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Streszczenie

W niniejszej pracy doktorskiej przedstawiono pomiary mezonu K*(892)° korzystajac z
kanatu rozpadu K7~ dla zderzen p+p przy pedach wiazek 40-158 GeV/c. Dane zostaly
zebrane przez eksperyment NA61/SHINE zlokalizowany przy akceleratorze Super Proton
Synchrotron w CERN. Po raz pierwszy sygnal K*(892)° zostal wyznaczony z wykorzysta-
niem metody szablonéw. Metoda ta zostata opracowana przez autorke pracy doktorskiej
jako alternatywa do znanej metody tzw. coctail fit’u, ktéry nie sprawdza sie przy analizie
kanatu rozpadu innego niz 77 ~. Mezon K*(892)° byt badany w kanale rozpadu K7~ i
dlatego modyfikacja metody coctail fit byta konieczna. W Rozdziale 4 opisano szczegdétowo
metode analizy.

Wysoka statystyka danych dla oddziatywan p+p przy 158 GeV/c pozwolita przygoto-
waé podwéjnie rézniczkowe widma pedu poprzecznego i pospiesznosci. Srednia krotnogé
mezonéw K*(892)° dla 158 GeV/c zostala obliczona na podstawie scatkowanego po pr
oraz ekstrapolowanego rozkladu pospiesznosci. Wartos¢ te poréwnano z modelami gazu
hadronowego (Hadron Resonance Gas Models, HGM), a takze z modelem EPOS 1.99.
Opublikowane wczesniej pomiary natadowanych kaonéw wykorzystano do okreslenia sto-
sunkéw krotnoéci K*(892)° do K=, ktére pozwalaja oszacowaé przedzial czasowy miedzy
wymrozeniami chemicznym a kinetycznym. Otrzymana mase i szeroko$¢ piku mezonéw
K*(892)° przedstawiono i poréwnano z dostepnymi $wiatowymi danymi eksperymental-
nymi.

Z powodu mniejszej statystyki danych dla zderzen p+p przy pedzie wiazki 40 GeV/c i
80 GeV /¢, analiza mezonu K*(892)° dla tych energii zostala wykonana tylko w przedzia-
tach pospiesznosci, podczas gdy zakres pedu poprzecznego ustalono na 0 < pr < 1.5 Ge-
V/c. Ekstrapolowane rozklady pospiesznosci postuzyty do uzyskania érednich krotnosci
mezonéw K*(892)°. Wyniki poréwnano réwniez z przewidywaniami HGM i EPOS 1.99.
Analiza stosunkéw krotnoscei K*(892)° do K* zostala réwniez przedstawiona dla nizszych

pedow wiazki. Wiecej szczegdtéw na temat wynikoéw znajduje si¢ w Rozdziale 5.

Stowa kluczowe: produkcja rezonanséw, K*(892)°, czas pomigdzy wymrozeniami, eks-

peryment NA61/SHINE.
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Abstract

This thesis presents K*(892)° meson measurements via K "7~ decay channel for p+p inter-
actions at 40-158 GeV /¢ beam momenta. The data sets were recorded by the NA61/SHINE
experiment located at the CERN Super Proton Synchrotron. For the first time, the
K*(892)" signal was obtained based on the template method. This method was devel-
oped by the thesis author as an alternative to the known coctail fit method, which does
not work properly for decay channels different than 7+7~. The K*(892)" meson was stud-
ied in the K*7~ decay channel and therefore the modification of the coctail fit method
was needed. The analysis methodology is described in details in Chapter 4.

The high statistics of data for p+p interactions at 158 GeV/c allowed to prepare
the double-differential transverse momentum and rapidity spectra. For 158 GeV /¢, the
mean multiplicity of K*(892)° mesons was calculated based on the pr-integrated and
extrapolated rapidity distribution. This value was compared with the Hadron Resonance
Gas Models (HGM) as well as the EPOS 1.99 model. Previously published measurements
of charged kaons were used to determine the K*(892)° to K* multiplicity ratios, which
allow to estimate time interval between chemical and kinetic freeze-outs. The obtained
mass and width of K*(892)" mesons peak were presented and compared with the available
world experimental data.

Due to the lower statistics of 40 GeV/c and 80 GeV /¢ p+p data, the K*(892)° analysis
for those two energies was performed in rapidity bins only, whereas the transverse mo-
mentum range was fixed on 0 < pr < 1.5 GeV/c. The extrapolated rapidity distributions
were used to obtain the mean multiplicities of K*(892)° mesons. The results were also
compared with the HGM and EPOS 1.99 predictions. The analysis of the K*(892)" to
K* multiplicity ratios was also presented for lower beam momenta. More details about

the results are presented in Chapter 5.

Keywords: resonance production, K*(892)°, time between freeze-outs, NA61/SHINE

experiment.
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Chapter 1

Introduction

1.1 Constituents of matter

One of the oldest and still actual questions in nuclear physics is "What is the matter
made of?”. The concept of constituents of matter developed with a new discovery of
particles, starting from discovery of electron by J. J. Thomson in 1897 and his model of
atom called The plum pudding model. This model assumed that electrons are surrounded
by positively charged volume [1,2].

The next was discovery of the components of the nucleus (proton in 1919 and neutron
in 1932), which influenced the idea of the new model proposed originally by N. Bohr in
1914. After 1932, only neutrons, protons and electrons were constituents of matter and
atom had a simple structure based on positive core, made of protons and neutrons, and
negatively charged electrons circling the core. But the next thirty years were dominated
by the great ideas: Yukawa’s meson, Dirac’s positron and Pauli’s neutrino, which affected
the perception of the structure of matter [1,2].

The model of atom caused new questions, one of them was "What holds the nucleus
together?”. The positively charged protons should repel each other. The first explanation
was proposed by H. Yukawa in 1934 by introducing a new force called strong. The protons
and neutrons are attracted to each other by a field which is quantized. The mediator
of the strong interaction should be heavy due to a short range of the force. The first
calculations showed that the mediator mass should be almost 300 times higher than
electron mass. Hideki Yukawa called this particle a meson (meaning "middle weight”). The

first identification of a particle, which matched to the Yukawa’s calculations, was made
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in 1937 by two separate groups (C. D. Anderson and S. Neddermeyer, J. C. Street and E.
C. Stevenson) during studying the cosmic rays. The further studies showed that cosmic
rays consist of two middle-weight particles: 7(!) (consistent with Yukawa’s calculation)
and @ [1].

The second idea was developed on the basis of Klein-Gordon equation® which solution

for free electron with energy (F), total momentum (p) and rest mass (m) is decribed as:

E? — p*c® = m*c* — E = £4/p2c® + m2ch, (1.1)

It means that energy can have positive or negative value. The interpretation was proposed
by P. Dirac who suggested that the solution with £ > 0 describes particle with —e charge.
The negative energy state describes particle with oppositive charge (4e€). Therefore, the
particle with the same mass as electron but +e charge should exist. The matched pos-
itively charged particles, called positrons, were discovered by C. D. Anderson in 1931.
The first explanation of the negative state was modified by E. Stiickelberg and R. Feyn-
man. They proposed that the positron is a particle (positively charged electron), traveling
backwards in time. The idea of Feynman-Stiickelberg interpretation is shown in Fig. 1.1.
The consequence of the Klein-Gordon equation’s solution for free particle is an existence
of corresponding antiparticles for every kind of particles, with the same mass and oppo-
site electric change (and baryon® number) [1, 3, 4], collectively called antimatter. But
why is the Universe dominated by the matter? The possible explanation was proposed by
F.Wilczek in 1980. He claimed that the CP symmetry® could be violated during decay of
X (particles) and X (antiparticles) after the Big Bang. The lack of CP symmetry caused
evolution of the Universe with equal number of X and X to the Universe with a positive
baryon number. The baryon number is equal to +1 for baryons (e.g. proton, neutron) and

-1 for antibaryons® (e.g. antiproton, antineutron) [5].

(I)Meson 7 (called pion) is defined in Fig. 1.4.

()Muon (p) is elementary particle described in Table. 1.1.

(3)The Klein-Gordon equation is a relativistic wave equation which describes the free and spinless
particle.

() The baryon is the type of particle which consists of the three valence quarks.

(5)The CP symmetry is a discrete symmetry given by charge conjugation (C) and parity (P). The charge

conjugation is responsible for the transformation of matter to antimatter. The parity causes the flip in

the sign of spatial coordinates.

(6)The antibaryon is the type of particle which consists of the three valence antiquarks.
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E>0 E<0

Figure 1.1: The idea of Feynman-Stiickelberg interpretation: positron travelling backward

in time is electron travelling forward in time. Figure taken from Ref. [4].

The third idea was developed on the basis of the beta decay observation
(4X =4, Y + e, where A and Z are mass and atomic numbers, respectively) in 1930.
The energy of electron should have constant value for two-body decay process. But the
experimental data showed that the emitted electrons have various energies. W. Pauli
suggested that a third particle should be emitted during the beta decay, and called it
a “neutron”. The Pauli’s explanation was received with a skepticism until the Seventh
Solvay Conference in 1933, when E. Fermi showed his theory of the beta decay. He used
the same approach as P. Dirac in the formulation of the theory of radiation. E. Fermi
suggested that the third product of the beta decay is an extremely light particle and
called it neutrino (in 8~ decay it is called antineutrino now). The existence of a neutrino
was confirmed by the experiment which was conducted at the Savannah River nuclear
reactor in South Carolina in 1950 [1, 6].

The next 10 years were dominated by the search for new particles what caused the
chaos in hadron” physics. The hadrons were divided in two groups: baryons and mesons,
but without logical reason. The first attempt of classification of the particles was done in
1961 by Murray Gell-Mann who introduced geometrical patterns of dependence between
different baryons and mesons based on their charge and strangeness® . This methodology

was called the Eightfold Way [7]. The example of baryon octet is shown in Fig. 1.2.

(MHadron — the particle which consists of three quarks (baryon), three antiquarks (antibaryon) or

quark-antiquark pair (meson). They are held together by the strong force (see Table 1.1).
(®)Strangeness is a property (quantum number) of particles which can be defined as: S = —(ng — ng),

where ng and ng are the numbers of strange and antistrange quarks, respectively.
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The Baryon Octet

Q=- 1 0=0 a=tl

Figure 1.2: The baryon octet, where Q) is electric charge and S is strangeness. Figure taken

from Ref. [1].

The heavier baryons were grouped into decuplet. One of the predicted heavy baryons
from the decuplet, with S=-3 and Q=-1, was discovered three years later and called €2~.
This discovery convinced physicists to Eightfold Way method. But the question "Why
do the hadrons fit into these patterns?” was still open. In 1964 M. Gell-Mann and G.
Zweig independently suggested that all hadrons are made of elementary constituents called
quarks. Originally, M. Gell-Mann proposed three types of quarks: u (up), d (down), s
(strange), so-called flavours. They are shown in Fig. 1.3.

According to this theory, the baryons are composed of three quarks and the mesons are
composed of a quark and an antiquark. The baryon decuplet and meson octet, expressed
by the combination of quarks, are shown in Fig. 1.4. The quark model violated the Pauli
exclusion principle, which means that two particles with half-integer spin cannot exist
with the same state. The example of a violation of the Pauli exclusion principle is a €}
baryon which consists of three identical s quarks. The problem was resolved by introducing
the new quantum number called color. The quarks can exist in three color states red (R),
green (G), blue (B) and antiquarks in anti-red (R), anti-green (G ), and anti-blue (B),
respectively. Only colorless particles are observed in nature [1,8]. More details about the
physical meaning of color are available in Ref. [8].

One of the weaknesses of quark theory was the lack of quark existence evidence till

1974. During experiments with proton beams at the CERN (European Organization for
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The Quarks

Figure 1.3: The quarks, suggested by M. Gell-Mann, formed in a triangle according to the
Fightfold Way method. Figure taken from Ref. [1].

A A° AF ,} A++ K° A S K+
4 dp

- sd n su
_3,2\4:, \ M / X Q
/

> h 3l 14 02
1 I; d

Figure 1.4: The baryon decuplet (left) and meson octet (right) expressed by the combi-

nation of quarks. The third component of the isospin (I3) has %(n, — na — (nz — ny))

value, where n,, ng, ng, and nj are the numbers of up and down quarks or antiquarks

respectively. Figure taken from Ref. [9].
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Nuclear Research), the number of particles deflected with large polar angles were observed.
Similar phenomena were seen by E. Rutherford in 1911 and were used to prove the struc-
ture of an atom. During the next 10 years, the another three quarks were proposed: ¢
(charm), b (beauty), and ¢ (top) as explanation of discovered particles like .J/1(c¢) or
Y (bb). The quark theory had another yet consequence. Namely, the Yukawa’s meson can-
not be a mediator of a strong force. The mediator, which is exchanged between two quarks,
was called gluon [1,8].

The evolution in perception of matter influenced on formulation of the Standard Model,
which is used to explain experimental data nowadays. According to this model, the con-
stituents of matter are: 6 leptons and antileptons, 6 quarks and 6 antiquarks (in fact 36
different quarks due to the color value) and 6 bosons (mediators in interactions). The
quarks and leptons were divided into three generations. The stable matter of the Universe
(atoms) is made of particles of the first generation (u, d, €). The properties of particles
are listed in the Table 1.1.

The Standard Model also focuses on four forces: electromagnetic, strong, weak and
interaction with Higgs field. The most familiar electromagnetic force, with infinite range,
is commonly associated with electricity but it also causes attraction between atomic nuclei
and their electrons. The strong force was described above during the discussion about the
Yukawa’s meson and the weak force is responsible, for example, for § decay [3,10]. The
Higgs interaction is responsible for particle masses.

Although the Standard Model explains many of experimental data, it has limitations.
The gravity theory still cannot be included in the model due to the problem with quan-
tization of A. Einstein’s theory of gravity. Additionally, in the Standard Model neutrinos
are massless but the results of observed neutrinos oscillations prove that the neutrinos
should have masses [12]. The Standard Model contains 19 free parameters which values
should be taken from experimental results. It does not explain why there are six flavors
of quarks and leptons. It does not explain the asymmetry between matter and antimat-
ter either [3,13]. The Standard Model is probably “the step” to better understand the
constituents of matter and dependences between them. The future experimental data
may help to develop the Standard Model to the new model with less questions and free

parameters.
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Quarks (fermions)

Generation II I1I
Name Up Down Charm Strange Top Bottom
Symbol u d d S t b
Electric —&-% —% —&-% -% +% -%
charge (e)
Mass ~0.0022  ~0.0047 1.3 ~0.1 173 4.2
(GeV/c?)
Discovered 1964 1964 1974 1964 1995 1977
(vear)
Lifetime (s) "o0” 700" ~ 10712 ~ 1078 ~ 107 ~ 10712
Leptons (fermions)
Name Electron  Electron Muon  Muon neutrino Tau Tau neutrino
neutrino
Symbol e Ve I Uy T Uy
Electric -1 0 -1 0 -1 0
charge (e)
Mass ~0.0005 ~0 ~0.106 ~0 ~1.78 ~0
(GeV/c?)
Discovered 1897 1956 1937 1962 1975 2000
(vear)
Lifetime (s) 00 00 ~ 1076 00 ~ 10713 00
Force carriers (bosons)
Force Strong Electro- Weak Gravity Higgs
magnetic interaction
Name gluon photon A w+ W= graviton Higgs
boson
Symbol g v A w+ W= G H°
Electric 0 +1 -1 0 0
charge (e)
Mass 0 0 91.2 80.4 80.4 0 ~125.1
(GeV/c?)
Range (m) | ~ 10715 00 ~ 10718 ~ 10718 ~ 10718 00
Discovered 1979 1905 1983 1983 1983 No 2012
(vear)
Particles quarks, quarks, quarks, charged leptons, all massive
affected gluons charged neutrinos particles
leptons

Table 1.1: Names and characteristics of constituents of matter and force carriers in the Standard

Model and Gravity. Table based on Refs. [10,11].

7
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1.2 Quark-Gluon Plasma

The strong potential between quarks can be described [3] by equation:

V(’I") = —§7 + k’T, (12)

where «; is the coupling constant of strong interactions, r is a distance, k is the strength
of the linear term. The first part of Eq. 1.2 dominates for small distances between quarks.
So that the potential between quarks behaves similarly to the Coulomb potential between
electric charges. The second part of Eq. 1.2 dominates for large distances between quarks
so that behavior of potential can be approximated by a string. The strong interactions
potential will not increase to infinity with increasing distance because string will break
and the quark-anti quark pair will be produced.

The virtual particles can be produced in vacuum according to the uncertainty prin-
ciple (AEAt = h). This process is called quantum fluctuation and causes that vacuum
contains the sea of virtual particles. Another consequence of possibility of virtual parti-
cles production is a non constant value of the «; (called running coupling constant). The
a value depends on the number of virtual particles which lead to color charge screen-
ing (like electric charge screening in QED®) or antiscreening (dominates in QCD19).
The ay is decreasing logarithmically with increasing four-momentum transfer (Q?), which
causes that for large Q% quarks behave as free components of matter (asymptotic free-
dom). This behaviour of quarks motivated physicists to propose a new state of matter
called Quark-Gluon Plasma (QGP) in which quarks and gluons are deconfined from their
hadrons [13-18].

According to Ref. [20], the QGP occurs when the distance between hadrons is close to
the size of a hadron. How can the quark-gluon plasma be produced in laboratory? The only
possible way is a fast compression of hadrons which leads to a rise in temperature of the
system e.g. by heavy-ion collision. In Fig. 1.5 two possible scenarios of heavy-ion collision,
with and without the QGP state, are shown. After collision of the two Lorentz-contracted

nuclei, the non-equilibrium state occurs. In this state the "hard” processes (with large

) Quantum Electrodynamics (QED) is a branch of physics which describes quantum field theory of

electromagnetic interactions.

(19 Quantum Chromodynamics (QCD) is a quantum theory which describes the strong interactions

between quarks and gluons.
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Figure 1.5: The space-time evolution of heavy-ion collision. Figure taken from Ref. [19].

momentum transfer) are possible. During further expansion of system, the "soft” processes
(with small momentum transfer) lead to the local equilibrium state and thermalization
(1o ~ 0.6 — 1 fm/c(Y after collision). If temperature of the system is high enough, the
quark-gluon plasma is formed. During further expansion, temperature of the system is
decreasing. The quarks and gluons couple in hadrons (hadronization) when temperature
of the system is near the temperature for deconfinement. From Lattice QCD studies, this
temperature (7.), for baryon chemical potential!? equal zero, is close to 156 MeV13)
[21]. The next step is chemical freeze-out when inelastic interactions are stopped and
the composition of particles is fixed. The regeneration and rescattering of short-lifetime
particles (resonances) are, however, still possible. When the temperature of the system

drops to 90-130 MeV, the elastic interactions stop and the transverse momentum(4)

(D1 fm/c = 3.3-10" s
(12)Baryon chemical potential (1p) describes how the energy of the system changes when one baryon is

added or removed from the system.
(13)] MeV = 1.2 - 10'°K.
(4 The transverse momentum is defined according to equation pr = ,/p2 + p2, where p, and p, are

particle momentum components perpendicular to the beam direction.
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distribution of the produced particles is fixed (kinetic/thermal freeze-out). The resonances
and other unstable particles can still decay after freeze-outs. It is estimated that more
than half of produced pions come from resonance decays what affect calculations of kinetic
freeze-out temperature [13,19,22]. More information about the resonance properties, and

their role in high energy physics, are described in Chapter 2.

1.3 Phase diagram of strongly interacting matter

The phase diagram of strongly interacting matter (Fig. 1.6) allows to determine a state
of matter depending on two parameters: temperature and baryon chemical potential (up).
In Fig. 1.6, the first order phase transition is marked, which separates hadron gas and
quark-gluon plasma (described in Chapter 1.2) or color superconductor states. The color
superconductivity is created by quark pairs (Cooper pairs) which condense. The QGP-
hadron gas transition also separates regions with broken chiral symmetry*® (hadron gas
state) and restored chiral symmetry (QGP state). For many years, it was claimed that
chiral transition and deconfinement occur at the same temperature and pug. The later
papers (Ref. [24,25]) showed that these two transitions may be separated in the phase
diagram of strongly interacting matter [13,26].

At the end of the line representing the first order phase transition a critical point (CP)
is probably located (where the second order phase transition occurs) in which hadron gas
and QGP can coexist and smoothly pass into each other. The big fluctuations of mean
number of particles (N) and mean transverse momentum (pr) are suspected [27] in the
CP region due to the lack of energetic barrier between two states of matter. The prediction
of critical point (up # 0) is technically problematic using lattice calculations only. The
location of the critical point is estimated by extrapolation from pg = 0 region. The more
information is determined by adding models to lattice calculations. The most reliable
predictions indicate critical point in region 200 < ug < 500 MeV which corresponds to
the Super Proton Synchrotron (SPS) and Relativistic Heavy Ion Collider (RHIC) Beam
Energy Scan (BES) energies (6.5 < /syn19< 17.3 GeV) [28].

(15) Chirality is a projection of spin to momentum vector of particle. Chiral symmetry refers to axial
flavor transformation of the quark part of the QCD Langrangian density, which requires massless quarks

(see Ref. [23] ). The chiral symmetry is broken due to the existence of massive quarks (see Table. 1.1).
(16) /sy is the energy available in the center-of-mass system for nucleon pair.

10
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The Phases of QCD

Quark-Gluon Plasma

RHiC BES.

150 [yreo o o Mgy

s Color n/
>0 Supercoriductor

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p (MeV)

Temperature (MeV)
3

Figure 1.6: The phase diagram of strongly interacting matter. The existing and future
accelerators or experiments are also shown. Small red circles represent chemical freeze-

out points at different collision energies. Figure taken from Ref. [30].

Further decreasing of up value leads to cross-over region in which physical parameters
of state are changed rapidly but smoothly. The lattice QCD calculations for pup = 0 allow
to determine the region of transition temperature between hadron gas and QGP. The T,
from lattice QCD may depend on the number of quark flavors and their masses used in
calculations. The most recent calculations suggest 7,=156.5+1.5 MeV [21].

The phase diagram in Fig. 1.6 is experimentally scanned by changing the collision
energy (mostly along the x axis) and, at the SPS energies [29], the size of the colliding
system (along the y axis). The temperatures of QGP, reached at the early stage, are
about: 230 MeV (SPS), 300-500 MeV (RHIC) and 600-700 MeV (Large Hadron Collider,
LHC).

1.4 Onset of Deconfinement

The Statistical Model of the Early Stage (SMES) [31] gives an answer about localiza-

tion of the energy region in which the onset of deconfinement (minimum collision energy

11
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Figure 1.7: The structures predicted by the Statistical Model of the Early Stage. Figure
taken from Refs. [13,31].

to create QGP state) occurs. The model assumes three phases: confinement, mixed phase
and deconfinement. The temperature of the mixed phase (hadronization) was fixed at
T, = 200 MeV. The two most important assumptions of the SMES model are that the
whole number of created heavy flavors and the whole entropy are the same before and
after hadronization. Moreover, the number of internal degrees of freedom (g) increases at
the transition to QGP. More assumptions are described in Ref. [31].

Information about the early stage is given by studing the energy dependence of vari-
ables insensitive to hadronization and expansion processes, such as entropy (carried by
pions — quantitatively dominant particles produced in the collision) and heavy flavour pro-
duction (strangeness, charm) [31,32]. In Fig. 1.7 the structures predicted by the SMES
model are shown.

The first structure ("kink”) describes the behavior of the total entropy to the number

of nucleons in central A+A collisions as a function of Fermi energy:

P (\/SNN — QmN)3] i N — (1.3)

SNN

where nucleon mass is denoted by my. The slope of this function should be proportional
to g'/*, where ¢ is an effective number of degrees of freedom in the early stage. The ¢
value increases after transition to QGP stage.

The second structure ("horn”) describes the behavior of the strangeness to entropy
ratio as a function of Fermi energy. The maximum of the ratio is expected for deconfine-
ment transition energy. This is connected with g4/g ratio, where g, and g are strangeness

and total degrees of freedom, respectively [31].

12



CHAPTER 1. INTRODUCTION

The last structure ("step”) describes the temperature as a function of energy. The
temperature should increase with collision energy during confined or deconfined stages,
whereas a plateau is expected for a mixed phase.

The proposed measures (pion production as a proxy of entropy in Fig. 1.8, charged
kaon to pion ratio as a proxy of strangeness to entropy in Fig. 1.9 and inverse slope param-
eter of transverse mass('”) spectra in Fig. 1.10) were studied by the NA49, STAR, ALICE,
and NAG61/SHINE experiments. The onset of deconfinement was found by NA49 [33] in
central Pb+Pb collisions at middle SPS energies (\/syy =~ 7.6 GeV). In principle, the
() /(W) ratio (Fig. 1.8) showed a change of slope (due to activation of partonic degrees
of freedom) in central Pb+PDb collisions at middle SPS energies. Such a change of slope
is not observed for p+p data. The horn structure was also observed in KT /7~ ratios in
central Pb+Pb data (Fig. 1.9). Finally, a plateau in the inverse slope parameter of kaon
my spectra was also observed for Pb+Pb data at SPS energies (Fig. 1.10). The structures
observed by the NA49 experiment are currently studied by NA61/SHINE for different col-
lision systems (p+p, Be+Be, Ar+Sc, Xe+La). The results for p+p, Be+Be, and Ar+Sc
collisions are presented in Figs. 1.8, 1.9, and 1.10. The (m)/(W), Kt /7% ratios and in-
verse slope (7T') parameters of my spectra for Be+Be collisions are close to p+p results.
The (m)/(W) points for Ar+Sc collisions lie either on p+p curve (for low energies) or
on Pb+Pb curve (for higher energies). The K* /7™ ratios for Ar+Sc collisions are higher
than the ones for Be+Be or p+p data, but the horn structure is not observed. The T
parameters of Ar+Sc data are located between p+p/Be+Be and Pb+Pb/Au+Au data.

(17 The transverse mass is defined as mp = /m?2 + p3., where m is a particle rest mass.
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= Ar+Sc (NA61 preliminary)
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Figure 1.8: The mean m meson multiplicity divided by the mean number of wounded

nucleons (W) in full 47 phase. Figure taken from Ref. [34].
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from Ref. [37].
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Chapter 2

Resonance production and evolution

of the system

The short-lived particles, which decay via strong interactions, are called resonances.
Their lifetimes are of the order of about 107%® s, so they are not directly observed but
studied through their stable decay products (daughters). The properties of resonances are
determined on the basis of the invariant mass (mg;) of decay products, defined for two

body decays as:

May =/ (Ea + Ep)? — (i + pb)2, (2.1)

where: E, and Ej, are energies of particles a and b, respectively, p, and p, are momenta
of particles a and b, respectively. The resonance particle is visible as a peak in invariant
mass distribution.

The lifetime (7) of a resonance, at rest frame, can be calculated [38] on the basis of

the uncertainty principle:

AEAt = h,
AE=T; At=r, (2.2)

I

=S

T Y
where I' (resonance width, see below) is taken from the fit to invariant mass distribution
of decay products, i = #£=6.582 - 10722 MeV's, h is Planck constant.

The fit to invariant mass distribution is based on Breit- Wigner equation:
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Functions: Breit-Wigner
I ' I ' I ' I ' I
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Figure 2.1: The Breit-Wigner distribution. Figure taken from Ref. [13].

T2

U(E) = Omaz (E — ]\/4[)2 I %27 (23)

which is a result of Fourier transformation of the particle wave function [3,39]. The 0,4

is a maximum of ¢ value. The F is the center-of-mass energy that produces the resonance,
M is the mass of the resonance, and I' is the resonance width (width of the distribution
at 0/0maz=0.5). The shape of Breit-Wigner distribution is shown in Fig. 2.1.
Short-lived particles can decay in various channels. The branching ratio:
¥

BR=— (2.4)

is the number of decays of resonance in the i-th channel to the total number of its decays.
It allows to determine the multiplicity™ of the chosen resonance by studying only one
decay channel [39)].

Following the Particle Data Group (PDG) [11] convention, in this thesis the mo-

mentum unit is expressed in MeV/c or GeV/c and mass (including invariant mass and

(1 Multiplicity is the number of specified particles per event (collision).
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CHAPTER 2. RESONANCE PRODUCTION AND EVOLUTION OF THE SYSTEM

transverse mass) in MeV or GeV. Moreover, ¢ = 1 is assumed in all calculations.

2.1 History of studying resonances

The history of short-lived particles began in the Chicago Cyclotron in 1952 when
H. Anderson and E. Fermi observed a difference between the 7tp and 7~ p total cross
sections. The range of energy was not enough to see the whole shape of the resonance but
this result motivated other groups to perform more measurements. The group from the
Rochester cyclotron confirmed that there is a resonance called A(1232) [40].

The next breakthrough was a discovery of the first strange resonance called Y;*(1385)
(32(1385) nowadays) during the experiments with K~ beams in hydrogen bubble chambers
at the Bevatron in 1960. The studies of Luis Alvarez team showed a peak in the Axw
invariant mass with a maximum at 1385 MeV. By the end of 1960, the same team found
two other strange resonances [41,42]: K*(890) and Y,*(1405) called nowadays K*(892) and
A(1405), respectively. In Fig. 2.2 a first reconstructed K*(890)° peak is shown by using

invariant mass of K7~ pairs [43].

300

Per 2.0 MeV
N
O
o

100

800 900 1000
Mass (Kt 7-) (MeV)

Figure 2.2: The first K*(890)° peak. Figure taken from Ref. [43].
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In the next year, A. R. Erwin et al. observed the p resonance by studying the invariant
mass distribution of 777~ pairs at the Cosmotron. The calculation of initial p mass
was difficult due to large width of this resonance. Thanks to the work of two groups
(team of G. Chew and F. E. Low and team of R. M. Walker), the mass of p was finally
calculated as 765 MeV. At the same time, Bogdan Magli¢ (visitor in Luis Alvarez’s team)
studied proton-antiproton annihilation and discovered the w resonance in invariant mass
of 7T~ m" [40,44].

The introduction of particle grouping method called the Eightfold Way (described in
Sec. 1.1) showed properties of missing particles which caused discovery of other resonances
such as: 7 (1962), =*(1530) (1962), ¢ (1963), and Q~ (1964) [40,44].

In Table 2.1 there are resonances shown which are actually being studied by the high-
energy experiments. The main topic of this thesis is studying the K*(892)° yields, so that

the next chapter will focus on this meson.

p(770) | A(1232) | K*(892)° | %(1385) | A(1520) | #(1020) | fo(980)
Decay channel T N K*tn~ A NK KtK~ T
BR (%) ~ 100 ~ 99.4 ~ 66.66 ~ 87 ~ 45 ~ 49.2 seen
Mass (MeV) ~T75 | ~1232 | ~895.55 | ~1383.7 | ~ 1519.5 | ~ 1019.5 990
Width (MeV) ~ 149 ~ 117 ~ 47.3 ~ 36 ~ 15.6 ~ 4.25 10-100
Lifetime (fm/c) | ~1.32 | ~ 17 4.17 ~55 | ~126 | ~46 | ~2-20

Table 2.1: The list of selected resonances measured by high-energy experiments. Based on

Ref. [11].

2.2 Motivation to study K*(892)"

In Sec. 1.2, the space-time evolution of heavy-ion collision was described with as-
sumption that chemical (end of inelastic collisions) and kinetic (end of elastic collisions)
freeze-outs occur at different times. The yields of short-lifetime resonances can help to
distinguish between the two possible freeze-out scenarios: the sudden and the gradual
one [45]. The time interval between freeze-outs can be estimated on the basis of the
K*(892)" to charged kaons ratio in small (e.g. p+p) and heavy (e.g. Pb+Pb, Au+Au)

systems. The K*(892)° meson is chosen to study the time interval between freeze-outs
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CHAPTER 2. RESONANCE PRODUCTION AND EVOLUTION OF THE SYSTEM

because its lifetime (= 4 fm/c) is comparable to the expected duration of the hadronic gas
rescattering phase between freeze-outs. Therefore, the certain fraction of K*(892)° mesons
will decay inside the fireball®® what causes modifications of their decay products momenta
due to elastic scattering. These modifications prevent the experimental reconstruction of
the K*(892)° resonance via an invariant mass analysis what causes a suppression of the
observed K*(892) yield. Such an effect was indeed observed in nucleus-nucleus collisions
at SPS and RHIC energies [46-51]. The suppression of the observed K*(892)° yield from
the SPS data is shown in Fig. 2.3. The K*/K ratio (K* stands for K*(892)°, K*(892)°
or K** and K denotes K+ or K~) showed a decrease with increasing system size due

to the increasing rescattering time between two freeze-outs. A similar trend was recently

observed by the ALICE Collaboration (Fig. 2.4) at the LHC energy [52-55].

o 057 -
= - ® (K'(892)"(K")
~ 04 * B (K(892)°/(K)
03} +
02
0.1F +
- (b)

0 | R | | R |
1 10 107 10°

(N,

Figure 2.3: (K*(892)%) /(K™*) (circles) and (K*(892)%) /(K ~) (squares) for p+p (most left),
C+C, Si+Si, and Pb+Pb (most right) collisions at 1584 GeV/c (A GeV/c means GeV/c
per nucleon) beam momentum. Ny stands for the number of wounded nucleons. The

error bars represent total uncertainties. Figure taken from Ref. [47].

The values of K*°/K~ ratio® from LHC and RHIC as a function of energy are com-

(2)Fireball is a dense and hot matter created after heavy ion collision.
()In ALICE at LHC and STAR at RHIC papers. e.g. Refs. [50,53,55], the results for K*(892)° and

K*(892)° were combined and averaged and denoted by the symbol K*°. The K*(892)° and K*(892)°

mesons were studied at mid-rapidity.
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Figure 2.4: The ratios of K*°/K~ and ¢/K~ (only bottom) in p+p, d+Au, and A+A
collisions. For d+Au collisions the multiplicity of K*° is a combination of the charged and

neutral K*Y. Figures taken from Refs. [52] (top) and [53] (bottom).

pared and shown in Fig. 2.4. The ALICE results for 2.76 TeV® LHC energy [53] indicate
a bit larger suppression of K*° than for the top RHIC energy (200 GeV) [50]. The reported
values are: K*Y/K~ = 0.180 4 0.027 (0.186 £ 0.027) for the 0-5% (5-10%) central Pb+Pb
reactions at LHC and 0.204-0.04 for the 0-10% most central Au+Au interactions at RHIC.
The values of K*°/ K~ ratios in heavy systems (Pb+Pb or Au+Au) can be compared with
those for small system (p+p), which are equal to 0.307£0.043 at LHC [53] and 0.344+0.05
at RHIC [50]. Thus, the LHC data (2.76 TeV) show the drop of K*°/K ™~ ratio in heavy

@) The K*O/K_ ratios in Pb+Pb collisions at \/syny = 2.76 TeV and 5.02 TeV are in agreement within

uncertainties [55].
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system to about 59 (61)% of the value found for p+p interactions. For RHIC data this
drop equals 59%.

The NA49 experiment obtained the (almost 47) mean multiplicities of, separately,
K*(892)° and K*(892)° mesons in the 23.5% most central Pb+Pb collisions at \/syy =
17.3 GeV. The values of mean multiplicities of K*(892)° and K*(892)° mesons are equal
to 10.3£2.5 and 5.2+ 1.7, respectively [47]. These values can be rescaled to the 5% most
central Pb+Pb collisions using the mean number of wounded nucleons (factor 362/262,
see Table 6.3). The results after rescaling are equal to 14.2+3.5 and 7.2+2.3, respectively.
The average value of multiplicity of K*(892)° and K*(892)" was calculated and divided
by (K~) multiplicity (51.9 & 3.6) for the 5% most central Pb+Pb collisions [56]. The
result is 0.21 4 0.04, which is similar to the value K*°/K~ = 0.20 4 0.04 obtained by
RHIC in the 10% most central Au+Au collisions at \/syy=200 GeV [50]. The ratio
0.5- ((K*(892)%) + (K*(892)%)) /(K ~) was also calculated for p+p interactions at the same
SPS energy and is equal to 0.49+0.03 [47,57]. Therefore, a drop of the resonance to charged
kaons ratio in central Pb+Pb collisions is to about 43% of the value for p+p interactions.
This suppression of K*(892)° and K*(892)° mesons is even stronger than the one observed
at LHC and RHIC. It might suggest that the time interval between freeze-outs (calculated
in the K*¥ rest frame; see Eq. 6.1 in Sec. 6.4) in central nucleus-nucleus collisions at the
SPS is longer than that at higher energies. The another possible explanation is a longer
contribution of resonance regeneration processes for higher energies what counteracts the
K* suppression due to rescattering. One should also note that in these considerations,
the same conditions at chemical freeze-out of p+p and Pb+Pb collisions were assumed.
The detailed calculations of the time interval between chemical and kinetic freeze-outs,
in the K*° rest frame and in collision center-of-mass reference system, are presented in
Sec. 6.4.

As seen, the results from p+p collisions provide an important base-line for heavier
nucleus-nucleus systems. The published RHIC and LHC results on the K*°/ K~ ratio for
p+p interactions are similar [53,55,58,59] as is shown in Fig. 2.5. The most of results
at lower energies are burdened with large uncertainties what causes that these are less
reliable (see the compilation in Ref. [58] and new points in Refs. [47,53, 55, 59]). This
situation indicates a need for obtaining high precision p+p data at lower energies e.g.

SPS energies.
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Figure 2.5: The ratio of K*°/K~ for e +e~, p+p, and central A+A collisions as a function

of collision energy. Figure taken from Ref. [58].

Moreover, recently the ALICE experiment reported a very intriguing effect in the
analysis of the multiplicity dependence of resonance production in p+p collisions [60,61].
The K*°/(K#*) and K*°/K} ratios decrease when going from low-multiplicity to high-
multiplicity p+p interactions at the LHC energies (Fig. 2.6). This effect might be explained
as an existence of a hadronic phase, with non-zero lifetime, even in p+p collisions.

The K*(892)? transverse mass spectra and yields are also important inputs for Blast-
Wave models and Hadron Resonance Gas models (HGM). The first model is used to
determine kinetic freeze-out temperature and transverse flow velocity. The HGM allows to
determine chemical freeze-out temperature, baryochemical potential, strangeness under-
saturation factor, system volume, etc. Those models significantly help to understand the
phase diagram of strongly interacting matter. The recent LHC, RHIC and even SPS
results indicate that dense and collectively behaving system can appear also in collisions
of small nuclei, or even in elementary interactions. Therefore, it is important to determine
transverse flow velocity precisely. Moreover, the resonance decay products make a large
fraction of the final state particles. Therefore, the measured resonance yields in elementary

interactions give a contribution to understanding of hadron production process. Finally,
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Figure 2.6: The ratio of K*°/K, ¢/K (K denotes K~ for Pb+Pb, average of K™ and K~
for p+Pb and 7 TeV p+p, and K9 for p+p at 13 TeV [62]), and =/¢ yields in several
systems, including p+p collisions at /s = 13 TeV. Figure taken from Ref. [61].
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the resonance spectra and yields provide an important reference for tuning Monte Carlo
string-hadronic models.

The K*(892)° and/or K*(892)° production measurements in p+p collisions were per-
formed at RHIC energies by the the STAR [48] and PHENIX [63] experiments and at LHC
energies by ALICE [53,55,58,59,61,64]. For the energies lower than RHIC and LHC, the
K*(892)° and/or K*(892)° were studied by the NA49 experiment in inelastic p+p colli-
sions at 158 GeV/c (\/snn=17.3 GeV) (CERN SPS) [47]. The LEBC-EHS facility at the
CERN SPS also obtained K*(892)° and K*(892)° yields in p+p collisions at 400 GeV/c
beam momentum [65]. Finally, the measurements received at the energies of the CERN

Intersecting Storage Rings (ISR) were published in Refs. [66,67].

At the end, it is worth to mention that the analysis of resonance production in heavy
nucleus-nucleus systems (not the subject of this thesis) may allow to better understand the
QGP properties and the origin of particle mass. This is due to the fact that in the vicinity
of a dense hadronic matter (QGP) the properties of some resonances (their masses, widths,

branching ratios) may be modified due to the partial chiral symmetry restoration [68-71].
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Chapter 3

NA61/SHINE experiment

The NAG61/SHINE (SPS Heavy Ion and Neutrino Experiment) is a fixed target exper-
iment located at the Super Proton Synchrotron at the CERN accelerator complex (more
details are given in Sec. 3.2). The experiment was proposed in 2006 year to realize rich
program focused on heavy ion, cosmic ray and neutrino physics. More details about the
NAG61/SHINE physics program are given in Sec. 3.1. The first data taking for ion pro-
gram (strong interactions program) was realized in 2009 year and started a comprehensive
two-dimensional scan with beam momentum and collision energy. The NA61/SHINE Col-

laboration consists of about 140 physicists from about 30 institutes [72].

3.1 Physics program

The NA61/SHINE program is divided into three main categories connected with heavy
ion (strong interactions), cosmic ray and neutrino physics. The first category is focused on
studying the phase diagram of strongly interacting matter by changing beam momentum
(from 13A to 150(8)A GeV/¢) and system size (from p+p to Pb+Pb). The collected and
future data are shown in Fig. 3.1. The main goal of the 2D scan is studying the properties
of the onset of deconfinement and search for the critical point which probably is located
in the energy range available by SPS.

The next topic realized by the NA61/SHINE experiment is connected with cosmic ray
physics. The Pierre-Auger Observatory and KASCADE experiment study the extensive air
showers registered by the lateral coverage ground detector arrays. The registered tracks

are reconstructed by using the simulations of the air shower. The existing models are
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Figure 3.1: The data recordered and planned to be recorded within the strong interactions
program of the NA61/SHINE experiment. The proton beam momenta are: 13, 20, 31,
40, 80, and 158 GeV/c. The ion beam momenta are: 13A, 194, 30A, 404, 75A, and
150A GeV/c. Figure taken from Ref. [73].
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sensitive to u* production which can be produced by the weak decays of pions and kaons.
The detailed measurements of pion and kaon production cross-section allow to reduce the
model dependence of the air shower simulations [74].

The last topic realized by the NA61/SHINE experiment is connected with the neutrino
physics studied by the T2K long-baseline neutrino oscillation experiment at the Japan
Proton Accelerator Research Complex (J-PARC). The neutrino beams are produced in
the J-PARC complex and directed to the Super-Kamiokande detector located 295 km
from beam source. The beam parameters are measured by the detectors located in the
J-PARC complex (near source of the beam) and then in the Super-Kamiokande detector.
The comparison of results allow to study neutrino oscillations!). The neutrino flux is
obtained on the basis of the measurements and Monte Carlo modeling which needs the
initial cross sections of pions and kaons. These cross sections are calculated on the basis
of the NA61/SHINE measurements for p+C interactions at 31 GeV /¢ realized using 1 cm
graphite target and a 90 cm long T2K replica target [75].

The experiments at Fermilab such as MINERvA, MINOS+ and NOvA have similar
problem with neutrino flux calculation as the T2K experiment. These experiments use
high-intensity proton beams which are directed to graphite or beryllium targets. Then,
the pion and kaon secondaries are used to produce neutrinos. The neutrino flux is also
obtained on the basis of measurements and Monte-Carlo simulations which need the initial
cross sections of pions and kaons obtained by the NA61/SHINE experiment [76].

After the CERN Long Shutdown 2, which will be finished in 2021, the NA61/SHINE
experiment will extend the physics program by studying open charm production, short-
lived (including exotic and multistrange) particle production and nuclear fragmentation

cross sections to interpret the new data of the AMS and PAMELA experiments [76-78].

3.2 NA61/SHINE in CERN accelerator complex

The NA61/SHINE experiment is located at the North Area of the CERN accelera-
tor complex which is shown in Fig. 3.2. The proton and heavy ion beams, used by the
NAG1/SHINE detector, are accelerated by the Super Proton Synchrotron which circum-
ference is about 6.8 km [79].

(U Neutrino oscillation is a phenomenon whereby neutrino changes its flavour.
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Figure 3.2: The CERN accelerator complex. Figure taken from Ref. [80].

The analysis presented in this thesis was performed using p+p data sets which were
collected in 2009, 2010, and 2011. The proton beam was produced in the duo-plasmatron
ion source from hydrogen gas (see Fig. 3.4) and then driven to the Radio Frequency
Quadrupole RFQ2 in which the beam was focused and accelerated to 759 keV. Next, the
prepared proton beam was accelerated in the LINAC 2 to 50 MeV and driven to four
rings of the PS Booster in which the beam reached energy about 1.4 GeV. In the next
step, the proton beam was accelerated in the Proton Synchrotron, which circumference
is about 628 m, until it reached momentum of about 14 GeV/c. Finally, the beam was
driven to the SPS and accelerated to 400 GeV/c beam momentum. The primary proton
beam was driven to T2 primary target (located 525 m before the NA61/SHINE detector)
what allowed to produce secondary proton beam with chosen beam momentum [79].

The ion beam is produced in the Electron Cyclotron Resonance Source (ECR) and
driven to the LINAC 3. Then, the initially accelerated ion beam is injected to the Low
Energy Ion Ring (LEIR), then to PS, and finally to SPS.
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Figure 3.3: The NAG61/SHINE detector scheme. Figure taken from Ref. [73].

3.3 INAG61/SHINE detector

The NA61/SHINE detector [79], shown in Fig. 3.3, is a large acceptance hadron spec-
trometer. The first part of the detector is the set of scintillators, Cherenkov counters and
the Beam Position Detectors (BPD-1, BPD-2 and BPD-3) which provide the precise time
reference and beam position detection. The identification of beam particles is realized by
two Cherenkov counters: a CEDAR [81] (or CEDAR-N in case of beam momentum equal
158 GeV/c) and a threshold counter (THC). Signals from the Cherenkov counters allow
to reach the purity of beam protons of about 99%. A consistent value for the purity was
found by bending the beam into the TPCs with the full magnetic field and using iden-
tification based on its specific ionization energy loss dF/dxz [82]. The trigger scintillator
S4, located between Vertex Time Projector Chambers (VITPC-1 and VTPC-2), allows to
select events after collision with the target by the absence of a charged particle hit. The
Liquid Hydrogen Target (LHT), used for p+p interactions, is shown in Fig. 3.4. Its length
is 20.29 cm and diameter 3 cm [79].

Behind the target, the Time Projector Chambers (TPCs) are located. Two of them
(VTPC-1 and VTPC-2) are placed in the magnetic field of two super-conducting dipole
magnets which provide the fields 1.5 T and 1.1 T, respectively. This field configuration
was used for data taking on p+p interactions at 158 GeV/c. In order to optimize the

acceptance of the detector, the field in both magnets was adjusted proportionally to the
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Figure 3.4: Left: The hydrogen gas bottle used to produce the proton beam. Right: The
NAG1/SHINE Liquid Hydrogen Target (LHT) with the cryogenic system. Figure taken
from Ref. [83].

beam momentum. The VTPCs are filled with a mixture of argon and carbon dioxide in
90/10 proportion. They provide up to 72 points in the particle trajectory [79].

The GAP TPC is placed between two VT PCs and is used to register particles produced
at small angles [79].

Behind the VTPCs, the two large Main Time Projected Chambers (MTPC-R and
MTPC-L) are located, symmetrically to the beam line. The MTPCs are filled by a mixture
of argon and carbon dioxide in 95/5 proportion. The trajectories of particles from MTPCs
are determined by use of up to 90 points [79]. Particle identification in the TPCs is based
on measurements of the specific energy loss (dE/dz) in the chamber gas and can be
augmented by mass measurements using Time-of-Flight (ToF) detectors [79].

The last detector is the Projectile Spectator Detector (PSD) which is a high resolution
calorimeter. It allows to measure energy flow around the beam direction, which is given
by the projectile spectators for nucleus-nucleus collisions [79].

The photographs of the NA61/SHINE spectrometer are shown in Fig. 3.5.
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Figure 3.5: The photographs of the NA61/SHINE detector.
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Chapter 4

Analysis methodology

The analysis methodology for the measurements of the K*(892)" spectra is described

in this chapter. It consists of the following steps:
(i) selection of events and tracks (details are described in Sec. 4.2),

(ii) selection of Kt and 7~ candidates based on the measurement of the ionization

energy loss dE/dz in the gas volume of the TPCs (details are described in Sec. 4.3),

(iii) preparation of invariant mass distributions of K7~ pairs (details are described in

Sec. 4.4),

(iv) preparation of invariant mass distributions of K7~ pairs for mixed events (details

are described in Sec. 4.5.1) and Monte Carlo templates (details in Sec. 4.5.3),
(v) extraction of K*(892)° signal (see details in Sec. 4.5.3),

(vi) application of corrections (calculated from simulations) to the raw numbers of
K*(892)%; they include losses of inelastic p+p interactions due to the on-line and
off-line event selection as well as losses of K*(892)° due to track and pair selection

cuts and the detector geometrical acceptance (see details in Sec. 4.7).

The data calibration, simulation procedures, as well as the procedures of vertex and

track reconstruction are not discussed in this thesis. The detailed descriptions are available

in Refs. [84-86].
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4.1 p-+p data sets

In 2009, the NA61/SHINE experiment collected data on p+p interactions for five
momenta of beam particles: 20, 31, 40, 80, and 158 GeV/c. All interactions were recorded
using secondary proton beams and 20 cm long liquid hydrogen target located at z=-580

cm position. During the years 2010-2011, the NA61/SHINE gathered additional high-

statistics data at p+p collisions for beam momentum 158 GeV/c.

Vsnn (GeV) 8.8 12.3 17.3
Pbeam 40 80 158 GeV/c

GeV/e | GeV/e | 2009 2010 2011 Total
Number of events 4.70M 3.8TM 2.8TM | 37.78M | 11.88M | 52.53M
selected by interaction trigger | (100%) | (100%) | (100%) | (100%) | (100%) | (100%)
Number of events 1.34M 1.26M 1.26M 19.97TM 6.62M 27.85M
after cuts (28.5%) | (32.6%) | (43.9%) | (52.9%) | (55.7%) | (53.0%)
Number of tracks 5.17M 6.38M 8.62M | 136.58M | 45.48M | 190.68M
(100%) | (100%) | (100%) | (100%) | (100%) | (100%)
Number of tracks after cuts 3.65M 4.68M 4.81M | 76.41M | 24.91M | 106.13M
without dE/dz cut (70.6%) | (73.3%) | (55.8%) | (55.9%) | (54.8%) | (55.7%)
Number of tracks 1.53M 2.13M 2.26M 35.79M | 11.74M | 49.79M
after all cuts (29.6%) | (33.4%) | (26.2%) | (26.2%) | (25.8%) | (26.1%)

Table 4.1: Data sets used for the analysis of K*(892)° production. The event and track

cuts, which were used, are described in Sec. 4.2 and 4.3.

For 158 GeV /¢, the three sets of data were taken with similar conditions what is demon-
strated by the histograms of the z-position (along the beam line) of the reconstructed p+p
interaction vertex (Fig. 4.1). The range of cut on z-position of the main vertex was chosen
(black horizontal lines in Fig. 4.1) that way to cover mostly the LHT region and minimize
the influence of the off-target interactions. The impact of the off-target interactions was
estimated by calculating the ratio of the number of events in the target-removed (empty
target) sample to the number of events in the target-inserted sample (see bottom plot
in Fig. 4.1) in the range —590 < z < —572 cm. The histograms were normalized in the
range —450 < z < —300 cm. For p+p interactions at 158 GeV/¢, this ratio is on the

level of 4.8% and therefore, the correction for non-target interactions was neglected. Al-
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ternatively, such a correction could be applied by subtracting the resonance yields in the
target-removed data (see for example Ref. [84]). However, in this thesis, the analysis of
K*(892)° meson was done by using the template method (described in Sec. 4.5.3) which
cannot be applied to data with small statistics such as the target-removed data recorded
by the NA61/SHINE. The standard method also cannot be applied for low-statistics data
sets. In order to estimate the systematic biases related to the contamination by off-target
interactions the window of z-position of the main vertex was varied (see Sec. 4.10).
Table 4.1 presents the numbers of events recorded with the interaction trigger and
the numbers of events after applying the event selection criteria (see Sec. 4.2) for p+p
collisions at 40-158 GeV /¢ beam momenta. The statistics of data for p+p interactions at
beam momenta 20-31 GeV/c appeared to be too small to analyse the K*(892)° meson
production. The drop of the number of events after cuts is caused mainly by BPD recon-
struction inefficiencies and off-target interactions accepted by the trigger. The number of
tracks, described in the Table. 4.1, corresponds to tracks registered in accepted events
(after event cuts). The agreement of the fractions of accepted tracks in the three analyzed
data sets for 158 GeV/c confirms the similarity of the data recorded in 2009, 2010, and
2011. For the analysis of K*(892)" production these three data sets were combined at the

level of preparation of invariant mass distributions (Sec. 4.5.3).
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Figure 4.1: Top: Distributions of the z-coordinate of the reconstructed interaction vertex
(z) for events recorded with the target inserted (2009, 2010, and 2011 data). Histograms
are normalized to the same integral in the range —590 < 2z < —572 cm. Bottom: Dis-
tributions of the z-coordinate of the reconstructed interaction vertex for target-inserted
(solid histogram) and target-removed (dash-dotted histogram) 2009 data. Histograms are
normalized to the same integral in the range —450 < z < —300 cm. All event cuts were
applied (see Sec. 4.2) with exception of cut (ii) and (v). Black vertical lines indicate the

cuts used for the analysis (see Sec. 4.2).
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4.2 Event and track selection
The following selection criteria were applied on events:

(i) an interaction was recognized by the trigger logic (see Refs. [84, 85] for detailed

description),
ii) no off-time beam particle was detected within 41 us around the trigger particle,
I gg

(iii) the trajectory of the beam particle was measured in at least one of BPD-1 or BPD-2

and in the BPD-3 detector (the nearest to the target),
(iv) the primary interaction vertex fit converged,

(v) the fit of the z-coordinate of the primary p+p interaction vertex (see Fig. 4.1)
converged and the value of the fitted z position was between -590 cm and -572 cm,

where -580 c¢m corresponds to the center of the LHT (see Sec. 4.1),

(vi) events with a single, well measured positively charged track with absolute momen-

tum close to the beam momentum (p > ppeamn — 1 GeV/c) were rejected.

The listed event cuts allow to extract well measured inelastic p+p interactions. The
elastic interactions are removed by using (iv) and (vi) cuts. The off-target interactions are
reduced by (v) cut (see Sec. 4.1). The detailed statistics of events after cuts are shown in
Table 4.2.

The tracks were selected according to the following criteria:
(i) the track fit including the interaction vertex converged,
(ii) the total number of reconstructed points on the track should be larger than 30,

(iii) the sum of the number of reconstructed points in VTPC-1 and VITPC-2 was larger
than 15 or the number of reconstructed points in the GAP TPC was larger than 4,

(iv) the distance between the track extrapolated to the interaction plane and the in-
teraction point (so-called impact parameter) should be smaller than 4 c¢cm in the

horizontal (bending) plane and 2 c¢m in the vertical (drift) plane,
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DPbeam (Gev/ C)

Cuts 158
40 80
2009 2010 2011
(i) | 4.70-10° | 3.87-10° | 2.87-10° | 37.78 - 10° | 11.88 - 10°
(100%) (100%) (100%) (100%) (100%)
(i) |4.47-10° | 3.80-10° | 2.83-10° | 37.38-10° | 11.74 - 10°
(95.1%) | (98.2%) | (98.6%) (98.9%) (98.8%)
(iii) | 3.48-10° | 2.53-10° | 2.11- 106 | 34.06 - 10° | 10.44 - 106
(74.0%) | (65.4%) | (73.5%) (90.2%) (87.9%)
(iv) | 2.14-10% | 1.90 - 10° | 1.84-10° | 29.27-10° | 9.44 - 10°
(45.5%) | (49.1%) | (64.1%) (77.5%) (79.5%)
(v) |1.35-10°| 1.26-10° | 1.26-10° | 19.97-10° | 6.62-10°
(28.7%) | (32.6%) | (43.9%) (52.9%) (55.7%)
(vi) | 1.34-10°% | 1.26-10° | 1.26 - 10° | 19.97-10° | 6.62 - 10°
(28.5%) | (32.6%) | (43.9%) (52.9%) (55.7%)

Table 4.2: The statistics of events after cuts.
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(v) the track total momentum (in the laboratory reference system) should be in the
range piapy < 35 GeV/c (for 40 GeV/c beam momentum), p,, < 74 GeV/c (for 80
GeV/c beam momentum) or 3 < pyp < 158 GeV/c (for 158 GeV/c beam momen-

tum),
(vi) the track transverse momentum was required to be smaller than 1.5 GeV/c,
(vii) dE/dz track cuts were applied to select K™ and 7~ candidates (see Sec. 4.3).

These cuts ensure high reconstruction efficiency, reduction of tracks from secondary in-
teractions and weak decays, and proper identification of tracks (see Sec. 4.3). The detailed

statistics of tracks after cuts are shown in Table 4.3.

Peam (GeV/c)
Cuts 158
40 80
2009 2010 2011
(i) | 5.17-10° | 6.38-10° | 8.62-10° | 136.58 - 10° | 45.48 - 10°
(100%) | (100%) | (100%) | (100%) (100%)
(i) | 4.44-10% | 5.51-10° | 8.34-10° | 132.44 - 10° | 43.50 - 10°
(85.9%) | (86.4%) | (96.8%) | (97.0%) | (95.6%)
(iii) | 4.04-10° | 5.06 - 10° | 8.08 - 105 | 129.17 - 10° | 42.31 - 10°
(781%) | (79.3%) | (94.3%) | (94.6%) | (93.0%)
(iv) | 3.69-10° | 4.70-10° | 7.65- 106 | 121.17 - 105 | 39.59 - 10°
(T1.4%) | (73.7%) | (88.4%) | (88.7%) | (87.0%)
(v) |3.65-10% | 4.68-10% | 4.81-10% | 76.41-10% | 24.91 - 10°
(70.6%) | (73.4%) | (55.8%) | (55.9%) | (54.8%)
(vi) | 3.65-10° | 4.68-10° | 4.81-10° | 76.41-10° | 24.91-10°
(70.6%) | (73.4%) | (55.8%) | (55.9%) | (54.8%)

Table 4.3: The statistics of tracks after cuts.
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4.3 Identification based on energy loss measurement

(dE/dx)

The NA61/SHINE detector includes TPCs chambers which measure the ionization en-
ergy loss (dE/dz) in the gas, and the Time of Flight (ToF) detectors. At relativistic rise
of the dE/dx at large momenta, the identification of charged particles can be performed
based on dE/dz bands only. The dF/dz bands for different particle species overlap at
the lower momentum region. The possibility of misidentification of particles is especially
visible for p+p interactions at 158 GeV/c. For this reason, the additional track cut (v)
(prap > 3 GeV /¢ for 158 GeV/c) was applied to reduce particles from overlapping region.
The upper limit is needed to eliminate the region where dust particles are mostly regis-
tered. This limit is equal to ppeam — 5 GeV/c for 40 GeV/ ¢, pream — 6 GeV /¢ for 80 GeV/«c,
and ppeam for 158 GeV/c.

The ToF detectors can be additionally used to identify particles with low momenta.
The analysis on K™ and 7~ spectra (see Ref. [35]) showed that the results obtained for
two different identification methods (dE/dz only or tof+dE/dx measurements) overlap
in the common kinematic region. The results, obtained using identified particles based
on TPCs measurements only, have smaller uncertainties (more details in Ref. [35]). The
statistics of K™ and 7~ candidates is especially important to study the rare K*(892)°
meson. The misidentified particles give contribution to the background in m g+, yield,
but the background is removed by using different techniques (see Sec. 4.5.3).

The ionization energy losses as a function of total momentum in the laboratory refer-
ence system (p,) are shown in Figs. 4.2, 4.3, and 4.4 for positively and negatively charged
particles, separately (upper plots). For fixed p;, the dE/dz distributions of kaons and
pions can be described by the Gaussian functions. The standard deviations (o) of Gaus-
sian fits were determined as average values for different total momentum and transverse
momentum bins. Since only small variations of o were observed for different bins and
beam momenta, fixed values 0 = 0.044 for K™ and o = 0.052 for 7~ were used. The K+
and 7~ candidates were selected by requiring their d£/dz values to be within 1.50 and
3.00 around their nominal Bethe-Bloch values, respectively. The dE/dz distributions as

functions of pq for selected K+ and 7~ candidates are shown in the bottom panels of

Figs. 4.2, 4.3, and 4.4.

(U The invariant mass of K+t7~ pairs (m+,—) is defined in Eq. 4.1.
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4.4 Invariant mass distribution

The K*(892)° lifetime is of about 4 fm/ ¢, so this meson decays in the main interaction
vertex. The dominant decay channel is K*(892)° — K+7~ (BR=2/3). The another decay
channel is K*(892)" — K% (BR=1/3). It is not possible to distinguish whether K+
or m~ particle, produced in the collision, came from direct production or from resonance
decay. Therefore, the indirect measurement of K*(892)° meson is based on the invariant
mass method.

The invariant mass is defined as:

Mgg+qa— = \/(EK+ + Eﬂ'_)2 - (m +I:—>)27 (41)

where Fy+ and F,- represent the total energies and pg'+ and p;- represent the momenta
vectors of daughter particles from K*(892)° decay.

The invariant mass is calculated for all combinations of Kt and 7~ candidates from
the same event. These values fill the histogram. The example invariant mass distributions
are shown in Fig. 4.5. According to the quantum mechanics, the energy and lifetime of
unstable particles are correlated by the uncertainty principle so that the mass of K*(892)°
meson is visible as a peak on invariant mass distribution of K7~ pairs [39]. The large
combinatorial background on the invariant mass distribution should be removed in order
to obtain the raw number of K*(892)°. The possible methods of removing background are

described in Sec. 4.5.1 and 4.5.3.
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Figure 4.5: The invariant mass distributions of K7~ pairs in example rapidity (y) and
transverse momentum (pr) bins for p+p interactions at beam momenta 40 (top), 80 (mid-

dle), and 158 (bottom) GeV/c. The bars indicate statistical uncertainties. The rapidity is

E+pr
E—pr’

parallel to the beam direction. All rapidity values shown in this thesis are calculated in

the collision center-of-mass reference system.
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4.5 Signal extraction

The large, combinational background is usually removed based on two methods: stan-
dard method or cocktail fit. The first one is based on mizing technique (see Sec. 4.5.1)
and is commonly used to analyze different kinds of resonances. The second method is
used to analyze mostly the p(770)° meson in such experiments as: ALICE and STAR (see
Sec. 4.5.2).

4.5.1 Standard method of signal extraction

The standard method of signal extraction is based on mizing technique in which the
invariant mass distribution is prepared for K*7~ pairs originating from different events.
These distributions are shown as red points in Fig. 4.6 (left plots). The mixed events
histogram is normalized to the same number of pairs as in real data histogram (blue
points in Fig. 4.6, left plots) in range 0.6 < my+,- < 1.6 GeV.

The background described by the mixed events is subtracted from data points and the
result is shown as blue points in Fig. 4.6 (right plots). There is still residual background in
invariant mass distributions, especially for low mg+,- values. This residual background
probably comes from the products of other resonance decays, which are not properly
accounted for by the event-mixing, and should be subtracted. The K*(892)° signal is
obtained by performing fit with Eq. 4.2 (marked as total fit 2 in Fig. 4.6 — right plots)
to points. The fitted function consists of signal (Breit-Wigner distribution — BW) and

residual background (second order polynomial curve):

f(mKJrTr*) =d- (mKJWT*)Z +e- (mKJWr*) + f +9- BW(mK+7r*)a (42)

where d, e, f, and g are free parameters of the fit, and the BW component is described
by Eq. 4.3:

Loz
BW (mye+n-) = A- 1 K
( K+ ) (mK+7|-— - mK*)2 + L_:ILF%(*

7 (4.3)

where A is the normalization factor, and mg« and 'k« are also fitted. The initial values
of the mass (my) and width (T'g+) parameters of K*(892)? were taken from the Particle
Data Group (PDG): mg« = my = 0.89555 GeV and '+ = I’y = 0.0473 GeV [11].

The residual background description based on a second order polynomial curve is

shown as red lines (polynomial background) in Fig. 4.6 (right plots). Finally, the raw
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Figure 4.6: The example of the procedure of signal extraction (standard method) for
K*(892)° in rapidity and transverse momentum bins: 0.5 < y < 1.0, 0.2 < pr < 0.4 GeV /¢
(top plots) and 1.5 < y < 2.0, 0.2 < pr < 0.4 GeV/c (bottom plots) for p+p collisions at
158 GeV/c. All rapidity values are given in the center-of-mass reference system. See the

text for details.

number of K*(892)% mesons may be obtained essentially as the difference between total
fit 2 and polynomial background.

The above method of K*(892)% meson extraction is commonly used by many experi-
ments such as NA49, ALICE, and STAR. The main disadvantage of this method is quite

a large residual background which increases with decreasing pair invariant mass.

4.5.2 Coctall fit

The cocktail fit method is used to extract p(770)" signal from invariant mass distribu-
tions of 777w~ pairs. It was used by the NA61/SHINE [87], ALICE [88], and STAR [89]
experiments. This method starts with preparing background description based on "stan-

dard” mixing technique (discussed in Sec. 4.5.1) or ”charge” mixing method. The second
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Figure 4.7: The example of cocktail fit prepared for 7=+C interactions at 158 GeV/c
(left) and 350 GeV/c (right), in xp range 0.3 < zp < 0.4. Feynman x variable is a ratio
of the longitudinal momentum of particle to the maximum momentum that this particle
can reach (both in the center-of-mass reference system). Green histogram is defined by

Eq. 4.4. Figure taken from Ref. [87].

method is based on preparing the invariant mass distribution of 77" and 7~ 7~ pairs
from the same event. The background is then subtracted from invariant mass distribution
of 77~ pairs and the example result is shown as black points in Fig. 4.7.

In this case, the residual background is huge and an additional description is needed.
For this reason, the invariant mass distributions of 77~ pairs are prepared, in which two
pions come from different resonances, for example 7r;57r; . Such invariant mass histograms
are prepared based on reconstructed Monte Carlo (MC) data, separately for different
resonances. The same list of event and track cuts should be applied to reconstructed MC
data as for real data before preparing m +,- histograms. The fit to black points in Fig. 4.7
is performed using Eq. 4.4:

f(mﬂ+7r—) =€~ Tmiz(mﬂ+7r+/7r—7r—> + Z fiﬂ(mﬂ"’ﬂ'_)’ (44)

where e, f; are free parameters of the fit, T5yio (Mgt 1t /z—-) is charge mixing background,
and T;(m,+,-) are invariant mass histograms for different resonances prepared by using
reconstructed Monte Carlo data.

The example fits (green histograms) are shown in Fig. 4.7, where invariant mass his-

tograms for different resonances are marked by using different colors (for more details see

Ref. [87]).
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The cocktail fit (Eq. 4.4) allows to describe background better than in the standard
(mixing) method. Moreover, it shows the estimated contribution of other resonance decay
products in invariant mass distributions of 77~ pairs. The fit can be performed when the
components (7;) have unique shapes which is true for 7% 7~ decay channel. Unfortunately,
this method does not work properly for different decay channels e.g. K*7~ because the
separate T; components have too similar shapes. Moreover, the fit can be done incorrectly
when the real values of masses and widths of resonances are different than the values used

while preparing MC data.

4.5.3 Template method of signal extraction

The standard method (Sec. 4.5.1) allows to study K*(892)? but it has a poor descrip-
tion of residual background. On the other hand, the cocktail fit allows to obtain a better
description of the background but it does not work properly for the decay channels other
than 7+ 7~. This problem was solved by introducing a modified version of the cocktail fit
which is called the template method.

In this method, the invariant mass spectra for the data were fitted with a function

given by Eq. 4.5:

fmgia) =a-TM(mgi) +b- T2 e ) + - BW (mgr ). (4.5)

res miz

This function consists of the background (T and T2AT4) and signal (BW) descrip-

res mizx

TMC

res” template which is prepared on the

tions. The first component of the background is
basis of reconstructed Monte Carlo data. It is the shape of the background which describes

the contribution of K7~ pairs originating from:

(i) combination of tracks that came from decays of resonances different than K*(892)°,

for example one track from a p° meson and one from a K** meson,

(ii) combination of tracks where one came from decay of a resonance and one came from

direct production in the primary interaction.

The MC data, used to prepare the TMC templates, were generated by the EPOS

1.99 [90] hadronic interaction model using the CRMC 1.4 package [91]. These data were
processed by the full NA61/SHINE detector simulation chain and then through the same
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Figure 4.8: The comparison of TMC and TPATA template shapes. The templates are

normalized to have the same number of pairs as the real data histogram (see blue points

in Figs. 4.9 and 4.10, top, right). The ¢,.s and ¢,,;; are normalization constants for Tﬁc

TDATA

and 7,7/ *“ templates, respectively.

reconstruction routines as the data. The next step was applying the same event and
track selection criteria to the MC events as were used for the real data. Because the
simulation maintains the history of particle production, it enables accurate identification
of the particles and creation of proper templates based on the particle origins.

The event generator was chosen based on the NA61/SHINE results on hadron pro-
duction. The experimental results were very well reproduced by the EPOS 1.99 and
FLUKA2008 models [35,74,84,92-94]. The NA61/SHINE Monte Carlo group develops
and supports software based on EPOS 1.99 model, so this model was chosen as a primary
event generator. If the chosen EPOS 1.99 model did not describe the resonance back-
ground well, the fit would be done incorrectly, which would result in large x?/ndf value.
Fortunately, such situations were not observed for K*(892)° meson analysis.

The response of the detector is simulated based on the GEANT 3.21 package [95], so

the limited acceptance of the NA61/SHINE detector is also included in the reconstructed
TMC

res templates.

Monte Carlo data used to prepare the
The TPATA template describes the combinational background. This template is pre-

mix

pared in the same way as mixed events histogram (see Sec. 4.5.1). The comparison of
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TMC and TDATA

res max

background template shapes is shown in Fig. 4.8. The histograms in the
fit function (Eq. 4.5) were normalized to have the same numbers of pairs as the real data
histogram in the invariant mass range from 0.6 to 1.6 GeV. The signal (BW), in Eq. 4.5,
is described using the Breit-Wigner distribution (Eq. 4.3).

Finally, the symbols a, b, and ¢ in Eq. 4.5 are the normalization parameters of the

fit and fulfill the equation: a 4+ b+ ¢ = 1. These parameters describe the contributions of

TM C TDATA

res ’ T mix

, and BW to the invariant mass spectra.

Both the template and the data histograms were computed in bins of rapidity y (cal-
culated in the center-of-mass reference system) and transverse momentum pry.

Figures 4.9 and 4.10 show the comparison of the standard (left plots) and template
(right plots) methods used for extracting the signal of K*(892)° meson. Note, that Figs. 4.9
and 4.10 (left) show the same data as in Fig. 4.6. The first step is similar in both methods
and relies on preparing invariant mass spectra for all K7~ pairs within the same event
(blue points in top plots). The next steps, for the standard method, are described in
Sec. 4.5.1. In case of the template method, the data points in Figs. 4.9 and 4.10 (top, right)
are fitted with a function given by Eq. 4.5 (brown curve, total fit 1). The background is
TMC and TPATA (ved line, fitted background). Both fits (brown

res mix

described by two templates:
and red curves) were performed in the invariant mass range from 0.66 GeV to 1.26 GeV.
It is seen that Eq. 4.5 (without BIW component) describes the background much better
than only mixed events (Figs. 4.9 and 4.10, top, left). After the background subtraction
(bottom, right plots, see Eq. 4.6) the residual background is much less significant than in
the case of the standard method (Figs. 4.9 and 4.10, bottom, left). The effect is much more
visible for smaller statistics bins (see Fig. 4.10). The residual background in Figs. 4.9 and
4.10 (bottom, right) is removed in the same way as in the standard method, it is by fitting
data with a function described by Eq. 4.2. The brown lines in Figs. 4.9 and 4.10 (bottom,
right), total fit 2, were obtained using Eq. 4.2 and the red lines (polynomial background)
represent Eq. 4.2 without BW component.

The uncorrected number of K*(892)° mesons (for each y and pr bin) is obtained as
the integral over the BW signal of total fit 2 in Figs. 4.9 and 4.10 (bottom, right). The
integral is calculated in the mass window mg 4 4I'y. Finally, the mass and width of the
K*(892)° are obtained from parameters of the total fit 2 within m, + 4T',. These two
values are included in the BW distribution (see Eq. 4.3).
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Figure 4.9: The example of the procedure of signal extraction for K*(892)° in rapidity bin
0.5 <y < 1.0 and transverse momentum bin 0.2 < pr < 0.4 GeV/c for p+p collisions at
158 GeV/c. Top, left: data signal (blue points), and background histogram (red points)
obtained from mixed events (standard method). Top, right: data signal (blue points), and
fitted background (red line) obtained from the templates. Bottom: background subtracted
signal for the standard method (left) and template method (right) — more details in the
text. Thin black vertical lines in bottom right panel correspond to the range of integrating
fit functions while obtaining the raw number of K*(892)° mesons (mg + I'y; see the text

for details).
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Figure 4.10: Same as Fig. 4.9 but for 1.5 < y < 2.0 and 0.2 < py < 0.4 GeV/ec.

4.6 Uncorrected numbers of K*(892)"

The method of extracting K*(892)° signal was described in Sec. 4.5.3. Figure 4.11
presents the uncorrected numbers of K*(892)"(Ng-) as obtained from the extraction pro-
cedure described in Sec. 4.5.3. The values are shown with statistical uncertainties. For each
M+r— invariant mass bin in Fig. 4.9 or 4.10 (bottom, right), the bin content Ny, (m jc+.—)

was calculated as:

MC DATA
—a- Tres (mKJWT*) —b- Tmz:c

me(mK+ﬂf) = wa(mKJrﬁf) (mK+r), (46)

where N,.q, (M g+,-) is the raw production in a given my+,- bin, and the rest of elements
(a, b, TMC

DATA
res T

(mg+r-), and T2t 4 (myg+.-)) are defined in Eq. 4.5. For simplifying the
equations, the my+,- notation will be further omitted.

The statistical uncertainty of Ny, (mg+.—) was calculated on the basis of Eq. 4.7:

(4.7)

res mix

A]\fbin - \/(ANraw>2 4 a2(ATMC>2 + b2<ATDATA)2,
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where AN,qy, ATMC and ATPATA are calculated as the square roots of the number
of entries. The TMC and TPATA histograms were normalized to the same number of
entries as real data histogram. The normalization factors are included in the standard
statistical uncertainties (ATMC and ATPATA) The uncertainties of a and b parameters
were neglected due to high statistics of data, Monte Carlo, and mixed events.

The uncorrected number of K*(892)% mesons for a given rapidity and transverse mo-
mentum bin, Nk« (y, pr), is calculated as the integral over the BW component in a func-
tion described by Eq. 4.2 (marked as total fit 2 in Figs. 4.9 and 4.10, bottom, right).
The integral was obtained within the mass window mg = 4I'g. The statistical uncertainty
of the uncorrected number of K*(892)° mesons, ANg-«(y,pr), was obtained as the un-
certainty of the integral. This value was calculated using the ROOT [96] package which
takes into account the covariance matrix of the fitted parameters. The Ng-(y, pr) values,
with its statistical uncertainties, are shown in Fig. 4.11. The statistics of events for p+p
interactions at 40 and 80 GeV /¢ was not sufficient to analyze K*(892)° meson production

both in rapidity and transverse momentum bins. Therefore, for those two energies, the

uncorrected numbers of K*(892)° were obtained in rapidity bins only.
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Figure 4.11: The uncorrected numbers of K*(892)° mesons in inelastic p+p interactions

at 40 (top), 80 (middle), and 158 (bottom) GeV /¢ beam momenta.
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4.7 Correction factors

The procedure of obtaining the uncorrected number of K*(892)? mesons was described

in Sec. 4.6. These numbers should be corrected for effects which reduce the K*(892)° peak

such as identification inefficiency, geometrical acceptance, track and event reconstruction

inefficiencies, and losses of inelastic p+p events due to the trigger bias.

The list of corrections used to determine the corrected numbers of K*(892)° mesons

produced in inelastic p+p interactions:

(i)

(i)

(iii)

The KT and 7~ candidates were selected on the basis of dE/dz cuts (see Sec. 4.3).

The correction for the identification inefficiency is defined as:

1
CdE/dx = = 1158, (48)

€K+ - Ex—
where e+ = 0.866 and e,- = 0.997 are the probabilities for K™ or 7~ to lie
within 1.50 or 30 around the theoretical Bethe-Bloch value. The probabilities were

calculated on the basis of the cumulative Gaussian distribution.

The K*(892)° meson was studied in the K7~ decay channel. Therefore, the number
of obtained K*(892)° mesons should be divided by a branching ratio (BR) for K+r~
decay channel (equal to 2/3). The value of BR was calculated based on the Clebsch-
Gordan coefficients [3,97].

The corrections for geometrical acceptance, event and track reconstruction efficien-
cies, event losses due to the trigger bias, detector acceptance as well as the qual-
ity cuts are calculated on the basis of Monte Carlo simulated data. The EPOS
1.99 [90] model was used to produce 19.7 X 10° (ppeam=40 GeV/c), 19.8 x 10°
(Pheam=80 GeV/c) and 227.9 x 10° (ppearn=158 GeV/c) inelastic p+p events. The
validity of these events for calculation of the corrections was verified in Refs. [84,98].
The width of K*(892)° resonance was simulated according to the known PDG
value [99]. The produced particles were tracked through the NA61/SHINE detec-
tor using the GEANT 3.21 package [95]. The next step was simulation of TPC
response using dedicated NA61/SHINE software which allowed to repeat the same
reconstruction chain procedures as for experimental data. The output data from

reconstruction software are called reconstructed MC data. They are subjected to
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the same event and track cuts as experimental data with exception of identification
cuts (dF/dz and total momentum py,;). The tracks are identified based on match-
ing procedures which compare reconstructed tracks with simulated tracks (the two
tracks are matched when the number of common points on tracks trajectories is
higher than 70%; in case of more simulated candidates the best one is selected for
matching). The correction factor was calculated separately for each y and pr bin

according to Eq. 4.9:

Ngen (Y, P1) _ Nf’ff(y,pT)/Nfﬁi(y,pT)
Nsel (ya pT) Néqve:nts Nestilints 7

CMC(?J, pT) =

where:

- N¥'(y,pr) is the number of K*(892)" mesons produced by the EPOS 1.99

model in a given rapidity and transverse momentum bin,

- Ni(y,pr) is the number of K*(892)" obtained on the basis of reconstructed
MC data in a given rapidity and transverse momentum bin after applying the
same event and track cuts (without d£/dz and py) as for real data. In the
standard method, the resonance is reconstructed on the basis of decay products
which keep the history on the decay vertex position. This method was used in
the NA49 experiment to calculate correction factors for K*(892)° mesons [47].
In this analysis (template method), the number of K*(892)° was obtained by
repeating the same steps as in experimental data, starting from creation of
invariant mass distributions of all K7~ pairs (K and 7~ particles in MC
reconstructed data were identified based on matching procedure) and then

using the template method of signal extraction.

- N7 s is the number of generated inelastic p+p events based on the EPOS

1.99 model (19.7 x 105 for ppeam=40 GeV/c, 19.8 x 106 for ppeam=80 GeV/c,
and 227.9 x 10° for ppeq,n=158 GeV/c),

- Nl is the number of reconstructed and accepted p+p events (13.5 x 10°

for ppeam=40 GeV/c, 15.6 x 10° for ppean=80 GeV/c, and 140.1 x 10° for
Pream=158 GeV/c).
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The uncertainty of c¢j;c(y, pr) was calculated assuming that the denominator ng (y, pr)
is a subset of nominator 1y, (y, pr) and thus has a binomial distribution. The uncertainty

of care(y, pr) was calculated as follows:

Ny, pr) — Nig(y, pr)
N;}i’n . N;(ej °

Acye(y, pr) = CMC(yapT)\/ (4.10)

The values of correction factors cyo(y, pr), together with statistical uncertainties, are

presented in Fig. 4.12.
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Figure 4.12: The correction factors cyc(y, pr) with statistical uncertainties for p+p in-

teractions at 40 (top), 80 (middle), and 158 (bottom) GeV/c.
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4.8 Corrected yields of K*(892)"

The double-differential yield of K*(892)° per inelastic event in a bin of (y,pr) is

calculated as follows:

& (v, pr) = —  Ng-(y:pr)  capas - cnc(y, pr)
dy de her BR Nevents Ay ApT

(4.11)

where:

- BR = 2/3 is the branching ratio of K*(892)" decay into K7~ pairs,

- Nk« (y, pr) is the uncorrected number of K*(892)°, obtained by the template method

of signal extraction described in Sec. 4.5.3,
- Neyents is the number of events after cuts,
- CaB/dz, Cmc (Y, pr) are correction factors described in Sec. 4.7,
- Ay and App are the bin widths of rapidity and transverse momentum, respectively.

The corrected double-differential yields of K*(892)° are presented in Sections 5.2 and
5.3.

4.9 Statistical uncertainties
The statistical uncertainties of the corrected double-differential yields (see Eq. 4.11)

were calculated based on the formula:

d*n ( - 1
dyde Yy,pr) = BR

2

(CdE/dm -eme (Y, pr)
Nevents Ay APT
(4.12)

1
2

NK*(?J7PT> ' CdE/dx ZACQ ( )
Nevents Ay ApT Mo Y-br

This equation takes into account the statistical uncertainties of ¢y (y, pr) (see Eq. 4.10)
and the statistical uncertainties ANg~(y, pr) (see Sec. 4.6) of the uncorrected numbers of

K*(892)° mesons. The correction ¢yp/q, has no statistical uncertainty.
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4.10 Systematic uncertainties

The uncorrected numbers of K*(892)° mesons (and later on the corrected yields),
K*(892)% mass and width parameters, etc. depend on the details of signal extraction
procedure and the event and track quality cuts, chosen for the analysis. These two groups

of effects were studied in order to obtain the systematic uncertainties.

(I) The uncertainty due to the signal extraction procedure:
(i) the invariant mass fitting range was changed from (0.66;1.26) GeV to (0.69;1.26) GeV
(see Figs. 4.9, 4.10, top, right),

(ii) the initial value of the I' g+ parameter of the Breit-Wigner distribution (Eq. 4.3)
was changed by +8%,

(iii) the initial value of the mass parameter (mg«) of the Breit-Wigner distribution

(Eq. 4.3) was changed by +0.3 MeV,

(iv) the parameters a, b, and ¢ in invariant mass fitting function (Eq. 4.5) were

changed by +10%.

(v) the value of the I'g+ parameter of the Breit-Wigner distribution was fixed at

the PDG value (T),

(vi) the value of the mg+ parameter of the Breit-Wigner distribution was fixed at

the PDG value (my),

(vii) the residual background description was changed from the second order poly-
nomial curve to the third order one (red line in bottom, right plot in Figs. 4.9

and 4.10),

(viii) the invariant mass range over which the raw number of K*(892)° was integrated

was changed from mg 4 41"y to £3.5I'g and +4.5T,

(ix) the raw number of K*(892)° was obtained as the sum of points (after 2nd order

polynomial subtraction) instead of the integral over the Breit-Wigner signal.
(IT) The uncertainty due to changing the event and track quality cuts:

(i) the window in which off-time beam particles are not allowed was changed from

+1 us to £1.5 us around the trigger (beam) particle,
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(ii) the allowed range of the z-position of the interaction vertex was modified from

[—590; —572] cm to [—591; —571] cm and [—589, —573] cm,

(iii) the dE/dxz cuts (30 for 7~ and +1.50 for Kt) were changed into +2.50 for
7=, £1.00 for K (narrower cut) and £3.50 for 77, +2.00 for K™ (wider cut),

(iv) the minimum required total number of points in all TPCs for K™ and 7~

candidates was modified from 30 to 25 and 35,

(v) the minimum required number of clusters in both VITPCs for K+ and 7~

candidates was modified from 15 to 12 and 18,

(vi) the impact parameter (distance between extrapolated track and the interaction

point) cuts for the tracks were turned off.

The final systematic uncertainty was calculated as:

Tays =1/ D _ 0%, (4.13)

where o; is a partial systematic uncertainty for each of the possible sources described
above. It is calculated as half of the difference between the lowest and the highest value
obtained by varying the given parameter.

The I (i), I (iii), and I (iv) sources have negligible contributions to the total systematic
uncertainties.

The contributions of different sources of systematic uncertainties on the inverse slope
parameter (1) of transverse momentum spectra (see Sec. 5.3), width (o,) of Gaussian ra-
pidity distribution (see Sec. 5.4), and mean multiplicity of K*(892)" mesons (see Sec. 5.5)
are shown in Figs. 4.13-4.21.

The final systematic uncertainties are shown in figures in Chapter 5 and 6 as shaded

bands.
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Figure 4.13: The inverse slope parameter 7' of transverse momentum spectrum at mid-
rapidity region (0 < y < 0.5) for p+p interactions at 40 GeV/c beam momentum. The
points represent the T parameter values for different sources of systematic uncertainties.
The red line corresponds to the original value of the inverse slope parameter. The blue,

dashed lines are original value of T parameter plus/minus the final systematic uncertainty.
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Figure 4.14: Same as Fig. 4.13 but for p+p interactions at 80 GeV /¢ beam momentum.
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Figure 4.15: Same as Fig. 4.13 but for p+p interactions at 158 GeV /¢ beam momentum.
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Figure 4.16: The o, of Gaussian fit to rapidity spectrum for p+p interactions at 40 GeV/c
beam momentum. The points represent the o, values for different sources of systematic
uncertainties. The red line corresponds to the original value of the o, parameter. The

blue, dashed lines are original value of the o, parameter plus/minus the final systematic

uncertainty.
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Figure 4.17: Same as Fig. 4.16 but for p+p interactions at 80 GeV/c beam momentum.
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Figure 4.18: Same as Fig. 4.16 but for p+p interactions at 158 GeV/c beam momentum.
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Figure 4.19: The mean multiplicity of K*(892)" for p+p interactions at 40 GeV/c beam
momentum. The points represent the (K*(892)°) values for different sources of systematic
uncertainties. The red line corrresponds to the original value of the (K*(892)°). The

blue, dashed lines are original value of the (K*(892)°) plus/minus the final systematic

uncertainty.
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Figure 4.20: Same as Fig. 4.19 but for p+p interactions at 80 GeV /¢ beam momentum.
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Figure 4.21: Same as Fig. 4.19 but for p+p interactions at 158 GeV /¢ beam momentum.
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Chapter 5

Results

This chapter contains the results on K*(892)° meson analysis, in particular, the rapid-
ity and transverse momentum spectra. The calculated multiplicities of K*(892)° are based
on rapidity spectra. The mass and width of K*(892)° were also obtained as functions of
transverse momentum.

The results presented for p+p interactions at 158 GeV/c beam momentum are the
basis of the Ref. [100] which is accepted by The European Physical Journal C. The results
for p+p interactions at 40 and 80 GeV /¢ beam momenta, which are shown in this chapter,
are slightly modified when compared to the preliminary NA61/SHINE results which were
published in Ref. [101]. One of the differences is the method of fitting functions to invariant
mass distribution which was changed from the Binned Maximum Likelihood method to
the Minimum Chi-Square method which worked better in this case. The Minimum Chi-

Square method was also used for the results from p+p interactions at 158 GeV/c [100].

5.1 Mass and width of K*(892)"

The mass and width of K*(892)° mesons were obtained as parameters of Breit-Wigner
fit (see Eq. 4.3) to the invariant mass spectra after (total fit 2 in Figs. 4.9 and 4.10,
bottom, right). The mg« and 'k« values are shown in Fig. 5.1 as a function of py for
0 <y <0.5(158 GeV/c beam momentum) or 0 < y < 1.5 (40-80 GeV /¢ beam momenta).
The numerical values are presented in Table 5.1. Please note, that the raw numbers of
K*(892)°, presented in Fig. 4.11 for 40-80 GeV /¢, were obtained in 2-4 rapidity bins but

in one large pr bin. In contrary, the mass and width of K*(892)? mesons for 40-80 GeV/¢
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Figure 5.1: The K*(892)° mass and width as a function of transverse momentum for
inelastic p+p interactions at 40-158 GeV/c beam momenta. The values were obtained for
rapidity 0 <y < 0.5 (158 GeV/c) or 0 < y < 1.5 (40-80 GeV/c). The numerical data are
presented in Table 5.1. The horizontal lines correspond to the PDG values m(=895.55 MeV
and ['y=47.3 MeV [11].
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data were calculated for several transverse momentum bins but in one larger rapidity bin.

For all three energies, within total uncertainties, the obtained I'x+ values are consistent
with PDG (I'g = 47.3 MeV [11]) represented as a horizontal line in Fig. 5.1 (bottom). For
158 GeV/c and 40 GeV/c myg~ values are also consistent with PDG (mg = 895.55 MeV
[11]) within uncertainties. For 80 GeV/c data the observed mg- values seem to be slightly
smaller than PDG. For the highest beam momentum (158 GeV/¢), a slight increase of the
Mg+ parameter with pr might be observed. The corresponding slope is significant since a
large part of the shown systematic uncertainty is due to the magnetic field uncertainty (see
below). The change of the mg~ parameter with transverse momentum does not introduce
a systematic variation of the K*(892) yield since the parameter is fitted in each (y, pr)
bin, and the signal integration range (~ 380 MeV) is much larger than the mg-« change
(=~ 6 MeV).

Studying of the K% and A® invariant mass spectra allowed to determine the preci-
sion of the magnetic field strength which is better than 1% [102]. The influence of magnetic
field calibration on the results (p+p at 158 GeV/¢) were checked by changing the momen-
tum components of K and 7~ candidates by +1%. The K*(892)° width and yield were
not changed significantly. However, the resulting changes of the mass parameter are equal
or larger than uncertainties described in Sec. 4.10. Therefore, the additional component,
connected with magnetic field calibration, was taken into account in the final systematic

uncertainty of the mass of K*(892)" meson.

5.2 Double-differential K*(892)" spectra

The yield of K*(892)° mesons in rapidity bins are presented in Fig. 5.2 (top and
middle) for inelastic p+p interactions at 40 and 80 GeV /¢ beam momenta. For 158 GeV /¢
(Fig. 5.2, bottom) the statistics allowed to obtain the double-differential spectra in bins
of rapidity and transverse momentum. The numerical values with uncertainties are given

in Tables 5.3 and 5.2.

(M The K9 is a short-lived neutral kaon which has mean lifetime about 8.9 - 107! s. It consists of

(d5 + sd)/v/2 quarks.
()The A is a neutral lambda baryon containing uds quarks. The lifetime of A is about 2.6 - 10710 s.
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Figure 5.2: The K*(892)" spectra in inelastic p+p interactions at 40 (top), 80 (middle),
and 158 (bottom) GeV/c in rapidity and transverse momentum (only p+p at 158 GeV/c¢)
bins, calculated based on Eq. 4.11. The numerical values are presented in Tables 5.3 and

5.2.
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5.3 Transverse momentum and transverse mass spec-

tra of K*(892)"

The statistics of data for p+p interactions at 40 and 80 GeV/c beam momenta is
significantly smaller than for p+p interactions at 158 GeV/c. Therefore, for those two
lower beam momenta, the analysis of K*(892)? mesons was performed either in rapidity
bins or transverse momentum bins. The first (rapidity) spectra allowed to determine
the mean multiplicities of K*(892)" mesons (see Fig. 5.7) and were obtained for large
transverse momentum bin (0 < pr < 1.5) GeV/c. The second (transverse momentum)
spectra were used to obtain the inverse slope parameter T (see Fig. 5.3) and were obtained
for large rapidity bin (0 < y < 1.5). The numerical values of transverse momentum spectra,
at 40 and 80 GeV/c are presented in Table 5.3.

The high statistics of p+p data at 158 GeV/c beam momentum allowed to prepare
the double-differential yields of K*(892)" mesons as function of transverse momentum.
They are presented in Fig. 5.4 for separate rapidity bins. The numerical values are given
in Table 5.2.

The function described by equation:

f(pr) = A-pr exp (——M> (5.1)

T

was fitted to transverse momentum spectra of K*(892)° mesons in order to obtain the
inverse slope parameters T'. The values of T' parameters are listed in the legends of Figs. 5.3

and 5.4.
Moreover, for 158 GeV/c p+p data the fits allowed to estimate the production of
K*(892)° mesons in the unmeasured high-pr region. More details are available in Sec. 5.4.
1 _d?n

The transverse mass spectra —
mr dmpdy

were obtained based on transverse momentum

d?n
dydpr

spectra according to the relation:

1 dn 1 d’°n

mp dmy dy - p_Tdy de.

(5.2)

The transverse mass spectra for p+p interactions at 158 GeV /¢ are shown in Fig. 5.6
and the numerical values are listed in Table 5.4. The transverse mass spectra for p+p

interactions at 40 and 80 GeV/c¢ (in 0 < y < 1.5) are presented and compared with
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Figure 5.3: The transverse momentum spectra dﬁi’éy of K*(892)° mesons for p+p inter-
actions at 40 (top) and 80 (bottom) GeV/c¢ beam momenta. The range of rapidity was
taken as 0 < y < 1.5. The function given by Eq. 5.1 was fitted to data and presented as
solid lines in plots. The numerical values are given in Table 5.3. The fitted inverse slope

parameters T" are quoted in the legends.
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fitted inverse slope parameters T' for each bin are quoted in the legends.
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Y
pr (GeV/c) (-0.5;0.0) (0.0;0.5) (0.5;1.0)
(0.0;0.2) 1728 £ 0.76 £ 4.7 | 11.21 £ 0.35 £ 2.6
21.8 £ 1.3 £6.7
(0.2;0.4) 2994 £ 0.98 £84 | 26.13 £ 047 £ 6.0
(0.4;0.6) 26.11 £ 0.85 £ 6.3 | 22.21 2049 £4.9
2244+ 1.6 £5.0

(0.6;0.8) 18.65 + 0.71 £ 4.6 | 15.74 + 0.41 £+ 3.8

(0.8;1.0) 10.62 + 0.48 + 2.6 9.94 + 0.27 £ 2.3
8.22 +0.60 £1.9

(1.0;1.2) 6.59 +£ 0.38 £ 1.8 5.75 £0.21 £14

(1.2;1.4) 422 +£025+12 2.39 £ 0.15 £ 0.56
3.04 £ 0.32 £ 0.51

(1.4;1.5) 3.58 £0.33 £ 1.2 1.97 + 0.21 £ 0.55

pr (GeV/c) (1.0;1.5) (1.5;2.0)

(0.0;0.2) 8.97 + 0.26 4+ 2.2 7.46 + 0.26 + 2.7

(0.2;0.4) 18.79 £ 0.45 + 4.0 12.00 + 0.49 £ 3.0

(0.4;0.6) 17.78 £ 0.43 £ 3.9 16.47 £ 048 £ 7.9

(0.6;0.8) 12.92 £ 0.32 £ 3.0 754 +034+19

(0.8;1.0) 749 + 0.28 £ 1.7 3.32 + 0.25 £+ 0.47

(1.0;1.2) | 4.28 +0.20 + 1.1

(1.2;1.4) 1.57 £ 0.14 £ 0.44 | 1.017 £ 0.082 £+ 0.38

(1.4;1.5) | 1.59 £ 0.16 = 0.68

Cn_ of *(892)° mesons with

Table 5.2: The numerical values of double-differential yields iy

statistical (first value) and systematic (second value) uncertainties for p+p interactions
at 158 GeV/c. The values are given in units of 1072 (GeV/c)~!. These data were used to

prepare Fig. 5.4.
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pr (GeV/c) | p+p at 40 GeV/c p+p at 80 GeV/c
(0.0;0.4) 6.96 £ 0.91 £+ 2.2 19.2 £ 1.2+ 27
(0.4;0.8) 8312423 141 £ 1.2+ 28
(0.8;1.2) 1.87 £ 0.42 + 0.81 475 + 0.72 £ 1.0
(1.2;1.5)

0.547 £ 0.094 £ 0.37 | 1.20 £ 0.33 £ 0.36

Table 5.3: The numerical values of d;l;zy of K*(892)" mesons with statistical (first value)
and systematic (second value) uncertainties for p+p interactions at 40 and 80 GeV/c.
The values are given in units of 1073 (GeV/c)™!. These data were used to prepare plots

in Fig. 5.3.

158 GeV/c (in 0 < y < 0.5) in Fig. 5.5, and the numerical values for 40 and 80 GeV/c
are given in Table 5.5.

The inverse slope parameters of transverse momentum spectra (Fig. 5.3) were obtained
as: T = (153 £ 29 + 13) MeV for ppeam = 40 GeV/c and T = (153 £ 30 = 9) MeV
for ppeam = 80 GeV/c. These values are taken from the fits to transverse momentum
spectra for rapidity bin 0 < y < 1.5. For p+p data at 158 GeV/c (Fig. 5.4) the inverse
slope parameter was found to be equal to 7' = (173 £ 3 £ 9) MeV. The fit to transverse
momentum spectra was performed at the mid-rapidity region (0 < y < 0.5). All values
are given with statistical uncertainties, taken as the uncertainty of the fit parameter, and
systematic uncertainties obtained in the way described in Sec. 4.10. The NA49 experiment
obtained the T parameter of the py spectrum in the rapidity range 0.2 < y < 0.7 for p+p
data at 158 GeV/¢, and published a value T' = (166 + 11 £ 10) MeV [47].
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Y
mr — My
pr (GeV/c) (-0.5;0.0) (0.0;0.5) (0.5;1.0)

(GeV)

0.011 (0.0;0.2) 1728 £ 7.6 £47 112.1 + 3.5 £ 26
109.0 £ 6.7 £ 34

0.054 (0.2;0.4) 99.8 £ 3.3 £ 28 87.1 £ 1.6 £ 20

0.134 (0.4;0.6) 522+ 1.7+ 13 4442 + 0.97 £ 9.9
374 £ 2.6 £ 8.3

0.244 (0.6;0.8) 26.6 £ 1.0 £6.5 2248 £ 0.59 £ 5.5

0.376 (0.8;1.0) 11.81 £ 054 +£29 | 11.04 £ 0.30 £ 2.5
8.21 £ 0.60 £ 1.9

0.524 (1.0;1.2) 599 +£034 + 1.6 5.23 £0.19 + 1.3

0.684 (1.2;1.4) 3.25 £0.19+ 091 |18 £0.11 £0.43
2.25 £ 0.23 £ 0.38

0.809 (1.4;1.5) 247+ 022+ 081 | 1.36 £ 0.15 £ 0.38

Y
mr — 1My
pr (GeV/c) (1.0;1.5) (1.5;2.0)

(GeV)

0.011 (0.0;0.2) 89.7 £ 2.6 £ 22 74.6 £ 2.6 £ 27

0.054 (0.2;0.4) 62.6 £ 1.5 £ 13 40.0 £1.6 £9.9

0.134 (0.4;0.6) 35.57 £ 0.85 £ 7.8 32.95 £ 0.96 £+ 16

0.244 (0.6;0.8) 18.46 + 0.46 £ 4.3 10.77 £ 0.49 £ 2.8

0.376 (0.8;1.0) 833 +£0.31 £ 1.8 3.69 + 0.27 £ 0.52

0.524 (1.0;1.2) | 3.89 & 0.18 %+ 0.99

0.684 (1.2;1.4) 1.21 £ 0.11 £ 0.34 | 0.814 4+ 0.065 £ 0.31

0.809 (1.4;1.5) 1.09 £ 0.11 £ 0.47

Table 5.4: The numerical values of double-differential yields

1 _dn

mp dmr dy

of K*(892)° mesons

with statistical (first value) and systematic (second value) uncertainties for p+p interac-

tions at 158 GeV /c. The values are given in units of 1073 (GeV)~2. The values of my —my

specify the bin centers. These data were used to prepare Fig. 5.6.
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WS\ - NAG61/SHINE
(4} 10_1 == * 0
8 = K*(892)

A p+p at |s,,=8.8 GeV, y [(0.0;1.5)
v p+p at \’SNN212.3 GeV, y [0(0.0;1.5)

. p+p at |s,,=17.3 GeV, y [1(0.0;0.5)
| |

I | I
0 0.2 0.4 0.6 0.8
m-m,. (GeV)

107 =

d’n
dmr dy

40-158 GeV/c. Results obtained in 0 < y < 1.5 (ppeam = 40 and 80 GeV/c) or 0 < y < 0.5
(Pbeamn = 158 GeV/c). The numerical values are listed in Tables 5.5 and 5.4. The lines

Figure 5.5: Transverse mass spectra mLT of K*(892)° mesons in p+p interactions at

represent the fitted functions given by Egs. 5.1 and 5.2. Their parameters (4 and T') are
given in the legends of Figs. 5.3 and 5.4.

mr —mgo (GeV) | pr (GeV/c) | p+p at 40 GeV/c p+p at 80 GeV/c
0.043 (0.0;0.4) 348 £45 £ 11 96.2 £ 5.9 £ 13
0.195 (0.4;0.8) 13.8 £ 1.9 + 3.8 234 +£21£47
0.454 (0.8;1.2) 1.87 £+ 0.42 £ 0.81 475 £ 0.72 £ 1.0
0.727 (1.2;1.5) 0.405 4+ 0.069 + 0.27 | 0.88 £ 0.24 + 0.27

Table 5.5: The numerical values of double-differential yields mLT drgi”dy of K*(892)° mesons
with statistical (first value) and systematic (second value) uncertainties for p+p interac-
tions at 40 and 80 GeV/c. The values are given in units of 107 (GeV)~2. The values of

my — mg specify the bin centers. These data were used to prepare Fig. 5.5.
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Figure 5.6: The transverse mass spectra ———22_ of K*(892)° mesons in p+p at 158 GeV /¢

mp dmrp dy

for five bins of rapidity. The numerical values are given in Table 5.4. The functions (solid
lines) are described by Eqs. 5.1 and 5.2 with the fit parameters (A and T') taken from
Fig. 5.4.
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5.4 Rapidity distributions of K*(892)"

The rapidity distribution ot for p+p interactions at ppeam = 40 and 80 GeV/c, was
obtained from invariant mass spectra prepared in rapidity bins but for large transverse
momentum bin (0 < pr < 1.5 GeV/¢).

The high statistics of data, for p+p interactions at ppean, = 158 GeV/¢, allowed to

prepare the rapidity distribution by integrating and extrapolating (for the non-measured

high-pr region) the d;zZT spectrum:
APT d*n
- dpr, 5.3
3= By T 2 dyap (53)
where:
+o00 2 2 1.5 2 2
\/ P+ m \/ P+ m
ApT = A'pT €xXp <_%> de, IPT = A-pT exp <—%> de
15 0

(5.4)
The inverse slope parameters T were taken from the corresponding plots in Fig. 5.4. The

equation:

dn A 2 2n \?
A— = 1 pr . dn? - [ A .
B0 E) e () 9

was used to calculate the statistical uncertainty of each point in the pr-integrated and
extrapolated rapidity distribution.
The comparison of rapidity distributions of K*(892)° mesons for these energies is

shown in Fig. 5.7. The numerical values are given in Table 5.6. The Gaussian function:

fly) = A-exp (—é%) (5.6)

was fitted to the points to measure the width o, of the K*(892)° rapidity distribution
and to determine the mean multiplicity of K*(892)° mesons (more details are given in
Sec. 5.5). For p+p interactions at ppean = 158 GeV/¢, the first point (y < 0) was obtained
only to check the symmetry of the distribution and was not included in the fit.

The statistical uncertainty of o, was taken from the fit and the systematic uncertainty
was obtained in the way described in Sec. 4.10. The numerical values of fit parameters o,

and mean multiplicities of K*(892)° mesons (see Sec. 5.5) are presented in Table 5.6.

84



“(s[rejep 10§ 1x0Y o)
90) SUOSIUL ((Z6R) .3 JO SOIAN[IUL WEDUL D} PUR SUOPNALISIP 7 O} 0) S} WRISSILY) O} JO SYIPLM O} SHOYS D[R} o} ‘A[[BUOIIPPY

"OIYRWO)SAS ST PUOIDS O} ‘[BOI)SIIR)S ST AJUTRIIOOUN )81 O T, *L'G "SI Ul pojuosard suonnqriisip A)prded Jo sonjeA [edLIoWnU oy ], :9°G d9[qR],

CHAPTER 5. RESULTS

e=0T (09 FREOFFP8L) | ¢—0T" (EGF 6T FTLS) | o0 REFCTFITE) | (o(c68):31)
600 F GT'0 F 1€'T ¢90°0 F 650°0 F LEO'T ¢80°0 F 650 F 89L°0 "0
e 0T (8T F 20 F €L°01) | 0T (¥ T F 180 F 01°9) - (0zc1)
e-0T (PTFLTOF €8FT) | ¢-0T (0T F CL0 F 1¢°6) | 0T (€20 F 890 F80G) | (ST:0T)
¢-0T- (6T F 030 F L36T) | ¢ 0T (STFTTFOSL) | 0 (ETFOTFTIN | (0TC0)
e-0T (9C F LE0 F 1L€8) | 01 (6€ F 1'c F ¥700) - (¢°0:0°0)
¢-01- (G°¢ F 68°0 F 05°23) - - (0°0¢°07)
9/ A0 8GT ye d+d 9/A0D 08 1o d+d 2/ NoD 0F ye d+d fi
=

85



CHAPTER 5. RESULTS

sl&
NAG61/SHINE A proaisyeescev
0.03— K*(892)0 v p+p at | =12.3 GeV
@ rrafs,r3cey
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|
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y
Figure 5.7: The rapidity spectra fl—z of K*(892)° mesons for p+p interactions at

40-158 GeV/c beam momenta. For 158 GeV/c¢ data the pr-integrated and extrapolated
rapidity distribution is shown; for 40 and 80 GeV /¢ data, the 3—; distribution was obtained
for large transverse momentum bin (0 < pr < 1.5 GeV/c¢). The fitted Gaussian functions
are represented by Eq. 5.6. For 158 GeV /¢ the first point (y < 0) was not included in the

fit (see the text for details). The numerical values are given in Table 5.6.
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5.5 Mean multiplicities of K*(892)"

The mean multiplicities of K*(892)% mesons were obtained based on rapidity distribu-
tions presented in Fig. 5.7. The high statistics of p+p data at ppeam = 158 GeV /¢ allowed
to check the symmetry of Z—Z distribution by adding additional point for y < 0. Assuming
rapidity symmetry around y = 0, the (K*(892)°) was calculated as the sum of measured
points (for 158 GeV/c¢ the point with y < 0 was not included in the sum) and the integral
of the fitted Gaussian function (Eq. 5.6) in the unmeasured region:

(K*(302)") = 3 ZZ dy (Ay[;f“) j" dy, (5.7)

%

where:

0 2 +oo 2 2.0 2
A, = / A-e *idy, Ay = / A-e ¥idy, I, = / A-e >idy. (5.8)
2 0

oo 0

The statistical uncertainties of K*(892)° multiplicities were calculated from the for-

mula:

A(K*(892)°) = (1+Ay‘+Ay+> Zdy ( )2, (5.9)

and the systematic uncertainties were estimated in the way described in Sec. 4.10.
The mean multiplicities of K*(892)° mesons, produced in inelastic p+p collisions at

40-158 GeV/c, are given in Table. 5.6 and presented in Fig. 5.8.
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Figure 5.8: The (K*(892)%) obtained from p+p data at ppegm = 40-158 GeV/c. The
numerical values are presented in Table. 5.6. The mean multiplicities of K*(892)? mesons
were calculated based on Eq. 5.7. The bars represent the total uncertainties (square root of
the sum of squares of statistical and systematic uncertainties). The dashed line represents

the fitted 1% order polynomial curve to show the trend.
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Chapter 6

Comparison with world data and

model predictions

This chapter is focused on a comparison of the obtained results from inelastic p+p
interactions at 40-158 GeV /¢ with publicly available world data as well as with predictions
from microscopic and statistical models. Moreover, the calculated ratio of (K*(892%)) to
(K*/7) is used to determine the lower limit of the time between kinetic and chemical

freeze-outs.

6.1 Mass and width of K*(892)" peak

The comparison of mass and width of K*(892)? meson peak with world data is shown
in Fig 6.1. The results are presented from p+p interactions by NA61/SHINE, STAR (top
RHIC energy), as well as from Pb+Pb and Au+Au collisions at SPS (NA49), RHIC
(STAR), and LHC (ALICE) energies. In case of the ALICE and STAR experiments, the
mass and width of K** meson peak were calculated as the averaged measurements from
K*(892)° and K*(892)° invariant mass spectra.

The obtained values of my+ and 'k« in the NA61/SHINE experiment are close to the
PDG values. However, somehow lower m - values may be seen for 80 GeV/c p+p data.
For p+p collisions at RHIC energies, the STAR experiment also measured lower K*° mass,
especially at lower transverse momenta. The high-statistics NA61/SHINE data from p+p
interactions at ppean = 158 GeV /¢, allowed to determine my« and I'k+ parameters with

much higher precision than other available results.
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Figure 6.1: The mass and width of K*(892)? (or K*°) meson peak as a function of trans-
verse momentum obtained by NA61/SHINE, NA49 [47], ALICE [52], and STAR [48].
For ALICE and STAR the averaged (K*°) measurements of K*(892)° and K*(892)° are

shown. The horizontal lines represent PDG values [11].

90



CHAPTER 6. COMPARISON WITH WORLD DATA AND MODEL PREDICTIONS

6.2 Comparison of rapidity spectra and yields with
NA49 and EPOS 1.99

The obtained rapidity distributions and mean multiplicities of K*(892)° mesons were
compared to those predicted by the microscopic model of hadron production EPOS
1.99 [90] for p+p interactions at ppeam = 40-158 GeV/c. The results are shown in Fig. 6.2
and the numerical values of (K*(892)°) are given in Table 6.1. Tt is visible that the EPOS
1.99 model overestimates K*(892)° production in inelastic p+p collisions at SPS energies.

The NA49 experiment studied the K*(892)° mesons in p+p interactions at ppeam =
158 GeV/c [47,97]. The results obtained from NA49 are also shown in Table 6.1. Instead
of analysing in separate pr bins, as in NA61/SHINE, the NA49 experiment used one
wide pr bin (0 < pr < 1.5 GeV/c¢). It was due to much smaller statistics (about 52.5M
interaction trigger events in NA61/SHINE compared to 2.5M p+p events [97] analyzed
by NA49). The mean multiplicity of K*(892)° in NA49 was obtained as the integral under
the Gaussian function in the range —3 < y < 3 fitted to the 2—; distribution [97]. Within

the uncertainties shown, the result of both experiments are consistent.
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Figure 6.2: The comparison of K*(892)° rapidity distribution from NA61/SHINE (points)
and EPOS 1.99 model (blue histogram) for p+p interactions at 40 GeV/c (top plot),
80 GeV/c¢ (middle plot), and 158 GeV /¢ (bottom plot). The fitted Gaussian functions to
NA61/SHINE points (gray solid lines) are given by Eq. 5.6 (for 158 GeV/¢ the first point,

with y < 0, was not included in the fit).
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p+p at 40 GeV/c

(K*(892)%)

Oy

NA61/SHINE, 4

dy in wide pr bin

(344 + 1.2 + 3.8) -1073

0.768 £ 0.29 £ 0.082

EPOS 1.99, no binning

(46.67 £ 0.03)-1073

p+p at 80 GeV/c

(K*(892)")

Oy

NA61/SHINE, 3—7; in wide py bin

(57.1 + 1.9 + 5.3) -1073

1.037 £ 0.059 £ 0.065

EPOS 1.99, no binning

(67.02 & 0.04)-1073

p+p at 158 GeV/c

(K~(892)°)

Oy

NAG61/SHINE, pr-integrated

dn
and extrapolated ay

(78.44 + 0.38 £ 6.0) - 103

1.31 £0.15 £ 0.09

NA49, Z—Z in wide pr bin [47]

(741+1.5+6.7) - 1073

1.17 £ 0.03 £ 0.07

EPOS 1.99, no binning

(87.82 & 0.06) - 103

Table 6.1: The mean multiplicities of K*(892)° mesons and the widths of the rapidity
distributions o, obtained from ‘;—Z distributions (see the text for details). The results are
presented for NA61/SHINE, NA49 [47], and the EPOS 1.99 model. The first uncertainty

is statistical, the second is systematic.
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6.3 System size and energy dependencies of (K*(892)")
and predictions of HGM

The statistical Hadron Resonance Gas Models (HGM) allow to calculate particle mul-
tiplicities using as adjustable parameters the chemical freeze-out temperature T4, the
baryochemical potential pp, strangeness saturation parameter vg, etc. The models as-
sume statistical systems of non-interacting hadrons and resonances [29, 103, 104]. The
HGM predictions of particle multiplicities are commonly compared with experimental
results both in elementary and nucleus-nucleus collisions. In the following section, the
measured NA61/SHINE (K*(892)") multiplicities are compared with predictions of two
HGM models described in Refs. [29,104].

In Ref. [29], the HGM fits to particle yields were done for two different assump-
tions. The first one, called B, used the usual parametrization with g (strangeness under-
saturation was allowed). For p+p interactions, the multiplicities of multi-strange baryons,
= and (2, were not included in the fit. The second version of the fit (called A) was realized
by replacing the g parameter by the mean number of strange quark pairs (ss). In case
of p+p collisions, the ¢ meson was not included in the fit. For p+p collisions, both the
A and B fits were performed in the Canonical Ensemble (CE) [29]. The NA61/SHINE
(K*(892)°) from inelastic p+p interactions at pyeqn = 158 GeV/c was divided by HGM
predictions for fit A and B, separately. The results were compared with the NA49 mea-
surements at the same beam momentum for p+p interactions [47] as well as C+C, Si+Si,
and Pb+Pb collisions [47] in Fig. 6.3. For C+C and Si+Si systems, the HGM multiplicities
of K*(892)° mesons were calculated using the S-Canonical Ensemble (SCE) with exact
strangeness conservation and grand-canonical treatment of electric charge and baryon
number [29]. In contrary to p+p system, all available particles (including ¢, =, and 2)
were used to perform HGM fits. The heaviest Pb+Pb system was described [29] by the
Grand Canonical Ensemble (GCE). The Pb+Pb HGM fits were realized for all particles
with exception of the A(1520) baryon. The centrality of Pb+Pb collisions, used in the
HGM fits, was 0-5%1) but the NA49 multiplicity of K*(892)° mesons was obtained for

(In NA49 and NA61/SHINE 0-x% (or x%) centrality means x% of nucleus-nucleus collisions with the
lowest value of forward energy (energy of projectile spectators, it is projectile nucleons/nuclear fragments

which did not participate in the collision).
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the 0-23.5% most central Pb+Pb collisions. Therefore, the HGM Pb+Pb predictions had
to be scaled by a factor 262/362 corresponding to the respective number of wounded
nucleons (see Table 6.3).

The comparison of the NA49 and NA61/SHINE measurements with HGM predictions
at 158 GeV/c (Fig. 6.3) shows increasing (with the system size) deviation between the
obtained and predicted K*(892)° multiplicities. For systems heavier than p+p, there is
no significant difference between fit A and fit B. In turn, the (K*(892)°) values for p+p
collisions are very close to the HGM prediction only for fit A where the ¢ meson was not
included in the fit.

Recently, the HGM predictions were also prepared using the Grand Canonical Ensem-
ble formulation [104] for p+p collisions at pyeam = 158 GeV/c. The obtained ratios are pre-
sented as star (comparison with NA61/SHINE result) and cross (comparison with NA49
result) symbols in Fig. 6.3. Surprisingly, the GCE statistical model provides a good de-
scription of the multiplicity of K*(892)° mesons in p+p interactions at \/syy = 17.3 GeV.

In fact, in this already mentioned paper [104], the HGM fits were performed for p+p
collisions at several SPS energies. The multiplicities of particles were calculated in the
Canonical Ensemble including (fit called with ¢) or excluding (fit called no ¢) ¢(1020)
meson from the fit. For both fits, the f,(500) and K*(800) mesons were excluded. In
Fig. 6.4, the mean multiplicities of K*(892)° mesons, obtained from p+p interactions at
Doeam = 40-158 GeV /¢, were divided by the HGM predictions [104].

The HGM predictions from Ref. [104] confirm the earlier conclusion that p+p mea-
surements can be described by the CE HGM only when the ¢ meson is excluded from
the fit. The authors of Ref. [104] showed that the ¢ meson multiplicities in p+p collisions
at the SPS energies cannot be well fitted using the CE formulation of the HGM. The
x%/ndf value of the HGM fit increases by an order of magnitude when the ¢ meson yield
is included.

The numerical values of the mean multiplicities of K*(892)° mesons, measured by
the NA61/SHINE experiment, and their corresponding HGM predictions are given in
Table 6.2. In Figs. 6.3 and 6.4 the total uncertainty of (K*(892)°) was calculated as
the square root of the sum of squares of statistical and systematic uncertainties. The
final uncertainty of the (K*(892)°)/K*(892)% s, ratio, shown on the vertical axis, was

calculated as the final uncertainty of (K*(892)%) divided by K*(892)%y value.
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Figure 6.3: The (K*(892)°) experimental values divided by the HGM predictions [29]
for fit B (closed circle and closed squares) and fit A (open circle and open squares).
The mean multiplicities of K*(892)° mesons were obtained at pyean = 158 GeV/c by
the NA61/SHINE (in p+p collisions) and NA49 (p+p, C+C, Si+Si, and Pb+Pb [47]
collisions) experiments. Closed star and cross symbols show the (K*(892)") divided by the
HGM predictions for the Grand Canonical Ensemble formulation [104,105]. Ny, denotes

the number of wounded nucleons taken from Ref. [47].
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Figure 6.4: The (K*(892)°) NA61/SHINE values, obtained from p+p interactions at
Doeam = 40158 GeV /¢, divided by the HGM predictions [104] for the fit with ¢ included
(upside down triangles) and the fit with ¢ excluded (triangles). Closed star shows the
(K*(892)%) divided by the HGM prediction for the Grand Canonical Ensemble [104,105].

97



CHAPTER 6. COMPARISON WITH WORLD DATA AND MODEL PREDICTIONS

(K*(892)%) or K*(892)%

p+p at 40 GeV/c

NA61/SHINE, 2 in wide pr bin (344 + 1.2 + 3.8) -1073
HGM, Canonical Ensemble (no ¢) [104] 37.7-1073
HGM, Canonical Ensemble (with ¢) [104] 23.7-1073
p+p at 80 GeV/c
NAG1/SHINE, 4 in wide pr bin (57.1 £ 1.9 + 5.3) -10°3
HGM, Canonical Ensemble (no ¢) [104] 51.2:1073
HGM, Canonical Ensemble (with ¢) [104] 34.3:1073

p+p at 158 GeV/c
NAG61/SHINE, pr-integrated and extrapolated Z—Z (78.44 +£0.38 £6.0) - 1073

HGM, Canonical Ensemble, fit A (no ¢) [29] 74.1 -1073
HGM, Canonical Ensemble, fit B (with ¢) [29] 56.3 -1073
HGM, Canonical Ensemble (no ¢) [104] 69.1 -1073
HGM, Canonical Ensemble (with ¢) [104] 45.1 -1073
HGM, Grand Canonical Ensemble (with ¢) [104,105] 80.5 -1073

Table 6.2: The K*(892)° mean multiplicities for inelastic p+p interactions at
40-158 GeV/c compared to the theoretical multiplicities of K*(892)° mesons predicted
by the HGM [29,104,105].
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6.4 (K*(892)") over charged kaon ratios and time be-
tween freeze-outs

The time interval between chemical and kinetic freeze-outs in nucleus-nucleus colli-
sions can be estimated by studying the ratios of the K* to charged kaons. The K* mesons
have the same quark (anti-quark) content as K mesons, however, they have different
masses and relative orientations of quark spins in comparison to K mesons. Thus, the
(K*(892)°%) /(K ™) and (K*(892)")/(K™) ratios are considered as the least model depen-
dent ratios for studying the K* production properties as well as the freeze-out conditions.

The K*/K ratios at the SPS, RHIC, and LHC energies are presented in Figs. 2.3, 2.4,
2.5, and 2.6. The system size dependence of the K*/ K ratio showed a strong decrease with
increasing system size and /or multiplicity density (see Sec. 2.2 for a full list of references).
The decrease of the K*/K ratio with system size seems to be even stronger at SPS than
at LHC and RHIC. A similar plot was prepared based on the NA49 and NA61/SHINE
measurements at Ppeqsm = 1584 GeV/c and is shown in Fig. 6.5. The numerical values are
presented in Table 6.3.

Following Ref. [48], the time interval between chemical and kinetic freeze-outs can
be estimated based on the NA61/SHINE (K*(892)%) /(K ™) and (K*(892)%) /(K ™) yield
ratios for p+p interactions and the corresponding ratios in central Pb+Pb collisions from
the NA49 experiment at ppeam = 1584 GeV/c:

K* K* At
7 |kinetic: 7 |chemical e T, (61)

where:

the ratio (K*(892)°) /(K */~) in inelastic p+p interactions can be treated as the one

at chemical freeze-out,

the ratio (K*(892)°)/(K*/~) for central Pb+Pb (NA49) interactions can be used

as the one at kinetic freeze-out,

7 is the K*(892)" lifetime of approximately 4.17 fm/c [11],

At is the time interval between chemical and kinetic freeze-outs calculated in the

K*(892)° rest frame.
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Figure 6.5: The (K*(892)°%)/(K*) and (K*(892)°)/(K~) yield ratios as a function of the
system size from p+p, C+C, Si+Si, and Pb+Pb collisions at 1584 GeV/c. Ny denotes
the number of wounded nucleons taken from Ref. [47]. The numerical values are given in

Table 6.3. The NA61/SHINE points are shifted on the horizontal axis for better visibility.
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The time interval between freeze-outs, in central Pb+Pb collisions at 1584 GeV /¢,
was estimated as 3.7 £ 1.2 fm/c from the (K*(892)%)/(K™) ratio and 3.2 + 1.2 fm/c
from the (K*(892)%) /(K ™) ratio. These calculations were made with an assumption that
the losses of K*(892)° mesons before kinetic freeze-out are due to rescattering effects only.
The regeneration processes were neglected. The obtained time intervals between freeze-
outs correspond to 23.5% of the most central Pb+Pb interactions. The similar values can
be obtained using 5% of the most central events.

The calculated time between freeze-outs, in the K*(892)° rest frame, can be trans-
formed to the collision center-of-mass reference system using the multiplicative Lorentz

factor [55]:

v~ 1+ ({pr)/moc)?, (6.2)

where (pr) can be used as an approximation for K*(892)" total momentum for the mea-
surements at mid-rapidity.

The NA49 transverse momentum spectrum for 23.5% most central Pb+Pb collisions
was prepared in the rapidity range 0.43 < y < 1.78 [47]. The mean transverse momentum
can be obtained from the fitted exponential function in the range 0 < pr < 4 GeV/ec.
The average transverse momentum of K*(892)° mesons was found to be 0.908 GeV/c,
therefore, v ~ 1.42. Finally, the Lorentz boosted time interval between chemical and
kinetic freeze-outs can be estimated as 5.3 fm/c for the (K*(892)°)/(K*) ratio or 4.6
fm/c for the (K*(892)%) /(K ™) ratio.

The time interval between freeze-outs can be calculated in the same way for the pub-
lished RHIC (/syn = 200 GeV) and LHC (\/syny = 2760 GeV) data. The STAR exper-
iment at RHIC obtained the K*°/K~ ratio for the 10% most central Au+Au collisions
(0.20 £ 0.04) and for p+p interactions (0.34 £ 0.05) [50]. Based on these values, the time
interval between chemical and kinetic freeze-outs, calculated in the K*° rest frame, is
equal to 2.2 + 1.0 fm/c. Based on the average transverse momentum of K*° mesons in
Au+Au collisions at mid-rapidity (|y| < 0.5), equal 1.09 GeV/c¢ [50], the Lorentz factor
can be estimated as v &~ 1.57. Therefore, the time interval between freeze-outs, in the col-
lision center-of-mass reference system, can be estimated as 3.5 fm/c. This value is smaller
than the ones obtained at SPS.

The ALICE experiment at LHC obtained the K*°/K~ ratio for the 5% most central
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p+p at 40 GeV/c | p+p at 80 GeV/c

(K*(892)°) 0.0344 & 0.0040 | 0.0571 = 0.0056
(K+) [35] 0.170 + 0.025 0.201 =+ 0.014

(K~) [35] 0.0840 £ 0.0067 | 0.0950 = 0.0064
(K*(892)%) /(K+) | 0.202 + 0.038 0.284 + 0.034
(K*(892)%) /(K~) | 0.410 £ 0.058 0.601 + 0.072

Table 6.4: The mean multiplicities of different particle species measured in p+p interac-
tions at Ppeam = 40 and 80 GeV /¢ by the NA61/SHINE experiment. The total uncertainties
of (K*(892)%), (K™), and (K ) were calculated as the square roots of the sums of squares

of statistical and systematic uncertainties.

Pb+Pb collisions (0.180+0.027) and for p+p interactions (0.307 £ 0.043) [53]. Therefore,
the time interval between chemical and kinetic freeze-outs, calculated in the K*° rest
frame, is equal to 2.2 £ 0.9 fm/c. Based on the average transverse momentum of K*°
mesons in Pb+Pb collisions at mid-rapidity (Jy| < 0.5), equal 1.310 GeV/c¢ [53], the
Lorentz factor can be estimated as v = 1.77. Thus, the time interval between freeze-outs,
in the collision center-of-mass reference system, can be estimated as 3.9 fm/c.

Both time intervals, from RHIC and LHC measurements, are smaller than the ones
obtained at SPS. It can imply that the lifetime of the hadronic fireball, created in central
heavy ion collisions, is longer at SPS than at RHIC and LHC energies. However, the calcu-
lations of these times were performed with an assumption that there are no regeneration
processes of K** mesons before kinetic freeze-out. In fact, the K*° regeneration processes
may occur for all energies, so the obtained time interval values should be considered as
lower limits of the time between chemical and kinetic freeze-outs.

The (K*(892)°%)/(K™*) and (K*(892)°)/(K~) ratios were also calculated for p+p in-
teractions at ppeam = 40-80 GeV/c. The results are shown in Fig. 6.6 and the numerical
values are given in Table 6.4. The K*(892)° mesons were not studied in Pb+Pb collisions at
Pheam = 404 and 80A GeV/c, but the calculated (K*(892)%) /(K™) and (K*(892)%) /(K ™)
ratios from the NA61/SHINE p+p data can be used in future to calculate time intervals

between freeze-outs for lower SPS energies.
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Figure 6.6: The (K*(892)%) /(K ™) and (K*(892)°%)/(K~) yield ratios obtained from p+p

collisions at ppeam = 40-158 GeV/c. The numerical values are given in Table 6.4 (p+p at
40 and 80 GeV/c) and Table 6.3 (NA61/SHINE p+p data at 158 GeV/c).

104



Chapter 7

Summary and conclusions

In this thesis, the K*(892)" mesons were studied via its K7~ decay channel in in-
elastic p+p collisions at beam momenta 40-158 GeV/c measured by the NA61/SHINE
experiment located at the CERN SPS. For the first time, the template method was used to
extract the raw numbers of K*(892)° mesons. In this method, the background is described
by two templates. The first one represents the uncorrelated pairs created using the mixing
event technique. The second template represents the correlated pairs coming from reso-
nance decays, with exception of K*(892%), based on the EPOS 1.99 model. This method
gave a better background description, in invariant mass spectra of K7~ candidates, than
the standard method which relies on mixed events only.

The statistics of NA61/SHINE collected data for p+p interactions at pyeqm = 40 and
80 GeV /¢ was too small to prepare the double-differential spectra. Therefore, the K*(892)°
spectra were prepared in the wide transverse momentum (or rapidity) bin, similarly to the
NA49 studies. The prepared spectra allowed to determine mean multiplicities of K*(892)°
mesons (in 0 < pr < 1.5 GeV/c) as well as inverse slope parameters of transverse mo-
mentum spectra.

The high-statistics NA61/SHINE data for p+p interactions at ppesm = 158 GeV/c
(52.5M events selected by the interaction trigger) allowed to obtain double-differential
transverse momentum and rapidity spectra of K*(892)° mesons. The full phase-space
mean multiplicity of K*(892)° mesons was obtained from the pr-integrated and extrap-
olated rapidity distribution. The result agrees with the NA49 measurement obtained for
the same system and beam momentum.

The prepared invariant mass spectra of K7~ candidates allow to obtain the masses
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and widths of the K*(892)° mesons peaks from the fit parameters. These values were stud-
ied for different transverse momentum bins. Within total uncertainties, for all three ener-
gies the widths of K*(892)" mesons are consistent with the PDG value (T'g = 47.3 MeV).
The obtained masses of K*(892)? mesons for p+p collisions at 40 GeV /¢ are also in agree-
ment with the PDG value (my = 895.55 MeV). However, the my« for p+p collisions at
80 GeV/c are slightly below PDG. The mass of K*(892)% mesons for p+p collisions at
158 GeV/c slightly increases with transverse momentum, however, within uncertainties
these values are also consistent with PDG.

The obtained results on mean multiplicities of K*(892)° mesons were compared with
the values predicted by statistical Hadron Resonance Gas models in Canonical and Grand
Canonical Ensemble formulations. The (K*(892)%) values can be described by the HGM
CE predictions only when the ¢ meson is excluded from the fits. Surprisingly, the pre-
diction prepared on the basis of the HGM GCE formulation gives a good description
of K*(892)? multiplicity in small p+p system at \/syy = 17.3 GeV. The more predic-
tions based on the HGM GCE formulation are needed for lower SPS energies (\/syy =
8.8-12.3 GeV).

According to the motivation of this thesis, the analysis of K*(892)" was focused on
the possibility of estimating the lower limit of the time interval between chemical and
kinetic freeze-outs in nucleus-nucleus collisions. It was done using the K*(892)° to charged
kaons ratios from this analysis and from NA49 Pb+Pb data. The estimated lower limit
of the time interval between freeze-outs at /syy = 17.3 GeV is larger than at RHIC
and LHC what suggests that the lifetime of the hadronic fireball may be indeed longer
at the SPS energies or the K*(892)° regeneration effects start to play a significant role
at higher collision energies. The K*(892)° to charged kaons ratios were also studied for
lower energies (\/syy = 8.8 and 12.3 GeV) and, in future, they can be used to study
the times between freeze-outs for those two energies. In principle, one may try to use
Pb+PDb collisions at 404 GeV/c and 804 GeV/c beam momenta recorded by the NA49
experiment at the CERN SPS.
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