the measured

raw drift time to the bottom of the chamber.

Main-vertex tracks are dissected into local tracks which are refitted using their

local clusters with the last cluster excluded from the fit. The intersection of the

fitted local track and the pad plane of the last cluster determines the last point
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of the track and the raw drift time corresponding to it determines t bottom and

thus T0 can be calculated. The procedure is illustrated in the figure 4.124.12. The

Figure 4.12: Illustration of the principle of the bottom point analysis for deter-

mination of the drift time measurement offset (T ch0 ).

local track refitting with the last cluster excluded helps to reduce the effect of the

bias due to the closeness of the cathode plane to the last detected bottom cluster

along with the remaining discretization effect of the cluster centroid estimation.

4.3.4 Chamber positions calibation (Stage 4)

It calibrates the geometrical vertical shifts y0 of TPC chambers. It is similar to

Stage 2 but at this point drift velocity and T0 are known and one can calculate

constant in time shift between any two chambers. The sequence of the calibration

is the same as for Stage 2 - everything is calibrated relatively to TOF-L.

4.3.5 Summary

Within this work the following parameters of the NA61/SHINE TPCs were cal-

ibrated: global and chamber T0, Multihit time-to-digital converter calibration,

drift velocity vD, chamber positions in y-direction. The NA61/SHINE calibra-

tion software was improved (Stages 2 and 4) and sucessfully tested and applied

on Pb+Pb collisions. The typical resolution for drift velocity calibration is less

than 1o/oo and TPC y-position resolution is at the order of 100 µm. The cali-
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bration results were submitted to NA61/SHINE DataBase and used for official

productions.
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4.4 Charged hadron identification

Charged hadron identification is a basic tool needed in any heavy-ion experiment.

In this section the most common identification techniques will be discussed and

a framework developed for CBM will be described. The purpose of this part of

the work was to start the development of a PID framework, which could be easily

maintained and extended with the new features in the future.

4.4.1 Identification with Time-of-Flight and specific en-

ergy loss

Charged hadron identification in most experiments is done with specific energy

loss (dE/dx) or Time-of-Flight (TOF) method (or combination of both). The

specific energy loss method is based on the Bethe formula, which describes mean

energy loss per distance traveled of charged particles depending on their mass,

velocity and charge. The typical illustration of dE/dx measurement is shown

in 4.134.13.

A Time-of-Flight measurement is based on relation between particle momen-

tum, velocity and mass:

p =
mβ√
1− β2

(4.6)

One can measure particle momentum using the track curvature in the magnetic

field and the velocity β = l/t measuring track length and time. An example of

input information for particle identification with this method is shown in 4.144.14

based on a CBM simulation.

Both methods provide a clear separation between particle species. There are

different methods to select particles samples with different efficiency and purity.

One of them will be discussed in the next section.
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Figure 4.13: Specific energy loss dE/dx vs. momentum p for all charged tracks

measured by the NA61/SHINE TPCs for Pb+Pb collisions at 30A GeV/c .

4.4.2 Framework description

The framework functionality can be divided into two step:

1. two-dimensional histogram fitting

2. calculationg PID probabilities (hypotheses)

Both of them are described below.

Two-dimensional histogram fitting

Fitting of a two-dimensional (2D) histogram can be done as a sequence of fitting

one-dimensional (1D) histogram in each bin along x-axis. Then the fit parameter

dependence on the x-axis variable (usually momentum) can be approximated

using the information from fits in all bins. Fitting of a 1D histogram is trivial

using CERN ROOT [7070] functionality. One has to define the fit function and

initial values for the parameters and the build-in minimizator will find the best
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Figure 4.14: Mass square m2 of particle calculated using TOF information vs.

momentum for simulated Au+Au collisions @ 10A GeV/c .

fit. The Framework provides an interface to tune the fitting procedure. For

one-dimensional fitting one can modify:

• fitting function (usually, Gaussian)

• particles species to fit (protons, pions, kaons)

• fitting ranges for all particles species

• background function

• χ2 cut for the fit quality

The illustration of this procedure is shown in figure 4.154.15. As an input one bin from

the mass square vs. momentum distribution obtained with CBM simulated data

is used. The fit function is Gaussian for three particle species (protons, pions and

kaons) and polynomial function with three parameters y = a0 +a1x+a2x
2 (pol2)

for background (track and TOF hit mismatch). Parameter approximation is also
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Figure 4.15: One dimensional fitting procedure illustration. The square mass

is calculated using TOF and tracking information from CBM simulation. The

particle species as well as the background and the total fit function are shown in

different colors.

similar to that: one has to propagate the output (including uncertainties) from

several one-dimensional fits to the ROOT minimizator. For approximation of

parameters x-axis dependence one can set following options for every parameter

independently:

• fitting function

• fitting range

This procedure is illustrated in figure 4.164.16. The one-dimensional fit was repeated

for all momentum bins and approximated with polynomial functions with three

parameters (pol2) for mean value µ and standard deviation σ, polynomial func-

tions with 5 parameters (pol4) for background parameters a0, a1, a2 and with

exponential function for integral A.
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Figure 4.16: Illustration of fit parameters momentum dependence approximation

procedure. For the top plots with different colors different particle species are

indicated.

Calculating probabilities

The next step after fitting 2D histogram is to use a parametrization to select

particles of a given species. There are several ways to do so, the most popular of

them are:

• sigma cut selection

• probability or purity selection

The second method is preferable, because it allows to control purity of the selected

sample. In case of sensitive measurements of less abundant particles (kaons,

in this example), the sigma cut could give a completely wrong measurement

of the observable. In the Framework both of them are available with use of

corresponding getters.
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The selection criteria for purity selection is defined similar to that used in

ALICE [7171]. For example, for in selected case of particle identification with

TOF, probability Pj for a given m2 and p for a particle to be of type j can be

calculated as follows:

Pj(m
2, p) =

Gj(m
2, p)∑

i=π,p,K Gi(m2, p) +BG(m2, p)
(4.7)

where Gj(m
2, p) is a fit function value at a given point for particle specie j,

BG(m2, p) is a background fit function value.

Using this information the probabilities for all particle species can be calcu-

lated. The purity calculated for one momentum bin is shown in figure 4.174.17. Based

on this information selection cuts can be defined.

Figure 4.17: Purity of selection given particle specie (shown with different colors)

for one momentum bin.
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4.4.3 Results

An example of PID determination procedure using Gaussian fit function is pre-

sented in this section. In this section charged hadron identification for CBM

simulation is performed using Time-of-Flight technique and for NA61/SHINE it

is performed using specific energy loss. The results presented in this section are

used for flow measurements, which are reported in section 55.

Time-of-Flight identification in CBM

To study the CBM performance for charged hadron identification, a purity cut

of 90% was applied. The square mass vs. momentum distribution for selected

particles is shown in figure 4.184.18. All three particle species (protons, pions and

Figure 4.18: Mass square m2 vs. momentum for Au+Au @ 10A GeV/c after PID

selection with purity cut of 90%.

kaons) have large selection area with a given purity.

The identified particle reconstruction efficiency, which takes into account track-

ing, track to TOF hit matching and identification efficiencies, is calculated as a
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ratio of the number of reconstructed and identified tracks to the number of MC-

particles of a gives specie in a given kinematic bin. The fficiency map for protons

is presented in the figure 4.194.19. A high identification efficiency over wide kinematic
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Figure 4.19: Transverse momentum pT vs. rapidity y for protons after tracks and

PID selection.

range is observed.
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Energy loss identification in NA61/SHINE

For charged hadrons identification in the NA61/SHINE experiment TShine soft-

ware [7272] was used. The package functionality includes fitting dE/dx distribution

in momentum bins. Unlike to CBM analysis no approximating from bin to bin

applied.

An example of the fitting procedure with TShine for one momentum bin is

shown in figure 4.204.20. The fit function consists of a sum of four particle species:

protons, pions, kaons and electrons. The description of the data is reasonably

good near the centers of the peaks. The peaks shape is non-gaussian, therefore

the tails of the distribution is not described by the fit.

Figure 4.20: Transverse momentum vs. rapidity for protons after tracks and PID

selection.

Using the fit results, identified particle samples with purity more then 90% are

selected. Probabilities and purity criteria are calculated using the fit parameter

in every momentum bin independently. The corresponding regions on dE/dx vs.

momentum plot are illustrated in the figure 4.214.21. All particle species are clearly

separated and the particle identification efficiency is large.
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Figure 4.21: Specific energy loss dE/dx vs. momentum for pions and protons

after tracks and PID selection.

The transverse momentum vs. rapidity distribution for selected negatively

(left) and positively (right) charged pions with purity more than 90% are shown

in figure 4.224.22. The same distribution for protons is shown in figure 4.234.23.
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Figure 4.22: Transverse momentum vs. rapidity for negatively (left) and posi-

tively (right) charged pions after tracks and PID selection.
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PID selection.
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4.4.4 Summary

An object oriented C++ Framework for particle identification analysis was de-

veloped [7373]. The basic functionaly is described above and includes:

1. Fill m2 vs p distribution for a pure sample of π, K and p (denoted below

as 2D-(π,K,p)) and for all particles (2D-all). Pure sample of pions, kaons

and protons can be obtained from decay daughters of K0
s , Λ and φ using

KF Particle Finder [7474].

2. Parameterize m2 distribution in slices of momentum:

(a) Fit each slice of 2D-(π,K,p) using generalized Gaussian function

G(m2) = Ae−(
|m2−µ|

σ
)k(1 + Erf(sm

2−µ√
2σ

)) with 5 parameters abun-

dance (A), mean (µ), sigma (σ), s and k are connected with skewness

and kurtosis.

(b) Fit each slice of 2D-all with a sum of generalized Gaussian G(m2, p)

and polynomial function for background BG(m2, p).

3. Parametrize momentum dependence of the fit parameters. Repeat until

parameters are stabilized.

4. Save fit parameters to the ROOT file for further use in the analysis.

5. Calculate a bayesian probability

This procedure can be applied in different centrality classes. In this case the

2D histogram for each centrality class should be fitted separately. More detailed

information about C++ implementation with examples and HowTo can be found

in the project documentation [7575].
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4.5 Centrality

The size and evolution of the medium created in a heavy-ion collision depends

on collision geometry which is defined by the impact parameter vector, number

of participants and binary collisions etc. Those geometric quantities cannot be

measured directly. Experimentally, collisions are characterized by the measured

particle multiplicities around midrapidity, or by the energy measured in the for-

ward rapidity region, which is sensitive to the spectator fragments. For this,

collisions are grouped into centrality classes with the most central class defined

by events with the highest multiplicity (smallest forward energy) which corre-

sponds to small values of the impact parameter. The most common definition of

the centrality is connected to the impact parameter. According to it, collisions

with the impact parameter b defined to have the following centrality cb:

cb =
1

σinel

∫ b

0

Pinel(b)db (4.8)

where Pinel(b) = dσ/db is the probability that an inelastic collision occurs at im-

pact parameter b, σinel - is the inelastic cross-section of a nucleus-nucleus collision.

It is important to keep in mind, that the experimentally defined centrality is a

different quantity and in general case does not correspond to cb. In this section

some methods to define centrality classes experimentally and their connection to

model parameters will be discussed.

4.5.1 Mapping collision geometry to experimental observ-

ables

The main observables used for the centrality estimation in heavy-ion experiments

are the charged particle multiplicity in a given kinematic window, and the forward

(backward) rapidity energy, which is an approximation for number of projectile
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(target) spectators. Then, the centrality definition reads as follows:

cNch =
1

σinel

∫ ∞
Nch

dσ

dNch

dNch (4.9)

cEsp =
1

σinel

∫ Esp

0

dσ

dEsp
dEsp (4.10)

Usually the total inelastic cross-section is substituted with a total number of col-

lisions corrected for a trigger inefficiency and bias. One way to do this correction

will be described in the section 4.5.34.5.3.

The observables from equations 4.94.9 and 4.104.10 are not equivalent to equation 4.84.8.

In case of a narrow correlation between impact parameter and measured observ-

able they can be quite close. The illustration of this principle is shown in fig-

ure 4.244.24. In this case, the event classes selected by multiplicity can be mapped

  

M±ΔMM

<b>±σ

Figure 4.24: Correlation between track multiplicity measured by STS and impact

parameter b.

to a certain range of impact parameter. It is done within some models which can

reproduce measured quantities and has impact parameter. The most popular
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model which is used for example by ALICE [7676] and STAR [7777] is the Glauber

model.

4.5.2 Glauber model

The Glauber model is widely used to describe the initial state distribution of

nucleons in heavy-ion collisions. In this model, a collision is described as indi-

vidual interactions of the constituent nucleons. It assumes, that with sufficiently

high energy, nucleons pass each other undeflected and move independently inside

the nucleus. Interactions are defined by the size of the nucleons, which is large

compared to the range of the nucleon-nucleon force. An input of the Glauber

model is the nucleon density inside the nucleus. It is usually parametrized by

Fermi distribution.

ρ(r) = ρ0
1 + w(r/R)

1 + exp( r−R
a

)
(4.11)

where R is radius of the nucleus, ρ0 is density in the center of the nucleus, a is

parameter which defines size width of the crust.

Due to its simplicity and good description of experimental data, the Glauber

model is widely used for centrality definition. Often it is the only way to make

comparison of experimental data measured with different detectors and with dif-

ferent centrality definitions. The way to do this is described below.

4.5.3 MC-Glauber fit

To estimate the total cross-section and the trigger bias it is common to use the so-

called MC-Glauber fit. The procedure includes fitting experimentally measured

particle multiplicity (or similar observable, for example number of hits in some

detector, etc) with a Glauber model based function.

Ffit(f, µ, σ) = Pµ,σNA(f) (4.12)
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where Pµ,σ is the negative binomial distribution, NA is a number of ancestors,

which can be parametrized in a following way (some selected parametrization,

but not a full list):

NA(f) = fNpart + (1− f)Ncoll

NA(f) = N f
part

NA(f) = N f
coll

(4.13)

where Npart and Ncoll is the number of participants and number of binary col-

lisions. The first term corresponds to the contributions from soft processes and

the second corresponds to hard processes. For FAIR energies, the second term is

expected to be small. The most challenging part in this procedure is to find the

best fit. One possible implementation is described in the next section.

At some point, the contributions from the trigger and from the electromagnetic

interactions bias the measured distribution. At this point, the data and the

fit start to diverge. Below this point, which is called the ”anchor” point, the

centrality determination is not reliable. With the MC-Glauber fit one has the

connection between measured collisions and simulated collisions with the Glauber

model. With the assumption, that the Glauber model is describing the data, one

can calculate average values of the model parameters such as impact parameter,

Npart and Ncoll for a given centrality class.

4.5.4 Framework description

The first step towards centrality estimation is to determine the total cross-section.

As discussed above, it can be done with the MC-Glauber fitting procedure. It

involves finding the best fit in a phase space of three parameters of the function

from equation 4.124.12 f, µ, σ. The first parameter defines the fit function shape

and can be connected with the type of nucleon-nucleon interaction. The last

two (µ and σ) are parameters of the NBD distribution. The parameter µ is the
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mean number of tracks (hits) in the detector produced from the one source (an-

cestor). It convolutes particle production from physics processes and detector

acceptance/efficiency. The fit function is very sensitive to changes of this param-

eter due to the fact that it effectively changes the scale on the x-axis. The second

parameter of the NBD distribution σ defines the spread in multiplicities (number

of hits) for a given NA and can be connected to fluctuations of some kind. To

find the best fit one should first to define a criteria for comparing. One of the

most popular fitting criteria is χ2, which is defined as follows:

χ2 =

ihigh∑
i=ilow

(F i
fit − F i

data)
2

(∆F i
fit)

2 + (∆F i
data)

2
(4.14)

where F i
fit and F i

data are values of the fit function and the fitted histogram at bin

i, ∆F i
fit and ∆F i

data are corresponding uncertainties, ilow and ihigh are higher and

lower fitting ranges. To make the value of χ2 more illustrative it is divided over

number of fitted bins:

χ2
norm =

χ2

ihigh − ilow
(4.15)

In this case the χ2
norm value is close to one, which means that on average distance

between fit function and data histogram is consistent within the uncertainties,

which can be interpreted as a very good fit quality. The fitting procedure takes

as an input:

1. a root file with the MC-Glauber model parameters generated using

TGlauberMC [7878];

2. input histogram to fit;

3. NA parametrization, for example one of the presented in Eq. 4.134.13;

4. parameters range (f and σ, fitting of µ parameter will be described later)

and number of steps to search for the minimum;
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5. fitting range;

For each step of f and σ parameters the optimal value of the µ parameter is

calculated. As was mentioned before the χ2 is very sensitive to the change of this

parameter and the fit converges very fast. It is implemented with the golden-

section search method. Then iterating over all f and σ, the optimal fit parameters

are found. After finding the optimal fit parameters one can easily estimate the

total cross-section. With a known cross-section all events can be divided into

groups with a given range of total cross-section (0-5%, 10-20% etc). For that

one defines an observable sensitive to the collision geometry (number of track for

example in figure 4.244.24) and use it for event selection. For an one-dimensional

histogram it is done simply by calculating the number of events in bins (with

linear approximation between the bins) and putting an event class border if this

number exceeds some value. The similar approach can be also used in case of

a more complicated selection, for example in case of using correlation between

two different observables, for example track multiplicity and energy measured

by a forward rapidity calorimeter, as shown in figure 4.254.25. The event-by-event

centrality is determined by the following procedure:

1. STS multiplicity (MSTS) and energy deposition in PSD subgroup (EPSD)

scaled by their maximal value (Mmax
STS and Emax

PSD).

2. Parameterise 2D correlation between multiplicity and/or PSD subgroup

energies:

• initial fit of profile (red circles) of the correlation using a polynomial

function (red line);

• recalculate profile (black triangles) according to the fit slope and refit

(red line).

3. Slice 2D correlation perpendicular to the fit (Fig. 4.254.25) or 1D distribution

(not shown) in percentiles of total number of events.
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Figure 4.25: Illustration of the 2D centrality determination procedure. The

centrality is defined by the correlation between track multiplicity measured by

STS+MVD and forward rapidity energy measured by PSD. The correlation is

overlayed with a fit function and centrality classes borders.

For each centrality class the mean value of the impact parameter and its corre-

sponding standard deviation was found using simulated information.

4.5.5 Results

In the following section the results obtained with the framework will be diss-

cused. There are two experiments where it was used: CBM and NA61/SHINE

. The results are subdivided into corresponding subsections and used for flow

measurements which will be disscused later.
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CBM

PSD hole size effects To reduce the radiation damage by the high-intersity

beam, the PSD geometry includes a diamond shaped hole of size 20 x 20 cm in

the middle for the beam pipe. In this section, the effect on the centrality determi-

nation performance is discussed, and compared to a previous study as described

in the PSD TDR [6262]. To study the impact on the centrality determination,

three PSD geometries with hole sizes 0, 7 and 20 cm were implemented. The full

CBM detector response was simulated with GEANT4. As event generator the

DCM-QGSM-SMM model was used.

Figure 4.26: PSD energy distribution vs. STS multiplicity for realistic GEANT4

simulation with PSD geometry without a hole.

The forward energy with the track multiplicity correlation for the simulation

without a hole is shown in figure 4.264.26. As expected, a strong anti-correlation is

observed – the PSD energy is an approximation for the number of projectile spec-

tators, and the number of charged particles is roughly proportional to number of
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participating nucleons. In this case, both observables can be used as independent

centrality estimators. They have different sensitivities to the impact parameter

and the first study of the PSD performance done for the TDR shows that the

PSD resolution is slightly worse comparing to the STS.

Figure 4.27: PSD energy distribution vs. STS multiplicity for realistic GEANT4

simulation with PSD geometry with 7 cm hole (diamond shape).

The forward energy with the track multiplicity correlation for the simulation

with a 7 cm hole is shown in figure 4.274.27. This setup is close to one which was

studied for the PSD TDR [6262]. A large energy loss due to fragments passing

through the hole is observed mostly for very peripheral events. In central and mid-

central collisions the PSD still can be used as independent centrality estimator.

Unbiased by the hole are about 30% of the collisions.

The forward energy with the track multiplicity correlation for the simulation

with a 20 cm hole is shown in figure 4.284.28. This hole size is necessary due to the

radiation damage of the PSD by the beam halo and by heavy fragments hitting

the PSD producing hadronic showers.
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Figure 4.28: PSD energy distribution vs. STS multiplicity for realistic GEANT4

simulation with PSD geometry with 20 cm hole (diamond shape).

The correlation is completely degraded in this case due to the large hole. In this

setup, an additional detector is needed to estimate the centrality together with

the PSD. There is an ongoing discussion to add a quartz counter in the hole to

register number and charge of particles passing through. Additional studies with

a combination of other detectors are needed to study the centrality estimation

performance.

Centrality estimation resolution In this section the simulation dataset with

the UrQMD model and a 20 x 20 cm hole is used. An illustration of the MC-

Glauber fitting procedure using the CBM simulation is presented in figure 4.294.29.

The fit is describing the multiplicity distribution over the whole range. No event

selection or other biases are observed.

The fit results were used to calculate the impact parameter distribution in each

centrality class. The result is shown in figure 4.304.30 (left). Also the mean value
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Figure 4.29: Track multiplicity distribution (red) and MC-Glauber fit (blue).

and the width of the impact parameter were calculated for a given centrality,

the result is presented in figure 4.304.30 (right). For more peripheral events the

centrality classes start to overlap. For a further analysis one can make the bin

size in centrality larger.

As a final result, the centrality classes are defined using the energy deposited in

the PSD. Borders of the centrality classes as well as the PSD energy distribution

are presented in figure 4.314.31. The size of the bin size is 5% and only first 60% of

centrality is shown.
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Figure 4.30: Impact parameter distribution for each centrality classes indicated

with different colors (left). Mean impact parameter in each centrality class vs.

centrality (right).

Figure 4.31: PSD energy distribution for the CBM simulation. Dashed vertical

lines mark the borders of event (centrality) classes.
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NA61/SHINE

The Centrality framework was also tested with NA61/SHINE Pb+Pb data @

30A GeV/c collected in 2016. The result of the MC-Glauber fitting procedure

shown in figure 4.324.32. The trigger bias for this dataset is expected to be less than

Figure 4.32: Track multiplicity distribution (red) and MC-Glauber fit (blue).

5%.

As well as for the CBM experiment, the PSD energy deposition is used for

centrality determination. The centrality classes are presented in figure 4.334.33. Both

central and minimum bias triggers are used for analysis. The central trigger found

to be unbiased for 0-15% of centrality.

4.5.6 Summary

An objected oriented C++ framework for centrality analysis was developed. The

basic functionality is described above and includes:

• Estimate trigger / event reconstruction / etc biases using MC-Glauber fit
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Figure 4.33: PSD energy distribution for central (T2) and minimum bias (T4)

triggers. Dashed vertical lines mark the borders of event (centrality) classes.

• Divide events into classes based on any observable or correlation of two

observables

• Map event classes to geometrical model parameters

• Store information into output object

• Getting centrality class for a given value of observable

It was tested using CBM simulation results and NA61/SHINE data. The frame-

work is (well) documented and a modular code structure allows for a future

extensions. It is included in CBMROOT as external package and can be used

independently as a stanalone framework [7979]. More detailed information about

the C++ implementation with examples and HowTo can be found in project

documentation [8080].
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Chapter 5

Results

In this section the flow results for the CBM performance and the NA61/SHINE

data are presented. The measurement technique was disscused in the section 2.32.3.

5.1 NA61/SHINE measurement

The results are presented for correlations between charged pions and protons

produced by strong interaction processes and their weak and electromagnetic

decays (in the TPC acceptance [8181]) and all hadrons at forward rapidity (in the

PSD acceptance [8282]). The results are corrected for detector non-uniformity. No

corrections for secondary interactions were applied.

5.1.1 Correction for detector effects

The results are corrected for tracking efficiency using GEANT4 [6767, 6666] Monte-

Carlo simulation. Event generator DCM-QGSM with coalescence afterburner was

used. It is briefly described in Section 4.1.14.1.1. The correction was implemented

as a weight for every particle equal to inverted tracking efficiency for a given

particle specie in a given kinematic bin. The tracking efficiency map for posi-

tively charged pions depending on transverse momentum and rapidity is shown
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in figure 5.15.1. It is defined as a ratio of the number of reconstructed tracks with

a matched MC-particle to the number of MC-particle in a given kinematic bin.

For a wide acceptance range acceptance is flat and in the order of 60% due to
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Figure 5.1: Tracking efficiency map for positively charged pions.

limited acceptance of NA61/SHINE detector in ϕ (Vertex TPCs consist of two

parts separated in x-direction, which leads to a ”hole” in the acceptance). For low

transverse momentum and forward rapidity tracks the efficiency is close to one,

which can be explained by magnetic field bending tracks away from the ”hole”.

The efficiency for protons is defined in the same way and is presented in fig-

ure 5.25.2. The same pattern for efficiency dependence on rapidity and transverse

momentum as for pions is observed. Also the results are corrected for particle

identification efficiency. Each particle is weighted with inverted efficiency of a

given particle specie selection in the specific momentum bin.

5.1.2 Systematics

For each particle track i reconstructed with the TPC a n-th harmonic unit vector

un,i is defined. The qn-vectors were calculated for charged pions and protons in
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Figure 5.2: Tracking efficiency map for protons.

transverse momentum (pT ) intervals using equation 2.42.4 where M is the number

of particles in a given pT interval.

For the analysis PSD modules were subdivided into 3 groups

(PSD1, PSD2, PSD3) with approximate coverage in pseudorapidity

η ∈ {(5.1,∞), (4.4, 5.1), (4.0, 4.4)}. Flow coefficients can be calculated us-

ing any of those 3 subevents for event plane estimation. Ideally they should

provide independent measurement with different event plane estimations. For

the case of PSD subevents difference in acceptance is not expected to has a

significant impact on flow measurement. Flow coefficients were calculated using

all 3 subevents, and the comparison for negatively charged pions vs transverse

momentum is shown in figure 5.45.4. All 3 subvents show consistent results. The

uncertainty of PSD3 the measurement is higher, which is explained by a smaller

number of particles hitting the outer part of the detector. For the following

results the combined flow for all subevents will presented. The combination was

done by arithmetic mean calculation and corresponding error propagation.

As was described in section 22, another way to check the consistency of the
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Figure 5.3: The first harmonic resolution correction factor calculated with the

3-subevent method.

results and eliminate possible systematic biases is comparing x and y components

of the flow coefficients. Both components of the directed flow for negatively

charged pions vs. transverse momentum are shown in figure 5.55.5.

The results of the x and y components are very similar, but with very different

uncertainties, which are significantly larger for the y-component. That is con-

nected to the non-uniform TPC acceptance in phi – there are almost no tracks in

the vertical ”hole” between two parts of Vertex TPCs. For the following results

on the directed flow only the x-component is presented. Results for v1 and v2

with different PSD subevents and different x and y components are found to be

consistent within statistical uncertainties.

5.1.3 Results for directed flow

The presented preliminary data are for all PSD subevents combined. For v1 only

the x-component correlation is used. Figure 5.65.6 (left) shows the directed flow
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Figure 5.4: Negatively charged pion directed flow for different event plane esti-

mators in PSD centrality class 15-35%. Only statistical uncertainties are shown.

of negatively charged pions as a function of transverse momentum in different

centrality classes (0-15%, 15-35%, 35-60%). A strong centrality dependence of v1

is observed. At pT ≈ 0 directed flow approaches 0 and changes sign depending

on centrality in the region pT ≈ 0.9-1.3 GeV/c .

Figure 5.75.7 (right) shows the π− directed flow as a function of pT . It is compared

to the new analysis [8383] of NA49 data for Pb+Pb collisions at 40A GeV using

forward calorimeters (VCal and RCal) for projectile spectator plane estimation.

Agreement between NA61/SHINE and NA49 measurements within statistical

errors is observed.

Positively and negatively charged pions and proton directed flow as a function

of transverse momentum for 15-35% centrality class is shown in figure 5.85.8.

A significant mass dependence of the directed flow is observed. The charge

dependence of pion v1 can be sensitive to effects of the magnetic field in heavy-ion

collisions [8484].
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Figure 5.5: Negatively charged pion directed flow for x and y components in PSD

centrality class 15-35%. Only statistical uncertainties are shown.
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Figure 5.6: Negatively charged pion directed flow vs. transverse momentum pT

for different centrality classes. Only statistical uncertainties are shown.
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estimation. Only statistical uncertainties are shown.
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Figure 5.8: Charged pion and proton directed flow as a function of transverse

momentum for 15-35% PSD centrality class. Only statistical uncertainties are

shown.
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Figure 5.9: Slope of directed flow at midrapidity vs. PSD centrality. Only

statistical uncertainties are shown.
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5.1.4 Results for elliptic flow

For the elliptic flow v2 results an average of the (y, x, y) and (y, y, x) correlations

is used. These combinations have the smallest statistical uncertainties due to the

geometry of the TPCs.
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Figure 5.10: Charged pion and proton elliptic flow as a function of transverse

momentum pT for 15-35% PSD centrality class. Only statistical uncertainties are

shown.

Results for π−, π+ and proton elliptic (v2) flow for the 15-35% centrality class

are presented in 5.105.10. A strong mass dependence is observed. The difference

between π−, π+ v2 is small.

The centrality dependence of elliptic flow for positively charged pions and

negatively charged pions are presented in figures 5.115.11 and 5.125.12, respectively. A

strong centrality dependence is observed.

The centrality dependence of elliptic flow for protons is shown in figure 5.135.13.

As well as for pions, a strong centrality dependence is observed.

The comparison with STAR results [8585] is shown in figure 5.145.14. Track selection

cuts were adjusted to be the same as in STAR analysis.
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Figure 5.11: Positively charged pion elliptic flow as a function of transverse

momentum pT for different centrality classes. Only statistical uncertainties are

shown.

Similar results for central and peripheral collisions are observed. Tension for

mid-central collisions could be due to the different centrality estimators: particle

multiplicity at midrapidity (STAR) and Projectile spectators (NA61/SHINE).
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Figure 5.12: Negatively charged pion elliptic flow as a function of transverse

momentum pT for different centrality classes. Only statistical uncertainties are

shown.
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Figure 5.13: Proton elliptic flow as a function of transverse momentum pT for

different centrality classes. Only statistical uncertainties are shown.
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Figure 5.14: Proton elliptic flow as a function of transverse momentum pT for

different centrality classes. Only statistical uncertainties are shown.
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5.2 CBM performance

Results are presented for correlations between charged hadrons (in the STS and

MVD acceptance) and all hadrons at forward rapidity (in the PSD acceptance).

Charged hadrons (pions, kaons and protons) are not corrected for weak decays

contribution.

5.2.1 Correction for detector effects

PSD hole size effects

In this section the effect of the PSD hole size is discussed. A hole of 20 x 20 cm

is needed to avoid radiation damage of the detector by the high-intensity beam.

The results are compared to a hole size of 7 x 7 cm and to a setup without any

hole in the PSD. To study the effect of the hole, 300 k minimum bias Au+Au

collions @ 10A GeV/c were simulated with DCM-QGSM model with coalescence

and fragment decay afterburner. The CBM detector response is simulated using

CBMROOT version Jul17.

Three versions of PSD detector geometry were simulated: without a hole,

with 7 x 7 cm and 20 x 20 cm hole (diamond shape). To quantify the effect of

introducing a hole, the resolution factors for all geometries are calculated using

correlation with MC-true reaction plane:

R1 =< Q cos ΨRP > (5.1)

The resolution correction factor for the center part of the detector PSD1 (four

central modules) is shown in figure 5.155.15. For a hole size of 20 x 20 cm, a better

sensitivity for the reaction plane direction is observed. This can be explained by

the improved PSD performance without any heavy fragments, which have smaller

sensitivity to reaction plane angle. The effect is largest for peripheral collisions
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Figure 5.15: Scalar product resolution correction factor R for central part of the

Projectile Spectator Detector (PSD1) for x (left) and y (right) component.

and almost not visible for central collisions.

The resolution correction factor is presented in figures 5.165.16 and 5.175.17 for middle

and outer parts of PSD (PSD2 and PSD3) respectively. The observed difference

between PSD geometries is smaller if we move to the outer part of the detector,

but still is visible even for outer modules. That is consistent with previous obser-

vations that the transverse width of the hadronic shower is larger than module

size.

For positively charged pions (identified using MC-true information), the di-

rected flow vs. rapidity is shown in figure 5.185.18. For the reaction plane estimation

the central part of PSD (PSD1) is used. All three tested geometries allow to

reconstruct the initial MC-true flow.

In summary, increasing the PSD hole to 20 x 20 cm improves the sensitivity

for the reaction plane reconstruction, and has a small positive effect for the flow

measurement performance. However, the main limiting factor comes from the

centrality estimation, where the PSD performance is significantly worse compared
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Figure 5.16: Scalar product resolution correction factor R for middle part of the

Projectile Spectator Detector (PSD2) for x (left) and y (right) component.

to the configuration without a hole (details discussed in the section 4.5.54.5.5).

Correction for tracking efficiency

The correction procedure for the tracking efficiency is equivalent to the one used

for NA61/SHINE data. The tracking efficiency map for pions (left) and protons

(right) is shown in the 5.205.20

ε =
Nmatched
rec

NMC

(5.2)

One can estimate the reaction plane angle with spectators detected in the PSD

and determine the flow of produced particles detected in the STS with respect

to this plane. For event plane determination the PSD modules were subdivided

into 3 groups (PSD1, PSD2, PSD3) with approximate coverage in pseudorapidity

η ∈ {(4.4,∞), (3.7, 4.4), (3.1, 3.7)}.
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Figure 5.17: Scalar product resolution correction factor R for outer part of the

Projectile Spectator Detector (PSD3) for x (left) and y (right) component.

5.2.2 Results for directed flow

In figure 5.215.21 the directed flow for positively charged pions vs. transverse mo-

mentum is shown. The centrality is defined using the PSD energy deposition as

described in section 4.54.5. Events with 5-10% centrality are selected. The event

plane is estimated with inner (PSD1) and outer (PSD3) parts of the Projectile

Spectator Detector. Both measurements show consistent results with each other,

and MC-true calculation results. The directed flow has a minimum at around 0.2

GeV/c .

The rapidity dependence of the same observable shown in figure 5.225.22. Re-

constructed values of directed flow are consistent with MC-true in all centrality

classes. The directed flow crosses 0 at midrapidity.

The directed flow for positively charged kaon vs. rapidity y is shown in fig-

ure 5.235.23. Both PSD estimations show consistent results with MC-true. Similarly

to pions, the directed flow crosses 0 at midrapidity. The statistical uncertainties
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Figure 5.18: Positively charged pions (MC-true) directed flow vs. transverse mo-

mentum pT for PSD centrality class 5-10%. With different colors PSD geometries

with hole size from 0 (no hole) to 20 cm are indicated.

are rather large, so for future extensive studies of the CBM performance for the

flow of strange particles larger statistics is required.
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Figure 5.20: Tracking efficiencies for positively charged pion (left) and proton

(right) as a function of transverse momentum and rapidity.
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Figure 5.21: Directed flow of positively charged pions vs. transverse momentum

pT compared to the Monte-Carlo true calculation for centrality class 5-10%. Only

statistical uncertainties are shown.
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Figure 5.22: Directed flow of positively charged pions vs. rapidity y compared

to the Monte-Carlo true calculation (indicated with lines) for centrality classes

from 0 to 20%. Only statistical uncertainties are shown.
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Figure 5.23: Directed flow of positively charged kaons vs. rapidity y compared

to the Monte-Carlo true calculation for centrality class 5-10%. Only statistical

uncertainties are shown.



Chapter 6

Conclusions and outlook

Motivation

One of the ways to explore the QCD phase diagram is heavy-ion collisions. In

heavy-ion collisions, the initial geometry and relative position of the nuclei play

an important role. During the evolution of the created medium, the spatial

anisotropy of the energy density converts to momentum anisotropy of the pro-

duced particles due to interaction between them. In an asymmetrical medium,

the pressure gradient will be also asymmetrical. The anisotropy of the produced

particles in the final stage can be measured experimentally.

The flow harmonics correspond to the asymmetry for a given harmonics in

the Fourier expansion of the distribution. The magnitude of vn depends on the

system size, energy, centrality and other event and particle properties. The main

feature of anisotropic flow is its sensitivity to early stages of collision. It originates

from the particles spatial anisotropy in initial stage, which vanishes already in

first few fm/c of the collision.

In this thesis, anisotropic flow measurements for SPS and FAIR energies are

presented. Also within this work several tools for analysis, such as particle iden-

tification and centrality frameworks were developed, as well as a TPC calibration
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procedure for NA61/SHINE detector.

Calibration tools and analysis frameworks

Calibration

Within this work the following parameters of the NA61/SHINE TPCs were cal-

ibrated: global and chamber T0, Multihit time-to-digital converter calibration,

drift velocity vD, chamber positions in y-direction. The NA61/SHINE calibra-

tion software was improved (Stages 2 and 4) and sucessfully tested and applied

for Pb+Pb collisions. The typical resolution for drift velocity calibration is less

than 1o/oo, and the TPC y-position resolution is of the order of 100 µm. The

calibration results were submitted to the NA61/SHINE DataBase, and are used

for official productions.

Centrality

An objected oriented C++ framework for centrality analysis was developed. The

basic functionaly includes:

• Estimate trigger / event reconstruction / etc biases using MC-Glauber fit

• Divide events into classes based on any observable or correlation of two

observables

• Map event classes to geometrical model parameters

• Store information into output object

• Getting centrality class for a given value of observable

It was tested using CBM simulation results and NA61/SHINE data. The frame-

work is (well) documented and a modular code structure allows for a future
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extensions. It will be included in the CBMROOT as external package, and can

be used independently as a standalone framework.

Particle identification

A C++ framework for particle identification analysis was developed. The basic

functionaly includes:

1. Parametrize m2 distribution in slices of momentum:

2. Parametrize momentum dependence of the fit parameters. Repeat until

parameters are stabilized.

3. Save fit parameters to the ROOT file for further use in the analysis.

4. Calculate a bayesian probability

This procedure can be applied to different centrality classes. In this case the

2D histogram for each centrality class should be fitted separately. It was tested

using CBM Time-Of-Flight simulation for the charged hadron identification. The

framework can be used as stanalone package and will be included to CBMROOT.

Results of the anisotropic flow measurements

In this work the CBM performance for anisotropic flow measurements is studied

with Monte-Carlo simulations using gold ions at SIS-100 energies employing dif-

ferent heavy-ion event generators. The resulting performance of CBM for flow

measurements is demonstrated for positively charged pions and kaons directed

flow as a function of rapidity and transverse momentum in different centrality

classes. The CBM detector and the developed analysis techniques allow for pre-

cise anisotropic flow measurements using the forward calorimeter PSD.

In this thesis an analysis of the anisotropic flow harmonics in Pb+Pb collisions

at beam momenta 30A GeV/c collected by the NA61/SHINE experiment in the
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year 2016 is presented. Flow coefficients are measured relative to the spectator

plane estimated with the Projectile Spectators Detector (PSD). Transverse mo-

mentum and rapidity dependence of the directed and elliptic flow is presented for

different centrality classes. The results are compared to the corresponding NA49

data, and to the measurements from the RHIC BES program.

PSD beam hole size effect on physics perfor-

mance

To reduce the radiation damage by the high-intersity beam, the PSD geometry

includes a diamond shaped hole of size 20 x 20 cm in the middle for the beam

pipe. In this work the PSD performance for the centrality and event plane deter-

mination is discussed, and compared to a previous study as described in the PSD

TDR, which was done with a 6 cm diameter hole. For the centrality estimation,

in a case of 20 x 20 cm hole correlation between registered energy and geometri-

cal model parameters, such as impact parameter, is completely degraded. In this

setup, an additional detector is needed to estimate the centrality together with

the PSD. Additional studies with a combination of other detectors are needed to

study the centrality estimation performance. For the flow measurement, increas-

ing the PSD hole to 20 x 20 cm, improves the sensitivity for the reaction plane

reconstruction and has a small positive effect for the performance.

Outlook

The developed frameworks are well structured and documented, which allows for

a further extension and improvement. The work presented in this thesis is rather

a first step for a future CBM physics performance studies.

For the NA61/SHINE data, measurements could be extended to other colli-
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sions systems, such as Xe+La, Ar+Sc, and Be+Be collisions, which are available

from the system size scan of the NA61/SHINE experiment.
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• ”Procedure for event characterization in Pb-Pb collisions at 40AGeV in the

NA49 experiment at the CERN SPS”

E. Zherebtsova, V. Klochkov, I. Selyuzhenkov, A. Taranenko and

E. Kashirin
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Motivation

Eine der Möglichkeiten, das QCD-Phasendiagramm zu untersuchen, sind Schwe-

rionenkollisionen. Bei Schwerionenkollisionen spielen die Ausgangsgeometrie und

die relative Position der Kerne eine wichtige Rolle. Während der Evolution des

erzeugten Mediums wandelt sich die räumliche Anisotropie der Energiedichte in

die Impulsanisotropie der produzierten Partikel durch Interaktion zwischen ih-

nen. In einem asymmetrischen Medium ist der Druckgradient ebenfalls asym-

metrisch. Die Anisotropie der erzeugten Teilchen im Endstadium kann experi-

mentell gemessen werden. Die Flusskoeffizienten entsprechen der Asymmetrie für

eine bestimmte Harmonische in der Fourierreihe der Verteilung. Die Größe von vn

hängt von der Systemgröße, der Energie, der Zentralität und anderen Ereignis-

und Teilchenigenschaften ab. Das Hauptmerkmal des anisotropen Flusses ist

seine Empfindlichkeit gegenüber frühen Phasen der Kollision. Es stammt von

der räumlichen Anisotropie der Teilchen im Anfangsstadium, die bereits in den

ersten paar fm/c der Kollision verschwindet.

In dieser Arbeit werden Messungen und Simulationen des anisotropen Flusses

für SPS- und FAIR-Energien vorgestellt. Im Rahmen dieser Arbeit wurden auch

verschiedene Programmpakete zur Teilchenidentifikation- und Zentralitätbestim-

mug, sowie TPC-Kalibrierverfahren für den NA61/SHINE -Detektor entwickelt.



Kalibrierungs- und Analyseverfahren

Kalibrierung

Im Rahmen dieser Arbeit wurden folgende Parameter der NA61/SHINE

TPCs kalibriert: Global und Kammer T0, Multihit Time-to-Digital-Wandler-

Kalibrierung, Driftgeschwindigkeit vD, Kammerpositionen in y-Richtung. Die

NA61/SHINE -Kalibrierungssoftware wurde verbessert (Stufen 2 und 4) und

erfolgreich getestet und auf Blei-Blei-Kollisionen angewendet. Die typische

Auflösung für die Driftgeschwindigkeitskalibrierung beträgt weniger als 1o/oo und

TPC y-Positionsauflösung liegt in der Größenordnung von 100 µm. Die Kalibrier-

ergebnisse wurden an die NA61/SHINE -Datenbank übermittelt und für offizielle

Produktionen verwendet.

Zentralität

Ein objektorientiertes C++ Programmpaket zur Zentralitätsbestimmug wurde

entwickelt. Die Grundfunktionalität umfasst:

• Analyse des Einflusses von Trigger und Ereignisrekonstruktion auf die Zen-

tralitätsselection

• Unterteil und der Ereignisse in Klassen, die auf einer beobachtbaren Kom-

bination von zwei beobachtbaren Ereignissen basieren.

• Zuordnung von Ereignisklassen zu geometrischen Modellparametern

• Speichern von Informationen im Ausgabeobjekt

Es wurde mit CBM-Simulation und NA61/SHINE -Daten getestet. Das Pro-

grammpaket ist (gut) dokumentiert und eine modulare Codestruktur ermöglicht

zukünftige Erweiterungen. Es ist in CBMROOT als externes Paket enthalten und



kann unabhängig voneinander als stanalones Gerüst verwendet werden. Detail-

liertere Informationen über die C++-Implementierung mit Beispielen und HowTo

finden Sie in der Projektdokumentation [8080].

Teilchenidentifikation

Ein C++ Programmpaket für die Teilchenidentifikationsanalyse wurde entwick-

elt. Die Grundfunktionalität umfasst:

1. Parametrisieren die m2-Verteilung in Scheiben des Impulses:

2. Parametrisieren der Impulsabhängigkeit der Anpassungsparameter.

Wiederholen Sie dies, bis die Parameter stabilisiert sind.

3. Speichern die Fit-Parameter in der ROOT-Datei zur weiteren Verwendung

in der Analyse.

4. Berechnen der bedingten Wahrscheinlichkeit nach Bayes.

Dieses Verfahren kann in verschiedenen Zentralitätsklassen angewendet werden.

In diesem Fall sollte das 2D-Histogramm für jede Zentralitätsklasse separat

angepasst werden. Es wurde mit Hilfe der CBM Time-Of-Flight-Simulation für

die Identifizierung der geladenen Hadronen getestet. Das Programmpaket kann

separat oder als Teil von CBMROOT verwendet werden. Detaillierte Informa-

tionen zur C++-Implementierung mit Beispielen und HowTo enthält die in der

Projektdokumentation [7575].

Bestimmung des anisotropen Teilchenflusses

In diese Arbeit wird die Bestimmung des anisotropen Teilchenflusses mit dem

CBM-Detectorsystem untersucht. Dazu werden Monte-Carlo-Simulationen von

Gold-Gold Stößen bei SIS-100 Energien mithilfe verschiedener Ereignisgeneratio-

nen durchgeführt. Anhand von Ergebnissen zum kollektiven Fluss von Pionen



and Kaonen als Funktion von Rapidität und Transversalimpuls für verschiedene

Zentralitätsklassen wird die Qualität des neu entwickelten Analysetechniken für

verschiedenen Konfigurationen des PSD Vorwardskalorimeter demonstriert. Im

Rahmen dieser Arbeit wird weiterhin eine Analyse des anisotropen Teilchen-

flusses in Blei-Blei-Kollisionen bei Strahlimpulsen von 30A GeV/c vorgestellt.

Analysiert wurden Daten, die mithilfe des NA61/SHINE Experiments im Jahre

2016 gemessen wurden, unter Verwendung eines PSD, der zur Bestimmung

des Reaktionsebene dienst. Der gerichtete und elliptische Teilchenfluss wird

als Funktion des Transversalimpulses wird des Rapidität für verschiedene Zen-

tralitätsklassen analysiert. Die Ergebnisse werden mit entsprechenden Daten von

NA49 und dem RHIC-BES-Programm vergleichen.

Anpassung der PSD Geometrie für SIS-100-

Strahlen

Der PSD des CBM-Experiments an SIS-100 wird bei Strahl intensitäten be-

trieben, die etwa vier Größenordnungen höher sind als bei NA61/SHINE. Daher

muss in der Mitter des CBM-PSD ein Ã–ffnung für das Strahlrohr vorgesehen wer-

den, um Strahlenschäden zu reduzieren. Geplant ist ein diamantförmiges Loch

der Größe 20 cm x 20 cm. Die Auswirkungen dieses Geometrie auf die Bestim-

mung der Zentralität des Stoßes und die Ereignisebene werden untersucht, und

mit einer früheren Studie vergleichen, die mit einem Loch von 6 cm durchgeführt

wurde. Es wird gezeicht, das bei einem Loch von 20 cm x 20 cm die Korrela-

tion zwischen im PSD registriertes Energie und Zentralität bei peripheral Stoßen

verloren geht, da die schweren Fragmente und kleinen Vorwartewinkeln nicht

mehr nachgewiesen werden. Es ist daher ein weiterer, hohraten-feste Detektor

erforderlich, um die Zentralität in Verbindung mit dem PSD zu bestimmten. Die

Genauigkeit des Bestimmung der Orientierung des Reaktionsebene wird hingegen



durch das größere Loch verbessert, da viele der schweren Fragmenten die unter

kleinen Vorwartewinkeln emittiert und nicht nachgewiesen werden, nur schwach

mit der Reaktionsebene korreliert sind

Ausblick

In dieser Arbeit vorgestellten Simulationen und Analysen bilden die Grundlage

für detaillierte Studien zur Physik-Performanz des CBM-Experiments bezüglich

der Messungen des Kollektiven Fluss von identifizierten Teichen. Darüber hinaus

können die entwickelten Analysemethoden und Programme auf weiterer Kolli-

sionssysteme wie Xa+La, Ar+Sc, Be+Be, die bereits von NA61/SHINE gemessen

wurden angewendet werden.
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