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Abstract

“Kaon production in mid-rapidity in Be+Be collisions at the
CERN SPS"

This thesis presents inclusive spectra of identified charged hadrons, namely K7,
K=, ", ™, proton and anti-proton, produced in inelastic "Be+?Be collisions at
four beam momenta: 304, 40A, 75A and 150A GeV/c. The data acquisition was
performed by the NA61/SHINE Collaboration with the NA61/SHINE fixed target
experiment placed at CERN SPS. The hadron production in Be+Be collisions was
measured and studied for the first time in SPS energy range.

Charged-hadron identification was obtained with the so-called tof — dE/dx anal-
ysis method, based on measurements of hadron mass by Time of Flight detectors
and energy loss by Time Projection Chambers. The results were corrected for effects
related to the spectrometer acceptance, detection and reconstruction efficiency, con-
tribution of particles originating in weak decays and secondary interactions, as well
as the analysis technique.

The double-differential particle spectra were derived as a function of rapidity
and transverse momentum. Particular attention was paid to the strangeness pro-
duction in mid-rapidity by studying the charged K meson spectra. The K* and
K™ yields in mid-rapidity were calculated and the transverse momentum spectra
were parametrised by the inverse slope parameter. This results were further used
in the study of the onset of deconfinement and the phenomenon of the light-nuclei
collisions at ultra-relativistic energies.

The identification of charged-hadron spectra in Be+Be collisions belongs to the
main NA61/SHINE programme of the onset of deconfinement of strongly inter-
acting matter study in collisions of light and intermediate-size ions. The results
on strangeness production in mid-rapidity, derived in the framework of this the-
sis, were compared with the results from p+p interactions and Pb+Pb collisions at
the same beam momenta per nucleon, measured by the NA61/SHINE and NA49
experiments, respectively, and also world data in broader collision energy range.
Furthermore, the results on charged-kaon spectra in mid-rapidity were compared
with the calculation of three microscopic theoretical models of high-energy nuclear
collisions and confronted with prediction of the Statistical Model of the Early Stage.






Streszczenie

“Produkcja kaonéw w obszarze Srednich podpiesznodci w zderzeniach
Be+Be przy SPS CERN”

Niniejsza rozprawa przedstawia inkluzywne widma natadowanych hadronéw,
K*, K=, ", m~, protonéw oraz antyprotonéw, wyprodukowanych w nieelastycznych
zderzeniach beryl-beryl, zmierzone po raz pierwszy dla czterech pedéw wiazki: 304,
40A, 75A 1 150A GeV/c. Dane doswiadczalne zostaly zmierzone w ramach projektu
NA61/SHINE, z wykorzystaniem uktadu detekcyjnego NA61/SHINE znajdujacego
sie przy akceleratorze SPS w laboratorium CERN.

Identyfikacja hadronéw natadowanych zostata przeprowadzona metoda tof —
dE/dx, oparta o pomiary masy hadronéw w detektorach czasu przelotu (ToF) oraz
$rednich strat energii na jednostke drogi w komorach projekcji czasowej (TPC).
Wyniki analizy poprawiono, uwzgledniajac efekty zwiazane z akceptacja detektora,
wydajnoscia detekcji i rekonstrukcji czastek, przyczynkiem czastek pochodzacych z
rozpadow stabych i oddzialywan wtérnych, a takze technika analizy danych.

Dwuwymiarowe widma krotnosci czastek natadowanych wyznaczono w funkcji
pospiesznosci oraz pedu poprzecznego. Szczegdlna uwage poswiecono produkcji
dziwnosci w obszarze $rednich po$piesznosci poprzez analize widm natadowanych
kaonow w tym obszarze. Wyznaczono parametry tych widm: parametry nachyle-
nia rozktadéw pedu poprzecznego oraz krotnosci kaonéw naladowanych w danym
przedziale po$piesznodci. Parametryzacja widm postuzyta dalszym badaniom do-
tyczacym progu na produkcje plazmy kwarkowo-gluonowej (QGP) oraz zderzen
lekkich jonéw przy energiach ultra-relatywistycznych.

Badania zawarte w tej pracy naleza do gtéwnego programu NA61/SHINE: po-
szukiwan progu na produkcje QGP w zderzeniach lekkich i srednich jader. Widma
kaondéw i ich parametryzacja zostaly zestawione z dostepnymi wynikami z oddzia-
tywan proton-proton i otéw-oléw przy tych samych pedach wiazki na nukleon,
zmierzonymi odpowiednio w eksperymentach NA61/SHINE i NA49. Dodatkowo
wyniki ujete w niniejszej pracy zostaly porownane z modelami teoretycznymi opisu-
jacymi zderzenia jadrowe przy wysokich energiach.
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Chapter 1

Introduction

In the late 19th century, physicists and chemists were convinced that there is not
much left to be resolved in science and that physics itself has achieved its final
form. Fortunately, they were wrong. The following decades have brought a pleni-
tude of discoveries and breakthrough leading to utterly new physics — studies on
radioactivity and the structure of the matter [1].

A vivid development of the technology lead to the construction of instruments
allowing for the particle acceleration and detection. Accelerators facilitate perfor-
mance of particles and nuclei collisions in a controlled way over a broad collision
energy range, while more and more sophisticated detection systems and reconstruc-
tion procedures allowed for progressively precise measurements. Nowadays, the
heavy-ion and hadron collisions are the best tool for the study of the constituents of
the matter and interactions between them, which lead to the exploration of the phase
diagram of strongly interacting matter and insight into the many-body systems of
quarks and gluons including the Quark-Gluon Plasma (QGP).

This thesis is focused, in particular, on the research of the transition between
confined matter and QGP via studying the ion-ion collisions at (ultra-)relativistic
energies.

1.1 Standard Model of elementary particles

Years of study on lepton, hadron and ion collisions resulted in establishing the
theory known as the Standard Model [2]. The Model classifies elementary particles
and describes their interactions. The majority of its predictions have been confirmed
experimentally, like the existence of the Higgs boson.

The Standard Model predicts the existence of elementary particles: twelve
fermions (with corresponding anti-particles) as constituents of matter, and five
bosons as the interaction force carriers. Schematic summary of the elementary par-
ticles is presented in figure 1.1. As fermions there are six quarks: up — u, down
—d, strange — s, charm - ¢, bottom/beauty — b and top/truth — ¢, and six leptons:
electron — e, electron neutrino — v,, muon — y, muon neutrino — vy, tau — T and tau
neutrino — v,. The lightest quarks, u and d, form the protons and neutron, which
constitute the atomic nuclei. Therewith, along with electrons form the atoms. Heav-
ier quarks can create short-lived particles. In normal conditions, quarks are confined
in hadrons: baryons (three quarks), anti-baryons (three anti-quarks) and mesons (a
pair of quark and anti-quark). Examples of baryons are: protons (uud), neutrons
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Fermions (matter) Bosons (forces)
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Fig. 1.1: Standard Model of elementary particles. Picture based on Ref. [3-5].

(udd) and A (uds). The most common examples of mesons are: pions (meson 7)
constituted by a light (1, d) quark and anti-quark and kaons (meson K), where one
quark (or anti-quark) is replaced by a strange (or anti-strange) quark.

The Standard Model also explains fundamental forces: strong, electromagnetic
and weak. Interactions between particles are exchanged by force carriers — bosons.
Each type of fundamental force has specific carriers: strong — gluons, electromagnetic
— photons, weak - W* and Z° bosons.

Within Standard Model, strong interactions are defined by quantum field theory
— Quantum Chromodynamics, where quarks and gluons carry a strong charge —
colour and interact with each other. There are three colour and three anti-colour
charges. Each quark (or anti-quark) carries one colour (or anti-colour). Each gluon
carries a combination of colours and anti-colours (gluons can have eight independent
color states and one colorless state). The strong force is responsible for the quark
confinement in hadrons. This force gets stronger with increasing distance between
interacting particles until the energy is high enough to produce new q —q pair. The
range of the force is of the order of 107> m (1 femtometer).

In contrast, the force responsible for electromagnetic interaction has infinite
range. It affects all electrically-charged particles. The interaction happens via
exchanging photon and is described by Quantum Electrodynamics.

The weak force affects all leptons and quarks and is the only force capable of
changing the flavour (e.g., of changing one type of quark into another) and violating
basic symmetries (e.g., charge-parity symmetry). Due to the fact that force carriers -
W* and Z° are massive (80.4 GeV and 91.2 GeV respectively), this force has a short
range. Above unification energy of 100 GeV, weak and electromagnetic forces can
be unified and understood in terms of electro-weak theory.

The Standard Model predicted the existence of another, particularly elementary
particle responsible for other particles masses. It is called Higgs boson [6] and was
discovered by two experiments at Large Hadron Collider (LHC) in 2012 - Compact
Muon Solenoid (CMS) and A Toroidal LHC ApparatuS (ATLAS).
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1.2 Quark - gluon plasma

As mentioned above, quarks are confined by the strong force in hadrons. Neverthe-
less, when quarks reach extreme proximity and the strong force becomes weaker,
they behave almost as free particles, which is known as the asymptotic freedom phe-
nomenon. The idea of asymptotic freedom evolved into a concept of a new state of
matter, the QGP [7].

It is believed that soon after the Big Bang the matter was in such a phase. As the
Universe expanded and cooled down, the QGP turned into hadrons, which further
formed the Universe we live in. The QGP is not observed in Nature nowadays, but
compact astrophysical objects, as the neutron stars, may contain it in their dense
centres. Nevertheless, possibility to study the quark-gluon plasma occurred in the
laboratory experiments. The QGP production in a high-energy nuclear collision
was confirmed by experiments at the European Organization for Nuclear Research
(CERN) [8] and Brookhaven National Laboratory (BNL) [9].

1.3 High-energy collisions

History of particle physics is directly related to the history of accelerators. As the
available collision energy increases, heavier particles and new phenomena might be
discovered.

Nowadays accelerators can accelerate ions, hadrons or electrons to velocities
close to the speed of light. An accelerated bunch of nuclei or hadrons, or in other
words beam, (further called projectile particles or projectiles) are forced to interact
with a counterflow beam or fixed target (further called target particles or target). If
projectile and target collide, they interact. In collisions at high energies, inelastic
interactions dominate. A scheme of such a collision is shown the figure 1.2. The

participants
spectators

\

U

Fig. 1.2: Scheme of an inelastic ion-ion collision. Picture taken from Ref. [10].

%
Y/

higher momentum the accelerated projectile (and target in case of counterflow
beams) has, the thinner disc in the laboratory coordinate system it becomes due
to Lorentz contraction. Nucleons (or partons), which do not meet any other ones
on their way, are called spectators of the collision. They do not interact. All those
interacting elastically and/or inelastically are named participants. The participants
of inelastic interactions are termed wounded nucleons. The number of spectators
(Nspec) and participants (Np,yt), as well as number of wounded nucleons (Nyy), vary
with collision centrality and depend on an impact parameter, b, which is the distance
between centers of colliding projectile and target. Central collisions are characterised
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by small values of b, for strictly central b ~ 0. In this case the number of the
participants is much larger than the number of spectators and also Ny, Ny as
mostly inelastic interactions happen. Nevertheless, such collisions are not frequent.
The most common are peripheral collisions — with large impact parameter values. In
such collisions, the number of participants is higher than the number of wounded
nucleons, since nucleons can also interact elastically.

1.3.1 Evolution of high-energy nuclear collision

During the collision, the energy of the system increases and new particles can be
produced. Two possible scenarios of the evolution of relativistic nuclei collisions
are presented in Fig. 1.3. In the first scenario, when the energy density after the

Pre-Equilibrium

& Phase

Fig. 1.3: Two scenarios of collision of two relativistic nuclei (‘A” and ‘B’). On the left side of
the diagram - direct formation of hadrons as an outcome of the strong interactions.
On the right side - a creation of QGP, and subsequent phase transition and chemical
freeze-out. Both scenarios are coped with the hadron gas phase and thermal
freeze-out. Picture taken from Ref. [10].

'
with QGP

collision is relatively low, a hot and dense hadron gas is formed. In the second case,
when the energy density is sufficiently high, the QGP can be created. As the QGP
expands and cools down, the hadron formation (hadronisation) process takes place.
The moment when the inelastic interactions stop and the chemical composition of
the system becomes fixed is called chemical freeze-out. The particles of hadron gas
produced in both scenarios still interact with each other elastically, while the system
continues to cool down until the momenta of all particles are fixed and a thermal
(kinetic) freeze-out occurs. These hadrons and/or the products of their decays can be
observed in high-energy experiments.
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1.3.2 Phase diagram of strongly interacting matter

The QGP and Hadron Gas (HG), are two distinct phases of strongly interacting
matter. Typically, they are presented in a two-dimensional phase diagram with
the system temperature, T, on vertical axis and baryonic chemical potential, ug,
quantifying the change of the system energy caused by the addition or removal of
one baryon, on the horizontal axis. The system’s T and up can be probed by varying
the size of the colliding ions and the collision energy. An example diagram is shown
in Fig. 1.4. At low temperatures and relatively low baryonic chemical potential, the

quark gluon plasma

T (MeV)

200 SPS
[ |

100

M@,

I I r |
1000

b (MeV)

Fig. 1.4: Two-dimensional phase diagram of strongly interacting matter in temperature T
and baryonic chemical potential pg. The full points present the conditions of the
chemical freeze-out calculated in Ref. [11,12]. The open points and the straight
lines indicate a possible evolution of the system from the early stage to the chemical
freeze-out. The grey band corresponds to the first order phase transition between
hadron gas and QGP, ending with a critical point [13, 14]. Figure taken from
Ref. [13].

matter is in HG state. In the opposite conditions, it exists as QGP. The structure of
the transition between these two states is still under discussion (as in Ref. [15]), but
the most popular approach postulates that increasing the temperature at the lower
baryonic chemical potential leads to a phase change via a smooth crossover and at the
higher baryonic chemical potential - via the first order phase transition [16]. Between
the postulated 1% order phase transition and a the crossover region the critical
point (CP) is expected. The CP has not been discovered yet, but lattice calculations
(e.g. Ref. [17]) predict that it is located in the pug — T ranges accessible by the studies
in the Super Proton Synchrotron (SPS) energy range. The data presented on the plot
in Fig. 1.4 corresponds to experimentally probed values of the chemical potential
related to the baryonic potential and the temperature of chemical freeze-out.
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1.4 Phase transition of strongly interacting matter

The beginning of QGP creation is called the onset of deconfinement. The experimental
study of this subject was motivated by the predictions of the Statistical Model of the
Early Stage (SMES) [18] (recently extended in Ref. [19]), in which a few observables
are stated to be sensitive to the transition between hadron gas and QGP. Some
of them were measured experimentally in nucleus-nucleus (A+A) collisions and
described briefly in the following.

The phenomenon of the onset of deconfinement was originally observed by the
NA49 experiment at the SPS [20]. Its discovery was confirmed by the Relativistic
Heavy Ion Collider (RHIC) Beam Energy Scan programme [21, 22], which indi-
cates that QGP production can be possible in heavy-ion collisions at energies of
several GeV per nucleon. Still, systematic studies in this energy range are needed to
understand the characteristics of the transition between confined and deconfined
matter.

The SMES assumes that production of matter at the early stage of colli-
sions is entirely defined by the available energy and the volume of the system
(Lorentz-contracted volume occupied by the colliding nucleons). Production of new
degrees of freedom (new particles) from energy does not produce net charges (e.g.
flavour or electric charges). Moreover, only a fraction of the total collision energy is
transformed into the energy of new degrees of freedom created at the early stage, as
the other part of the energy is carried by the net baryons. SMES is based on the as-
sumption that at early stage of heavy-ion collision, a maximum entropy equilibrium
state is always created. For the confined hadron gas SMES uses the ideal gas equa-
tion of state to characterise the properties of equilibated matter. The non-strange
particles, which dominate the entropy, are assumed to be massless bosons. The mass
of strange particles is assumed to be 500 MeV, equal to the kaon mass. The decon-
fined state, composed with u, d and s quarks and their antiparticles (contribution
of heavier quarks is neglected due to their large masses) is characterised by a bag
model [23,24]. In the bag model, the masses of non-strange particles (light quarks,
antiquarks and gluons) are set to 0. The s and 5 quarks mass is assumed to be 175
MeV. SMES assumes that the matter created at the early stage expands, then hadro-
nises and freezes-out. It is postulated that the total entropy and a total number of s
and s quarks created in the early stage are (approximately) conserved. Moreover, the
number of degrees of freedom is assumed to be higher in QGP than the HRG.

According to SMES, at low collision energies only pure hadron gas is produced,
at higher — pure QGP state. The model assumes also that in the some collision
energy region both states coexist forming a mixed-phase. In the model, the onset of
deconfinement in central heavy-ion collisions should evince itself in rapid changes
of the energy (sometimes expressed as a Fermi’s measure, F~ ml/z) dependence
of several hadron production properties. Figure 1.5 presents the energy dependence
of selected characteristics of hadron production and spectra, which experimentally
confirm predictions of the SMES. The results presented in figure 1.5 were obtained in
hadron-hadron and ion-ion collisions measured in a broad energy range by various
experiments, including NA49 and also NA61/SHINE.

The top left panel of Fig. 1.5 presents so-called kink — the energy dependence
of the ratio of mean pion multiplicity to the mean number of wounded nucleons.
This observable can be considered as energy dependence of the ratio of the total
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Fig. 1.5: Experimental results on energy dependence of various quantities defined by SMES
as the signatures of the onset of deconfinement. Top left: ratio of mean pion
multiplicity to the mean number of wounded nucleons (kink). Top right: K*/m*
yield ratio in mid-rapidity (proportional to strangeness to entropy ratio) (horn).
Bottom: inverse slope parameter of transverse mass spectra of charges K mesons
(related to the early stage temperature) (step). Plots based on Refs. [20,21,25-41].

entropy to the number of nucleons participating in the collision. In SMES, the ratio
is expected to increase linearly with the Fermi energy. As the slope is proportional to
the number of effective degrees of freedom, it is steeper for the QGP state. Therefore
the slope is much steeper for heavy-ion collisions (red/reddish points on the plot),
where QGP production is assumed, than for p+p interactions (blue points).

In the top right panel of Fig. 1.5 the so-called horn is shown. It stands for the
energy dependence of the strangeness to entropy ratio, expressed by K*/n* yield
ratio in mid-rapidity. The ratio obtained in heavy-ion collisions (red/reddish points
on the plot) rapidly changes with the collision energy - steeply raises in the hadron
phase, reaches the maximum at the onset of deconfinement, decreases in the mixed
phase and almost saturate in the QGP phase. A similar behaviour is expected within
SMES model. The effect in p+p interactions is significantly reduced.

The bottom row of Fig. 1.5 contains the energy dependence of the inverse slope
parameter, T, of transverse mass spectra of charged K mesons, so-called step plots.
The T measure is associated with temperature of thermal freeze-out. It reminds
of a step-like structure: as in the pure phases (HRG phase and QGP phase) the
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temperature increases linearly with the energy whereas inside the region of the
transition, coexistence of both phases, it is constant. The same phenomenon was
predicted by SMES.

In figure 1.5 experimental result on nucleus-nucleus collisions for two extreme
system sizes are presented: the biggest one — most central Pb+Pb/Au+Au collisions,
and the smallest one — p+p interactions. The extended SMES model also provides
predictions for intermediate systems, as shown in the left frame of Fig. 1.6. The

0.06 . . . ; +, —————————1—
o K" T
c [ e ==y
020 /- 1
0.04} [ CEHRG yg&=1 . ]
015f T ]
002} 1 - - - - GCE/CE N,=400 | ; P — prese ]
I::il .......... CE N,=10 010 | ---— Si+Si |
l:.'! _______ CE N, =6 [ L BerBe 1
/ CE N, =2 - o+
0.00 s s . . oosL o v o L
0 5 10 15 20 25 4 8 12 16

B, [GeV] {S,, [GeV]

Fig. 1.6: Left: Mean strangeness to entropy ratio energy dependence predictions by SMES
for various system sizes [19]. Right: K*/nt* ratio energy dependence predictions by
HRG model for various colliding systems [42].

SMES predicts that strangeness-to-entropy ratio, which is proportional to K*/n*
ratio, rapidly increases with the system size. According to SMES, the strangeness to
entropy ratio enhancement should be present even in such a small system as Ny =~ 10,
or Be+Be [19,43]. Calculations of the K*/7t" ratio for intermediate system are also
being performed within the statistical Hadron-Resonance Gas (HRG) model [42]
(for the details of the model see also Refs. [44,45]), as presented in the right panel
of Fig. 1.6. The calculations within HRG model are based on available data from
nucleus-nucleus collisions in the SPS energy range. They also reveal expectation of
the rapid strangeness-to-entropy ratio enhancement with the colliding system size.

1.5 NA61/SHINE and the study of the phase transition

The conclusions drawn by the NA49 experiment and others, presented and explained
in section 1.4, strongly motivated a comprehensive study of the phase transition
in the SPS energy range. NA61/SHINE (the sixty-first experiment at the CERN
North Area SPS Heavy Ion and Neutrino Experiment) has inherited a big part of
the NA49 facility (see chapter 2) and made the study of the onset of deconfinement
one of its primary goals. The other one is the search for the critical point of strongly
interacting matter. Additionally, the experiment probes a hadron production in
hadron-hadron and hadron-nucleus interactions for:

* the study of hadron production at high transverse momenta (pr of up to 4.5
GeV/c) for an understanding of the nucleus-nucleus reactions,
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* the precise hadron production measurements in p+C (a thin target, a replica
of the T2K target and a replica of NOvA target) interactions for the neutrino
experiments to calculate the initial neutrino fluxes [46-49],

* the precise hadron production measurements in 7t+C interactions for cosmic
ray experiments to reduce systematic uncertainties in simulations of the show-
ers used to reconstruct properties of the initial cosmic ray particles [50,51].

NA61/SHINE explores a particular region of the phase diagram of strongly
interacting matter shown in the right panel of Fig. 1.7. The diagram presents

Pb+Pb | | B 20618 S 200
g 150A GeV/c 13A GeV/ic
Xe+La | H [ | [ | [ ] [ ] B 2017 g 180— pa NAG61 collected data
+
Ar+Sc | [ ] [ | [ | [ ] W 2015 160—
Be+Be | .{ H B BN [ | ’2011/12/13 1401—
p+Pb H B B . 2012/14/16/17 120l
p+tp | H B B B B . 2009/10/11 | | | | |
N 100 200 300 400 500 600

13 19/20 30/31 40 75/80 150/158 1y (MeV)

beam momentum [A GeV/c]

Fig. 1.7: Left: Reactions and energies of the two-dimensional scan in system size and beam
momenta performed by NA61/SHINE. Size of squares relates to the number of
recorded events. Green points indicate data collected gray and red denote fu-
ture data taking. Right: Region of the theoretical phase diagram explored by
NA61/SHINE and NA49 experiments. Estimated chemical freeze-out points in
NA49 (blue squares) and those expected in NA61/SHINE (circles) according to
hadron gas model [12]. Pictures taken from Ref. [10].

chemical freeze-out conditions estimated from NA49 measurements and those
expected in NA61/SHINE according to hadron gas model simulation [12]. To
achieve its main goals, NA61/SHINE performs systematic two-dimesional scan of
the phase space in collision energy and system size by varying the beam momenta
as well as projectile and target nuclei. The choice of the nuclei is imposed by the
technical capabilities of the ion source and also physical and chemical properties
of the target element. NA61/SHINE measures p+p, p+208Pb, "Be+?Be, 0Ar+43Sc,
31Xe+139La and 29Pb+2%Pb collisions at six beam momenta from 13A GeV/c !
to 150A GeV/c (158 GeV/c for protons). The list of datasets being recorded by the
NA61/SHINE is visualised in the left panel of figure 1.7.

A comprehensive scan with various system sizes in a broad momentum range
allows for more precise probing of the transition between states of matter and
evolution of the system after the collision. Recent results on p+p interactions from
NA61/SHINE [28] as well as A Large Ion Collider Experiment at LHC (ALICE)
(e.g. Refs. [52,53]) suggest that some processes related to QGP appearance can take
place event in the collisions of light nuclei. That brings up a strong motivation
to investigate hadron production also in the collisions of small systems in the SPS
energy range, like “Be+’Be.

'13A GeV/c stands for momentum of 13 GeV/c per nucleon
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1.6 Spectra of charged kaons in mid-rapidity

Kaons are the lightest strange (containing strange quark) measurable products of
high-energy nuclear collisions. Moreover, due to different properties of strangeness
production in hadron gas and QPD, observables based on K mesons (the horn and
step, see Fig. 1.5) spectra are sensitive to phase transition of strongly interacting
matter [14].

The main goal of the research presented in the thesis was to study the prop-
erties of the onset of deconfinement by charged kaons multiplicity spectra in
mid-rapidity in the beam energy scan of beryllium-beryllium collisions recorded by
the NA61/SHINE experiment.

The thesis reports results on the inclusive K*, 7* and (anti-)proton spectra
produced in inelastic “Be+°Be collisions at beam momenta of 304, 404, 75A and
150A GeV/c. The multiplicity distributions are presented as a function of rapidity
(v) and the transverse momentum (pt). A particular attention is paid to the K*
spectra in the mid-rapidity region as it directly insight into the study of the onset of
deconfinement.

This thesis consists of seven chapters and is organised as follows. After the
theoretical introduction and motivation, Chapter 2 describes the NA61/SHINE ex-
periment and the facility used for data collection and Chapter 3 briefly explains the
data reconstruction techniques and Monte-Carlo simulation used in the analysis pro-
cess. The characterisation of the analysed data is presented in Chapter 4. Chapter 5
contains the detailed description of the data analysis followed by the final results
presented in Chapter 6. The thesis closes with a summary in Chapter 7.

The appendices include definitions of the coordinate system and kinematic
variables used in the analysis (Appendix A), tabulated results (Appendix B) and
theoretical calculations used as a comparison for the results (Appendix C) as well as
some additional information on the NA61/SHINE gas system (Appendix D).

Author’s Contribution

I have been a member of the NA61/SHINE Collaboration since 2013 under the
supervision of prof. Wojciech Dominik.

Since the beginning of my PhD studies, I have been actively participating in
the data taking campaigns and managing the operation of the Time Projection
Chambers (TPCs), the main NA61/SHINE tracking detectors. During this time, I
also worked on the operation, maintenance and development of the gas system of
the NA61/SHINE TPCs. I was responsible for the upgrade and extension of the
TPCs drift velocity monitoring system, including the design and construction of the
new drift velocity measuring units, as well as a new readout chain, which allows
to measure the drift velocity with precision of order of 1%o. Moreover, I designed
and built a separate gas system with gas mixture quality control, which supplies the
Forward Time Projection Chambers (FTPCs) installed in the NA61/SHINE facility
in 2017.

Despite my passion for hardware, I still worked on many levels of the data cali-
bration and analysis. I was involved in the drift velocity calibration, which is crucial
parameter for the precise particle trajectory reconstruction, since discrepancy of the
drift velocity in order of 1% can cause vertical displacement of the particle’s trace of
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1 cm in the NA61/SHINE TPCs. Furthermore, I deeply studied the efficiency of the
NA61/SHINE Time Of Flight detectors and improved their calibration methods. I
also cooperated with the NA61/SHINE Ion group on the verification of the valid-
ity of the experimental data. Finally, I studied the event and track selection-criteria
properties and their impact on the charged-particle spectra. I developed the proce-
dures for the data analysis and calculation of uncertainties, which allowed for the
comparison of my results with data from other experiments and predictions of the
theoretical models, and in the end, finalising this thesis.
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Chapter 2

NA61/SHINE detector

This chapter describes the most important parts of the NA61/SHINE facility and
detection setup. The detailed information about the NA61/SHINE facility can be
found in the Ref. [54], and also [55].

The experiment is a multi-purpose facility measuring hadron production in
hadron-proton, hadron-nucleus and nucleus-nucleus collisions. It is a fixed tar-
get experiment placed in the North Area of CERN laboratory on H2 beamline
of SPS. The NA61/SHINE large acceptance spectrometer is presented in the fig-
ure 2.1. Its basics elements, like four large volume Time Projection Chambers

~13m

z=0

VERTEX-1 VERTEX-2
VTPC-1 | GAP

TPC

m,. S|4 i W 1T e

Fig. 2.1: Schematic layout of the NA61/SHINE experiment at the CERN SPS (horizontal
cut in the beam plane, not to scale). The beam detectors and trigger counters
in zoom. The incoming beam direction is along the z-axis. z=0 is placed in the
centre of VTPC-2. The magnetic field bends charged particle trajectories in the x-z
(horizontal) plane. Updated schematic from [54]. Description of the NA61/SHINE
coordinate system can be found in Appendix A.

(VTPC-1, VTPC-2, MTPC-L and MTPC-R), forward acceptance small volume TPC
(Gap-TPC), Time of Flight detectors (ToF-L and ToF-R) and superconducting mag-
nets (VERTEX-1 and VERTEX-2) were inherited from the antecedent experiment
NA49 [55]. NA61/SHINE spectrometer is also equipped with a hadronic calorime-
ter, Projectile Spectator Detector (PSD), forward Time of Flight detector (ToF-F),
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beamline detectors and upgraded trigger logic based on Field-Programmable Gate
Array (FPGA) technology. Moreover, the experimental setup was extended with
forward acceptance large volume TPCs (FTPC-1, FTPC-2 and FTPC-3) and Small
Acceptance Vertex Detector (SAVD).

2.1 Targets

Realising the two-dimensional scan of the phase space, NA61/SHINE employs target
material accordingly to the system size of colliding systems.

Typically, NA61/SHINE uses solid targets made with high purity material, mostly
consisting of a single element. Targets of various element kind, like Be, C, Sc, La,
Au or Pb, and thickness from 0.5 to 20 mm can be used dependently of measured
reaction. The target impurities are measured with Wavelength Dispersive X-Ray
Fluorescence (WDXEF) to estimate possible bias of the cross-section calculations.
Such targets are installed in a dedicated container in a helium atmosphere, to limit
possible interactions with materials around the actual target, so-called off-target
interactions. The target holder is equipped with a pneumatic movement to enable
target inserting in and removing from the beamline. The target position is centred
at z= —-580cm.

Lately, SAVD was installed in the NA61/SHINE detection setup and targets
described above can be installed inside of this device, close to the SAVD sensors.

NA61/SHINE can also operate with liquid hydrogen target (LHT), as during
measurements of p+p interactions. Details on LHT can be found in references [27,28].
Moreover, during reference measurements neutrino experiments the replicas of the
T2K and NOvA targets can be used. Such targets are located upstream of the
VTPC-1, close to the outside edge of the VERTEX-1 magnet.

2.2 Beams and trigger system

2.2.1 Beams and acceleration chain

NA61/SHINE operates with various beam types — from hadrons to heavy ions,
in broad beam momentum range — from several GeV/c to few hundreds GeV/c.
It works with primary beams (e.g. Ar, Xe, Pb and primary protons) as well as
secondary beams produced via the primary beam fragmentation. NA61/SHINE
beams are delivered to the facility after few stages of acceleration performed by the
CERN acceleration chain presented in the Fig. 2.2 with components related to the
NA61/SHINE beams emphasised.

The primary lead beam is produced by the evaporation of isotopically pure 2°®Pb
sample inserted in a heated crucible, while the beams consisting of nuclei of gases,
like hydrogen, argon or xenon, originates from a gas source. A bunch of atoms (H,
Ar, Xe or Pb) is transported to electron cyclotron resonance (ECR) source where it is
being ionised with electrons accelerated by repetitive microwave pulses. The ions of
particular charge state (e.g. p, Pb29+) are electrostatically extracted from the source
and injected into the first stage of acceleration.

Primary proton beam acceleration chain is presented in figure 2.2 with the blue
colour scheme. It starts with the linear accelerator, LINIAC?2, where the beam reaches
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NA61/SHINE

Fig. 2.2: Schematic of the CERN Accelerator Complex detailing components relevant to the
NA61/SHINE experiment. Figure taken from Ref. [54].

momentum of 50 MeV/c. Then, the beam is injected to the Proton Synchrotron
Booster (PSB), which accelerates protons to the momentum of 1.4 GeV/c, followed by
the Proton Synchrotron (PS), which can push the beam to the maximum momentum
of 25 GeV/c. Afterwards, protons are sent to the SPS, which supplies CERN North
Area as well as LHC with beams.

In case of the primary ion beams, the acceleration chain, marked in figure 2.2
with the green colour scheme, starts with the LINIAC3 linear accelerator, which
accelerates ions to momenta of 4.2A MeV/c. Then, acceleration continues in the Low
Energy Ion Ring (LEIR), where ions reach momentum of 72A MeV/c. Then, the ions
achieve momentum up to 25A GeV/c in the PS accelerator, pass additional stripper
to achieve a particular charge state (e.g. Pb82+), and to enter the SPS finally.

The SPS is fed with primary proton beam within momentum range of 13-25
GeV/c and primary ion beam of 13A-25A GeV/c, to supply NA61/SHINE facility
with beams within momentum range from 13 GeV/c up to 450 GeV/c (proton beam)
and from 13A GeV/c to 150A GeV/c (ion beam).

Secondary beams are gained from the high-intensity (e.g. a few 10!3 protons or
several 10® Pb ions per cycle) primary beams of lead ions or protons interacting
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with so-called primary target (consisting of beryllium plates of 100 mm or 180 mm
thickness accordingly to the optimisation of the yield of the requested secondary
particle momentum and type) placed 535 m upstream from the NA61/SHINE
facility.

2.2.2 Beamline and triggering system

Beams are transported towards the NA61/SHINE experiment with the H2 beamline
equipped with devices, which enable to guide and select the requested beam. The
beam momentum and type are selected by two large spectrometers of H2 beamline
able to separate particles according to their rigidity (roughly A/Z ratio). Each of
them consists of six dipole magnets and collimator defining the beam trajectory.
The beam intensity is reduced by a set of collimators (placed downstream to the
spectrometers) down to a rate of a few 10° ions per single spill lasting few seconds.

Besides the magnetic spectrometers, the beamline is equipped with devices
providing information of the beam characteristics (e.g. a precise beam particles
position, beam profile and intensity), as well as beam particles arrival time and
identification. The NA61/SHINE beam monitoring and triggering system consists
of various detectors shown in an enlarged part of the Fig. 2.1. Typical parameters of
the NA61/SHINE beam detectors are summarized in table 2.1. Detectors based on

detector | dimensions [mm] | hole [mm] | position [m]
S1 60 x 60 -36.42
s2 ¢ =20 -14.42
s3 ¢ =26 -5.75
S4 ¢ =20 -2.11
S5 ¢ =20 9.80
VO ¢ = 80 ¢ =10 “14.16

vor 300 x 300 ¢ =20 ~-14
V1 100 x 100 ¢ =8 -6.72
V1P 300 x 300 ¢ =20 -6.74
A 150 x 5 ~ -146
Z 160 x 40 -13.81

BPD-1 48 x 48 x32.6 -36.20

BPD-2 48 x 48 x32.6 -14.0

BPD-3 48 x 48 x32.6 -6.70

Typical thin target (e.g. *Be) position -5.80

Tab. 2.1: Summary of typical beam detector parameters: dimensions, positions along the
beamline (z coordinates) [54]. Positions of the detectors varied in time due to
dismounting and remounting in subsequent runs as well as using various targets.
Positions of detectors are surveyed after any change, except the A and V0P detectors,
which were not surveyed, therefore are known only approximately.
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plastic scintillation or quartz Cherenkov crystals are equipped with photomultipliers
(PMTs) registering photons in selected wavelength range. The beam monitoring
system setup is arranged in order to minimise the amount of the material in the
beamline the beam particle travels through. Therefore, only a particular selection of
beam detectors is installed in the systems depending on the beam type and trigger
requirements. The trigger system setup used in “Be+’Be data taking is described in
chapter 4.

The S1 and S2 scintillation counters serve a precise timing reference for the
NA61/SHINE triggering system and are used in coincidence in the trigger logic.
S1 and S2 measure the energy deposit of the passing ions, which allows for beam
particle identification in the off-line analysis. The S1 detector delivers a “start”
signal for the time-of-flight (tof) measurement by the NA61/SHINE ToF detectors,
described in the section 2.4, and triggers the signals registration in all sub-detectors
of the NA61/SHINE detection system.

V0, V0P, V1 and V1P are scintillation counters with holes of a small diameter in
the centres. They are working in so-called “veto mode”, namely the signals of these
detectors are used in anti-coincidence in the trigger logic. They select the core of the
beam eliminating the beam halo.

So-called interaction counters: S3, S4 and S5, located downstream of the target,
allow for tagging the interactions of the beam particles. They are used in the “veto
mode” as well. Signals from them are required to be below some arbitrary threshold
adjusted during the preparation of the data-taking.

A-detector and Z-detector were designed to provide the identification of ions
in the secondary beam. The first one, a 15 mm thick plastic scintillator, was used
to identify the lead beam fragments and verify whether the beryllium contribution
is monoisotopic, consisting of Be isotope only. It served as the “start” detector of
the (tof) measurement of the beam fragments on the distance of 119.32 m, between
itself and S1 counter. A-detector measured also the energy deposit of passing ions,
what after calibration allowed to derive the charge spectrum of the beam. Time of
flight spectra of beryllium and carbon (for comparison) produced in the primary
Pb beam fragmentation are presented in the top row of figure 2.3. Carbon tof
distribution consists of spectra of two isotopes, !!C and 12C, whereas beryllium
spectrum comes from a single isotope, ’Be. Both TDC distributions were obtained
after the preliminary charge selection, presented with the blue areas in the charge
spectra from A-detector in the bottom row of figure 2.3. Results presented in the
left panels of figure 2.3 were measured with a separator set up for the beam Bp = 2
(for 12C) and result in the right panels of figure 2.3 - for the beam Bp ~ 1.75 (for
"Be). A-detector operated during the data-taking preparation only and was removed
from the beamline for the data taking period.

Z-detector, a quartz Cherenkov counter, was used during all “Be+°Be data taking
campaigns. It measured the Cherenkov photons produced by incoming beam ions.
Since, for a given momentum, the amount of Cherenkov light produced by the
incident particle is the function of particle charge (~ z2), Z-detector was used to
identify the beryllium ions in the beam on-line in a trigger logic in coincidence
mode and off-line in further analysis of the beam properties and event selection.
An on-line threshold on Z-detector signal was tuned during the preparation of the
data-taking.
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Fig. 2.3: Top: The time-of-flight spectra of ions for the carbon (left) and beryllium (right)
beams produced in fragmentation of the primary Pb beam at 13.9A GeV/c. The
spectrum of carbon is fitted by a sum of two Gaussian functions due to contributions
of two carbon isotopes, !C and '?C, whereas that of beryllium, ”Be, by a single
Gaussian. Bottom: The Z? spectra with the selected (blue area) contribution of
carbon (left) and beryllium (right). Distributions taken from Ref. [54].

The NA61/SHINE triggering system can also process signals, for example from
PSD to tag central, semi-central or minimum bias interactions, or additional device
installed in the beam line — Cherenkov Differential Counter with Achromatic Ring
Focus (CEDAR) to tag the secondary hadron beam.

The PSD detector is described in the section 2.5. It works in the triggering system
in the “veto mode” thus the summed signal from the whole detector is required to
be below some arbitrary threshold set up in the preparation of the data taking.

CEDAR, a special Cherenkov counter filled with gas as a radiator, is used in order
to identify particles in the secondary hadron beam. It is placed in the beamline
only during data taking with hadron beams. Otherwise, it is removed to minimise
the material placed in the beamline. It is equipped with an optical system based
on eight photomultipliers that collect the Cherenkov photons produced by hadron
passing through the radiator. The counter sensitivity can be set to a particular kind
of hadrons by setting the appropriate gas pressure (the radiator density). The signal
from CEDAR is included in the NA61/SHINE trigger in coincidence mode.

The position of incoming beam particles in the transverse plane is measured
by Beam Position Detectors (BPD-1, BPD-2 and BPD-3) placed along the beamline
upstream of the target. These detectors are proportional chambers operated with
Ar/CO, gas mixture in the proportion 85/15. Each BPD measures the position of the
trigger-selected beam particle in two orthogonal directions (x-y plane) independently
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using two planes of orthogonal strips. The scheme of the BPD detector is shown
in the figure 2.4. A 3-dimensional point measured by a given BPD, built from

cathode readout

planes
central plane—= Fig. 2.4: Scheme of BPD detec-
tor. Figure taken from
Ref. [54].
wire
planes
closing
windows

transverse coordinates and the position of the BPD along the beamline, allows for
reconstruction of the beam particle trajectory towards the target.

2.3 Tracking system

The NA61/SHINE tracking system is based on four large volume Time Projection
Chambers. Time Projection Chamber allows for measurements of charged particles
trajectories in 3-dimensional space and the energy they deposit inside the active
volume. Two of NA61/SHINE TPCs, VITPC-1 and VTPC-2, are placed inside su-
perconducting dipole magnets, VERTEX-1 and VERTEX-2 respectively. These two
chambers were designed for accurate primary and secondary vertices reconstruc-
tion. The measurement of the charged particle trace curvature, by the VIPCs, allows
to determine the particle momentum and sign of the electric charge. Two others,
MTPC-L and MTPC-R, are situated symmetrically to the beamline downstream to
the vertex magnets, outside of the magnetic field. They were built to cover a broad
acceptance in the forward hemisphere and also to enhance the energy-loss mea-
surement resolution. An additional smaller chamber, called GAP-TPC, is placed
between the two VIPCs, centred on the beamline. It was designed to register parti-
cles with small production angles. These five TPCs, marked in blue in the scheme
presented in the Fig. 2.1, were exploited during “Be+°Be data taking campaigns. In
2017 the tracking system was extended with three forward time projection cham-
bers: FTPC-1, FTPC-2 and FTPC-3 (marked in cyan in the Fig. 2.1). The FTPCs
improve particle tracking in the very forward region (in region of 0 <6 < 0.04 rad in
the NA61/SHINE coordinate system, for details see appendix A).

2.3.1 Magnets

The superconducting magnets generate magnetic field oriented vertically, towards
negative values of y, to bend trajectories of charged particles in a x — z plane in
the NA61/SHINE coordinate system (for details see appendix A). In other words,
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positively charged particles trajectories are bent towards the left-hand side looking
along the beamline and the negatively charged particles in the opposite way.

The maximum magnetic field generated by the VERTEX-1 magnet is 1.5 T, by
the VERTEX-2 - 1.1 T. Such magnetic field setting is used for data taking at the
highest beam momentum in the NA61/SHINE experiment, namely 150A GeV/c.
For lower beam momenta the magnetic field is proportionally scaled down in order
to maximise the detector acceptance at forward rapidity hemisphere.

The magnetic field is uniform in the majority of VTPC-1 and VTPC-2 active
volumes. An accurate magnetic field map, including inhomogeneities measured
at the VTPCs corners, is implemented in NA61/SHINE software used for particle
tracks reconstruction.

2.3.2 Time Projection Chambers
General description and principle of operation

A basic TPC design is presented in the figure 2.5. It consists of an active volume of
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Fig. 2.5: Scheme presenting the principle of the Time Projection Chamber operation.
Schematic based on Ref. [56]

the medium, presented in the figure 2.5 in the grey colour, surrounded with field
shaping electrodes, so-called field cage, terminated with a cathode plate on one end
(bottom) and an end-cap chamber with readout plane on the other end (top).

In particle physics, the most common are TPCs filled with gaseous medium,
which is usually based on noble gases (e.g. Ar, Ne) with a contribution of so-called a
quenching gas (e.g. CHy, CO,). The exact proportions of the gas mixture components
are usually selected to satisfy such requirements like:

* production of a large number of electrons in the primary ionisation,
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* low content of electronegative components (e.g. O;), which have tendency to
attract electrons towards itself and decrease the ionisation charge density,

* stable gas amplification, protecting from excessive and uncontrolled growth of
the electron avalanches,

* low electron diffusion coefficient, preventing from a charge cluster bulking,

* high drift velocity at moderate electric fields, allowing to collect the charge
from the whole TPC volume within the event readout period.

Since, even small variations of the gas mixture composition can change the detection
properties of TPCs, the gas mixture stability has to be ensured. More information
about gas mixture choice can be found in references [57-59].

The voltage on the field cage strips changes gradually by voltage interval given as
a difference of the potentials between the cathode and the end-cap chamber divided
by the number of strips to ensure possibly uniform electric field inside the active
volume. Charge particles passing through TPC ionise the medium on their trajectory.
Electrons released by ionisation at time t, create primary ionisation clusters (shown
as red clouds in fig. 2.5), which drift under the influence of the electric field toward
readout plane, in which they are detected at time #;.

Since the number of primary electrons is relatively small (from several to several
hundred per cm for relativistic particles), a readout plane is usually preceded with
an amplification section, for example Multi-Wire Proportional Chamber (MWPC),
like in NA61/SHINE TPCs, or Gas Electron Multiplier foils, as planned for ALICE
TPCs after LHC Long Shutdown 2 (LS2) [60]. An example of the amplification
section based on MWPC, as one installed in NA61/SHINE TPCs, is presented in the
figure 2.6. The MWPC consists of two parallel cathode planes and one anode plane

Pad plane
Sense wire plane Fig. 2.6: Scheme of the MWPC pre-
senting the charge amplifi-
Cathode plane cation and signal readout
section. Example based
on NA61/SHINE time pro-
jection chambers. Figure
Drifting electrons taken from Ref. [55].
from primary ionization
\Charged particle track

(sense wire plane) in between. MWPC volume can be isolated from the drift volume
by an extra plane, so-called gating grid. In such MWPC design, one of the cathodes,
made with a plate subdivided into small segments (pads), serves as a readout plane.
The other cathode plane, the sense wire plane and the gating grid are built with thin
parallel wires. The electric field inside the end-cap chamber is shaped as presented
in the figure 2.7. The gating grid voltage setting has two modes — “closed” gating grid
mode, when the voltage is adjusted in the way that the drifting charge is collected
before entering the amplification section, and “opened” gating grid mode, when
the voltage is adjusted to so-called offset voltage allowing the drifting electrons
to enter the amplification section. During TPC operation the gating grid voltage
settings are controlled by the trigger system. The gating grid remains open for the
charge collection time, or drift time of the electrons, and closes for dead time of
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Pad plane Fig. 2.7: Simulation of electric field
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the detection setup. Sense wires voltage generate a high gradient electric field, in
which drifting electrons accelerate and collide with gas atoms causing the secondary
ionisation. The process repeats creating an avalanche of electrons, which develops
until all the electrons are collected on the anode wire. The sense wire voltage is
adjusted to gain proportional multiplication of electrons (typical signal amplification
is of the order of 10%). The disappearance of the electrons and movement of the
positive gas ions repelled from the anode wire induce an electromagnetic pulse on
the pad plane, which is readout periodically in short consecutive time intervals,
so-called time-slices.

The cluster position in the readout plane is know due to readout plane segmenta-
tion, while the distance of the clusters from the readout plane, s, can be obtained
from the drift time measurement At = t; — f;, when knowing the velocity of the
drifting electrons, vp, in a given conditions (gas mixture composition, drift field,
temperature, pressure):

s=At-vp. (2.1)

Both allow for full 3-dimensional reconstruction of the cluster position in the TPC
active volume.

A pulse generated on the particular pad is proportional to the energy deposit
corresponding to the single cluster. The energy deposit distribution in cluster is usu-
ally parametrised with the Landau distribution [57], which example is presented
in the left panel of Fig. 2.8. The energy-losses strongly fluctuate along the parti-
cle trajectory, occasionally it is very large, which results in the characteristic long
tail of the distribution. In order to reduce the impact of the fluctuations on the
mean energy-loss value calculation, the extreme values are omitted. The exam-
ple of so-called truncation procedure is demonstrated in the right panel of Fig.
2.8. Such procedure increases a resolution of particle identification based on the
particle energy-loss (usually referred as dE/dx - an energy-loss per unit length)
measurement.

The mean rate of energy-loss of moderately relativistic charged particle (0.5 <
By <500) is described by the Bethe-Bloch formula [62]:

dE 2 Z 1 [1, 2mec®B?y* Waax 0 O(BY)
<dx> Kz Aﬁzl In I -B -5 (2.2)

where ¥ = (1 - 2712, B = v/c, v - velocity of the particle, ¢ - speed of light, x -
distance covered by the particle, z - charge of the incident particle in electron units,
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Fig. 2.8: Left: Simulation of a Landau distribution (in red colour) and a Gaussian distribution
(the dashed line) for comparison The mean values and peak widths are similar. Right:
example distribution of many measurements (called “clusters” in the figure) of
the energy lost by a single particle. The red area shows the truncated distribution.
Figures taken from Ref. [56].

Z - atomic number and A - atomic mass of absorber, m, - mass of the electron, W,
- maximum energy that can be transfered to an electron in a single collision, I -
mean excitation energy of absorber, K = 0.307075 MeV mol~! cm? (constant), ()
- density effect correction to ionization energy-loss.

The mean energy-loss of the particle, as it is presented by formula 2.2 and figure
2.9, is a function of particle velocity . Particles of the same momentum but different
mass will have different p:

_P
p=rt (2.3

where p is momentum and m is mass of the particle. Therefore, energy-loss and
momentum measurements enable reconstruction of the particle’s mass (identifica-
tion of its type). An example of an experimental measurement of energy-loss as
a function of particle momentum is presented in the figure 2.10. The black lines
show Bethe-Bloch parametrisation for different particle types. While for particles
with momenta of several GeV/c and more the Bethe-Bloch curves are well separated,
below 5 GeV/c curves approach and cross each other and it becomes difficult to
distinguish particles of a different type (e.g. protons and kaons).

NA61/SHINE TPCs

The basic parameters of the NA61/SHINE TPCs are overviewed in table 2.2. The
TPCs readout consists of over 18 000 channels. The pad array is organised as
shown in Fig. 2.11: the TPCs are divided into sectors, where the readout pads
are located along the padrows perpendicular to the beam line. The number of
padrows determines the maximum number of clusters that can be measured on a
track passing through the whole TPC length. The signal in the NA61/SHINE TPCs
is sampled 256 times during the 50 us charge collection time (with possibility to
increase the sampling rate up to 512 samples per 50 us charge collection time [55]).

The drift volume and amplification section in each NA61/SHINE TPC are sepa-
rated with grounded MWPC cathode plane preceded by the gating grid plane. Both
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Fig. 2.9: Mass stopping power, dE/dx, for positively charged muons in copper. The thick
red line marks the region relevant for TPCs in high-energy physics experiments.
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Fig. 2.10: Particle energy-loss as a function of particle momentum measured by
NA61/SHINE TPCs for “Be+°Be collision at 40A Gev/c. Each entry on the left his-
togram corresponds to a single positively charged particle, whereas on the right
histogram - to a single negatively charged particle.The black lines show theoretical
Bethe-Bloch curves for electrons, pions, kaons and protons.

planes are constructed with 75 ym thick gold-plated copper wires spaced by 1 mm.
During the charge collection, the gating grid offset voltage is adjusted to about
-115 V, while beyond the charge collection periods an additional voltage of about
+45 V (60 V in case of FTPCs) is applied to each second wire of the gating grid.
Two functions of the gate electrode are: collecting the electrons originating from
particles arriving beyond time window correlated with the trigger and reducing
migration of the slowly drifting positively charged ions created by the gas multi-
plication inside the amplification region towards drift volume, which prevents a
drift field distortions. The sense wires plane consist of 20 ym gold-plated tungsten

102

10
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| VTIPC-1/2 | MTPC-L/R | GAPTPC | FTPC-1/2/3

Size (LxWxH) [cm] 250 x 200 x 98 390 x 390 x 180 30 x 81.5x 70 60x71 (81)x160
Drift length [cm] 66.60 111.74 58.97 101.40
Drift velocity [cm/ ps] 1.4 2.3 1.3 2.1

Drift field [V/cm] 195 170 173 171

Drift voltage [kV] 13 19 10.2 17.3

Gas mixture Ar/CO, 90/10 95/5 90/10 94/6

No. of pads/TPC 27648 63360 672 1536

Pad size [mm] 3.5 x 28(16) 3.6 x 40, 5.5 x 40 4 %28 4 x 40, 6.6 x 40
Pad angles [°] 3-55° 0°, 15° 0° 0°

No. of sectors 2x3 5x5 1 1

No. of padrows 72 920 7 12
pads/padrow 192 192,128 96 128,160, 96

Tab. 2.2: Parameters of NA61/SHINE Time Projection Chambers. The pad length of 16 mm
in the VTPC-1 is installed in the two upstream sectors. In the MTPCs the five
sectors closest to the beam have narrower pads and correspondingly more pads
per padrow. The pads of a width of 6.6 mm are installed in 6 most downstream
padrows of FTPC-2/3. FTPC-2/3 are also 10 cm wider that FTPC-1.

anode wires, so-called amplification wires, at the electric potential of about +1 kV,
interspaced by 125 ym gold plated copper field wires at the ground potential. Such
arrangement helps to shape the electric field for the gas amplification. The distance
between neighbouring anode wires is 4 mm. The same spacing of field wires is em-
ployed. The separation of the MWPC cathodes (wire cathode and readout plane) is
6 mm (4 mm in VTPC-2 and 5 sectors of each MTPCs adjacent to the beamline). The
distance between the cathodes and a sense wire plane is 3 mm (2 mm in VTPC-2
and 5 sectors of each MTPCs adjacent to the beamline) [55], and of order of 5 mm
between wire cathode and the gating grid plane.

The MTPCs are the active volumes of 3.9x3.9 m? top surface area and 1.1 m
drift length each. The signals of ionisation electrons are read out by 25 MWPCs per
chamber, providing up to 90 measured clusters along the charge particle trajectory.
The granularity of pads is more dense in the MWPCs in the sectors adjacent to the
beamline, in so-called High-Resolution (HR) sectors, built with 3.6 mm wide pads.
Remaining 20 sectors, so-called Standard Resolution (SR) sectors, are formed with
5.5 mm wide pads. The accuracy of the measurement of the average ionization
energy-loss for a single particle in the MTPCs is of order of 4%.

VTPCs consist of 6 MWPCs each. Due to expected very high track density in
the forward region the active sections of VIPCs are separated by a 25.5 cm wide
gap along the beam axis, in which neither charge amplification, nor readout are
provided. Readout pads in the two upstream sectors of the VIPC-1 (sectors 1 and 4
in figure 2.11) are shorter (16 mm) than in other four sections and whole VTPC-2
(28 mm). The size of VIPC-1 and VIPC-2 is limited by the gap between two coils of
the superconducting magnets, VERTEX-1 and VERTEX-2, respectively. They cover
of 2.5%2.0 m? top surface and 0.666 m drift length each.

Track angles with respect to the beam direction vary from a few degrees in the
extreme forward direction at high momentum to a maximum of about 50° for the
lowest accepted momenta at around 1 GeV/c in VTPC-1. The MTPCs and VTPCs
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Fig. 2.11: Top: Scheme of NA61/SHINE TPC sector numbering convention. Bottom: Scheme
of NA61/SHINE TPC padrows and pads numbering convention within a single
sector. Drawing taken from Ref [63]

pads are tilted with respect to the beam axis in the various detector sectors to
minimise the angle between a particle track and the longer edge of a pad. Therefore,
the TPCs space resolution is determined by the limit given by electron diffusion only,
both in vertical (drift) and horizontal (bending) direction. The two-track resolution
in the MTPCs and VTPCs is in order of about 1 cm [55].

The GapTPC is a small gas box of a width of 81.5 cm, a length of 30 cm and a
height of 70 cm, with the almost 59 cm high field cage inside. The width and length
of the field cage fit to one readout sector consists of 7 padrows with 96 pads each.
The pad dimensions are 28 mm by 4 mm.
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FPTC-1 is composed of one readout sector with 128 pads devided into twelve
padrows. The sector in FTPC-2/3 is divided into HR and SR regions. The HR is
built with six padrows with 160 pads, whereas SR with six padrows with 96 pads.
The FTPC-1 and FTPC-2/3 HR pads are 4 mm wide and 40 mm long, while the
dimensions of the FTPC-2/3 SR pads are 6.6 mm in width and 40 mm in length.
Due to different readout plane design, the FPTC-2 and FTPC-3 are 10 cm wider that
FTPC-1. The drift length in all FTPCs is of order of 1 m.

The GapTPC and FTPCs are extending the spectrometer acceptance to the small-
est production angles in low multiplicity collisions of hadrons and light nuclei. They
are centred in the beamline. The pads in these chambers are parallel to the beam-
line. GapTPC and FTPC-1/2/3 work as two tandems: GapTPC/FTPC-1 as one and
FTPC-2/FTPC-3 as the other one. They are designed in the way, that the drift direc-
tion is opposite in both chambers of the tandem (e.g. electrons drift towards positive
y in GapTPC and towards negative p in the FTPC-1). Such arrangement simplifies
rejection of particles not correlated with the trigger.

Each TPC in the NA61/SHINE is connected to a separate gas system, which
constantly supplies the chamber with the appropriate gas mixture and also provide
monitoring of the gas mixture parameters and quality (e.g. electron drift velocity,
temperature and pressure of the gas, oxygen and water content in the gas mixture).
Description of the gas system can be found in Appendix D.

2.4 Time of Flight detectors

The NA61/SHINE particle identification system based on TPCs is complemented
with an additional identification method by ToF detectors. The NA61/SHINE
detection system is equipped with three ToF detectors, in jargon called ToF Walls: left
(ToF-L), forward (ToF-F) and right (ToF-R). The ToF-L and ToF-R are pixel detectors
inherited from NA49 while ToF-F was additionally constructed to supplement the
ToF acceptance in a forward region for reactions with a low multiplicity of produced
particles. During a realisation of the NA61/SHINE strong interactions physics
programme, ToF-F is removed from the detection setup.

2.4.1 Principle of operation

The ToF particle identification method is based on particle time-of-flight measure-
ment performed by high time resolution (typically several tens of ps) detectors (e.g.
scintillators). The detectors register the particles arrival time, so-called stop signal,
with respect to some general reference (e.g. trigger), so-called start signal. The par-
ticle mass is obtained by combining the information from particle time-of-flight
measurement, fof = t,, — tstqrs, With measured track length, I, and momentum, p:

m? = (3)2(M—1). (2.4)

c 12

2.4.2 NAG61/SHINE ToF-L/R

Two Time of Flight walls in the NA61/SHINE, of 4.4 m? total area, are placed behind
MTPCs symmetrically with respect to the beamline (see fig. 2.1). Schematic layout of
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the ToF-R wall is presented in the figure 2.12. Each wall is built with 891 individual

190 cm

Scintillator
dimensions:
[ 60x34x23 mm
[]70x34x23 mm

[ 80x34x23 mm

119 cm

Fig. 2.12: Schematic layout of the ToF-R wall. The layout of ToF-L wall is a mirror reflection
with respect to the beamline plane. Figure taken from Ref. [54].

plastic scintillators (TOF-R: Bicron BC-418, TOF-L: similar scintillator produced at
JINR Dubna/Russia). The scintillators have a cuboidal shape and are placed next
to each other in 33 rows and 27 columns. The wall is divided into three sections
(symbolised in the figure 2.12 with different colours) consisting of scintillators of
various widths. The scintillators have a thickness of 23 mm, a height of 34 mm
and widths of 60, 70 or 80 mm. They are adjusted accordingly to the local track
density, thus the narrowest scintillators positioned closest to the beamline. Particles
measured by ToF-L/R, hit the largest side of the scintillator, while a photomultiplier
(TOF-R: Philips XP-2972, TOF-L: FEU-87 MELZ) is glued directly to the smallest
side of each crystal. Scintillation detectors will be further called pixels or tiles.

Each PMT output signal is split: one signal is fed into constant-fraction discrimi-
nator (CDF) module followed by a time-to-digital converter (TDC) and the second
one to a charge-to-digital converter (QDC). The start signal reference for the TDCs
is provided by the S1 beam counter while the stop signal comes from the CFDs if
their input is above an arbitrary threshold.

The direct measurement of tof can be flawed for the incident particle hit position
in the scintillator. At first, the hit position is assigned arbitrarily to the center of the
scintillator (in both: S1 and any of ToF pixel). Then, in the calibration process, real
hit position is calculated.

S1 scintillator has 4 PMTs (S11, S12, S13, S14) attached to each side parallel to
the beamline. The time difference between S11 signal and other three PMTs (S12,
S13 and S14) is used to calculate the beam particle position in the S1 scintillator. In
the case of ToF-L/R tiles, the real position is obtained from the particle trajectory
reconstructed via procedures described in the sec. 3.1. Then, knowing that hit
displacement in the scintillator of order of 1 mm cause the time measurement
discrepancy of order of 3 ps, the tof measurement dependence on the position of
incident beam particle is removed. The final time resolution of the fof measurement
is pf order of 100 ps for ToF-L and 80 ps for ToF-R. The difference in resolution is
determined by the type of used PMTs and readout modules.

Such resolution is sufficient to separate pions and kaons for momenta up to 3
GeV/c and for even higher momenta if the tof information is combined with dE/dx



2.5. PROJECTILE SPECTATOR DETECTOR 29

measurement. The distribution of the particle squared mass versus momentum
measured in “Be+?Be collisions at 40 GeV/c is presented in the Fig. 2.13 (top). Left
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Fig. 2.13: Top: Mass squared versus momentum measured by ToF-L (left) and ToF-R (right)
for B+Be collision at 40A Gev/c. Bold lines show the expected mass squared values
for different charged hadrons. Bottom: The resolution of the m? measurement as a
function of particle momentum for the ToF-L (left) and ToF-R (right).

panel represents the performance of ToF-L while right panel - ToF-R. The mass
determination resolution is plotted as a function of momentum in Fig. 2.13 (bottom).

2.4.3 ToF-F

Measurements of hadron production for the T2K neutrino oscillation experiment
required particle identification in a phase space region which is not covered by the
ToF-L/R. Therefore, an additional time-of-flight detector, ToF-F, was constructed to
provide a full time-of-flight detector coverage behind MTPCs. Originally, ToF-F con-
sisted of 80 plastic scintillator bars of 120 cm length, 10 cm width 2.5 cm thickness
oriented vertically. They are staggered with 1 cm overlap. The scintillations are reg-
istered on both sides of the ToF-F bars with two photomultipliers (Fast-Hamamatsu
R1828) and were digitised by simple TDC modules. After FTPC-2/3 installation,
ToF-F consists of 32 scintillators placed on both sides of the FTPC-2/3 and each
ToF-F PMT is readout with Domino Ring Sampling (DRS4) based electronics.

2.5 Projectile Spectator Detector

The most downstream element of the NA61/SHINE detection setup is a zero-degree
hadronic calorimeter, PSD. The calorimeter measures the energy deposited by those
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projectile nucleons, which did not interact in the nuclear collision, further called
the forward energy (Ef). In simple approach, the higher Ep is registered, the less
nucleons has interacted in the collision. Therefore, the PSD is employed to tag
central collisions during data taking at the trigger level. Then, a comprehensive
event-by-event analysis of the Er is used to estimate the number of interacting
nucleons from the projectile with the precision of one nucleon.

The incident particle, a hadron, interacting with material of the calorimeter
engender the particle cascade, as example presented in the left panel of Fig. 2.14.
Various processes, like inelastic interaction, ionisation, excitation, take part in the
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Fig. 2.14: Left: An example of particle cascade generated by single neutron. The cascade
consists of hadronic part and electromagnetic part. Figure taken from Ref: [10].
Right: Energy deposit spectra of proton beam at different energies. Figure taken
from Ref. [64]

cascade development, thus the particle cascade consist of hadronic component but
also electromagnetic component. The energy deposited inside the calorimeter is
probed by the PSD active material, scintillators. An example of the amplitude
spectrum corresponding to the energy deposit of protons (summed over the whole
calorimeter) is presented in the right panel of Fig. 2.14.

The PSD calorimeter consists of 44 modules covering a transverse area of 120x120
cm? in total. A schematic front view of the PSD is shown in Fig. 2.15 (left). The

WLS-
fibers

lead plates

Scintillator tiles

Fig. 2.15: The PSD: schematic front view (left), schematic view of single module (center) and
the fully assembled detector (right). Figures taken from Ref. [54]

central part of the calorimeter is built with 16 small modules with a transverse
area of 10x10 cm?, whereas peripheral part of the PSD is constructed with 28
large modules with transverse dimensions of 20x20 cm?. Each module consists
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of 60 pairs lead plates and scintillator plates with 16 mm and 4 mm thickness,
respectively, creating a structure of a sampling calorimeter. The schematic layout
of the module is presented in Fig. 2.15 (center). The longitudinal length of each
module, 120 cm, corresponds to 5.7 nuclear interaction lengths. Scintillation light
from each scintillator plate is transmitted by wave-length-shifter (WLS) fibres to the
micro-pixel avalanche photodiodes, MAPDs. Each MAPD has 3x3 mm? active area
with a pixel density of 10° pixels/mm?, which fits well the size of the WLS-fiber
bunch from six consecutive scintillators. Signals from the calorimeter are digitised
by the FPGA based front-end-electronics. A photograph of the calorimeter is shown
in Fig.2.15 (right).

Depending on the depth, at which the cascade starts, the energy is deposited in
smaller or large amount of the detector. If the cascade starts just at the beginning
of the PSD module, it develops through a large number of scintillator/lead plates.
Then, the total energy carried by the cascade is deposited and reconstructed, as
opposed to the case, in which the cascade starts in more downstream part of the
module. On average, 10% of the energy carried by the cascade leaks longitudinally
through the downstream side of the calorimeter. Moreover, due to the transversal
development of the cascade some information about the energy it carries can lost.
On the assumption that the cascade starts in the centre of a single module (the
most idealistic scenario), the transversal energy leak from the large module is of
order of 4% and even 13% in case of small module. Nevertheless, since the PSD
has a modular construction and its position is adjusted in the way that the collision
spectators hit the center part of the calorimeter, the cascade leakege from a single
module is measured by neighbouring modules. Therefore, the total energy leakage
in the transversal plane is of order of 0.1%. The cascade profiles in longitudinal and
transversal plane, as well as the energy leakege are estimated with MC simulation
and taken into account during calibration procedures.

2.6 Small Acceptance Vertex Detector

Construction of a high-resolution vertex detector is motivated by the possibility of
the first direct measurements of open charm meson (D) production in heavy-ion
collisions in the SPS energy range. Currently, a limited version of the Vertex Detector,
SAVD, is installed in the NA61/SHINE detection setup. This device covers 35% of
the acceptance of the final version which is foreseen to operate after LHC LS2.

The SAVD consists of two spectrometer arms composed with four detector sta-
tions, which are located 5, 10, 15 and 20 cm downstream the NA61/SHINE tar-
get. It is based on 16 ultra-light, 50 ym thick, MIMOSA-26AHR silicon sensors of
1.06x2.13 cm? active surface each, which provide a very fine pixel pitch of 18.4x18.4
um? (over 650 thousands of pixels per sensor). The readout and a slow control of
the pixel are realised with a Trigger Readout Boars 3 (TRBv3).

The detector was uses for the first physics data taking in autumn 2018, for Pb+Pb
collisions at 150A GeV/c beam momenta.
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Chapter 3

Data production and Monte Carlo
simulation

All data registered with NA61/SHINE detection setup are reconstructed and cali-
brated. For this purpose dedicated algorithms are used. Moreover, experimental
results are corrected for various effects, like, for example the detector geometry and
response, reconstruction software inefficiencies, with Monte Carlo (MC) simulation.
The first section of this chapter briefly describes the so-called data production proce-
dure, which consists of a few steps for particle trace reconstruction and a few stages
of calibration. Then, description of the NA61/SHINE MA simulation chain follows
in the second section of this chapter.

3.1 Data production

3.1.1 Reconstruction

Each registered trigger is stored in a single record called event. This entity contains
the digitised signals from all NA61/SHINE detectors, which are translated to particle
trajectories and particle energy deposits in the reconstruction process. An example
of a reconstructed “Be+?Be collision is presented in figure 3.1. Event reconstruction
concerns trajectories and characteristics of particles produces in the collision and
requires several consecutive steps:

* Cluster finding in the TPCs. In the first step, the reconstruction software
searches for any signals registered by pads in any time-slices. The signals
registered in the first time-slice are rejected to minimise the impact of the
electronic noise on the reconstruction. The signal on adjacent pads and in the
consecutive time-slices are merged and assigned as so-called potential clusters.
Then, in the case, that arbitrary requirements on the cluster properties, like
number of fired pads, number of consecutive time-slices and ADC values,
are fulfilled, the potential cluster becomes a so-called real cluster. The 3D
position of the real cluster (point) is calculated with the centre of gravity
method taking into account the amount of charge measured by a given pad in
a given time-slice.

* Local tracking in TPCs. The tracking algorithm searches for clusters adjacent
to each other, like in consecutive padrows and/or time-slices. The neighbour-
ing clusters are merged into segments of tracks in each TPC, into so-called
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Fig. 3.1: An example of a reconstructed event of “Be+°Be collision at 1504 GeV/c. In the

picture red lines symbolise measured clusters in TPCs and signal observed in TOF
walls and grey lines - the extrapolated traces.

local tracks. In the MTPCs segments of the track are fitted with straight lines,
whereas in VIPCs curved track segments are processed with a dedicated soft-
ware class called MagneticFieldTracker (MFT), due to the magnetic field.
Global tracking in TPCs. Track segments in consecutive TPCs are merged
into a common track, so-called global track, and fitted again. This procedure
allows for determining important parameters of a particle, like momentum
and electric charge sign (accordingly to their curvature in the magnetic field),
the length of the particle path and also the number of clusters measured along
the particle trajectory, which allows to calculate the specific energy loss using
the truncation procedure.

Primary vertex determination. The fitting algorithm extrapolates all tracks to
the approximate target plane, at z = -580 cm in the NA61/SHINE coordinate
system, to find one common vertex, so-called primary or interaction vertex. The
exact z coordinate of the primary vertex position is determined by the TPC
tracks extrapolation, while the x and y coordinates of the primary vertex are
identified by extrapolation to the target plane of the beam trajectory measured
by BPDs.

Secondary vertices determination. Moreover, each pair of particle traces is
processed by the reconstruction algorithm in search of secondary vertices.
Secondary vertices distant from the target area can indicate particles produced
in weak decays (e.g. K?, A), secondary interactions or off-target interactions.
ToF hits matching with track. Finally, the reconstruction algorithm extrapo-
lates all tracks from the primary vertex towards the ToF detectors and perform
matching each track with the signals (so-called hit) in a particular ToF tile.

As a result of the complex reconstruction procedure, each track has assigned char-
acteristic parameters crucial for further analysis, like momentum vector, electric
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charge sign, specific energy-loss, path length, number of clusters reconstructed in
the TPC as well as time-of-flight and mass if the ToF hit was registered. Collision
centrality for each event is estimated in the dedicated analysis briefly described in
chapter 5 and presented in details in Ref. [65].

3.1.2 Calibration

The calibration procedure is provided to optimise time-dependent corrections (e.g.
electron drift velocity or specific energy loss per length unit). The calibration
procedure is realised sequentially for each calibration constant.

One of the most important stages of the calibration concerns the electron drift
velocity. The vp in a particular gas mixture is monitored by a dedicated device in
the gas circulation circuit of each NA61/SHINE TPC (more detail can be found in
Appendix D). It is measured in similar conditions of drift field, gas temperature
and pressure, to those in a given TPC. The exact conditions in both, TPC and a
drift velocity monitor, are registered. For the gas mixtures and drift fields used in
NA61/SHINE, the drift velocity is scalable with E, p and T (proportional to E and
T, inversely proportional to p). Thus, the drift velocity of electrons in a given TPC is
calculated using the measured one and monitored values of E, p and T. The accurate
reconstruction require the precision of the vp in TPC estimation of order of 1%o. The
precision of the vp, calculation is verified by the reconstruction software in the global
tracking procedure. In the case the estimated v, value deviate from the real value,
the vertical offset between local tracks selected for the global track construction
is observed. Since the 1% precision of the vp calculation is difficult to achieve
directly from the v, measurements (only after the drift monitoring system upgrade
in 2014 the measurement resolution is enough to achieve such precision), the real v
value is calibrated with experimental data using the so-called bottom-point method.
This procedure requires the event-by-event selection of the produced particles,
which trajectories intersect with the TPC cathode plane. Since the drift length is
well-known, the arrival time measurement of the electrons released close to the drift
field cathode allows for the precise calculation of the real electron drift velocity in
the particular TPC. Employment of the bottom-point method needs events of a high
mean particle multiplicity.

Other data-driven calibration procedures concerning, for example, energy-loss
(explained in details in Ref. [66]) or time-of-flight measurements are applied after-
wards.

3.2 Monte Carlo simulation

The collisions measured by the NA61/SHINE have been studied with MC generators
and the detection setup response was simulated using MC techniques. Several MC
models have been tested on p+p interactions. Taking into account the agreement
between experimental results and the model predictions, and also continuous sup-
port from the developers, the EPOS 1.99 model [67, 68] was selected as a particle
generator (brief description of the model is contained in Appendix C). The particles
passage through the detection setup is simulated with the GEometry ANd Tracking
(GEANT) 3.21 software [69]. The MC simulation is used to correct the reconstructed
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data for various effects related to detector geometry and response, reconstruction
algorithm inefficiency, as well as a contribution of particles produced in secondary
interactions and weak decays of short-lived particles. The simulation procedure
consists of the following steps:

* generation of inelastic ion-ion (e.g. “Be+°Be) collisions using the EPOS 1.99
model,

* propagation of the produced particles through the NA61/SHINE detection,
setup using the GEANT 3.21 package, taking into account relevant physics
processes (e. g. particle decays, secondary interactions, y conversion), with
assigning the simulated cluster position and total charge,

* reconstruction of the simulated events with the same reconstruction chain
used for experimental data,

* storing simulated events in the same format as raw experimental data,

* identification of the reconstructed tracks with so-called matching procedure
(at the analysis level).

The MC simulation provides two sets of events: generated inelastic collisions
(M Cgen), which contain information of the type, momentum and trajectories of gen-
erated particles, and its subset — simulated events, which were reconstructed with
the NA61/SHINE reconstruction chain (M Crec).

In the last step of the MC procedure, reconstructed MC tracks are identified
via matching procedure. For each reconstructed MC track, the matching algorithm
attempts to find the best candidate among the generated MC tracks. The generated
MC track candidate with the highest number of generated MC points geometrically
common with reconstructed MC clusters is selected as a matched track. Then, the
MC particle number [70] of the matched generated MC track is assigned to the
reconstructed MC track. The matching procedure provides also very important
teedback about the possible contribution of so-called feed down — secondary particles
wrongly reconstructed as primary ones.

Centrality determination of the simulated collision is based on the comparison
between simulated and measured forward energy distributions. For each MC event,
the energy deposit is simulated in each module of the PSD calorimeter. Next,
the Ep distributions are compared with the reference distributions obtained with
complex analysis of experimental data. The details of this procedure are described
in chapter 5.

ToF response simulation is data-driven and involves the data-based efficiency
calculation. Efficiency constants for each ToF pixel are calculated individually,
separately for each dataset. Details of this procedure are presented in chapter 5. In
the simulation, each track extrapolated from MTPCs towards ToF Walls is weighted
by the efficiency constant of the pixel it has indicated.
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Characterisation of the data set

The data on “Be+?Be collisions were collected in 2011 and 2013 by the NA61/SHINE
experiment. Data registration was performed in two campaigns - the first, so-called
high-energy data taking, for beam momenta py,, = 40A,75A and 150A GeV/c, and
the second, so-called low-energy data taking, for p;;, = 13A,19A and 30A GeV/c.
During each campaign the dedicated trigger and the beam detectors configuration
were used. Moreover, between these two data taking periods, ToF-R underwent
maintenance (electric and light connections in 96 ToF-R pixels were fixed). This
chapter describes properties of the beam, trigger and target employed in the record-
ing of the experimental data for beam momenta from 30A to 150A GeV/c. The
properties of the data sets collected at 13A and 19A GeV/c beam momenta are not
studied in the framework of this thesis.

4.1 Trigger

Data were collected with a few specific on-line trigger configurations, in proportions
defined by so-called pre-scaling factors. Each recorded event was tagged with a
appropriate trigger label. For low-energy data taking, four trigger definitions were
used: identified beam, identified central interaction, unidentified beam and unidentified
minimum bias interaction. For high-energy data taking, three definitions were set
up: identified beam, identified central interaction and unidentified beam. Typically,
pre-scaling factors are set to record mostly central and semi-central inelastic collision
of beryllium ions, which is defined as identified central interaction. A relatively
small number of events was collected with the other trigger configurations for
cross-section determination and beam monitoring purposes. The schematic layout
of beam and trigger detectors configuration is presented in Fig. 4.1 and trigger
definitions are given in table 4.1 for high-momentum data taking and in table 4.2 for
low-momentum data taking. The unidentified beam trigger was defined using beam
detectors: those counting the beam particles (e.g. S1, S2) and those limiting the
beam transverse size (e.g. VO, V1). On top of that, the signal from Z-detector with
threshold adjusted to select “Be ions was added to define the identified beam trigger.
A tag for the central interaction trigger was defined using an integrated analogue
signal from the PSD calorimeter. Additionally, for low momenta data taking, the
S4 scintillator was employed. The threshold on the S4 signal was set to an arbitrary
ADC value, below those generated by “Be ions. The S4 was used to tag the beam
interaction in the central interaction trigger and unidentified minimum bias interaction
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Fig. 4.1: Schematic layout of the beam and trigger detectors for a high momentum data
taking (top) and a low momentum data taking (bottom). The red colour marks
elements working in the veto mode, the green — in the coincidence mode.

Name Description Definition
T1 Ident. beam S1-V0-VI-VI’-Z(Be)
T2 Ident. central interaction S1-V0-V1-V1’-Z(Be) PSD
T3 - -
T4 Unident. beam S1-V0-V1.-VI’

Tab. 4.1: The trigger definitions for a high momentum data taking campaign.

Name Description Definition
T1 Ident. beam S1-S2-V1 - Z(Be)
T2 Ident. central interaction S1-S2-V1-Z(Be)-S4-PSD
T3 Unident. beam S1-S2-VI1
T4  Unident. minimum bias interaction S1-S2-V1-S4

Tab. 4.2: The trigger definitions for a low momentum data taking campaign.

trigger. None minimum bias interaction trigger was used during the high momentum
data taking campaign.

4.2 Beam properties
The “Be beam was a component of the secondary beam produced by Pb82* primary

beam fragmentation on a thick (180 mm) beryllium target placed 535 m ahead
of the NA61/SHINE production target. The secondary beam, delivered to the
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NA61/SHINE experiment via the H2 beamline, consisted of various light fragments
of the primary beam. The set of NA61/SHINE beam detectors measured the beam
properties, like the beam particle arrival time, position and energy deposit, which
allows to determine the beam particle charge.

The advantage of using a “Be beam for this study is that “Be has no long-lived
neighbours and thus allows to make an isotopically pure beryllium beam. The closest
neighbours to ’Be, i.e. ®Be and ®Be and the nuclei with a charge difference of one and
a similar mass-to-charge ratio (e.g. °Li, °B), are short-lived nuclei (T, < 10712 s [71]).

4.2.1 Beam composition

The H2 beamline was used as a fragment separator, which allowed to select beam
ions based on their rigidity. Fragment separator was tuned such that the fraction
of the “Be-to-all ions reaching the NA61/SHINE interaction target was maximised.
"Be beam intensity at the NA61/SHINE apparatus was of order of several thousands
of ions per few seconds (per spill), which is only a few percent of the total beam
intensity. The average beryllium content in the beam for each dataset is reported in
table 4.3.

Beam momenta [GeV/c] | particles per spill | spill length [s] | content of “Be [%)]
30A 150k 9 6.3
40A 130k 8 11.2
75A 170k 9 6.9
150A 150k 6 4.0

Tab. 4.3: The number of ions per spill, spill length and fraction of Be content in the beam.

Impurities present in the beam reaching the NA61/SHINE target consist mainly
of deuterons and helium ions with a smaller contribution of other stable or long-lived
nuclei with mass-to-charge ratio A/Z < 2. The unidentified beam charge spectrum
measured by Z-detector is presented in Fig. 4.2. The result of the “Be ions on-line
selection with Z-detector (the identified beam trigger) is shown in Fig. 4.2 with the
blue colour. The additional off-line analysis of the charge spectra obtained with
Cherenkov light measurement by Z-detector and energy-loss measurements by other
beam detectors was performed and reported in Chapter 5.

4.2.2 Beam time structure

The beam was delivered to the NA61/SHINE detector in spills, typically lasting
several seconds. The incoming beam ions were counter by the S1 detector. The
average number of the beam particles delivered per spill and the typical spill length
for each data set are listed in table 4.3. Additionally, the S1 signals appearing within
the +25 us time window with respect to the triggering beam particle were registered
by Multi-Hit Time Digital Converter (MHTDC). Such monitoring is used in the
NA61/SHINE to reject those events, in which more than one beam particle could
have interacted within the registered event (for details see Sec. 5.1.1). The examples
of the beam particles time distribution registered by the MHTDC are presented in
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Fig. 4.2: Beam particles charge spectrum for 30A GeV/c (left) and 150A GeV/c (right) beam
momentum measured by the Z-detector. The “Be content is marked in the blue
colour. Contents of deuterium and carbon in these plots are underestimated due to
arbitrary thresholds set on the signal from S1 counter.
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Fig. 4.3: The time distribution of the unidentified beam particles closest to the triggering
one, which arrives at t = 0 us, for 30A GeV/c (left) and 150A GeV/c (right) beam
momentum before off-time particles rejection.

figure 4.3. In the MHTDC time distribution, the sharp spike at ¢t = 0 corresponds to
the triggering particle. The particles arriving before or after the trigger are called
off-time particles. Maxima in the distribution (e.g. +9us) creating the bunch-like
structure are related to the bursts of the primary lead beam injected to the SPS. The
gap just before the triggering particle is an outcome of the hardware mechanism,
so-called fast clear, which requires that for about 2 us before the actual trigger no
beam particles are registered by the S1 counter. Due to the fact that signals received
from the S1 counter (after discrimination in the trigger logic) have width of about
120 ns, within the first 120 ns after the trigger the MHTCD does not register any
off-time particles, which had to be considered in the data analysis.
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4.2.3 Beam profile

The trajectory of the beam particles was measured by the set of the beam position
detectors. The top row of figure 4.4 presents he beam particles position registered
by BPD-3 set close to the target, while the bottom row — the beam divergence. Due to
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Fig. 4.4: Beam position measured by BPD3 (top row) for 30A (left) and 150A (right) Gev/c.
Structures visible in the plots reflect the readout strips configuration of the BPD3.
The circular outline of the distribution corresponds to shape of the hole in the
V1 counter. Beam divergence measured by the set of BPDs (bottom row) for 30A
(left) and 150A (right) Gev/c. Histograms were normalized to the maximum of the
distributions to facilitate the comparison between their shape.

the SPS and H2 beamline characteristics, the beam profile strongly differs with beam
momentum. For lower momentum (here 30A GeV/c) beam is broader and more
divergent than for high momentum (150A GeV/c). In the top left panel of Fig. 4.4
the shape of the V1 counter is clearly visible, implying that the actual beam width
was even larger than the width of the accepted beam fraction. Mesh-like structures
visible in the top plots reflect the granularity of the BPD readout strips.
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4.3 Target

The beryllium target had a cuboidal shape with dimension 25 x 25 mm in the
transversal direction with respect to the beam axis and 12 mm along the beam axis.
The thickness of the target was optimised to obtain high interaction probability while
minimising secondary interactions rate. “Be+°Be inelastic interaction probability
was estimated in [65], values are shown in table 4.4.

Beam momenta [Ge/c] | Interaction probability [%]
30A 9.36 £ 0.10
40A 9.73 £ 0.39
75A 9.67 £0.12
150A 9.62 +0.33

Tab. 4.4: The inelastic interaction probability in Be+’Be collisions [65].

The target consisted of high-purity beryllium, which was verified with WDXRF
method in Jan Kochanowski University in Kielce, Poland. ?Be content in the target
was in the order of 99.62%. Major contribution to target impurity comes from >¢Fe
(0.12%), 120 (0.09%), >*Mg (0.04%), 27 Al (0.04%), >>Mn (0.03%) and *8Ti (0.02%).
Low abundance of heavy elements in the target was crucial for minimising the
probability of the “non-beryllium interactions”.

Data were registered for two target configurations — target inserted (target IN)
and target removed (target OUT). The majority of the data, approximately 90% of
the total statistics, was collected in target IN configuration. Target OUT data, about
10% of the total statistics, were registered in order to correct the results for beam
particles interaction with non-target material (e.g. Mylar windows or scintillators).
Table 4.5 presents the total number of events registered with target inserted and

Beam momenta [Ge/c] | Target IN | Target OUT
30A 3894k 364k
40A 2858k 288k
75A 3936k 421k
150A 2828k 290k

Tab. 4.5: The number of events collected with target inserted and target removed configura-
tion.

target removed configuration. For analysis purposes only part of the total statistics
was used because of events quality selection (see Chapter 5).



Chapter 5

Analysis

Spectra of K*, K7, ¥, 7, p and p, produced in the central "Be+?Be collisions at
beam momenta of 304, 40A, 75A and 150A GeV/c, were obtained with the so-called
tof-dE/dx identification method based on measurements of energy-loss per length
unit (dE/dx) via TPCs and a time-of-flight (fof) with ToF walls.

The results presented in chapter 6 stand for the mean number of identified
particles produced per single event in a given bin of a two-dimensional phase-space
in the rapidity y and the transverse momentum pr. Examples of the acceptance in
v — pr phase-space for various particles are presented in Fig. 5.1 with the binning
scheme. The histogram binning was optimised to cover large area of the phase-space
and minimises the statistical uncertainties.
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Fig. 5.1: Schematic acceptance in y — pr phase-space for K*, K=, ¥, 77, p and p for 304
GeV/c (two left columns) and 150A GeV/c (two right columns) momentum.
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The acceptances of the particle spectra are limited due to the geometry of the
devices used in data registration and slightly varies with the collision energy. By that
reasons, sparsely populated bins occurs at the edges of the spectra. Bin population
was studied with a MC simulation taking into account geometrical acceptance of the
analysis method. The factor c,.. derived for each bin as the:

_ number of particles accepted by ToF geometry iny —pr bin

C(lCC -

total number of particles in y—py bin (5.1)

was used to determine the final acceptance of the method. Bins with ¢,.. < 50% were
not considered in further analysis.
The procedure of data analysis applied in this work consists of the following
steps:
(i) event (Sec. 5.1) and track (Sec. 5.2) selection,
(ii) particles identification with tof-dE/dx method (Sec. 5.3) and calculation of the
particle spectra,
(iii) estimation and application of the corrections to the particle spectra (Sec. 5.4),
(iv) estimation of the statistical and systematic uncertainties (Sec. 5.5).

The results in this work were obtained using SHINE (version 1, revisions from 5
to 8) [72] and ROOT 5.34 [73] frameworks.

5.1 Event selection

The analysed subsample of the collected statistics contains of T2 trigger events
only, in other words — central collisions of ’Be beam. There are two kinds of event
selection criteria - biasing ones and non-biasing ones. The first ones concern mainly
capabilities of the reconstruction software, off-target interactions and also detector
performance, whereas the other ones are mainly related to the beam properties.
Selection criteria were applied sequentially according to the enumeration given in
subsections 5.1.1 and 5.1.2.

5.1.1 Non-biasing event cuts

Non-biasing cuts are the first ones applied in the analysis:
(i) beam position,
(ii) beam particle identification,
(iii) beam off-time (counted as a non-biasing due to the negligibly small impact of
the off-time particles on this analysis).

These cuts were used to ensure that selected events subsample contain information
of a single “Be ion interaction and that the trajectory of that ion points to the target.

Beam position

All accepted events must have well defined beam trajectory, which is measured by
the set of three BPDs. Correct signals in both X and Y planes of the BPD-3 and at
least one X and one Y planes measured by any of BPD-1 and BPD-2 were required in
the beam-position cut. Figure 5.2 presents examples of the beam particles position
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Fig. 5.2: Examples of the beam particles position distribution measured by BPD-3 (closest
one to the target) for 30A (top) 150A (bottom) GeV/c before (left) and after (right)
beam position cut.

distribution registered by BPD-3 for the lowest and highest beam momentum. The
beam quality (focusing) dependence on the momentum can be observed (the width
of the beam becomes narrower with the beam momentum). For the lowest beam
momentum (top panel of Fig. 5.2) the circular shape of the V1 counter hole is visible.
Since the core of the beam was efficiently selected by the trigger counters (e.g. V1,
V0) and those beam particles accepted by the trigger had trajectories pointing to the
target, the improvement of the beam position distribution after the beam position cut
is not clearly visible in figure 5.2.

Beam composition

The on-line trigger system was set to select ”Be ions from the secondary beam using
the Z-detector. After on-line selection, the beam still contained up to 0.5% of ions
other than “Be. Event triggered with non-beryllium beam particles were removed
in off-line analysis based on charge spectra from S1, S2 and BPD3. Examples of
correlation of charge spectra obtained with various beam detectors are presented in
figure 5.3. The black lines show the contours of the graphical cuts called the beam
composition cuts. With such selection, collisions of the “Be ions, which signals occur
inside the contours, are accepted, while those of the beam impurities (e.g. d, He, Li,
B, C) are removed from further analysis.
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Fig. 5.3: Examples of correlations of charge measured by various beam detectors in the
beryllium beam at 30A (top) and 150A GeV/c (bottom): S1 vs Z (left), S2 vs Z
(middle) and BPD vs Z (right). The S2 counter was used only for “Be+°Be collisions
at 30A GeV/c. Limits of the cuts are marked with black line.

Beam off-time

The beam off-time cut is in general necessary to limit the possibility that more than
one beam particle interacts within one registered event. Rejection of the off-time
beam particles in “Be+°Be data sets is briefly described in this subsection and in
details in Ref. [65].

In the first step the off-time particles rejection involved setting limits on MHTDC
measurement. The measured time structure along with off-time rejection are pre-
sented in figure 5.4. The time structure cut rejects events, in which any off-time
particle appears within a +4.5 ys window adjacent to the trigger and all events, in
which off-time particle interacted within a +25 ys window around the trigger.

Since it was impossible to register particles coming within +120 ns around the
trigger, an additional cut based on the charge measurement by Z-detector was
developed. Z-detector signal was split in two, both were independently digitised,
but one of them was delayed. The delay was set so, that both, Z and Z-delayed,
signals associated with the trigger were registered within the Z-detector ADC gate.
In the case of off-time particles, the Z-delayed signal was partially beyond the gate.
In the left panel of figure 5.5 a charge correlation of both signals from the Z counter
is presented. Z-detector signals visible below the diagonal are caused by off-time
particles. The right panel of figure 5.5 shows the difference of charge collected in
both signals from Z-detector. Only events with the appropriate charge difference
were analysed. In the case of 30A and 40A GeV/c, the cut accepts the events with
the difference from -0.7 to 0.7, for 75A GeV/c — from -0.4 to 0.6 and for 150A GeV/c,
from -0.4 to 0.7. Since beam characteristic and Z-detector timing varied with the
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Fig. 5.4: Examples of beam time distribution for 30A GeV/c (top row) and 150A GeV/c
(bottom row) beam momentum before (left) and after (rught) cuts. Triggering particle
arrives at t = 0 ps. Dashed lines symbolise cut limits (+4.5 us).
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Fig. 5.5: Example of correlation of both signals from the Z-detector (left) and their difference
(right) for 7Be+°Be collision at 1504 GeV/c. The limits on the charge difference are
marked with the black lines.

beam momenta, selection limits on Z-detector signals had to be adjusted accordingly.
This cut was applied after beam position, beam composition cuts and also simple
cut on the beam time structure.

Even though, the number of events with off-time beam particles is considerable
(several percent of total statistics), the impact of the off-time particles on the particle



48 CHAPTER 5. ANALYSIS

identification via tof-dEdx analysis method is negligibly small. Important advantage
of the tof-dEdx analysis method is the fact that hadrons produced in off-time inter-
action do not fulfill the quality requirements described in Sec. 5.2 (e.g. correctly
reconstructed mass or track originating in the primary vertex). The only off-time
beam particles able to bias the results obtained with this method have to interact
with the target within narrow (< 5 ns) time window after the triggering beam parti-
cle. The time window is determined by ToF TDC range. The maximal possible bias
caused by the beam off-time particles in tof-dEdx analysis is equal to their interaction
probability in the 5 ns long time window. It was estimated using a subsample of the
T2 trigger events passing primary vertex quality cuts only (described in sec. 5.1.2),
without using any of the beam off-time selection criteria. The bias estimation was
based on a simple exponential fit and extrapolation from the measured beam time
structure (see figure 5.6) and inelastic interaction probability (see table 4.4). The
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extrapolation results in a rough estimation of the number of off-time particles in the
5 ns long time window, Ny fr_time, per number of registered events, Nyy;. The values
are listed in table 5.1. The ratio of off-time particles and total number of events was

Off-time particles

N g
veams 1GeV/c] | Nyersi Ny | Notsotime
Poean | ] of f~time ‘ Nan interaction probability [%]

30A 4206 +£17 | 1990174 | 0.0021 0.020 £ 0.002
40A 1692 +17 | 1144833 | 0.0015 0.014 + 0.006
75A 4416 £ 18 | 1479499 | 0.0030 0.029 £ 0.006
150A 10964 + 33 | 1120567 | 0.0098 0.094 + 0.031

Tab. 5.1: Possible bias caused by the beam off-time particles in 5 ns long time window for
"Be+?Be collisions at various beam momenta.

multiplied by inelastic interaction probability (see table 4.4), which allowed for an
estimate of the off-time particles interaction probability in the 5 ns long time win-
dow. Uncertainties of the bias estimate are propagated from uncertainties of the fit
and the inelastic interaction probability calculation.

Even though the interactions of the off-time particles would have caused negligi-
ble bias in the particle identification method described in this thesis, below 1%, the
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beam off-time cuts were used to ensure cuts consistency between various analysis
methods for “Be+°Be data in the NA61/SHINE experiment.

5.1.2 Biasing event cuts

The biasing cuts concern background interactions, capabilities of the reconstruction
software and performance of the PSD calorimeter used for the centrality determi-
nation. Since, they can affect the results, a careful study on the possible bias was
performed and is presented in section 5.5 concerning the systematic uncertainties.
The biasing cuts considered are:

(iv) existence of the primary vertex and its fit quality,
(v) primary vertex position along the beamline,
(vi) centrality selection.

Primary vertex cuts

This thesis focuses on the yields of particles produced only in primary interactions,
therefore selection criteria related to the primary vertex of the interaction were
developed.

The first primary vertex cut requires that the primary vertex of the interaction
was assigned in the reconstruction procedure and the primary particles momentum
vector fit at the interaction vertex has converged.

The second primary vertex cut requires that the position of the reconstructed
primary vertex is situated in the target area. Events, in which the reconstructed
primary vertex placed within 15 cm range adjacent to the actual target position
along the beamline, are accepted for the further analysis. The limits on the primary
vertex position are marked with solid vertical black lines in Fig. 5.7.
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Fig. 5.7: Primary vertex position along the beamline for 30A GeV/c (left) and 150A GeV/c
(right) momentum. The black curve represents target-inserted, and the blue area
symbolises target-removed events. The target removed event are scaled up with
a normalisation factor established in the region from -500 cm to -200cm, marked
with dashed lines.

The black curve represents the distribution of the primary vertex position for the
target-inserted events, and the blue area — for the target-removed events. The target
removed distribution is scaled up with a normalisation factor established in the
region from -500 cm to -200cm, marked with dashed lines.
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Centrality selection

The “Be+”Be energy scan was the first data taking campaign with PSD installed in the
NA61/SHINE detection system [54]. The calorimeter measured the energy deposit
of projectile spectators (nuclear fragments, protons and neutrons) as well as hadrons
produced in the collision, which reach the calorimeter. At the stage of data taking,
the integrated signal from the calorimeter roughly estimating the collision centrality
was included in the trigger logic (see Sec. 4.1). Off-line analysis of the measured
energy deposit in the calorimeter was used for more precise collision-centrality
determination [65,74].

The first step of the centrality analysis required choosing the set of the PSD
modules to be used for centrality determination. This selection was motivated by the
fact that the energy deposit in some of the calorimeter modules can be dominated not
by the collision spectators but by the particles produced in the collision. The set of
PSD modules selected for centrality determination in the case of low beam momenta
data sets involved the full detector, while in the case of higher beam momenta data
sets — only 16 small, central modules and their 12 neighbouring large modules were
used, see Fig. 5.8. The PSD module selection was based on the minimum bias MC

Fig. 5.8: The two different PSD module selections used for the centrality determination in
"Be+?Be collisions at 30A GeV/c (left) and 40A, 75A and 150A GeV/c (right).

simulation. Trajectories of the collision spectators were simulated and used to point
to specific PSD modules. Modules indicated by the trajectories of the spectators were
selected for the centrality determination. The simulation was verified studying the
correlation between the energy deposit measured by a given PSD module and the
multiplicity of particles registered in the TPC. An example of correlations between
these two quantities is presented in figure 5.9 for an internal (left) and an external
(right) module of the calorimeter. The negative slope of the correlation of the energy
deposit visible in the left panel of figure 5.9 denotes that for the internal module the
energy deposit is dominated by the projectile spectators, whereas the correlation in
the right panel of figure 5.9 suggests considerable contribution of particles produced
in the collision.

The actual centrality determination required a dedicated analysis based on
minimum bias data (T1 trigger data subset) [65,74]. From this minimum bias data
set, the subset of events in which an interaction had happened, was selected. This
subset was sorted with respect to the energy deposited in PSD. Examples of energy
deposit distribution normalised to the number of events are presented in figure
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Fig. 5.9: Mean energy deposit measured by module 7 (internal, see numbering scheme in
Fig. 5.8) (left) and module 37 (external, see numbering scheme in Fig. 5.8) (right) as
a function of particle multiplicity for ”Be+°Be collisions at 150A GeV/c. The mean
energy deposit associated with given number of particles registered in TPCs was
normalised to the mean energy deposited in the particular module.

5.10 (top row). Subsequently, the collision centrality was estimated as the percent
of events of a given fraction of Ey taking into account interaction cross-section and
correction for target OUT interactions. Examples of the cumulative distribution
functions of Er normalised to the total probability of inelastic interactions along
with Ep classes (5%, 10%, 15% and 20%) are presented in figure 5.10 (bottom row).
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Fig. 5.10: Examples of the forward energy deposit distributions (top row) in PSD for 30A
GeV/c (left) and 150A GeV/c (right) momentum along with cumulative distribution
functions of Er normalised to total probability of inelastic interaction (bottom row).
Colour lines in the bottom plots mark forward energy classes (centrality classes).
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For example, 5% of the most central events assumes Ep < 282 GeV measured
by PSD in "Be+’Be collisions at 150A GeV/c. Table 5.2 contains the number of
events assigned to defined forward-energy classes for the analysed data sets. The

Pbeam Forward energy class (centrality)
[GeV/c] 0-5% 5%-10% | 10%-15% | 15%-20%
30A 37658 35778 36326 38255
40A 98411 99306 99388 99597
75A 99685 100079 99922 99832
150A 80738 81667 81560 81642

Tab. 5.2: Number of events in a given forward energy class for analysed data sets. Statistics
presented after all event-selection criteria.

results presented in this thesis are obtained for a broad forward energy class (0-20%),
summarisisng all defined centrality intervals.

Event cuts presented in this section were applied to target-inserted and
target-removed data. The same biasing cuts were applied also to reconstructed
MC events. Table 5.3 contains the statistics of the events before and after consecu-
tive event cuts in absolute numbers as well as the percentage of total statistics and
the percentage with respect to the previous cut. Note that the number of target OUT
events was scaled by the normalisation factor (see fig. 5.7). The selection criteria re-
ject the majority of the target OUT events. For this reason, the possible bias caused
by the off-target interactions in final results was neglected.

5.2 Track selection

For each event selected, the particle tracks are examined. Among all registered
particles, those which were produced in the primary interaction beginning at the
primary vertex and fulfilling the selection criteria described in this section, are
selected for further analysis.

Track selection criteria can be subdivided into two classes. Firstly, so-called
standard track cuts are applied. Those selection criteria are common for all types of
analysis in the NA61/SHINE experiment performed with use of the “Be+°Be data.
The tof-dE/dx analysis method of particle identification required dedicated selection
criteria concerning ToF performance. Those are further called the non-standard track
cuts.

5.2.1 Standard track cuts

The standard selection criteria are following:
(i) impact point,

(ii) total number of clusters,

(iii) number of VTPCs and GapTPC clusters,
(iv) track topology.

~ — ~— ~—
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cut ‘ Target inserted ‘ Target removed ‘ EPOS
Pheam = 30A GeV/c

- 3814k (100.0) - 2015k (100.0) - 15.0M (100.0) -
(i) 12793k (73.2) [73.2] [1237k (61.4) [61.4] - - -
(ii) [2431k (63.7) [87.0] | 949k (47.1) [76.7] - - -
(iii) |2 053k (53.8) [84.5] | 788k (39.1) [83.0] - - -
(iv) | 583k (15.3) [28.4] 27 k (1.4) [3.4] | 146 M (97.3) [97.3]
(v) 550k (14.4) [94.3] 1.5k (0.07) [5.6] | 14.3M (95.2) [97.9]
(vi) | 148k (3.9) [26.9] 0.3k (0.02) [21.1] | 29M (19.3) [20.3]

Pream = 40A GeV/c
- 1712k (100.0) - 19.4M (100.0) -

— [2919k (100.0

)
(i) 2428k (83.2) [83.2] |1361k (79.5) [79.5]| - - -
(ii) [2239k (76.7) [92.2] |1231k (71.9) [90.4] | - - -
(iii) |1890k (64.7) [84.4] [1026k (59.9) [83.3]| - - -
(iv) | 859k (29.4) [45.4]| 42k (2.5) [4.1]]18.6M (95.9) [95.9)
(v) | 810k (27.7) [94.3]| 2.6k (0.15) [6.2]|182M (93.8) [97.9]
(vi) | 397k (13.6) [49.0]| 1.0k (0.06) [38.2]| 3.6M (18.6) [19.8]

Pheam = 75A GeV/c
- 2234k (100.0) - 149M (100.0) -

~ [3112k (100.0

)
(i) 2671k (85.8) [85.8] 1541k (69.0) [69.0] | - - -
(i) 2492k (80.1) [93.3]|1415k (63.3) [91.8] | - - -
(iii) [2231k (71.7) [89.5] |1255k (56.2) [88.7]| - - -
(iv)| 975k (31.3) [43.7]| 45k  (2.0) [3.6] | 145M (97.3) [97.3]
(v) | 923k (29.7) [94.7] | 3.2k (0.14) [7.1]|142M (95.3) [97.7]
(vi) | 400k (12.9) [43.3]| 1.1k (0.05) [34.4]| 3.1M (20.8) [21.8]

Pveam = 150A GeV/c
- 1445k (100.0) - 199 M (100.0) -

— [2662k (100.0

)
(i) [2025k (76.1) [76.1] |1 035k (71.6) [71.6]| - - -
(ii) |1750k (65.7) [86.4] | 884k (61.2) [85.4] | - - -
(iii) (1531 k (57.5) [87.5] | 765k (52.9) [86.5]| - - -
(iv) | 794k (29.8) [51.9]| 43k (3.0) [5.6] |19.3M (97.0) [97.0]
(v) | 750k (28.2) [94.5]| 2.6k (0.18) [6.0]|18.9M (95.0) [97.9]
(vi) | 326k (12.0) [43.5]| 0.8k (0.06) [32.5]| 5.4M (27.1) [28.6]

Tab. 5.3: Number of events selected for analysis after consecutive selection criteria for target
inserted, removed and EPOS MC. Numbers are given in thousands (k = 103 ) or
millions (M = 10°). The numbers in round brackets give the percentage of total
statistics, and numbers in the square brackets give the percentage with respect to
the previous cut.
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Impact point

The impact point selection criterion applies to the distance between the track ex-
trapolated to the transverse plane at z = z;,,4,; and the reconstructed position of the
interaction vertex. The distance was required to be smaller than 4 cm along the hori-
zontal axis (by) and smaller than 2 cm along the vertical (b,) axis. Examples of b,
amd b, distributions are shown in Fig. 5.11
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Fig. 5.11: Examples of a b, (left) and b,, (right) distribution for particles produced in "Be+’Be

collisions at 30A GeV/c before (black line) and after (blue area) applying the impact

point selection criterion. Histograms are normalised to their maxima.

Total number of clusters and number of VTPCs and GapTPC clusters

The threshold on the total number of clusters measured in the NA61/SHINE TPCs
was set to 30 clusters. It concerns clusters registered in all TPC detectors and ensures
that the mean value of particle energy loss per path unit is well reconstructed.

The requirement on the number of VIPCs and GapTPC clusters was set to
minimum 15 clusters. This cut ensures that the momentum of the particle is well
reconstructed since VTPCs and GapTPC are placed inside superconducting magnets.

Track topology

The reconstructed tracks are classified as right side tracks (RST) and wrong side tracks
(WST). Particles with the RST topology are selected for the analysis.
For the NA61/SHINE magnetic field polarisation the RST satisfy equation 5.2:

q ’ px > OI (52)

where g is the electric charge, and p, is the x component of the momentum vector,
whereas for the WST the product of equation 5.2 is negative. An example of WST
is shown in the Fig. 5.12, marked with a blue arrow. In this figure the wrong side
track is positively charged. It has a negative initial p,, but the magnetic field bends
it towards positive x.

As explained in sec. 2.3.2, NA61/SHINE TPC readout pads are tilted with respect
to the beamline to minimise the average angle between RST and a given pad in the
horizontal plane (x —z). This optimisation reduces width of the measured clusters
the on the padrows, reduces the impact of the ionisation fluctuations along the
particle trajectory and ensures constant dE/dx sensitivity.
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Fig. 5.12: Example of a wrong side track, marked with the blue arrow.

5.2.2 Non-standard track cuts

The non-standard cuts, developed for the tof-dE/dx analysis of the “Be+°Be data are:

(i) the last point in the TPCs,
(ii) track in ToF acceptance,
(iii) ToF TDC and QDC signals,
(iv) pixels efficiency.

Last point in the TPCs

Trajectories of the particles registered in the TPCs are extrapolated towards the ToF
detectors. The extrapolation is provided from a straight line fit of the last 10 clusters
measured in MTPCs. The last cluster of the particle track is required to be measured
by the most downstream sectors of the MTPC-L or MTPC-R, at z > 650 cm in the
NA61/SHINE coordinate system (see Appendix A). This cut ensures an efficient
tracking between MTPCs and ToF detectors. The same extrapolation procedure was
used in both — experimental data and MC simulation.

Track in ToF acceptance

In the case that particle track extrapolated to the ToF Walls crosses the geometrical
position of any of the ToF scintillator, it was assumed to be so-called potential hits
in a given ToF tile. For each potential hit, the index number of the indicated ToF
pixel was extracted. Then, it was check if the signals form a ToF pixel with this
particular index number are stored in a given event, in other words if the potential
hit matches the real hit in the corresponding ToF tile. Examples of correlation
between potential and real hits in ToF-L/R are presented in figure 5.13. For each
scintillator of ToF-R, the potential hits match the real hits, which is presented with a
clear diagonal correlation in the right panel of Fig.5.13. In the case of 14 scintillators
of ToF-L, potential hits do not match the real hits, which is exhibited by local maxima
beyond the main diagonal correlation in the left panel of Fig.5.13. Those ToF-L
pixel, for which potential-real hits matching is unclear, are excluded from the ToF-L
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Fig. 5.13: Correlation between potential and real hits in ToF-L (left) and ToF-R (right) for
"Be+?Be collisions at 40A GeV/c.

acceptance (in both, experimental data analysis and MC simulation). Therefore, the
particles with tracks pointing to those 14 scintillators of ToF-L, are not considered
in the further analysis.

ToF TDC and QDC signals

The ToF detector provided two quantities, time and charge, through TDC and QDC
signals, respectively. The time-of-flight based particle identification method required
a systematic study of signal quality in each ToF tile and for each data set separately.
In the first step, it was checked that both signals (TDC and QDC) from a particular
scintillator were registered over all statistics. In the case that any of signals was
missing in a given pixel, all particles, which trajectories point to such pixel, were
rejected from the analysis.

QDC distributions were eye-scanned and grouped into 5 signal classes. Figures
5.14 and 5.15 show example distributions for ToF-L and ToF-R respectively.
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Fig. 5.14: Examples of QDC distribution for ToF-L: (a) — “healthy” distribution; (b) — distri-
bution with smeared pedestal; (c) — too low HV; (d) — too high HV; (e) — pedestal
only. The black solid vertical line marks a limit of natural ADC offset. The black
dashed vertical line marks a readjusted limit of ADC offset.
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Fig. 5.15: Examples of QDC distribution for ToF-R: (a) — “healthy” distribution; (b) — distri-
bution with smeared pedestal; (c) — too low HV; (d) — too high HV; (e) — pedestal
only. The black solid vertical line marks a limit of natural ADC offset. The black
dashed vertical line marks a readjusted limit of ADC offset.

The plots presented in panel (a), demonstrate “healthy” QDC distributions, where
full charge information is registered along with natural ADC offset (<500 ADC
counts). In panels (b) a smeared ADC offset, caused by a damaged readout module,
can be observed. Distributions in panels (c) indicate to low HV setting of the pixel
photomultiplier, which results in a charge signal incorporation into ADC offset and
loss of the information. Distributions, as in panels (d), are shifted towards larger
ADC values. This effect is caused by additional and accidental voltage offset of the
QDC channel. In this case, some information for the highest ADC counts, associated
with multiple hits in a ToF tile or heavy fragments registration, is lost. Still, multiple
hits or heavy fragments cannot be analysed due to problems with unambiguous
time-of-flight measurement. Therefore, for such cases as in panels (d), the pedestal
offset was readjusted and charge information was retrieved. Plots placed in panels
(e), show the pedestal only signal, coming from not working PMTs. Only particles,
which trajectories point to the pixel with characteristic similar to one in (a) or (d)
with readjusted pedestal offset are considered in further analysis.

Pixel efficiency

Charge signal (QDC) was normalised to the mean ADC value measured in a particu-
lar pixel (ignoring pedestal contribution). Only particles with normalised charge
value from 0.5 to 2.0 were accepted in further analysis. Such selection rejects the
contribution from multiple hits in ToF tile (high normalised QDC values) and parti-
cles hitting the very edge of the scintillator in the x —y plane (low normalised QDC
values). The figure 5.16 presents example distributions of normalised charge for
ToF-L and ToF-R.

Selection criteria on the ToF TDC signals were set such, that particles with
signal value from 900 to 3200 counts in ToF-L or from 600 to 2900 TDC counts
in ToF-R were accepted in further analysis. This cut rejects particles with wrongly
reconstructed momentum and possible contribution from off-time particles. The
limits on TDC signals for ToF-L and ToF-R had to be adjusted individually, due to a
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Fig. 5.16: Examples of normalised charge distributions for all ToF-L scintillators (left) and
all ToF-R scintillators (right) in “Be+’Be collisions at 754 GeV/c. Quality cuts
limits are marked with the black vertical lines.

different length of the start signal cable for both detectors. Example distributions of
the ToF-L/R TDC are presented in figure 5.17. The triple-maxima structure visible
in the TDC distributions originates from the three different lengths of the cables
transmitting information from the ToF-L/R scintillators toward the readout modules.
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Fig. 5.17: Example TDC distributions for ToF-L (left) and ToF-R (right) pixels in “Be+’Be
collisions at 75A GeV/c. Quality cuts limits are marked with the black vertical
lines.

TDC and QDC signals were used to estimate ToF pixels efficiency. The k—pixel
efficiency ¢ is defined as in equation 5.3 below:

TOPhitgood

, 5.3
TOFhifa” ( )

Ek =

where the denominator of the fraction corresponds to a number of all tracks extrap-
olated to the particular pixel and the numerator contains a sub-sample of this track
which fulfills normalised QDC and TDC signals quality requirements. Fig. 5.18
presents an example of the ToF walls efficiency extracted from ”Be+°Be collisions at
75A GeV/c. Pixels with efficiency lower that 50% are assumed as not working, thus
the particles, which trajectories point to such pixel, are excluded from the analysis.
Calculated efficiency factors were used in MC corrections (see Sec. 5.4).
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Fig. 5.18: An example of ToF-L (top) and ToF-R (bottom) pixels efficiency in “Be+°Be colli-
sions at 75A GeV/c. Pixels rejected from the analysis due to low efficiency are
marked with red colour.

All track selection criteria explained in section 5.2 can bias the results thus a
careful study on this effect is provided and described in Sec. 5.5.

5.3 Particle identification

5.3.1 tof-dE/dx method

In this work, the identification of K*, K=, ¥, ¥, p, p was based on combining the
measurements of the mean particle energy loss in TPCs (dE/dx) and time of flight
by ToF detectors (tof), used for particles mass calculation (m?). An example of the
m? versus dE/dx distribution in “Be+°Be collisions at 40A GeV/c is presented in
figure 5.19. Four groups of entries visible in the m? versus dE/dx distribution are

directly associated with registered particle type.
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Fig. 5.19: The distribution of m? versus dE/dx for positively- (left) and negatively- (right)
charged particles with 3 GeV/c < p;,; < 4 GeV/c and 0.3 GeV/c < pr< 0.4
GeV/c measured by NA61/SHINE in “Be+°Be collisions at 404 GeV/c.

The data sample was divided into smaller subsamples in the p — pr phase-space
with bins of 1 GeV/c in total momentum and 0.1 GeV/c (or 0.2 GeV/c for pt >
0.4 GeV/c in the case of 30A GeV/c data set) in transverse momentum (see binnig
scheme in Fig. 5.1). The analysis is performed for each p — py bin separately and
independently for positively and negatively charged particles. Each two-dimensional
histogram is described by the function p(x,y):

p(x,y) = Z pj(x,9)

j=p,,K,e
N (v-x))? 237 | w27 (5.4)
i = Y - 7
:Zz_Je 202 [Lez”yl +( f)ez"n ]’
— 270 0y
]

U}’l

where: N; describes the yield of a given j particle kind, f is a weighting factor, o,
and o0y, stand for standard deviations of weighted Gaussian distributions. The fit-
ted function, equation 5.4, is the sum of two weighted two-dimensional Gaussian
distributions with three standard deviations. For simplicity of notation in the for-
mula, x stands for the measured dE/dx value and y denotes the calculated m? value.
The use of two weighted Gaussian distributions was necessary to describe the m?
distribution (broadening with momentum as visible in the Fig. 2.13). One Gaussian
distribution, characterised by o Ny describes the main content of the distribution,
whereas the other one, characterised by o ,, 18 used to describe only tails of the dis-
tribution. Hence, the value of 0, is larger than o, . The total yield of all kinds
particles is required to be equal to the integral of the fitted histogram. An exam-
ple of the m? — dE/dx distribution fitted with function 5.4 is presented in Fig. 5.20.
The tof-dE/dx method in NA61/SHINE is ideally suited for kaon identification in the
mid-rapidity region.



5.3. PARTICLE IDENTIFICATION 61

dE/dx [a.u.]
0.8 1 1.2 1.4 1.6 1.8
T
u measured points L
P 500
— fitted function :
400~
— kaons 5
——— pions 300;
— protons 200
— electrons r
100~
‘Ef 0 o |—{m———— 120
o
o "l
2 !
] —100
o, T —
£
] o g0
n
ol —160
—40
o+ 'El-'L'
I . ™ oo
ol
3L o

Fig. 5.20: An example of the m? versus dE/dx distribution fitted with tof-dE/dx function (Eq.
5.4) in a single phase-space bin (3 < p;,; <4 GeV/c and 0.3 < pr < 0.4 GeV/c) for
positively-charged particles produced in “Be+°Be collision at 40A GeV/c.

5.3.2 Identity method and raw spectra

The particle identification described above was performed in p — pr bins. Since
transformation between momentum and rapidity is not trivial, the identification
based on probabilities, so-called identity method [75,76], was used.

The method for calculating the particle yield is based on the estimate of the
probability of being a j—kind (proton, pion, kaon or electron) particle for each track.
Tracks (entries in the fitted histogram) are characterised by measured momentum
(px, py and p, used for p and pr calculation), m? and dE/dx values. Therefore, the
identity procedure can be expressed by formula 5.5:

_ pj(p.pr,m?, dE/dx)

P,
p(p,pr,m?,dE/dx)

]

, (5.5)

where P; is the estimated probability, j indicates the kind of a particle, p is the value
of the fitted function (Eq. 5.4) in a particular p — py bin for the corresponding value
of energy-loss (dE/dx) and squared mass (m?) of a given particle.

Examples of the probability estimate as the sum over all fitted p — pt bins for
positively and negatively charged particles measured in “Be+“Be collisions at 40A
GeV/c are presented in figure 5.21. They were used for particle yield calculation in
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Fig. 5.21: Example of the probability distribution of track identification as a kaon, pion or
proton for positively (left) and negatively (right) charged particles produced in
"Be+°Be collisions at 40A GeV/c.

different ranges of rapidity and transverse momentum.
Raw spectra of the j-kind particle multiplicity are derived in the bins of y — pt as
a sum of probabilities:

i=n
nj:K*, K-, nt,n,p,p— XP' » (5-6)
i=1

where 1 is number of particles type j, whereas n’ represents number of tracks. Raw
spectra of charged hadrons were normalised to the number of analysed events as
well as the bin size of the y and pt phase-space.

5.4 Corrections to the spectra

The corrections based on MC simulations were developed:

(i) detector effects, €4¢,,
(ii) ToF inefficient pixels exclusion, €444 pixels,
(iii) Tof pixels efficiency, €. ficiency
(iv) weak deacays, €gecay-
MC corrections are applied one after the other, bin-by-bin in y — pr phase space (for
each bin of the spectrum separately) and for each j-kind particle (j = K*, K™, =¥, 7c7,
p and p) individually.

The partial corrections, after applying sequential selection criteria, are presented
in p — py phase space corresponding to the kinematic acceptance of the ToF walls,
due to the fact that the tof — dE/dx analysis method has different y — pr acceptance
for particles of different kind (as presented in fig. 5.1).

The first correction, Egeor COMES from the geometrical acceptance of the detection
setup (TPCs and ToF-L/R), reconstruction efficiency as well as biasing selection
criteria (biasing event cuts and track cuts: (i)—(vi)). It is defined as the ratio between
reconstructed MC tracks multiplicity ((n)M&7¢¢) — after applying the biasing cuts

geo
and extrapolation to ToF detectors with respect to its geometrical limits and the
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multiplicity of all generated particles ((1)M¢8¢"):

(n)MCrec

_ geo
€geo = (n)M—Cgen . (57)

An example of such geometrical correction estimation is presented in Fig. 5.22.
Quantitative differences between corrections for various particles originate from
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Fig. 5.22: MC correction for the geometrical acceptance of the detection system for various
particles produced in “B+°Be collision at 1504 GeV/c.

various processes (e.g. K and m decays, interactions with the detector material).

The two following corrections were developed to revise the performance of the
ToF detector. The efficiency of the ToF pixels was estimated pixel-by-pixel from
experimental data and the efficiency coefficients are used for a pixel performance
evaluation (for details on efficiency determination see Sec. 5.2.2). The dead pixels
correction, €geaq pixels, 1s defined as:

(n)MCrec
dead pixels
€dead pixels = Wy (5.8)
geo
where (n)%fdr e; ive1s Stands for MC tracks multiplicity excluding those tracks reaching

pixels of efficiency lower that 50%. An example of the correction impact with respect
to the previous correction is presented in figure 5.23. The structures visible in the
plots (strips of lower correction ratio) correspond to groups of not-working pixels.
After the exclusion of inefficient pixels, the correction for the ToF efficiency,
Eef ficiency» Was applied. Each particle trace, extrapolated towards ToF walls, was
weighted by the efficiency factor of the pixel reached. The formula describing
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Fig. 5.23: MC correction for the inefficient pixels exclusion for various particles produced in
"B+9Be collision at 1504 GeV/c.

efficiency correction is:

(n)MCrep
_ ef ficiency 59
Eefficiency = 7 MCrec ( . )
(n)dead pixels
(n)?}’fjcfl.’ffe ney CONVEYS the multiplicity of the reconstructed MC tracks, in which each

track is weighted with the efficiency factor of the pixels it points to. The impact of
the correction with respect to the previous correction is shown in figure 5.24.

The last correction, €g.c4y, estimates the impact of particle decays and interactions
between the downstream edge of the MTPC and ToF detectors. The correction factor
is defined as follows:

MCrec
(n)decay
€decay = T iCree (5.10)
( )efficiency
where (n)%far;c mean reconstructed MC tracks which have neither decayed nor

interacted before reaching the ToF detectors (multiplicity is weighted by efficiency
factor). The impact of this correction is presented in Fig. 5.25.

The generated and reconstructed MC multiplicity spectra used for correction
definition were normalised to the number of simulated and reconstructed events,
respectively, as well as to the size of histogram bins in y and py. The overall
multiplicative correction factor can be written as:

€ = Egeo X Edead pixels X Eef ficiency X €decay (5-11)
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Fig. 5.25: MC correction for decays and interactions between the last two padrows of MTPC
and ToF detectors for various particles produced in “B+°Be collision at 150A
GeV/c.

Figure 5.26 presents examples of generated MC spectra ((1)M¢8¢") for various
kinds of particles (left panel), the spectra of reconstructed MC tracks with selection
criteria applied (middle panel) and correction factors (right panel).
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Fig. 5.26: Examples of simulated MC spectra (left panel), reconstructed MC spectra after
applying selection criteria (middle panel) and correction factors (right panel) for
various particles produced in “B+7Be collisions at 150A GeV/c. Highly populated
(off-scale) forward rapidity region (2.4 <y < 3.0) in proton MC spectrum is related
to simulated beam particles.
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Final spectra of particle kind j, 1 correcred, are obtained by multiplication of
the raw normalised spectra, 1; ;;o;malised, by the correction factor ¢ calculated for a
particle j (¢;):

1

N corrected = Wj normalised * g_ (5-12)
]

5.5 Statistical and systematic uncertainties

5.5.1 Statistical uncertainties

Statistical uncertainties are due to finite statistics of experimental data as well as
simulated events used in the correction factors determination. Errors on the raw
spectra were calculated bin-by-bin under the assumption that there is no correla-
tion between tracks produced in separate events and spectra depend on Poisson
distribution. The error on the identification (fitting procedure) is neglected in statis-
tical uncertainties. It will be considered in systematic uncertainties estimation as
the uncertainty on the identification method. The statistical error of raw spectra is
therefore:

(5.13)

where 0, stands for the statistical uncertainty of n particles of type j and n’ is the
number of tracks.

Raw normalised spectra are obtained by scaling each bin in the spectra by the
normalisation factor. The uncertainties are assumed to be scalable in the same way.

Uncertainties for the MC correction factor were calculated in each bin of the
y — pr phase space. Hence, since néwcm is a subset of the nMCgen, the statistical
uncertainties of correction factors were estimated with the binomial distribution. If
we assume 0, as the statistical uncertainty of the correction factor, then the total

statistical uncertainty of corrected spectra in that bin is defined as:

1
Unj corrected - \/(Un] normalised 5_])2 + (n] normalised * (78].)2 (514)

An example of the relative statistical uncertainties for charged hadrons produced
in “B+?Be collisions at 150A GeV/c is presented in the figure 5.27.

5.5.2 Systematic uncertainties

The analysis method along with the event and track selection criteria result in
a systematic bias of the final results. The systematic bias was estimated in the
following steps:

* the repetition of the analysis procedure (event and track selection, identifica-
tion, and MC corrections) varying the biasing cuts on events and tracks,

* the comparison of the final spectra with the results obtained by varying the
biasing cuts,
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Fig. 5.27: An example of statistical uncertainty estimation for charged hadrons produced in
"B+?Be collisions at 150A GeV/c.

* the calculation of the absolute difference between the final spectra and the
results obtained by varying the biasing cuts (for each y — pr bin individually),

* the assigning the largest difference as the systematic uncertainty generated by
particular biasing cut.

The main contributions to systematic errors are listed below.

(i) Bias due to event centrality class determination. The impact of this effect was
estimated varying the number and of the PSD modules selected for the forward
energy class determination. All module selections for this study are presented
in figure 5.28.

e

Fig. 5.28: Various module selections used to estimate of systematic uncertainty related to
centrality definition.
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(ii) Bias due to event and track selection criteria. Effect of selection criteria was
calculated varying the biasing cuts within the most broad range, which do
not cause increase of the statistical uncertainties by the factor more than 0.25.
Considered selection criteria are:

* position of the fitted vertex along z-axis — studied within +25 cm range
with respect to the target position,

* position of the fitted interaction point — checked within ranges from -3.2
cm to +2.0 cm for x-axis and from -1.2 ¢cm to +3.0 cm for y-axis with
respect to the nominal values of the cuts on impact point,

* requirement on the number of measured points in the magnetic field
(points in VIPCs and GapTPC) - checked within range of +10 points in
respect to the nominal requirement on the number of points.

(iii) Bias due to ToF detectors performance, which can be caused by two related
reasons:

* efficiency determination based on the ToF signals selection criteria -
checked for loose and tight thresholds on the QDC and TDC signals:

ToF signal ToF-L ToF-R
selection QDC TDC QDC TDC
criteria min ‘ max | min ‘ max | min ‘ max | min ‘ max
loose 0.4 | 2.2 | 500 | 4000 | 0.4 | 2.2 | 500 | 4000
tight 0.6 | 1.8 | 900 | 3000 | 0.6 | 1.8 | 800 | 2800

Tab. 5.4: Thresholds on ToF signals due to systematic uncertainties study.

* inefficient pixels rejection - checked for +10% variation of the nominal
exclusion limit.

(iv) Bias due to particle identification techniques was studied by the shifting the
mean (x; and y;) of the two-dimensional Gaussians (eq: 5.4) fitted to the

m? — dE/dx distributions by +1%.
Total systematic uncertainty was calculated according to formula:

Osys = \/Ui2+‘7i2i+0i2ii+(7i2v (5.15)
The systematic uncertainty estimation was also provided bin-by-bin in the y — py
phase space for each kind of identified hadrons separately. Figure 5.29 presents
an example of the relative overall systematic uncertainties for charged hadrons
produced in “B+’Be collisions at 1504 GeV/c, while figure 5.30 presents an ex-
ample of the overall uncertainties (statistical and systematic) for positively- and

negatively-charged kaon spectra in mid-rapidity along with partial contributions.
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Fig. 5.29: An example of relative systematic uncertainty estimation for charged hadrons
produced in “B+°Be collisions at 150A GeV/c.
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the background for mid-rapidity spectra of positively (left) and negatively (right)
charged kaons obtained at 1504 GeV/c.



Chapter 6

Results

This chapter contains experimental results on inclusive spectra of the identified
hadrons produced in “Be+°Be collision measured for the first time in SPS energy
range. They were obtained using the methods described in chapter 5.

Two-dimensional spectra of K*, K=, ", ==, p and p, measured at incident
projectile momenta of 30A, 40A, 75A, 150A GeV/c, are presented in the rapidity
versus transverse momentum phase space. The results are corrected for detector
acceptance and performance, detection and reconstruction efficiency as well as weak
decays and secondary interactions.

I this chapter, the data on identified particle spectra are presented first. They are
followed by the study of the onset of deconfinement with charged kaon spectra in
the mid-rapidity presented along with results on p+p interactions by NA61/SHINE
[27, 28], central Pb+Pb collisions by NA49 [20,29-31] and world result on heavy
ion collisions [21, 25, 26,35,38-41,77], and finally the comparison with calculations
performed with EPOS [67,68], UrQMD [78,79] and HiJING [80] theoretical models.

6.1 Charged hadron multiplicities as double
differential spectra

Multiplicities of K*, K=, ¥, t7, p and p produced in "Be+?Be collisions at 304, 40A,
75A, 150A GeV/c beam momenta were calculated in bins of transverse momentum
and rapidity d’n/(dydpr). The procedures for particle identification, application of
corrections and uncertainties estimation are described in details in the chapter 5.
The spectra were normalised to the bin size in the y — pr phase space and to the
number of analysed events. The value of a particular bin content corresponds to the
multiplicity of a given kind particle in given rapidity and transverse momentum
range. Double-differential spectra are presented in figures 6.1 -6.6. The spectra are
grouped by particle kind in the following way:

* Fig. 6.1 — spectra of positively-charged kaons,
 Fig. 6.2 — spectra of negatively-charged kaons,
 Fig. 6.3 — spectra of positively-charged pions,

 Fig. 6.4 — spectra of negatively-charged pions,
 Fig. 6.5 — spectra of protons,

* Fig. 6.6 — spectra of anti-protons

for various beam momenta in SPS energy range.



72 CHAPTER 6. RESULTS

— 1 0.6 — 1 0.6
L T30A GeV/c L T40A GeV/c
[) (]
& r 0.5 o 0.5
= o08F = o0.8F
o : o
r 0.4 0.4
0.6 0.6
L 0.3 L 0.3
0.4 0.4
r 0.2 i I I 0.2
021 01 021 I I 01
L Il Il L Il Il
9 1 0 1 2 0 9 1 0 1 2 0
y y
— 1 0.6 - 1 0.6
S ,or/9A GeV/c S 1 150A
[) e ()
o F 0.5 O _.r 0.5
= 0.8 = 0_8%GeV/C
o i o B
07E 0.4 i 0.4
0.6F 0.6F
05F 03 03
0.4F 0.4
0.3E 0.2 0.2
02F 01 021 0.1
i || :
E Il Il L Il Il
9 1 0 1 2 0 9 1 0 1 2 0
y y

Fig. 6.1: The double differential spectra of positively-charged kaons produced in Be+’Be
collisions at 30A, 40A, 75A and 150A GeV/c.
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Fig. 6.2: The double differential spectra of negatively-charged kaons produced in “Be+’Be
collisions at 30A, 40A, 75A and 150A GeV/c.
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Fig. 6.3: The double differential spectra of positively-charged pions produced in Be+Be
collisions at 30A, 40A, 75A and 150A GeV/c.
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Fig. 6.5: The double differential spectra of protons produced in “Be+°Be collisions at 304,
40A, 75A and 150A GeV/c.
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Fig. 6.6: The double differential spectra of anti-protons produced in “Be+°Be collisions at
30A, 40A, 75A and 150A GeV/c.
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Numerical values of the charged hadron multiplicities presented in figures
6.1-6.6 are tabulated along with statistical and systematic uncertainties in Ap-
pendix B.

6.2 Transverse momentum spectra of charged kaons
in the mid-rapidity

The goal of the analysis described in this thesis was to derive transverse momentum
spectra of the charged K mesons in the mid-rapidity region. These results give
important insights for the study of the onset of deconfinement [14]. The py spectra
were derived as a projection of the double differential spectra of kaons to the pr—axis
in a particular rapidity region, selected for each beam momentum separately due to
slightly different acceptance in the yx — pr phase space. Rapidity regions assigned
as the mid-rapidity are specified in table 6.1. The mid-rapidity region selection

Beam momentum | lower mid-rapidity limit | upper mid-rapidity limit
30A GeV/c -0.2 0.0
40A GeV/c 0.0 0.2
75A GeV/c 0.0 0.2
150A GeV/c 0.0 0.2

Tab. 6.1: Definition of the mid-rapidity region int this thesis for various beam momenta.

was studied with the EPOS 1.99 model. The generated spectra are symmetric with
respect to v = 0 within 1% accuracy.

The transverse momentum spectra in the mid-rapidity are presented in figure
6.7. They were parametrised with the function:

(6.1)

where: T is the inverse slope parameter, my is the mass of the K meson and S is
a normalisation factor. The spectra presented in figure 6.7 were scaled for better
display. Statistical error bars are drawn, still they are mostly smaller than the point
marker. Shadowed envelopes show systematic uncertainties. Solid lines illustrate
the spectra parametrisation with the function 6.1, which was also used to extrapolate
the spectra in transverse momentum up to 1.0 GeV/c. The experimental results

along with the extrapolation allowed to estimate the kaon (Z—;) multiplicity in the

mid-rapidity range. The obtained charged K meson yields and K*/K™ ratio in the
mid-rapidity range are given in table 6.2 and compared with theoretical models in
section 6.4.

Furthermore, the function 6.1 yields the inverse slope parameter of transverse
momentum spectra of kaons, which stands for an important observable in the study
on the onset of deconfinement. Values of the inverse slope parameter of transverse
momentum K* and K™ spectra in the mid-rapidity region can be found in table 6.3.
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Fig. 6.7: The transverse momentum spectra of K (left) and K~ (right) produced in “Be+°Be
collisions at 304, 40A, 75A and 150A GeV/c. Shadow envelopes show systematic
uncertainties of the spectra. The lines to the fit with function 6.1.

pran[Gevil| K (82) < (3),. e
30A 0.209 +0.025 +0.009|0.111 +£0.019 +0.007|1.882 +0.396 +0.153
40A 0.220 +0.009 +0.008|0.136 +0.007 +0.008|1.620 +0.111 +0.105
75A 0.288 +0.009 +0.007]0.182 +0.007 +0.006|1.586 +0.073 +0.068
150A 0.338 +0.008 +0.009|0.254 +0.008 +0.013|1.330 +0.053 +0.075

Tab. 6.2: Values of charged K
mid-rapidity region with statistical (second element) and maximum systematic

uncertainties (third element).

mesons yields

and K*/K~ ratio (first

element) in the

Pream 1GeV/c] Tx+ [MeV] Tx- [MeV]
30A 152.87 +16.91 +12.41 | 167.52 +£23.72 +14.64
40A 164.33 +£6.93 +5.70 | 170.64 +11.32 +12.64
75A 168.67 +5.70 +4.59 | 168.81 +9.28 +4.70
150A 165.33 +£5.18 +6.97 | 171.73 +7.07 £12.27

Tab. 6.3: Values of the inverse slope parameter of the transverse momentum K meson spec-
tra in the mid-rapidity region (first element) with statistical (second element) and
maximum systematic uncertainties (third element).

6.3 Study of onset of deconfinement

6.3.1

One of the signatures of the quarks deconfinement and phase transition studied in
this thesis is the energy dependence of the inverse slope parameter of the transverse
mass (mry) spectra of charged kaons. The exponential parametrisation of the pr
spectra of positively and negatively-charged kaons in the mid-rapidity (function
6.1 and figure 6.7) yields the inverse slope parameter, which energy dependence

Inverse slope parameter of m spectra — step
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is presented with world data in figure 6.8. Results on the inverse slope parameter
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Fig. 6.8: The energy dependence of the inverse slope parameter T of transverse mass spectra
of charged kaons in the mid-rapidity for central Be+’Be, Pb+Pb and Au+Au
collisions and inelastic p+p interactions [20,21,28-31,33-38,40].

from “Be+?Be collisions follow the trend presented by Pb+Pb points. T values from
"Be+?Be collisions are about 6-12% higher than those from p+p interactions, which
can be associated with a slightly higher kinetic freeze-out temperature [14] or/and
some collective transverse effects (also observed in my spectra of negatively-charged
pions from “Be+°Be collisions [81]).

6.3.2 Kaon to pion ratio — horn

Another indication of the onset of deconfinement studied in this thesis is the energy
dependence of the strangeness-to-entropy ratio. The rapid changes of the K/m
energy dependence in the SPS energy range are attributed to the phase transition of
the strongly interacting matter [20].

The acceptance of the NA61/SHINE identification methods used by NA61/SHINE
does not cover the mid-rapidity region of the positively-charged pions. The spectra
of the negatively-charged pions were derived by so-called k™ identification method
(for the detail see Ref. [27,65]) in a broad region of the forward hemisphere, includ-
ing the mid-rapidity. Hence, the calculation of the K™/n™ ratio is straightforward,
using the K™ yield obtained with the analysis presented in this thesis and 7~ yields
from h~ analysis [65].

Nevertheless, the total numbers of protons and neutrons in the "Be+’Be colliding
system are equal. Thus, since the isospin symmetry has to be conserved, the same
production of * and 7t~ can be assumed. The isospin symmetry effect was studied
with theoretical models (for details see section C.5 in appendix C). Models suggest
7¢"/7” ratio close to 1 with few percent variations. Therefore, the K™ yields obtained
with the analysis presented in this thesis is divided by ™ yields taken from from
the h~ analysis. The variations in 7t*/7t” ratio were taken into account in systematic
uncertainty of the K*/nt* ratio estimation. Results on the energy dependence of
th K*/n" and K=/~ ratios compared with world data are presented in figure 6.9.
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Fig. 6.9: The energy dependence of the K/m particle yields ratio in the mid-rapidity of
positively (left) and negatively (right) charged hadrons for central “Be+°Be, Pb+Pb
and Au+Au collisions and inelastic p+p interactions [20,21,25,26,28-31,33,34,36—
39,41].

Results from “Be+’Be collisions show the increase of the K*/rt* ratio with the
collision energy (within statistical uncertainties). Furthermore, the NA61/SHINE
results show that the strangeness-to-entropy production ratio in “Be+’Be collisions
is similar to those in p+p interactions (firmly visible in the energy dependence of the
K~/m~ ratio), in contradiction to the SMES model predictions [19] and HRG model
calculations [42,44,45].

6.4 Theoretical models

The charged K meson spectra in the mid-rapidity and the results derived from them
(e. g. K*/mt* ratio) were compared with few theoretical models, namely EPOS 1.99,
UrQMD 3.4 and HIJING 1.411 (see sections C.2). A brief description of those models
and the numerical values of the theoretical calculations of pr spectra in y bins for
each beam momentum are included in appendix C.

Figures 6.10 and 6.11 present the comparison of the experimental py spectra
of charged K mesons in the mid-rapidity with theoretical models. The full points
present the experiment with shadowed band showing systematic uncertainties,
while open points - the predictions of the theoretical models . The lines show the
fit to the data and simulation points obtained using function 6.1. Comparison of
the d?n/dprdy spectra of K™ and K~ shows that all the tested models qualitatively
describe pr spectra. In the case of positively-charged particles, the UrQMD model
agrees also quantitatively well with the experiment, while neither EPOS nor HIJING
can reproduce the quantitative picture of the K* pr spectra. None of the tested
models can quantitatively recreate the K™ multiplicity in mid-rapidity, still the
UrQMD is in the best agreement with the experiment.

Figures 6.12 - 6.17 present the comparison of the energy dependence of various
observables, namely K* yields, K*/7c* ratios and T, in the mid-rapidity for central
"Be+?Be collisions with predictions of theoretical models. In the right panels of these
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Fig. 6.10: Comparison of the transverse momentum spectra of K* produced in “Be+’Be
collisions at 304, 40A, 75A and 150A GeV/c with theoretical models.
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Fig. 6.11: Comparison of the transverse momentum spectra of K~ produced in “Be+’Be
collisions at 30A, 404, 75A and 150A GeV/c with theoretical models.
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figures, the relative difference of the theoretical models with respect to experimental
data is presented. Such presentation allows to show the agreement between models
and experimental results within a given number of total experimental uncertainty.

Charged K meson yields were calculated as described in Sec. 6.2. The obtained
values were compared with model calculations, where K* yields were obtained by
integration of the d?n/dprdy spectra for 0.0< pp <1.0 GeV/c range.

Figures 6.12 and 6.13 show the energy dependence of K* and K~ yields, respec-
tively.
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Fig. 6.12: Left: comparison of the energy dependence of K* yields in the mid-rapidity for
central “Be+”Be collisions with theoretical models: EPOS 1.99 (blue dashed line),
UrQMD 3.4 (black solid line) and HIJING 1.411 (violet doted line). Right: relative
difference of simulated K* yields with respect to experimental data. Coloured
bands correspond to multiples of o;,; of the experimental data.

The energy dependence of K* yields in the mid-rapidity can be described with
UrQMD (within 20 agreement). Again, for the energy dependence of K™ yields in
the mid-rapidity in the SPS energy range, UrQMD provide the best estimate among
the tested models (2.50 agreement). Neither EPOS nor HIJING can characterise the
energy dependence of K* and K~ yields in “Be+°Be collisions in SPS energy range
that well.

The observables of the onset of deconfinement studied as a function of the
collision energy were also tested against theoretical models.

Figures 6.14 and 6.15 show the comparison of the energy dependence of the
experimental and simulated inverse slope parameter of kaon pt spectra in the
mid-rapidity for positively- and negatively-charged mesons, respectively. The en-
ergy dependence of the inverse slope parameter of pr spectra of positively-charged
kaons in the mid-rapidity is in agreement with the UrQMD simulation within statisti-
cal uncertainties. EPOS simulation reveals a similar tendency as in the experimental
results, still it predicts smaller values of the T parameter than it was measured (30
difference). HIJING presents a rather different energy dependence with respect to the
experimental results. The experimental results on the inverse slope parameter of pr
spectra of negatively-charged kaons are burdened by a significant total uncertainty
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Fig. 6.13: Left: comparison of the energy dependence of K™ yields in the mid-rapidity for
central “Be+°Be collisions with theoretical models: EPOS 1.99 (blue dashed line),
UrQMD 3.4 (black solid line) and HIJING 1.411 (violet doted line). Right: relative
difference of simulated K~ yields with respect to experimental data. Coloured
bands correspond to multiples of o;,; of the experimental data.
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Fig. 6.14: Left: comparison of the energy dependence of the inverse slope parameter of K*
spectra in the mid-rapidity for central “Be+°Be collisions with theoretical models:
EPOS 1.99 (blue dashed line), UrQMD 3.4 (black solid line) and HIJING 1.411 (violet
doted line). Right: relative difference of simulated T with respect to experimental
data. Coloured bands correspond to multiples of oy,; of the experimental data.

(010t > 10%), which shows an agreement within 20 between the experiment and
the tested models. UrQMD diverges the least from the results (agreement within 10).

The most notable signature of the onset of deconfinement has been the energy
dependence of K*/7t" ratio. Experimental results on K/ ratio were obtained with
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Fig. 6.15: Left: comparison of the energy dependence of the inverse slope parameter of K~
spectra in the mid-rapidity for central “Be+°Be collisions with theoretical models:
EPOS 1.99 (blue dashed line), UrQMD 3.4 (black solid line) and HIJING 1.411 (violet
doted line). Right: relative difference of simulated T with respect to experimental
data. Coloured bands correspond to multiples of o;,; of the experimental data.

the procedure described in section 6.3. Figures 6.16 and 6.17 contain the compar-
ison of the results with theoretical models. Simulated 7 yields were obtained via
integration of the d?n/dprdy spectra of positively- and negatively-charged pions in

the 0.0< pr <1.0 GeV/c range.
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comparison of the energy dependence of K*/m" yields ratio in the
mid-rapidity for central “Be+°Be collisions with theoretical models: EPOS 1.99
(blue dashed line), UrQMD 3.4 (black solid line) and HIJING 1.411 (violet doted line).
Right: relative difference of simulated K*/r* ratio with respect to experimental
data. Coloured bands correspond to multiples of o;,; of the experimental data.
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Fig. 6.17: Left: comparison of the energy dependence of K~/m~ yields ratio in the
mid-rapidity for central “Be+?Be collisions with theoretical models: EPOS 1.99
(blue dashed line), UrQMD 3.4 (black solid line) and HIJING 1.411 (violet doted line).
Right: relative difference of simulated K~/n~ ratio with respect to experimental
data. Coloured bands correspond to multiples of o;,; of the experimental data.

closest to the experimental results is EPOS. The agreement of the model calcula-
tions and the experimental energy dependence of the K*/nt* ratio varies with the
energy from 1o to 50. In the case of the K7/n™ ratio, the EPOS model describes
the experimental results reasonably well. The most significant divergence occurs at
the highest NA61/SHINE energy. Still, the model agrees well with the data (within
20). Two other models show less compliance with the experimental data for energy
dependency of the K*/nt* ratio as well as K~/7t™ ratio.

Surprisingly, even though UrQMD is the best model to parameterise p spec-
tra and yields of charged kaons in the mid-rapidity, EPOS works better for the a
calculation of the produced particle ratios.
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Chapter 7

Summary and outlook

This thesis presents experimental results on inclusive spectra of charged hadrons,
K*, K7, ¥, ¥, p, p, for "Be+?Be collisions at four beam momenta: 304, 40A,
75A and 150A GeV/c. The measurements were performed by the NA61/SHINE
collaboration using a large acceptance hadron spectrometer located at CERN SPS.
For the first time, Be+Be collisions at SPS energy range were measured and the
spectra of identified-hadrons produced in such collisions were studied.

Two-dimensional particle spectra were obtained with the analysis technique
based on the combination of the time-of-flight and energy-loss measurements and
defined in rapidity and transverse momentum phase-space. The identified-particle
multiplicities were corrected for the detector effects, reconstruction efficiency and
contribution of the particles originating from the weak decays and secondary in-
teractions. Further, statistical and systematic uncertainties were calculated and
presented along with the final results.

The main goal of this thesis was studying the multiplicity of charged K meson
in mid-rapidity. The K mesons, next to the A barion, are the most populated
strange hadrons produced in ion-ion collisions in the SPS energy range, i.e. at high
barion density. The strangeness production gives insight into the transition between
confineg matter and QGP.

The charged kaon pr spectra were parametrised, then the K meson yields in
mid-rapidity were obtained. The K meson yields in mid-rapidity increase with
the collision energy from dn/dy = 0.209 + 0.025(s¢44) + 0.0095y5) to dn/dy = 0.338 +
0.008sz4¢) £ 0.009(5ys) for positively-charged and from dn/dy = 0.111 £ 0.019¢44) *
0.007 5ys) to dn/dy = 0.254 + 0.008 5, £ 0.013(4ys) for negatively-charged K mesons.

The ratio of charged kaon yield to charged pion yield in mid-rapidity was cal-
culated and compared with all available results from (ultra-)relativistic heavy-ion
collisions. Strangeness production normalised to the entropy production is one
of the most notable signatures of the onset of deconfinement anticipated by the
SMES. This model predicts non-monotonic changes of the energy dependence of
the strangeness-to-entropy ratio due to canonical suppression of strangeness pro-
duction while QGP appears. It also suggests that the strangeness-to-entropy ratio
rapidly increases with the number of participants, or colliding-system size. The
K"/t ratio in mid-rapidity from “Be+°Be collisions changes with the collision
energy from 0.090 £ 0.011 (54 % 0.005(5y5) up to 0.107 £ 0.00354¢) £ 0.005(5y5): 1t in-
creases monotonically within the total error bars. The discussed K*/7* energy
dependence is at the level of that from p+p interactions, they vary from each other
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for 5-20%. This means that the results on K*/7* ratio in mid-rapidity from “Be+°Be
collisions are far below the predictions of statistical models, like SMES and HRG.
The K7/7™ ratio in mid-rapidity increases from 0.048 + 0.008s;4s) £ 0.004 sy to
0.080 +0.0035141) = 0.005(55) with the energy and agrees within total error bars with
the one from p+p interactions. The results on strangeness-to-entropy ratio presented
in this thesis indicate that Be+Be collisions are similar to binary p+p interactions.

Characteristics of the pt spectra of charged kaons in mid-rapidity, namely the
inverse slope parameters, Tx+ and Tg-, were extracted from the spectra parametrisa-
tion and compared with all available data in (ultra-)relativistic energy range. The
energy dependence of the inverse slope parameter in central “Be+Be collisions
qualitatively resembles the one from the most central Pb+Pb collisions observed
by the NA49 experiment and those predicted by SMES due to the existence of the
confined-deconfined mixed phase of strongly interacting matter. The inverse slope
parameter increases with the collision energy, for positively-charged kaons from
152.87 £16.91 (s141) £ 12.41 (5y5) t0 165.33 £5.185141) £ 6.975y5), and negatively-charged
kaons from 167.523+23.7199 144 £ 14.6376(5ys) t0 171.726£7.07 1455141 £ 12.2655).
The results on the T parameter from ”Be+’Be are about 6-12% higher than those from
p+p interactions, which can be associated with a slightly higher kinetic freeze-out
temperature [14] or/and some collective transverse effects pronounced more in
heavier systems.

The results on K* and K~ pr spectra in mid-rapidity, their parametrisation
and yields, as well as the strangeness-to-entropy ratio, were compared with cal-
culations of the microscopic models EPOS 1.99, UrQMD 3.4 and HIJING 1.411.
All the models tested qualitatively reproduce pr spectra of charged kaons in
mid-rapidity. The one that gives results quantitatively compatible with the ex-
periment is UrQMD. This model also describes the K*/~ yield within 20 and Tg/-
within 10, while the two other models show less compliance with the data. In the
case of strangeness-to-entropy ratio, EPOS gives predictions closest to the exper-
imental results. The agreement of the model calculations with the experimental
energy dependence of the K/ ratio varies with the energy from 1o to 50. The
comparison between the experimental results and theoretical predictions presented
in this thesis suggests that there is still a need to improve theories describing the
collisions of small systems at high energies.

The comparison of the results presented in this thesis with world data, as well
as a preliminary comparison of the results stemming from other observables of
hadron-production properties, which are not discussed in this thesis, like, e.g.
multiplicity fluctuations, studied as a function of the system size, show that “Be+°Be
results are very close to those from p+p interactions independently of the collision
energy. Moreover, the data indicate a jump of the observable values when going
from light (p+p, Be+Be) to intermediate/heavy (Ar+Sc, Pb+Pb) systems, which can
be interpreted as the beginning of creation of large clusters of strongly interacting
matter - the onset of fireball [82].

The interpretation of the results reported in this work requires the comparison
with hadron spectra produced in “Be + ?Be collisions at beam momentum of 13A
and 20A GeV/c, which are going to be analysed separately, not in the framework
of this dissertation, as well as final results from the ongoing analyses of Ar+Sc,
Xe+La and Pb+Pb collisions collected by NA61/SHINE at the SPS energies, also not
part of this dissertation. The two-dimensional scan of the phase-space performed
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by the NA61/SHINE experiment was completed at the end of 2018. Hence, the
overall comparison of the results obtained from all the systems studied, as well
as the subsequent deeper understanding of the strongly interacting matter phase
transition, might be possible in the mid-term future. The theoretical understanding
of the properties of the phase transition is still rather poor and the NA61/SHINE
results present challenges for theoretical models.

The future NA61/SHINE physics program, focused on the study of charm pro-
duction, is a natural extension of the previous studies of the phase transition to the
quark-gluon plasma. It, among others, addresses the question of the mechanism of
charm production and the impact of the onset of deconfinement on charm produc-
tion. The data on the mean number of charm-anti-charm quark pairs, (cc), produced
in the full phase-space of heavy-ion collisions do not exist yet and NA61/SHINE aims
at providing them in 2022-2024. For this purpose, a significant modification of the
NAG61/SHINE spectrometer is planned during the LS2 at CERN (2019-2020), which
concerns a tenfold increase of the data taking rate (to about 1 kHz), construction of
the Large Acceptance Vertex Detector and upgrade of the PSD. Moreover, new ToF
detectors are planned to be constructed for particle identification at mid-rapidity,
which is mainly motivated by possible future measurements related to the extension
of the measurements of strangeness production.

The studies of the properties of nuclear matter in the region close to the maximum
baryonic density are progressing at SIS18 (GSI), SPS (CERN) and RHIC (BNL). Fur-
thermore, new projects like NICA (JINR), RHIC-fixed target (BNL) and SIS100 (GSI)
are planned for the next following years. They should shed more light on: proper-
ties of hadrons and the nuclear matter equation of state, the onset of deconfinement
and/or chiral symmetry restoration, signals of a phase transition and the critical
point, and also provide means to verify and interpret the results contained in this
dissertation.
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Appendix A

Coordinate system and kinematic
variables

A.1 Introduction

This appendix introduces the standard detector coordinate system of the NA61/SHINE
experiment and the definition of the kinematic variables used in this thesis.

A.2 NA61/SHINE coordinate system

The coordinate system used in NA61/SHINE and this thesis is shown in Fig. 2.1. The
origin of the coordinate system is located in the centre of VTPC-2, on the beamline.
The system is right-handed and organised as follows:

e z axis is horizontal, coincidental with the beam line,
* x axis is horizontal, perpendicular to the z axis,
* y axis is vertical, pointing up.

The azimuthal angle, ¢, is defined in the x—y plane in the way that ¢ = 0 rad
corresponds to the x axis and ¢ = r rad to the y axis. It is defined as follows:

¢ = atan? . (A.1)

The ¢ angle ranges form 0 to 27t rad. The polar angle, 0, is the angle from the z axis:

0= asinp—T . (A.2)

p

The 6 angle ranges from 0 to 7w rad and 6 = 0 corresponds to particles produced
parallel to the beam particle, in the forward direction.



90 APPENDIX A. COORDINATE SYSTEM AND KINEMATIC VARIABLES

A.3 Kinematic variables

A.3.1 Total momentum and transverse variables

The total momentum is defined by the sum of all components of the momentum

vector:
p=~pPi+p;+p:, (A.3)

where p, and p, are the particle momentum components in the plane transverse
to the beam axis (z), while p, is a particle momentum component parallel to the
beam axis (z). Hence, the z coordinate is defined along the beam axis, the transverse
momentum, pr, which is perpendicular to the beam axis and defined as:

pr=APi+p;- (A.4)

The transverse mass is defined as:
mr = +prc2+m?, (A.5)

where m is an invariant mass of a given particle.

A.3.2 Rapidity

The rapidity definition is following;:

E+p,c
E—-p,c

Y= %ln s (A.6)

where E is energy of the particle and p, is its momentum component parallel to the
beam line.

Rapidity is a dimensionless variable, invariant to the Lorentz transformation. It
can be easily transformed from the laboratory frame to the centre-of-mass frame:

YCMS frame = YLAB frame T YCMS » (A7)

where

PveamC
=atanh—————— . A.8
YCMS Epnam + 102 (A.8)

Pheam 15 the beam momentum, Ey,,,, = \/pieamcz + m,%c4 stands for the beam energy

and m,, is the mass of a nucleon (proton). In this thesis rapidity is always given in
the centre-of-mass frame.

The so-called mid-rapidity region is defined as the one close to y = 0. It corre-
sponds to particles produced perpendicularly to the beam line in the centre of mass
system. The regions at y > 0 and y < 0 are called forward and backward rapidities,
respectively.
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A.4 Collision energy

In the collision of two particles of masses e, and 11;,,4¢1, respectively, the total
center-of-mass energy is be expressed in the Lorentz-invariant form

\/_ = \/(Ebeum + Eturget)2 - (pbeam + ptarget)2 (A9)

In a high-energy collision, usually the centre-of-mass energy per nucleon pair, \/syn
, further called collisions energy, is given as a reference. For /sy masses 11,4,
and ;g 4. are equal to the mass of the nucleon. In a fixed-target experiment, like
NA61/SHINE, py4r4er = 0 and Eyypg,r is simply the mass of the ion used as a target.
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Appendix B

Tabulated results

B.1

Introduction

This appendix summarises the numerical values of the double differential spectra

d?n

dydpr

[(GeV/c)™]

(B.1)

of charged K*, K™, ¥, 7, p and p produced in "Be+?Be collisions at 304, 40A, 75A
and 150A GeV/c. For each bin content value the statistical (os,;) and systematic

uncertainties (o) are given as a percent fraction of the value.

B.2 K" spectra

Pbeam = 30 GeV/c

pr [GeV/c]
y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4
min max | &L ¢ o & o, dn_ o & o,
dyde stat sys dyde stat sys dyde stat sys dyde stat sys
-0.6 -0.4|0.1206 38.6 45.9 - - —
-0.4 -0.2 0.1381 23.2 12.9|0.2884 27.5 12.0|0.4142 38.2 18.4 -
-0.2 0.0 [0.1100 20.3 21.5|0.2651 30.0 14.7|0.3790 22.1 5.1 [0.2990 22.5 18.1
0.0 0.2 - 0.2818 16.6 5.0 | 0.2731 20.0 6.1 |0.3950 18.8 14.4
0.2 0.4 - - 0.3896 19.7 10.5|0.3304 16.3 7.7
y 0.4<pr<0.6 0.6 <pr<0.8
min max dln_ 0. 1o _dln (o 0.
dydpr stat sys dydpr stat sys
-0.2 0.0 [0.2333 224 19.1|0.2276 36.0 10.9
0.0 0.2 |0.2547 17.0 14.0]0.2310 18.0 17.4
0.2 0.4 |0.2801 13.0 4.2 |0.1754 19.4 14.4
0.4 0.6 |0.1760 32.6 9.8 —

Tab. B.1: Numerical values

d’n
dyd

Pt

spectra of K* produced in “Be+°Be collisions at 30 GeV/c.
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Pbeam = 40 GeV/c

pr [GeV/c]
0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4

: d%n d%n d%n d%n
min max dydpr Ostat  Osys dydpr Ostat  Osys dydpr Ostat  Osys dydpr Ostat  Osys

-0.6 -0.4|0.1005 27.4 16.8 - - -

-0.4 -0.2|0.1213 13.2 12.6|0.2767 15.6 8.8 |0.3462 23.8 14.7|0.1708 50.1 33.5
-0.2 0.0 | 0.1145 10.3 8.6 |0.2846 10.9 6.7 |0.3374 12.3 15.1 |0.3568 12.6 12.1
0.0 0.2 {0.1088 12.7 27.9|0.2817 12.0 5.0 [0.3384 9.8 7.0 |0.3329 7.7 6.3

0.2 0.4 - 0.2668 15.7 12.7|0.3363 9.6 19.0]0.3484 8.9 4.1
v 0.4<pr<05 0.5<pr<0.6 0.6 <pr<0.7 0.7<pr<0.8
d*n d?n d*n d?n

min max dydpr  Ostat  Osys | Jydpr Ostat Osys | dydpr Ostat  Osys | Jydpy Ostat  Osys
-0.2 0.0 | 0.3487 14.1 9.3 |0.2922 18.7 41.9|0.2387 17.9 30.3 -

0.0 0.2 |0.3364 11.9 8.2 |0.2135 149 10.7|0.1872 15.7 17.6|0.1340 17.8 39.8
0.2 0.4 |0.3450 9.1 7.9 |0.2587 11.4 10.8|0.2583 11.2 9.2 |0.1476 15.5 144
y 0.8<pT<0.9

. 2

min max dclein Ostat  Osys
0.0 0.2 |0.1160 19.5 9.0
0.2 0.4 |0.0468 24.5 264

Tab. B.2: Numerical values d%ZT spectra of K* produced in 7Be+°Be collisions at 40 GeV/c.
Pbeam = 75 GeV/c
pt [GeV/c]
y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4

min max d(;% Ostat 0-sys d(}:}%ZT Ostat Gsys d;% Ostat 0-sys d;l%zi. Ostat Gsys
-0.2 0.0 | 0.1019 9.3 9.1 |0.2994 9.6 5.2 |[0.4666 10.4 5.8 |0.4742 10.8 10.9
0.0 0.2 |0.1234 74 44 ]0.3453 5.7 45 (04793 6.4 48 |05015 7.0 3.8
0.2 0.4 |0.1557 6.1 5.7 0318 4.6 55 |0.4259 54 6.2 04598 59 3.7

0.4 0.6 - 0.3317 8.1 4.3 |0.3810 7.2 10.0]0.3639 8.2 3.9
v 0.4<pr<05 0.5<pr<0.6 0.6 <pr<0.7 0.7<pr<0.8
d*n d?n d*n d?n

min max dydpy  Ostat  Osys | Gydpr Ostat Osys | dydpr Ostat  Osys | Jydpy Ostat  Osys
-0.2 0.0 [0.3850 11.6 11.7|0.2859 13.9 11.6|0.2732 12.1 13.7 |0.2165 15.7 14.6
0.0 0.2 {0.4397 8.0 10.5|0.3768 9.0 13.1|0.2237 11.3 13.8|0.1741 129 10.1
0.2 04 |0.4216 6.4 4.6 {03603 7.0 8.0 [0.2515 8.6 12.3|0.1556 12.6 34.4
0.4 0.6 |0.3869 9.7 8.6 {0.3345 12.7 20.3 - -

y 0.8<pr<0.9
. 2
min max d(;Tin Ostat  Osys
-0.2 0.0 [0.1764 15.6 16.9

0.0 0.2 |0.1364 13.8 13.7
0.2 0.4 |0.1434 13.3 18.8

Tab. B.3: Numerical values dS;ZT spectra of K* produced in “Be+°Be collisions at 75 GeV/c.




B.2. K" SPECTRA

95

Pbeam = 150 GeV/c

pr [GeV/c]

y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4
min max d;% Ostat O~sys d;}%;.r Ostat 0~sys d?}% Ostat asys d;l%;j. Ostat Gsys
0.0 0.2 {0.1504 10.0 13.1]0.4213 6.4 6.5 |0.5757 6.7 7.1 |0.5568 6.5 9.1
0.2 0.4 |0.1360 6.3 3.1 |0.3547 3.8 2.7 [04750 4.1 3.2 |/0.4788 4.7 6.0
0.4 0.6 |0.1625 6.2 39.4|0.3584 3.8 13.3|0.4421 3.3 7.5 |0.4517 3.8 7.1
0.6 0.8 |0.1092 7.5 6.8 |0.3512 4.6 8.2 |0.4119 49 57 -

v 0.4<pr<0.5 0.5<pr<0.6 0.6<pr<0.7 0.7<pr<0.8
min max | -4 o o, L, o, L o, L o,

dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys
-0.2 0.0 - - 0.2339 14.1 18.6|0.2620 11.0 7.5
0.0 0.2 {05287 6.4 6.4 ]0.4104 69 8.8 |0.2668 8.1 12.8|0.2286 9.0 6.8
0.2 0.4 |04534 53 6.1 |0.3601 6.2 9.7 |0.2387 10.0 9.5 -
0.4 0.6 |0.4455 5.8 15.7 - - -

y 0.8<pr<0.9 0.9<pr<1.0
min max| ;&L o o L, o,

dydpr stat sys dydpr stat sys
-0.2 0.0 {0.1289 14.3 9.4 |0.1273 14.2 8.4
0.0 0.2 {0.1490 13.9 14.3 -

Tab. B.4: Numerical values

d2
dydpr

spectra of K* produced in “Be+’Be collisions at 150 GeV/c.
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B.3 K" spectra

Pbeam = 30 GeV/c

pr [GeV/c]

y 0.0 <pp <0.1 0.1<pp<0.2 0.2<pr<0.3 0.3<pr<0.4

min max | & o, o, L 0. dcn_ o, L o,
dydpr stat sys dydpr stat sys dydpr stat Sys dydpr stat sys

-0.6 -0.4 |0.1206 38.6 45.9 - - -
-0.4 -0.210.1381 23.2 12.9|0.2884 27.5 12.0|0.4142 38.2 18.4 -
-0.2 0.0 {0.1100 20.3 21.5]0.2651 30.0 14.7 {0.3790 22.1 5.1 |0.2990 22.5 18.1
0.0 0.2 - 0.2818 16.6 5.0 |0.2731 20.0 6.1 |0.3950 18.8 14.4
0.2 04 - - 0.3896 19.7 10.5|0.3304 16.3 7.7

y 0.4<pr<0.6 0.6 <pr<0.8
min max dS%ZT Ostat  Osys d(;%ZT Ostat  Osys
-0.2 0.0 [{0.2333 224 19.1 0.2276 36.0 10.9
0.0 0.2 |0.2547 17.0 14.0|0.2310 18.0 17.4
0.2 0.4 |0.2801 13.0 4.2 |0.1754 19.4 14.4
0.4 0.6 |0.1760 32.6 9.8 -
Tab. B.5: Numerical values dj;];T spectra of K~ produced in “Be+°Be collisions at 30 GeV/c.

Pbeam = 40 GeV/c

pt [GeV/c]

y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4
min max d(;% Ostat 0~sys d;l%ZT Ostat Gsys d;% Ostat 0~sys d(}:}%;T Ostat Gsys
-0.6 -0.4|0.1005 27.4 16.8 - - -

-0.4 -0.2|0.1213 13.2 12.6|0.2767 15.6 8.8 |0.3462 23.8 14.7|0.1708 50.1 33.5
-0.2 0.0 | 0.1145 10.3 8.6 |0.2846 10.9 6.7 |0.3374 12.3 15.1 |0.3568 12.6 12.1
0.0 0.2 |0.1088 12.7 27.9]0.2817 12.0 5.0 |0.3384 9.8 7.0 |0.3329 7.7 6.3
0.2 0.4 - 0.2668 15.7 12.7|0.3363 9.6 19.0]0.3484 8.9 4.1

v 0.4<pr<0.5 0.5<pr <0.6 0.6 <pr <0.7 0.7 <pr<0.8

min max| ;&L o o, L, lof A o, L 0,
dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys

-0.2 0.0 |0.3487 14.1 9.3 |0.2922 18.7 41.9|0.2387 17.9 30.3 -

0.0 0.2 {03364 11.9 8.2 |0.2135 14.9 10.7|0.1872 15.7 17.6|0.1340 17.8 39.8

0.2 0.4 03450 9.1 7.9 |0.2587 11.4 10.8|0.2583 11.2 9.2 | 0.1476 15.5 144

y 0.8 < pr < 0.9
min max d(;TZT Ostat  Osys
0.0 0.2 {01160 19.5 9.0
0.2 0.4 |0.0468 24.5 264

Tab. B.6: Numerical values % spectra of K~ produced in “Be+°Be collisions at 40 GeV/c.

ydpr
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Pbeam = 75 GeV/c

pt [GeV/c]

y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4
min max d;% Ostat Osys df}%z.r Ostat Usys dS%ZT Ostat Osys di%?.r Ostat Gsys
-0.2 0.0 {0.1019 9.3 9.1 [0.2994 9.6 5.2 |0.4666 10.4 5.8 |0.4742 10.8 10.9
0.0 0.2]0.1234 7.4 4.4 |0.3453 57 45 (04793 6.4 48 (05015 7.0 3.8
0.2 0.4 |0.1557 6.1 57 |0.3186 4.6 55 |0.4259 54 6.2 04598 59 3.7
0.4 0.6 - 0.3317 8.1 4.3 |0.3810 7.2 10.0|0.3639 8.2 3.9

v 0.4<pp<0.5 0.5<pr<0.6 0.6 <pr<0.7 0.7 <pr<0.8
min max % Ostat Usys % Ostat Usys % Ostat Usys % Ostat Usys
-0.2 0.0 {0.3850 11.6 11.7]0.2859 13.9 11.6|0.2732 12.1 13.7|0.2165 15.7 14.6
0.0 0.2 {0.4397 8.0 10.5]0.3768 9.0 13.1|0.2237 11.3 13.8|0.1741 12.9 10.1
0.2 0.4 |04216 6.4 4.6 [03603 7.0 8.0 |0.2515 8.6 12.3|0.1556 12.6 34.4
0.4 0.6 {0.3869 9.7 8.6 [0.3345 12.7 20.3 - -

y 0.8 <pr<0.9
min max &% Ostat  Osys
-0.2 0.0 | 0.1764 15.6 16.9
0.0 0.2 |0.1364 13.8 13.7
0.2 0.4 |0.1434 13.3 18.8

Tab. B.7: Numerical values d%ZT spectra of K~ produced in “Be+°Be collisions at 75 GeV/c.
Pbeam = 150 GeV/c
pr [GeV/c]

y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<04

min max ﬂ O, O, ﬂ O, O, ﬂ O, O, ﬂ (oF O,

dyde stat sys dyde stat sys dyde stat sys dyde stat sys
0.0 0.2 {0.1504 10.0 13.1]0.4213 6.4 6.5 05757 6.7 7.1 |0.5568 6.5 9.1
0.2 0.4 |0.1360 6.3 3.1 |0.3547 3.8 2.7 [04750 4.1 3.2 |/0.4788 4.7 6.0
0.4 0.6 |0.1625 6.2 39.4|0.3584 3.8 13.3|0.4421 3.3 7.5 |0.4517 3.8 7.1
0.6 0.8 |{0.1092 7.5 6.8 |0.3512 4.6 8.2 |0.4119 49 57 -

v 0.4<pr<0.5 0.5<p7<0.6 0.6 <pr<0.7 0.7<pr<0.8

min max | -4 o o, L, o L g o, L o,
dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys

-0.2 0.0 - - 0.2339 14.1 18.6|0.2620 11.0 7.5

0.0 0.2 {05287 6.4 64 04104 6.9 8.8 [0.2668 8.1 12.8|0.2286 9.0 6.8

0.2 0.4 |0.4534 53 6.1 |0.3601 6.2 9.7 |0.2387 10.0 9.5 -

0.4 0.6 |0.4455 5.8 15.7 - - -

y 0.8<pr<0.9 0.9<pr<1.0
min max | <& o, o, & o, o,

dyde stat sys dydpr stat sys
-0.2 0.0 {0.1289 14.3 9.4 |0.1273 14.2 8.4
0.0 0.2 {0.1490 13.9 14.3 -

Tab. B.8: Numerical values % spectra of K~ produced in “Be+’Be collisions at 150 GeV/c.
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B.4 7" spectra

Pbeam = 30 GeV/c

pr [GeV/c]
0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<04

y

min max d;l% Ostat 0~sys d;l%ZT Ostat Gsys d;l%ZT Ostat Gsys d;l%ZT Ostat Gsys
0.2 04 - - 4.5827 9.5 8.7 |4.0609 7.4 2.7
0.4 0.6 {1.9501 13.5 19.94.7903 5.4 3.9 |4.2662 45 3.5 (3.2286 51 27
0.6 0.8 |1.7944 4.2 7.7 45883 35 4.1 [4.0352 4.0 1.9 (29578 4.4 2.2
0.8 1.0 |1.5280 3.7 6.5 |4.0625 3.1 2.7 [3.8778 3.8 1.8 24563 7.5 45
1.0 1.2 |1.5267 3.6 10.5|3.3582 4.0 1.2 - -

y 0.4<pr<0.6 0.6 <pr <0.8
min max % Ostat  Osys % Ostat  Osys
0.0 0.2 |3.6921 104 15.3]1.1287 11.5 8.7
0.2 0.4 |22752 4.7 3.4 ]1.0239 6.8 29
0.4 0.6 |19015 46 19 |0.8215 74 23
0.6 0.8 |1.6304 47 1.5 -

Tab. B.9: Numerical values d(;ZTZT spectra of ©* produced in “Be+°Be collisions at 30 GeV/c.

Pbeam = 40 GeV/c

pr [GeV/c]
Y 0.0<pr<0.1 0.1 <pr<0.2 0.2<pp<0.3 0.3<pr<0.4
min max | &L o o, L, o, L, o L, o
dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys
0.2 04 - - 4.8422 5.8 6.6 [3.6428 3.5 4.1
0.4 0.6 - 4.8539 3.9 7.2 (4.8542 24 2.8 (3.5031 28 34

0.6 0.8 |2.0721 2.8 10.1|4.9180 2.0 3.0 |4.4819 2.1 3.3 [3.3763 24 3.0
0.8 1.0 |1.9778 1.9 13.3|4.2804 1.8 2.2 |4.2568 1.9 3.8 [3.0692 4.0 5.0
1.0 12 [1.7216 1.7 7.5 |3.8939 1.7 3.5|3.2353 6.3 3.4 -
1.2 1.4 [1.4535 3.0 11.9/3.2209 7.9 8.2 - =

v 0.4<pr<05 0.5 < pr < 0.6 0.6 <pr<0.7 0.7<pr<08

; d’n d’n d’n d’n
MmN max | g,qpr Ostat Osys | Jpdpy Ostat Osys | Fpdpy Ystat Osys | dydpy stat Osys

0.2 0.4 |25432 3.6 39 |1.7643 43 6.2 |1.0742 5.6 5.9 |0.7303 6.7 6.6
0.4 0.6 | 24226 3.3 29 |1.6618 4.0 4.5 |1.0125 49 4.3 |0.6781 7.1 6.5
0.6 0.8 |2.2731 3.2 4.2 - - -
14.4

y 0.8<pr<0.9
. 2
min max d(yiTZT Ostat Osys
0.0 0.2 |0.5108 8.8 4.5
0.2 0.4 ]04626 84 9.3
0.4 0.6 |0.0348 30.3 13.3

d*n

Tab. B.10: Numerical values dydp; Spectra of t* produced in “Be+°Be collisions at 40 GeV/c.
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Pbeam = 75 GeV/c

pr [GeV/c]
y 0.0 < pr<0.1 0.1<pp<0.2 0.2<pr<0.3 0.3 < pp < 0.4
min max | & o o, & o, T o, o o,
dyde stat sys dyde stat sys dyde stat sys dyde stat sys
0.2 04 - - - 4.0400 4.4 6.5
0.4 0.6 - - - 4.2081 2.2 3.2
0.6 0.8 - 49553 3.4 3.2 53059 1.7 3.5(3.8699 1.9 3.3

0.8 1.0 {2.1220 4.2 4.7 |5.0490 1.5 3.0 |4.6728 1.5 2.1 |3.6379 1.8 1.7
1.0 1.2 |2.0843 1.4 3.1 |4.3258 1.2 2242976 1.5 25 -
1.2 1.4 11.8568 1.5 2.1 [4.1512 1.1 2.0 - -
1.4 1.6 |1.6657 1.7 2.4 (3.6329 3.2 28 - -

% 0.4<pr<0.5 0.5<pr<0.6 0.6 <pr<0.7 0.7<pr<0.8
; d*n d*n d*n d*n
min max dydpr Ostat  Osys dydpr Ostat  Osys dydpr Ostat  Osys dydpr Ostat  Osys
0.0 0.2 - - 1.3150 5.0 3.4]0.9520 6.1 3.8

0.2 04 |29124 31 3819717 3.5 2.1 |1.2508 43 54 |0.7585 54 6.5
04 0.6 129659 25 4419236 3.0 2.3 |1.3074 3.5 3.5(0.8206 6.0 2.5
0.6 0.8 27974 2.2 35 |1.7627 3.5 4.6 - -
y 0.8 <pr<0.9

. 2

min max d;lTZT Ostat  Osys
0.0 0.2 |0.6167 6.9 54
0.2 0.4 |0.5480 6.2 44
0.4 0.6 |0.5698 7.9 10.0

Tab. B.11: Numerical values d?)(ZiZT spectra of 7" produced in “Be+°Be collisions at 75 GeV/c.

Pbeam = 150 GeV/c

pr [GeV/c]
y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4
min max | & o o, L, o L, o, L, o
dyde stat sys dydpr stat sys dydpr stat sys dydpr stat sys
0.4 0.6 - - - 44095 3.2 5.9
0.6 0.8 - - 5.8892 2.7 4.6 |14.5092 1.6 1.8
0.8 1.0 - - 5.6347 1.3 2.6 |3.8503 1.5 5.1
1.0 1.2 - 5.2584 1.1 1.7 |4.8119 1.0 2.8 -

1.2 1.4 (21274 2.0 1.5 |4.7627 1.0 1.3 |4.8007 1.2 7.5 -
1.4 1.6 19673 1.5 2.5 44949 1.1 9.3 - -
1.6 1.8 |1.9417 1.7 249 - - -
1.8 2.0 | 1.4249 2.4 8.2 - - -

0.0 0.2 - - 1.5744 5.2 6.5 (1.0372 49 22
02 04 - 2.2333 3.2 4.3 |1.5581 3.4 1909491 4.7 4.4
0.4 0.6 (33134 2.2 1.8 |21782 2.6 23 |1.2863 44 1.6 -
0.6 0.8 (29720 2.0 3.0 - - -

y 0.8 <pr <0.9 0.9 < pr < 1.0
: d’n d’n
min max W Ostat  Osys W Ostat  Osys

0.0 0.2 |{0.6956 5.7 2.1 |0.4269 8.2 3.5

Tab. B.12: Numerical values ddZ”

Tydp; Spectra of * produced in “Be+°Be collisions at 150
GeV/c.
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B.5 7 spectra

Pbeam = 30 GeV/c

pr [GeV/c]
Y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4
min max | & o, o, L, o, L, o, L, o,
dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys
0.2 04 - - 4.5827 9.5 8.7 |4.0609 7.4 2.7

0.4 0.6 |{1.9501 13.5 19.9]4.7903 5.4 3.9 |4.2662 4.5 3.5 (3.2286 51 2.7
0.6 0.8 |1.7944 4.2 7.7 |4.5883 3.5 4.1 |4.0352 4.0 1.9 |29578 44 2.2
0.8 1.0 |1.5280 3.7 6.5 |4.0625 3.1 2.7 |3.8778 3.8 1.8 24563 7.5 45
1.0 1.2 |1.5267 3.6 10.5|3.3582 4.0 1.2 - -

y 0.4<pr<0.6 0.6 <pr<0.8
min max dS%ZT Ostat  Osys d(;%ZT Ostat  Osys
0.0 0.2 |3.6921 10.4 15.3|1.1287 11.5 8.7
0.2 04 |22752 4.7 3.4 ]1.0239 6.8 2.9
0.4 06 |19015 46 19 |08215 74 23
0.6 0.8 |1.6304 4.7 1.5 -

Tab. B.13: Numerical values dS;ZT spectra of 7~ produced in “Be+°Be collisions at 30 GeV/c.

Pbeam = 40 GeV/c

pr [GeV/c]
y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4
min max | &L o o, i o i o i o
dyde stat sys dyde stat sys dyde stat sys dyde stat sys
0.2 0.4 - - 4.8422 5.8 6.6 |3.6428 3.5 4.1
0.4 0.6 4.8539 39 7.2 |14.8542 2.4 2.8|3.5031 2.8 34

0.6 0.8 |2.0721 2.8 10.14.9180 2.0 3.0|4.4819 2.1 3.3|3.3763 24 3.0
0.8 1.0 |1.9778 1.9 13.3|4.2804 1.8 2.2 |4.2568 1.9 3.8 |3.0692 4.0 5.0
1.0 1.2 |1.7216 1.7 7.5 |3.8939 1.7 3.5]3.2353 6.3 3.4 -
1.2 1.4 |1.4535 3.0 11.9|3.2209 7.9 8.2 — —

% 0.4<pr<0.5 0.5<pr<0.6 0.6 <pr<0.7 0.7 <pr<0.8

min max dn_ o 167 dn_ 167 0. dn_ o, o A o 0.

dyde stat Sys dydpr stat sys dydpr stat sys dydpr stat sys
0.2 0.4 25432 3.6 3.9 [1.7643 43 6.2 |1.0742 5.6 5.9 |0.7303 6.7 6.6
0.4 0.6 |2.4226 3.3 29 [1.6618 4.0 45|1.0125 49 4.3 |0.6781 7.1 6.5
0.6 0.8 |2.2731 3.2 4.2 - — -

y 0.8<pr<0.9
min max df}% Ostat  Osys
0.0 0.2 |0.5108 8.8 4.5
0.2 0.4 |0.4626 84 9.3
0.4 0.6 |0.0348 30.3 13.3

Tab. B.14: Numerical values d%ZT spectra of 7t~ produced in “Be+°Be collisions at 40 GeV/c.
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Pbeam = 75 GeV/c

pr [GeV/c]

y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<04
min max % Ostat Gsys % Ostat Gsys d;lfiZT Ostat Gsys % Ostat Gsys
0.2 04 - - - 4.0400 4.4 6.5
0.4 0.6 - - - 4.2081 2.2 3.2
0.6 0.8 - 49553 3.4 3.2|5.3059 1.7 35|3.8699 19 3.3
0.8 1.0 |2.1220 4.2 4.7 |5.0490 1.5 3.0|4.6728 1.5 2.1 |3.6379 1.8 1.7
1.0 1.2 |2.0843 1.4 3.1 [4.3258 1.2 2242976 1.5 25 -

1.2 1.4 |1.8568 1.5 21 |4.1512 1.1 2.0 - -
1.4 1.6 |1.6657 1.7 2.4 (3.6329 3.2 28 - -

% 0.4<pr<0.5 0.5<pr<0.6 0.6 <pr<0.7 0.7<pr<0.8

min max don o, o, don o, o Ao o] o, Ao o, o,

dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys
0.0 0.2 - - 1.3150 5.0 3.4 0.9520 6.1 3.8
0.2 04 (29124 3.1 3.8/|19717 3.5 2112508 43 5407585 54 6.5
0.4 0.6 (29659 25 4.4|19236 3.0 2313074 3.5 3.5|0.8206 6.0 2.5
0.6 0.8 (27974 2.2 35|1.7627 3.5 4.6 - -

y 0.8<pr<0.9
min max d;@% Ostat  Osys
0.0 0.2 |0.6167 69 54
0.2 0.4 |0.5480 6.2 44
0.4 0.6 {05698 7.9 10.0

Tab. B.15: Numerical values d%ZT spectra of 7~ produced in “Be+°Be collisions at 75 GeV/c.

Pbeam = 150 GeV/c

pr [GeV/c]

y 0.0<pr<0.1 0.1<py<0.2 0.2<pr<0.3 0.3<pr<0.4

min max | & o o, dn_ o o L o L o,
dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys

0.4 0.6 - - - 4.4095 3.2 5.9

0.6 0.8 - - 5.8892 2.7 4.6 145092 1.6 1.8

0.8 1.0 - - 5.6347 1.3 2.6 |3.8503 1.5 5.1

1.0 1.2 - 5.2584 1.1 1.7 |4.8119 1.0 2.8 -

1.2 1.4 (21274 2.0 1.5 47627 1.0 1.3 |4.8007 1.2 7.5 -

1.4 1.6 {19673 1.5 2.5 [4.4949 1.1 9.3 - -

1.6 1.8 |1.9417 1.7 24.9 — — —

1.8 2.0 [1.4249 24 8.2 - - -

v 0.4<pr<0.5 0.5<pr<0.6 0.6<pr<0.7 0.7<pr <08
min max % Ostat  Osys % Ostat  Osys % Ostat  Osys % Ostat  Osys
0.0 0.2 - - 1.5744 5.2 6.5 (1.0372 49 2.2
0.2 04 - 2.2333 3.2 43 |1.5581 3.4 1.9 09491 4.7 4.4
0.4 0.6 |3.3134 2.2 1.8 |2.1782 2.6 2.3 |1.2863 44 1.6 -

0.6 0.8 |2.9720 2.0 3.0 - - -
y 0.8<pr<0.9 09<pr<1.0
min max don o, o, don 0 0,
dyde stat sys dyde stat sys
0.0 0.2 |0.6956 5.7 2.1 |0.4269 8.2 3.5
Tab. B.16: Numerical values d‘;% spectra of 7w~ produced in “Be+°Be collisions at 150

GeV/c.
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B.6 Proton spectra

Pbeam = 30 GeV/c

pr [GeV/c]
0.0 <pp <0.1 0.1<pp<0.2 0.2<pr<0.3 0.3<pr<0.4

: d’n d’n d’n d’n
MmN max | g4, O9stat Osys | dpdpy Ystat Osys | Jydpy Istat Osys | dpdpy Istat Osys

-1.2 -1.0 | 0.0500 22.0 34.6 - - -
-1.0 -0.8|0.1480 9.4 26.7|0.4998 11.9 25.9|0.8990 29.2 25.5 -
-0.8 -0.6 |0.1595 9.2 16.7|0.6254 7.6 32.0|0.5622 11.2 12.2 -

-0.6 -0.4 - 0.4428 7.8 5.6 |0.7127 81 4.0 |0.7978 9.2 6.3

-0.4 -0.2 - 0.3680 20.6 6.0 | 0.6074 8.5 3.7 |0.7824 8.0 4.5

-0.2 0.0 - - - 0.8491 9.7 4.8
y 0.4<p7<0.6 0.6 <pr<0.8

min max dg% Ostat  Osys d;i%;.r Ostat  Osys
-0.6 -0.4]0.9502 85 5.7 -
-0.4 -0.20.8033 6.7 4.4 07395 84 45
-0.2 0.0 |0.7344 6.0 5.0 |0.6146 7.8 2.3
0.0 0.2 |0.8568 12.4 9.5 -

Tab. B.17: Numerical values 92 spectra of p produced in “Be+?Be collisions at 30 GeV/c.
dydpr

Pbeam = 40 GeV/c

pPT [GeV/C]
y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4

: d’n d’n d’n d’n
min max d}JTPT Ostat  Osys dydpr Ostat  Osys dyTpT Ostat  Osys dyTpT Ostat  Osys

-1.2 -1.0 1 0.1014 12.1 40.0 - -
-1.0 -0.8|10.1521 5.5 13.2|0.4195 7.7 24.3|0.6240 19.6 18.0 -
-0.8 -0.6|0.1411 5.1 10.8|0.4522 49 7.1 |0.5652 6.1 8.0 |0.6774 8.8 7.6
-0.6 -0.4|0.1811 6.6 11.7|0.3689 4.6 4.7 |0.5758 5.1 4.2 |0.7167 54 1.8

-0.4 -0.2 - 0.4183 7.6 6.8 {05384 4.6 5.2 |0.6103 51 7.2
-0.2 0.0 - - - 0.6490 6.5 6.6
% 0.4<pr<0.5 0.5<pr<0.6 0.6 <pr<0.7 0.7<pr<0.8
d’n d’n d’n d’n

min max dyTpT Ostat  Osys dyTpT Ostat  Osys dyTpT Ostat  Osys d}prT Ostat  Osys
-0.8 -0.6 | 0.5276 21.2 25.3 - - -
-0.6 -0.4|0.7064 6.3 6.3 - - -
-0.4 -0.2|0.7042 5.6 52 |0.6494 6.4 7.3 |0.6105 6.8 5.2 |0.4806 9.9 120
-0.2 0.0 |0.6814 5.1 89 |0.6192 56 54 05573 6.4 4.5 |0.4695 7.5 6.3

y 0.8<pr<0.9
. 2

min max d(}:}TZT Ostat  Osys
-0.4 -0.210.4488 9.3 13.2
-0.2 0.0 {0.3789 8.7 5.8

0.0 0.2 |0.0767 19.1 23.7

d*n

dydp; Spectra of p produced in “Be+?Be collisions at 40 GeV/c.

Tab. B.18: Numerical values
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Pbeam = 75 GeV/c

pr [GeV/c]
y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4
min max | -4 o o, L o, L o, L o,
dyde stat sys dyde stat sys dyde stat Sys dyde stat Sys
-1.0 -0.8|0.1154 20.2 14.2 - - -
-0.8 -0.6 {0.1271 5.2 7.7 [0.2879 6.5 4.2 - -
-0.6 -0.4|0.1162 5.1 3.1 |0.2898 4.2 2.4 |0.4506 4.8 3.8 |0.5398 5.4 3.9
-0.4 -0.2|0.1066 53 4.1 |0.2798 3.5 2.8 [0.4135 4.2 4.0|0.4815 49 2.0
-0.2 0.0 - 0.2850 6.6 3.8 |[0.4133 4.4 6.4|0.4852 4.1 3.1
% 0.4<pr<0.5 0.5<pr<0.6 0.6 <pr<0.7 0.7<pr<0.8
min max don o, o, L o, o Ao o o, Ao o, o,
dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys
-0.6 -0.4|0.4812 6.7 6.2 |0.5553 8.4 42.2|10.5201 9.1 5.5 -
-0.4 -0.2|0.5527 5.2 6.2 05700 5.7 4.8 04770 6.7 4.1 |0.4399 7.4 6.5
-0.2 0.0 {0.5288 4.3 3.3 04775 5.1 4.4 (04514 58 7.7 |0.3966 6.6 6.6
y 0.8<pr<0.9
min max % Ostat  Osys
-0.4 -0.2|0.3714 8.3 4.2
-0.2 0.0 |0.3190 7.7 11.9
0.0 0.2 ]0.3199 9.1 8.0
Tab. B.19: Numerical values dSSZT spectra of p produced in “Be+Be collisions at 75 GeV/c.

Pbeam = 150 GeV/c

pr [GeV/c]
y 0.0<pr<0.1 0.1<pr<0.2 0.2<p7<0.3 0.3<pr<0.4
min max | <& o, o, n o, o Lo o, o, Lo o, o
dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys
-0.6 -0.4|0.0845 8.8 8.1 |0.2324 6.3 2903332 9.0 8.9 |0.3244 12.1 8.6
-0.4 -0.2|0.0893 59 4.6 |0.2255 3.8 3.3 (03234 4.1 4.4 |0.4040 4.7 59
-0.2 0.0 | 0.0825 6.9 26.3|0.2534 3.7 9.9 |0.3344 3.3 5.6 |0.3867 4.0 5.1
0.0 0.2 |0.0674 9.1 6.6 |0.2150 5.0 7.9|0.3595 3.8 10.4|0.4150 4.3 15.7
v 0.4<pr<0.5 0.5<pr<0.6 0.6<pr<0.7 0.7 <pr<0.8
min max d?m% Ostat  Osys d;l% Ostat  Osys d;l% Ostat  Osys d;i% Ostat  Osys
-0.4 -0.2]0.4513 51 7.6 |0.4184 59 4.1 |0.4233 6.3 8.2 (03581 7.1 4.4
-0.2 0.0 | 0.4263 4.5 5.7 |0.4072 5.2 5.1 |0.3982 6.0 5.2 |0.3290 8.4 6.8
y 0.8<pr<0.9 0.9<pr<1.0
min max| &L g o, L o,
dyde stat sys dyde stat sys
-0.4 -0.2]0.3072 8.0 9.5 ‘ 0.1822 10.7 10.9

Tab. B.20: Numerical values

dydpr

d*n

spectra of p produced in “Be+°Be collisions at 150 GeV/c.
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B.7 pspectra

Pbeam = 30 GeV/c

pr [GeV/c]
0.0 <pr <0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4

: d’n d’n d’n d’n
MmN max | g4, Ostat Osys | dpdpy Ystat Osys | gydpy Ystat Osys | dpdpy stat Osys

-1.2 -1.0 | 0.0500 22.0 34.6 - - -
-1.0 -0.8|0.1480 9.4 26.7|0.4998 11.9 25.9|0.8990 29.2 25.5 -
-0.8 -0.6 |0.1595 9.2 16.7|0.6254 7.6 32.0|0.5622 11.2 12.2 -

-0.6 -0.4 - 0.4428 7.8 5.6 [0.7127 81 4.0 |0.7978 9.2 6.3

-0.4 -0.2 - 0.3680 20.6 6.0 | 0.6074 8.5 3.7 |0.7824 8.0 4.5

-0.2 0.0 - - - 0.8491 9.7 4.8
y 0.4<pr<0.6 0.6 <pr<0.8

. dzn dzn
min max Tydpr Ostat  Osys dydpr Ostat  Osys

-0.6 -0.4]0.9502 85 5.7 -
-0.4 -0.2|0.8033 6.7 4.4|0.7395 84 4.5
-0.2 0.0 |0.7344 6.0 5.0 |0.6146 7.8 2.3
0.0 0.2 {0.8568 12.4 9.5 -

Tab. B.21: Numerical values d‘;s’;T spectra of p produced in “Be+°Be collisions at 30 GeV/c.

Pbeam = 40 GeV/c

pr [GeV/c]
y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4
d*n d?*n d%n d*n

min max dydpr  Ustat  Osys | Jydpy Ostat Osys | dydpy Ystat Osys | dpdpy  Ostat  Osys
-1.2 -1.0 {0.1014 12.1 40.0 - -
-1.0 -0.8 | 0.1521 5.5 13.2|0.4195 7.7 24.3|0.6240 19.6 18.0 -
-0.8 -0.6 |0.1411 5.1 10.8|0.4522 49 7.1 |0.5652 6.1 8.0 |0.6774 8.8 7.6
-0.6 -0.40.1811 6.6 11.7|0.3689 4.6 4.7 |0.5758 5.1 4.2 |0.7167 54 1.8

-0.4 -0.2 - 0.4183 7.6 6.8 |0.5384 4.6 5.2 |0.6103 5.1 7.2
-0.2 0.0 - - - 0.6490 6.5 6.6
Y 0.4<pr<0.5 0.5<pr <0.6 0.6<pry<0.7 0.7<pr<0.8
d%n d?n d%n d%n

min max dydpr  Ostat Osys | Jydpy Ustat Osys | gydpr  Ustat Osys | gydpr Ostat  Osys
-0.8 -0.6 | 0.5276 21.2 25.3 - - -
-0.6 -0.4|0.7064 6.3 6.3 - - -
-0.4 -0.210.7042 5.6 5.2 |0.6494 6.4 7.3 |0.6105 6.8 5.2 |0.4806 9.9 12.0
-0.2 0.0 |0.6814 5.1 8.9 |0.6192 5.6 54 |0.5573 6.4 4.5 ]0.4695 7.5 6.3

y 0.8 < pr < 0.9

. 2

min max d;lT;T Ostat  Osys
-0.4 -0.2 (0.4488 9.3 13.2
-0.2 0.0 {0.3789 8.7 5.8

0.0 0.2 |0.0767 19.1 23.7

Tab. B.22: Numerical values -4 spectra of p produced in “Be+°Be collisions at 40 GeV/c.
dydpr
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Pbeam = 75 GeV/c

pr [GeV/c]

y 0.0<pr<0.1 0.1<pr<0.2 0.2<pr<0.3 0.3<pr<0.4

min max ﬂ O, O, ﬂ O, O, ﬂ O, O, ﬂ O, O,
dyde stat sys dyde stat sys dyde stat Sys dyde stat Sys

-1.0 -0.8|0.1154 20.2 14.2 - - -
-0.8 -0.6 |0.1271 5.2 7.7 |0.2879 6.5 4.2 - -
-0.6 -0.4]0.1162 5.1 3.1 |0.2898 4.2 2.4 |0.4506 4.8 3.8 |0.5398 54 3.9
-0.4 -0.2|0.1066 53 4.1 |0.2798 3.5 2.8 [0.4135 4.2 4.0|0.4815 49 2.0
-0.2 0.0 - 0.2850 6.6 3.8 |[0.4133 4.4 6.4|0.4852 4.1 3.1

% 0.4<pr<0.5 0.5<pr<0.6 0.6 <pr<0.7 0.7<pr<0.8
min max don o, o, L o o Ao o o, Ao o, o,

dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys

-0.6 -0.4|0.4812 6.7 6.2 |0.5553 8.4 42.2|10.5201 9.1 5.5 -
-0.4 -0.2|0.5527 5.2 6.2 05700 5.7 4.8 04770 6.7 4.1 |0.4399 7.4 6.5
-0.2 0.0 {0.5288 4.3 3.3 04775 5.1 4.4 (04514 58 7.7 |0.3966 6.6 6.6

y 0.8<pr<0.9
min max % Ostat  Osys
-0.4 -0.2|0.3714 8.3 4.2
-0.2 0.0 |0.3190 7.7 11.9
0.0 0.2 103199 9.1 8.0

d’n

Tab. B.23: Numerical values

dydpr

Pbeam = 150 GeV/c

pr [GeV/c]

y 0.0<pr<0.1 0.1<pr<0.2 0.2<p7<0.3 0.3<pr<0.4

min max | &L o o, L, o L, o, R 0,
dydpr stat sys dydpr stat sys dydpr stat sys dydpr stat sys

-0.6 -0.4|0.0845 8.8 8.1 |0.2324 6.3 2903332 9.0 8.9 |0.3244 12.1 8.6
-0.4 -0.2|0.0893 59 4.6 |0.2255 3.8 3.3 (03234 4.1 4.4 |0.4040 4.7 59
-0.2 0.0 | 0.0825 6.9 26.3|0.2534 3.7 9.9|0.3344 3.3 5.6 |0.3867 4.0 5.1
0.0 0.2 |0.0674 9.1 6.6 |0.2150 5.0 7.9|0.3595 3.8 10.4|0.4150 4.3 15.7

v 0.4<pr<0.5 0.5<pr<0.6 0.6<pr<0.7 0.7 <pr<0.8
min max d?m% Ostat  Osys d;l% Ostat  Osys d;l% Ostat  Osys d;i% Ostat  Osys
-0.4 -0.2|0.4513 51 7.6 {04184 59 4.1 04233 6.3 8.2 |0.3581 7.1 4.4
-0.2 0.0 | 0.4263 4.5 5.7 |0.4072 5.2 5103982 6.0 5.2 |0.3290 84 6.8

y 0.8<pr<0.9 0.9<pr<1.0
min max d;% Ostat 0-sys d;% Ostat Osys
-0.4 -0.2]0.3072 8.0 9.5 ‘ 0.1822 10.7 10.9

spectra of p produced in “Be+?Be collisions at 75 GeV/c.

Tab. B.24: Numerical values -9 spectra of p produced in “Be+°Be collisions at 150 GeV/c.
dydpr
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Appendix C

Theoretical models

C.1 Introduction

This appendix contain the tables with the numerical values of the py spectra of
charged kaons and pions in mid-rapidity calculated with theoretical models: EPOS
1.99, UrQMD 3.4 and HIJING 1.411, for “Be+’Be collisions in SPS energy range.

C.2 Description of the models

EPOS model

The name of the model stands for: Energy conserving quantum mechanical mul-
tiple scattering approach, based on Partons (parton ladders), Off-shell remnants and
Splitting of parton ladders [67,68]. EPOS was designed to simulate proton-proton,
proton-nucleus or nucleus-nucleus collisions. It is a microscopic string model, where
the colour exchange between partons (from separate hadrons) leads to Pomeron
(parton ladders) creation followed by hadronisation. In this model, a “parton lad-
der” consists of two parts: the hard one, obtained from perturbative QCD, and a
soft phenomenological one, parametrised with Regge theory. Additionally, EPOS
considers the remnants of the projectile and target to be colourless off-shell objects.
Thus, particle production provided by EPOS has so-called “inner contributions”
(from parton ladders), the most important for central rapidities, and so-called “outer
contributions” (from remnants), supplying particle production mainly at large ra-
pidities. The model includes such effects as splitting of parton ladders, transport
of transverse momentum between parton ladders as well as ladders merging and
ladders loops formation. Finally, EPOS allows for particles production via hadroni-
sation of non-interacting (so-called “normal hadronisation”) and interacting ladders
(so-called “collective hadronisation”). Moreover, the model is able to treat the system
evolution differently with respect to its density. In the case of the low-density part
of the collision (hadron collisions, light nucleus collisions, hadron-nucleus collisions
and peripheral nucleus collisions), the string segments dress up as hadrons, without
further interactions. For the high-density part, particle production engine takes into
account interactions of not only strings segments but of produced hadrons.
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UrQMD model

Ultrarelativistic Quantum Molecular Dynamics (UrQMD) is a microscopic string
model of transport used to simulate (ultra)relativistic heavy ion collisions in the
energy range from about /sy =2 GeV up to y/syy =200 GeV [78,79]. The generator
contains a broad spectrum of baryon and meson species which can be produced
in string decays or resonance decays (for excitations with masses higher than 2
GeV/c? a string picture is used). In this model, the colour string is created between
partons from the same hadron when colliding hadrons (nuclei) are interacting only
by exchange of the momenta (without colour transfer between colliding hadrons).
Interaction leads to an increase of energy, string excitation and finally the colour
string fragmentation. It is assumed that the string decays independently from
both ends. Then a hadron is formed randomly on one of the end-points of the
string. Moreover, a microscopic transport approach, which relies on the covariant
Boltzmann equation, is implemented in the model. The UrQMD allows to study
the full space-time evolution of all hadrons, resonances and their decay products in
hadron-hadron or nucleus-nucleus collisions. Nevertheless, a phase transition to a
quark-gluon state is not implemented into the model dynamics.

HIJING model

Heavy Ion Jet Interaction Generator (HIJING) is a microscopic model designed to sim-
ulate multiple jets and particle production in p+p, p+A or A+A collisions in broad
collision energy range [80]. The generator combines quantum chromo-dynamics
inspired model for jet production with a phenomenological string model of hadro-
nisation. It includes mini-jets production, soft excitation, nuclear shadowing of
partons. For so-called soft nucleus-nucleus reactions at intermediate energies (5
GeV < 4/snN < 20 GeV) HIJING adopts a variant of multiple string phenomenol-
ogy. The basic idea is that multiple soft gluon exchanges between the constituent
quarks in colliding hadrons (nucleons) can lead to longitudinal string-like excita-
tions of those hadrons. The colour strings are assumed to decay independently via
quark-antiquark creation followed by hadronisation, where the coloured partons are
transformed into jets of colourless hadrons, photons and lepton. HIJING does not
describe the interactions of produced hadrons in the final state of the collision.

C.3 Spectra of charged kaons in mid-rapidity
The tables in this section summarises the theoretical calculations of the py spectra

of charged kaons in mid-rapidity, with statistical uncertainties, for Be+Be collisions
in SPS energy range.
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EPOS (0.0 <y <0.2)
Pt Pveam [GeV/c]

[GeV/c] 20A 30A 40A 75A 150A
0.05 ]0.152 +£0.001|0.211 +£ 0.001{0.217 + 0.001|0.229 + 0.002|0.224 + 0.001
0.15 ]0.400 £ 0.002|0.538 + 0.002|0.558 + 0.003|0.597 + 0.003 [0.578 + 0.002
0.25 ]0.514 £ 0.002|0.664 + 0.003|0.703 + 0.003|0.755 + 0.003 {0.738 + 0.003
0.35 ]0.460 £ 0.002|0.622 + 0.003|0.663 + 0.003|0.713 + 0.003 {0.703 + 0.003
0.45 ]0.340 £ 0.002|0.482 + 0.003|0.521 + 0.003|0.574 + 0.003 [0.572 + 0.002
0.55 ]0.231 £0.001|0.334 + 0.002|0.368 + 0.002|0.414 + 0.002 |0.422 + 0.002
0.65 [0.150 £ 0.001|0.227 £ 0.002|0.246 + 0.002|0.290 + 0.002 [0.298 + 0.002
0.75 ]0.097 £0.001|0.143 £ 0.002|0.162 + 0.002|0.192 £ 0.002 |0.201 + 0.001
0.85 ]0.057 £0.001|0.088 + 0.001|0.103 + 0.002|0.124 + 0.001 |0.138 + 0.001
0.95 ]0.034 £0.001|0.058 + 0.001 {0.065 + 0.001|0.083 £ 0.001 |0.088 + 0.001

Tab. C.1: Numerical values dS:{;’T spectra of K* in mid-rapidity simulated for Be+Be colli-

sions with EPOS 1.99.

EPOS (0.0 <y < 0.2)

Pr Pbeam [GeV/C]

[GeV/c] 20A 30A 40A 75A 150A
0.05 |0.050 +0.001|0.085 £ 0.001|0.097 £ 0.001 {0.122 + 0.001 | 0.141 + 0.001
0.15 |0.129 £0.001|0.222 £ 0.001]0.252 + 0.002|0.323 £ 0.002|0.368 £+ 0.002
0.25 |0.167 +£0.001|0.282 £ 0.002|0.327 £ 0.002|0.417 + 0.002 | 0.474 + 0.002
0.35 |0.161 £0.0010.272 £ 0.002|0.316 £ 0.002{0.401 £+ 0.002 |{0.463 + 0.002
0.45 |0.133+0.001/0.227 £0.002|0.258 £ 0.002|0.333 £ 0.002|0.384 + 0.002
0.55 ]0.098 £0.001|0.164 +0.002{0.192 £ 0.002{0.253 £ 0.002 {0.292 + 0.002
0.65 [0.068 +0.001|{0.112+0.001{0.131 +£0.001|0.181 +£0.002|0.212 + 0.001
0.75 10.040 £ 0.001 |0.075 £ 0.001 | 0.089 + 0.001 | 0.124 + 0.001 | 0.146 + 0.001
0.85 10.024 +0.001|0.047 £ 0.001 | 0.058 £ 0.001 | 0.081 + 0.001 | 0.097 + 0.001
0.95 |0.015+0.001/0.029 £ 0.001|0.038 £ 0.001 | 0.054 + 0.001 | 0.067 + 0.001

Tab. C.2: Numerical values dg% spectra of K™ in mid-rapidity simulated for Be+Be colli-

sions with EPOS 1.99.
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UrQMD (0.0<y<0.2)
Pr Pveam [GeV/c]

[GeV/c] 20A 30A 40A 75A 150A
0.05 ]0.099 +£0.001|0.104 +0.001{0.127 £ 0.001|0.134 + 0.001{0.159 + 0.001
0.15 ]0.226 +£0.001|0.272 +0.002|0.324 + 0.002|0.387 + 0.002|0.460 + 0.002
0.25 1]0.296 £ 0.0020.374 + 0.002|0.396 + 0.002|0.512 + 0.002|0.612 + 0.002
0.35 ]0.301 +£0.002|0.379 £ 0.002|0.407 + 0.002|0.491 + 0.002|0.587 + 0.002
0.45 ]0.245 +0.002|0.340 + 0.002]0.369 + 0.002|0.432 + 0.002{0.492 + 0.002
0.55 ]0.237 £0.001|0.268 +0.002|0.288 + 0.002|0.334 + 0.002|0.415 + 0.002
0.65 [0.151 +£0.001|0.181 +0.001|0.200 + 0.001|0.248 + 0.001{0.283 + 0.002
0.75 1]0.109 £ 0.001|0.147 £ 0.001{0.158 +£ 0.001|0.179 £ 0.001 {0.212 + 0.001
0.85 ]0.067 +0.001|0.089 +0.001{0.110 + 0.001|0.134 +0.001{0.153 + 0.001
0.95 ]0.049 + 0.001|0.053 +£0.001(0.067 + 0.001|0.081 +£0.001{0.110 + 0.001

Tab. C.3: Numerical values

d’n
dydpr

sions with UrQMD 3.4.

UrQMD (0.0<y<0.2)

spectra of K* in mid-rapidity simulated for Be+Be colli-

Pr Pbeam [GeV/C]

[GeV/c] 20A 30A 40A 75A 1504
0.05 |0.061 +£0.001]0.073 £ 0.001|0.087 +0.001{0.120 £ 0.001|0.137 £ 0.001
0.15 ]0.147 £ 0.001|0.185 + 0.001 {0.220 + 0.001 |{0.270 + 0.002|0.384 + 0.002
0.25 ]0.207 £ 0.002|0.247 + 0.001 | 0.287 + 0.002|0.363 + 0.002|0.453 + 0.002
0.35 ]0.195+0.002|0.258 £ 0.002|0.286 + 0.002|0.355 + 0.002|0.465 + 0.002
0.45 |0.140 £ 0.001|0.196 + 0.001 {0.231 + 0.001{0.293 + 0.002|0.387 + 0.002
0.55 |0.096 +£0.001|{0.130 £ 0.001]0.173 + 0.001 |0.226 +£ 0.001|0.318 £ 0.002
0.65 |0.061 £0.001]0.111 £0.001|0.111 + 0.001{0.179 £ 0.001|0.218 £ 0.001
0.75 ]0.042 £ 0.001|0.067 + 0.001 {0.084 + 0.001|0.114 + 0.001|0.168 + 0.001
0.85 ]0.025 +0.001|0.049 + 0.001 {0.064 + 0.001|0.075 £ 0.001|0.122 + 0.001
0.95 ]0.010 £ 0.001|0.037 £ 0.001 {0.040 + 0.001 | 0.058 £ 0.001|0.081 + 0.001

Tab. C.4: Numerical values Todo

d’n
ydpr

sions with UrQMD 3.4.

spectra of K™ in mid-rapidity simulated for Be+Be colli-
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HIJING (0.0 <y <0.2)
Pt Pveam [GeV/C]

[GeV/c] 20A 30A 40A 75A 150A
0.05 |0.138+£0.001|0.190 £ 0.001|0.231 + 0.001|0.219 = 0.001 |0.270 £ 0.002
0.15 ]0.380 +£0.001|0.489 + 0.002|0.563 + 0.002|0.669 + 0.002 |0.692 + 0.003
0.25 ]0.508 £ 0.002|0.642 + 0.002|0.814 + 0.003|0.792 + 0.003 {0.908 + 0.003
0.35 ]0.528 £0.002|0.670 £ 0.003|0.796 + 0.003|0.779 + 0.003 |0.840 + 0.003
0.45 ]0.436 +£0.002|0.559 + 0.002|0.669 + 0.002|0.731 £ 0.003 |0.736 + 0.003
0.55 ]0.321 £0.002|0.436 + 0.002|0.503 + 0.002{0.540 + 0.002 {0.531 + 0.002
0.65 ]0.219 +£0.0010.314 + 0.002|0.380 + 0.002{0.370 + 0.002 {0.366 + 0.002
0.75 ]0.156 £ 0.001|0.218 + 0.001 | 0.245 + 0.001 | 0.247 + 0.002 |0.253 + 0.001
0.85 |0.108 £0.001]0.150 £ 0.001|0.183 + 0.001|0.131 +0.001 |0.176 £ 0.001
0.95 |0.070+0.001]0.100 £ 0.001|0.122 + 0.001|0.118 + 0.001 |0.098 + 0.001

Tab. C.5: Numerical values dS;ZT spectra of K* in mid-rapidity simulated for Be+Be colli-

sions with HIJING 1.411.

HIJING (0.0 <y <0.2)

Pt Pveam [GeV/C]

[GeV/c] 20A 30A 40A 75A 150A
0.05 |0.044 +0.001/0.080 +£0.001|0.118 £ 0.001 {0.131 £ 0.001 |0.157 + 0.001
0.15 |0.118 +0.001|0.224 £ 0.001 | 0.316 + 0.002|0.345 + 0.002 | 0.427 + 0.002
0.25 ]0.168 +£0.0010.283 +0.002{0.376 £ 0.002{0.532 + 0.002 {0.566 + 0.002
0.35 |0.177 +£0.001 0.291 £ 0.002|0.401 £ 0.002|0.501 + 0.002|0.578 + 0.002
0.45 |0.145+0.001/0.258 £0.002|0.365 £ 0.002|0.429 + 0.002|0.481 + 0.002
0.55 |0.121 £0.0010.206 = 0.001 {0.278 + 0.002{0.301 + 0.002 |{0.360 + 0.002
0.65 [0.089 +£0.001|0.155+0.001{0.220 £ 0.001{0.203 £ 0.001 {0.286 + 0.002
0.75 10.057 +£0.001|0.102 £ 0.001 {0.128 £ 0.001 | 0.165 £+ 0.001 | 0.184 + 0.001
0.85 ]0.035+0.001|{0.076 £ 0.001|{0.107 +£ 0.001|0.111 £ 0.001 |0.116 + 0.001
0.95 10.023 +£0.001/0.049 £ 0.001 |{0.066 + 0.001 | 0.069 + 0.001 | 0.071 + 0.001

Tab. C.6: Numerical values

d?n

dydpr

sions with HIJING 1.411.

spectra of K™ in mid-rapidity simulated for Be+Be colli-
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C.4 Spectra of charged pions in mid-rapidity

The tables reported in this section contain the theoretical calculations of the py
spectra of charged pions in mid-rapidity, with statistical uncertainties, for central
Be+Be collisions in SPS energy range.

EPOS (0.0 <y <0.2)

Pt Pveam [GeV/c]

[GeV/c] 20A 30A 40A 75A 1504
0.05 |1.872+0.002|2.439 +£0.006|2.785 £ 0.006|3.140 £ 0.006 | 3.222 + 0.008
0.15 |4.932+0.008|6.252 +0.010|6.691 £ 0.010|7.400 £ 0.010|7.502 £ 0.012
0.25 |5.809+0.008|7.191 +£0.010|7.401 £ 0.010|8.008 £ 0.010|8.007 £ 0.012
0.35 |4.756 +0.008|5.862 £ 0.008 |6.034 £ 0.009 |6.473 £ 0.009 | 6.446 + 0.011
0.45 |3.133+0.007|3.936 + 0.007 |4.200 £ 0.008 | 4.541 + 0.007 {4.512 £ 0.009
0.55 |1.889+0.005/2.422 +0.006|2.713 £ 0.006|2.964 £+ 0.006 | 2.976 + 0.007
0.65 |1.088 +0.004|1.450 +0.005|1.686 +£0.005|1.869 £ 0.005|1.901 £ 0.006
0.75 10.606 +0.003|0.860 £ 0.004|1.038 +£0.004|1.174 +£ 0.004|1.214 + 0.005
0.85 |0.340 +0.002/0.499 £ 0.003|0.636 £ 0.003|0.729 £ 0.003 [ 0.772 + 0.004
0.95 |0.193+0.002/0.290 £ 0.002|0.385 £ 0.002|0.457 £ 0.002 | 0.487 + 0.003

Tab. C.7: Numerical values Sydpy

d’n

collisions with EPOS 1.99.

EPOS (0.0 <y < 0.2)

spectra of 7" in mid-rapidity simulated for central Be+Be

Pt Pbeam [GeV/c]

[GeV/c] 20A 30A 40A 75A 150A
0.05 |1.845+0.002|2.393 +0.006(2.782 + 0.006|3.140 + 0.006|3.235 + 0.008
0.15 [4.898 +£0.008|6.280 +0.010(6.710 + 0.010|7.437 +£ 0.010|7.539 + 0.012
0.25 |5.870 £ 0.008|7.282 +0.010(7.443 + 0.010{8.063 +£ 0.0108.065 + 0.012
0.35 [4.859 +£0.008|5.924 + 0.008|6.114 + 0.009|6.519 + 0.009|6.484 + 0.011
0.45 [3.213 +£0.007|3.980 + 0.007 |4.255 + 0.008 | 4.559 + 0.007 | 4.555 + 0.009
0.55 [1.926 +0.005|2.449 + 0.006|2.729 + 0.006 | 2.965 + 0.006|2.969 + 0.007
0.65 |1.109 +0.004|1.452 +0.005(1.703 £ 0.005|1.877 £ 0.005|1.905 + 0.006
0.75 ]0.620 £ 0.003|0.862 + 0.003|1.038 + 0.004|1.167 £ 0.004|1.212 + 0.005
0.85 ]0.350 £0.002|0.496 + 0.003|0.633 £ 0.003{0.728 + 0.003|0.764 + 0.004
0.95 ]0.199 £0.002|0.298 + 0.002|0.386 + 0.002|0.447 + 0.002|0.490 + 0.003

Tab. C.8: Numerical values

d*n
dydpry

collisions with EPOS 1.99.

spectra of 77~ in mid-rapidity simulated for central Be+Be
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UrQMD (0.0<y<0.2)
Pt Pveam [GeV/C]

[GeV/c] 20A 30A 40A 75A 150A
0.05 [3.196 £ 0.006|3.475 + 0.007 | 3.674 + 0.007 | 4.147 + 0.009 [4.398 + 0.009
0.15 ]6.562+0.010|7.324+0.010(7.798 + 0.010{8.583 +£ 0.012(9.285 + 0.013
0.25 ]6.309 £0.010|7.177 £ 0.010|7.558 + 0.010{8.410 +£ 0.012(9.119 + 0.013
0.35 [4.811 £0.009|5.561 + 0.008|5.928 + 0.008|6.417 £ 0.011 |6.833 + 0.011
0.45 [3.327 £0.007|3.942 + 0.007 | 4.298 + 0.008 | 4.649 + 0.009 [4.751 + 0.009
0.55 [2.303 £0.006|2.626 + 0.006|2.946 + 0.006|3.114 + 0.007 |3.112 + 0.007
0.65 [1.559 +£0.005|1.815+ 0.005|1.864 + 0.005|2.012 + 0.006|2.038 + 0.006
0.75 [1.006 £ 0.004|1.213 £ 0.005|1.187 + 0.005|1.322 + 0.005|1.333 + 0.005
0.85 ]0.697 £ 0.003|0.791 + 0.004 | 0.860 + 0.004|0.848 + 0.004 {0.876 + 0.004
0.95 ]0.470 £ 0.003|0.520 £ 0.003|0.538 £ 0.003{0.593 + 0.003 {0.607 + 0.004

Tab. C.9: Numerical values dSSZT spectra of 7" in mid-rapidity simulated for central Be+Be

collisions with UrQMD 3.4.

UrQMD (0.0 <y < 0.2)

Pt Pveam [GeV/C]

[GeV/c] 20A 30A 40A 75A 150A
0.05 |3.605+0.007|3.952 +£0.008|4.052 £ 0.008|4.405 £ 0.009 |4.765 £ 0.009
0.15 |7.216 £0.010|7.778 £ 0.011 | 8.285 + 0.011|9.033 £ 0.013 9.726 + 0.013
0.25 |6.560+0.010|7.295+0.010|7.772 £ 0.010|8.541 £ 0.012]9.177 £ 0.013
0.35 |4.757 +£0.009|5.575 £ 0.008|5.911 £ 0.008 |6.463 £ 0.010|6.860 £ 0.010
0.45 |3.369 +0.007|3.960 + 0.008 |4.195 £+ 0.008 |4.522 + 0.008 |4.763 + 0.008
0.55 |2.274+0.006|2.670 £ 0.007 |2.894 £ 0.007 | 2.950 £ 0.007 | 3.195 £ 0.008
0.65 [1.572+0.005|1.806 +=0.006|1.867 +0.006|1.975 £ 0.006|2.081 + 0.006
0.75 |1.042+0.004|1.167 £0.005|1.253 £ 0.005|1.273 £ 0.005|1.375 £ 0.005
0.85 |0.660 +0.004/0.763 £ 0.004|0.827 £ 0.004 | 0.854 + 0.004 | 0.881 + 0.005
0.95 10.402 +0.003/0.484 +£0.003|0.522 £ 0.003|0.547 £ 0.003|0.592 + 0.004

Tab. C.10: Numerical values

d*n
dydpr

collisions with UrQMD 3.4.

spectra of 7t~ in mid-rapidity simulated for central Be+Be
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HIJING (0.0 <y < 0.2)

Pt Pveam [GeV/c]

[GeV/c] 20A 30A 40A 75A 150A
0.05 [2.303 £0.006|2.759 £ 0.006 | 3.250 + 0.007 | 2.962 + 0.006 | 3.307 + 0.007
0.15 |5.832+0.009|6.593 +£0.009|7.365+0.010|7.184 £ 0.010|7.524 £ 0.010
0.25 |5.957 +£0.009|6.749 £ 0.009|7.784 £ 0.011 | 7.544 + 0.010 | 8.098 + 0.011
0.35 |4.482 +0.007|5.339 £ 0.008|6.203 £ 0.010|6.233 £ 0.010|6.650 £ 0.010
0.45 |3.113+0.007|3.909 £ 0.007 |4.599 + 0.008 | 4.348 + 0.008 | 4.843 + 0.008
0.55 |2.077 +£0.006|2.745 £ 0.006|3.179 £ 0.007 | 3.088 + 0.008 | 3.224 + 0.008
0.65 |1.379 £0.005|1.858 £ 0.005|2.206 + 0.006|2.070 + 0.007 |2.101 + 0.006
0.75 10.911 +£0.004|1.238 £ 0.005|1.416 £ 0.005|1.273 +£ 0.005|1.312 + 0.005
0.85 |0.589 +0.004|0.808 £ 0.004|0.903 £ 0.005{0.828 + 0.004|0.809 + 0.005
0.95 0.390 +0.003|0.519 £ 0.004|0.562 £ 0.004 | 0.561 + 0.004|0.493 + 0.004

Tab. C.11: Numerical values d%ZT spectra of 7t* in mid-rapidity simulated for central Be+Be

collisions with HIJING 1.411.

HIJING (0.0 <y <0.2)

Pt Pbeam [GeV/c]

[GeV/c] 20A 30A 40A 75A 1504
0.05 [2.337 £0.006|2.693 + 0.006|3.125 £ 0.007|2.929 + 0.006 | 3.311 + 0.007
0.15 |5.674 +0.009|6.392 + 0.009|7.298 + 0.010|7.009 £ 0.010|7.633 + 0.010
0.25 |5.835+0.009[6.609 +0.009|7.523 +0.010|7.472 + 0.010|8.114 + 0.011
0.35 |4.445 +0.007|5.313 +0.008|6.154 + 0.0106.099 £ 0.010|6.614 + 0.010
0.45 |3.077 £0.007|3.927 + 0.007 |4.672 + 0.008 |4.638 + 0.008 | 4.832 + 0.008
0.55 [2.127 £0.006|2.758 + 0.006|3.216 + 0.007 | 3.247 + 0.008 | 3.189 + 0.008
0.65 |1.393 +0.005|1.898 +0.005|2.245 + 0.006|1.934 + 0.006|2.103 + 0.006
0.75 ]0.894 +0.004|1.262 + 0.005|1.391 + 0.005|1.327 + 0.005|1.262 + 0.005
0.85 |0.589 +0.004|0.808 £ 0.004|0.987 + 0.005|0.797 + 0.004 | 0.805 + 0.005
0.95 10.392 +0.003|0.516 £ 0.004|0.575 + 0.004 | 0.543 + 0.004|0.493 + 0.004

Tab. C.12: Numerical values

d*n
dydpr

collisions with HIJING 1.411.

spectra of 7~ in mid-rapidity simulated for central Be+Be



C.5. STUDY OF THE ISOSPIN SYMMETRY 115

C.5 Study of the isospin symmetry

The total number of protons and the total number neutrons in the colliding system of
"Be+’Be is even. Therefore, the conservation of the isospin symmetry in the collision
is assumed and thus, the same mean number of 77~ and 7" produced is expected.
The isospin effect was checked with theoretical models. In figure C.1 the comparison
of the energy dependence of the 7t*/%™ ratio calculated with theoretical models is
presented. As expected, this ratio is close to 1. Surprisingly, EPOS and UrQMD

= - — — EPOS 1.99
2>1.04~ —— UrQMD 3.4
IS I —— HIJING 1.411
B[
1.02- Fig. C.1: Energy dependence of
L 7"/mt”  ratio calculated
T with EPOS 1.99 (blue
Y T dashed line), UrQMD
LT 3.4 (black solid line) and
0.98 HIJING (violet doted line).
0.96—
1 1 1 1 l 1 1 1 1 l 1

15 20
sy [GeV]

favour production of 7t~ in the mid-rapidity region, in contrast to the HIJING model.
The variation from unity (as the biggest difference) was taken into account in the
estimation of the systematic uncertainty of the nt* yield.
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Appendix D
NA61/SHINE gas system

Each Time Projection Chamber in the NA61/SHINE experiment is equipped with
a separate gas system supplying it with the appropriate gas mixture. The systems
include also devices monitoring the quality and properties of the gas mixture, like
drift velocity, gas amplification, water and oxygen content, pressure ant temperature.
The choice of the gas mixture for the NA61/SHINE TPCs is discussed at first. Then,
a description of the NA61/SHINE gas systems follows.

D.1 Gas mixture

Gas mixtures are usually characterised by two parameters: a drift velocity (vp) and
an electron diffusion coefficient (D). Both strongly depend on gas density, mean free
path of the electron and the average electron collision time, and also an influence of
external fields: magnetic (H) and electric (E), which increases the electron energy
(thus modifying the electron interaction cross section) [57].

A base component of all NA61/SHINE gas mixtures in argon. It is characterised
by a large number of electrons produced in the primary ionisation and high drift
velocity. However, in argon, even at small values of E (a few V/cm), the electron
energy is considerably increased, which can enhance the diffusion and lead to devel-
opment of violent electron avalanches. Therefore, addition of so-called quenching
gas is needed. Carbon dioxide is chosen as quenching gas in the NA61/SHINE detec-
tors, which is also called “cool” gas. The main advantage of this gas is that it keeps
the average electron energy at thermal values up to rather large electric fields (up
to several hundred volts per centimetre). Thus CO, limits the electron diffusion,
facilitates controlling of the gas amplification, but also decreases the drift velocity.
The exact proportions of the gas mixture components are being optimised during
the TPC maintenance phases; therefore they vary for each TPC and a data taking
campaign. The rough Ar/CO, proportion are: 90/10 — GapTPC and VTPCs, 94/6 —
FTPCs and 95/5 - MTPCs.

The NA61/SHINE TPCs operate at drift fields about 170 V/cm (195 V/cm
in VIPCs). In this range, drift velocities are unsaturated, i.e. they increase al-
most linearly with the electric field. Drift velocities in the NA61/SHINE TPC are
roughly: 1.3 cm/us — GapTPC, 1.4 cm/pus — VIPCs, 2.1 cm/pus — FTPCs and 2.3
cm/pus — MTPCs. For the NA61/SHINE gas mixtures and drift fields the diffusion co-
efficients are favourable: in transverse plane Dy ~ 210 pm/+/cm, in the drift direction
Dy ~ 250 um/+cm [56].
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D.2 MTPCs and VTPCs gas system

Gas systems for MTPCs and VTPCs are almost identical. Figure D.1 shows a
schematic layout of the gas system of MTPC-L/R (both chambers have identical but
separate gas systems). Symbols used in this layout are explained in Fig. D.2. In

PT
e bubbler
A A%ﬂ Ar
|

MTPC

Vil
£k

(bypass)

gas
around
MTPC

Fig. D.1: Schematic layout of the gas system of MTPC-L/R (both chambers have identical
but separate gas systems). The legend for the symbols used is given in Fig. D.2. The
main gas circulation path is marked with bold lines. Dashed lines symbolise parts of
the gas system used for maintenance (not used in the regular operation modes). The
gas supplying lines along with mixing system are shown in the upper right corner.
The gas flow direction is marked by arrows next to the valves. Points labelled B, C,
D and G symbolise gas lines where oxygen and water content measurements can
be provided. The drift velocity and the gas amplification monitors are drawn on
the right side, labelled D and A, respectively. Figure taken from [83].
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X - valve — - exhaust (auxiliary)
fg - pressure regulator .
- 'A’ — amplitude measurement
#X — state valve solenoid actuator A ‘D’ — drift velocity measurement

® - manometer

H - flowmeter - B, D, C and G points

. for O0jand H,0 measurement
(00 — massflowmeter (Bronkhorst/Hi-Tec)

GED — compressor

(j\— non-retour valve

pressure sensor

- oxygen measurement point for FTPCs

[C]1N [a}~

¢> — mechanical filter

Fig. D.2: Description of symbols used in figures: D.1, D.5, D.6 and D.7. Updated figure
from [83].

the scheme the main gas circulation is marked with bold line and gas flow direction
is marked by arrows next to the valves. Each system circulates the gas with a com-
pressor at a rate of about 20% of the detector volume per hour (0.9 m3/h for VTPCs
and 3 m3/h for MTPCs). The gas supplying lines provide gas mixture the compo-
nents, Ar and CO,, to a gas mixing system (shown in the upper right corner of Fig.
D.1) where the mixture is produced. The fresh gas mixture enters the small buffer
tank and then the TPC. In normal operation, the supply of fresh gas corresponds
to only about 3% detector volume per hour. During detector maintenance before
data taking, in the so-called purge mode, the full recirculation rate is used. The gas
circulation is forced with a compressor controlled by variable frequency drive. The
compressor pumps the gas out of the TPC regulating the constant gas overpressure
(0.50 £+ 0.01 mbar), which additionally prevents contamination by air in case of a
leak.

The recirculated gas is flushed through a filter made of activated copper, which
reduces the gas contamination — oxygen content to about 5 ppm and water content
to about 10-100 ppm. Oxygen filters are regenerated each 4-6 months of operation
by flushing them with an Ar/H, (97/3) mixture at 200° C for a few days. The
regeneration progress is monitored by measuring the humidity in the outgoing gas.

Thereafter, the gas mixture is circulated through an additional mechanical filter
to remove possible contamination of solid particles from the gas.

Bypass lines allow isolating the TPC and oxygen filter from the gas circulation
without stopping the system. Small amounts of gas are directed to monitoring units
which measure water and oxygen content. The gas mixture can be monitored in
a few points - the fresh gas (point G), gas entering the TPC (point D), gas exiting
the TPC (point B), and filtered gas (point C). The schematic of the connection is
presented in Fig. D.3. There are two sets of measuring devices. One is common for
a pair of VITPC-1 and MTPC-L, the other one for a pair of VIPC-2 and MTPC-R.
The gas from only one TPC from each pair is monitored at the time. Example of the
oxygen and water content measurements is presented in the panel (e) of Fig. D.4.

Each MTPC and VTPC gas system is equipped with a system consisting of a drift
velocity monitor and four amplitude monitors (shown in the middle right part of Fig.
D.1). As its name indicates, the drift velocity monitor measures the drift velocity of
the electrons in the gas mixture. The principle of the drift velocity measurement is
described in sec. D.5. Example of the drift velocity measured by the drift velocity
monitor in a selected period of time is shown in the panel a of Fig. D.4 with the
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VTPC
not used
BCDG EF

s |

SRS ® > e
P1 P2 HYGROMET! orbisphere
D7

MTPC not used

Fig. D.3: Schematic of the circuit leading the gas mixture to the oxygen and water me-
ters. There are two pairs of the meters shared between MTPC-L/VTPC-1 and
MTPC-R/VTPC-2. Gas can be taken from 4 points (B, C, G, D) of each system, but
only one at the time. Figure taken from [83]. The legend for the symbols used is
given in Fig. D.2.

red colour. Additionally, other parameters like, gas temperature and drift field,
are monitored in both, drift velocity monitor and a given TPC (see panels ¢ and
d of Fig. D.4). The amplitude monitors, small proportional tubes equipped with
a photon source (>°Fe), can measure the gas amplification achievable in the given
gas mixture. They were used in the NA49 experiment to adjust the content of the
quenching gases (CO, and CH,) in the gas mixture. Since methane is not in use in
NA61/SHINE, neither are the amplitude monitors. The quality of the gas mixture is
monitored periodically during the gas system operation.

In addition to the active volume of the detector, gas needs to be provided also
to the buffer volume between the two layers of the MTPCs and VTPCs walls. This
volume is flushed with nitrogen, to prevent the TPC gas from air contamination by
diffusion through the walls, or a potential leak. Moreover, the TPCs are equipped
with safety bubblers protecting the chambers from excessive overpressure in case of
compressor failure, or when the compressor is switched off.

D.3 GapTPC gas system

In contrast to the large volume TPCs, the GapTPC uses a simple gas system as
presented in figure D.5. The GapTPC gas system circulates about 20 1/h of fresh
(no recirculation) Ar/CO, gas mixture, which corresponds to about 10% of the
detector volume per hour. The chamber operates with atmospheric pressure without
overpressure stabilisation and is equipped with a safety bubbler. The outgoing
gas from the TPC passes through a drift velocity monitor with a pressure sensor,
which is described in section D.5. The drift velocity measurement in GapTPC was
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Fig. D.4: Parameter of the VTPC-1 gas mixture monitored in a selected period of time. Panel

contain: a — drift velocity: measured in the drift monitor, normalised based on
measurements of pressure, temperature and drift voltage, calculated in the TPC
conditions and calibrateb with the bottom point method; b — atmospheric pressure;
¢ — gas temperature: in the drift monitor and in the TPC; d — electric field: in the
drift monitor and in the TPC; e — water and oxygen content in the VTPC-1 gas
mixture.
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Fig. D.5: Schematic layout of the GapTPC gas system.

-—

automatised in 2014, allowing for continuous monitoring in the following data
taking campaigns.

D.4 FTPCs gas system

Each FTPC is equipped with a simple separate gas system as shown in figure D.6.
FTPCs are supplied with fresh Ar/CO, gas mixture. The total gas flow is of order

Ar  CO,
|

mixture

2 frrrC

Fig. D.6: Schematic layout of the FTPC gas system.

of 100 1/h (13 — 15% of the detector volume per hour). Overpressure sensors are
installed in the gas inlets of the chambers to measure FTPCs gas overpressure with
respect to the atmospheric pressure.

Due to safety reasons concerning the use of open **! Am sources in the drift
velocity monitors (see section D.5), only about 10% (10 1/h) of the total flow is
directed to the drift velocity monitor. The circulation through the drift velocity
monitor as well as oxygen sensor (see Fig. D.7) is forced by a small pump. The needle

=,
FTPC 2 | vgen| O

sensor

Fig. D.7: Schematic layout of the measurement point “O” (oxygen content monitoring),
common for FTPC-1, FTPC-2 and FTPC-3.

valve between the monitor and the pump reduces pressure fluctuations caused by
pump membrane rotation cycles. A glass tube flowmeter is used to monitor the
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approximate gas flow through the drift velocity monitor. The oxygen sensor is
located in a junction of output pipes from all FTPC drift velocity monitors. The
oxygen content is measured in each FTPC independently and the decision about for
which TPC the oxygen content is measured, is obtained by using three three-way
valves. The indication of the valve setting is registered automatically with inductive
Sensors.

D.5 Drift velocity monitoring

The drift velocity monitoring system is part of a bigger system called the Detector
Control System (DCS). Values of the measured drift velocity and other important
parameters from the whole detection system, in particular TPCs and gas system (e.g.
temperature, pressure, drift voltage, oxygen and water content) are registered and
sent to the data storage together with physics data.

Drift velocity is measured in a small drift monitor consisting of a drift chamber,
three wire counters and two 24! Am sources. Figure D.8 presents a schematic design
of the drift velocity monitor. Two alpha sources (**! Am) face the two wire detectors:

Detector #1 Detector #2
+V +V
readout [) readout [) Detector #3

Drift voltage | = 4y

cathode - -«

( ) 1 Y —_—_—— T]\

L
o source readout readout
(*'Am)
< 10 cm > < Tcm 25 cm)

Fig. D.8: Schematic layout of the drift velocity monitor. Updated figure from [83].

#1, so-called far detector, and #2, so-called close detector. When one of the sources
emits an « particle, it is registered by the far or by the close counter. a particle
ionises the gas mixture not only inside a cell of close/far wire detector, but also in
the drift chamber, which is built with two PCB boards segmented into 1.8 mm wide
strips, perpendicular to the longer edge of the chamber, connected consecutively
to each other via voltage divider. The drift voltage cathode and strips shape the
electric field inside the drift chamber. Ionisation electrons travel through the drift
chamber towards the last wire detector #3, so-called pick-up. Signals in the pick-up
are registered after some drift time (f, if the a particle has triggered the close
counter and f; —if the far counter). Signals from wire counters are amplified by a
charge pre-amplifier and digitised by an oscilloscope (Picoscope 3406D; 200 MHz; 1
GS/s). The waveforms are sent along with the results of the gas temperature and
atmospheric pressure measurements (as presented in panels b and c of Fig. D.4)
to the DCS, see Fig. D.9. The drift time measurements and knowledge of the
distance between the close and far counters, s =10 cm) are used for the drift velocity

calculation: s

(%)) (Dl)

:tf_tc.
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Fig. D.9: Diagram presenting the information flow within the drift velocity monitoring
system.

The values of the drift velocity strongly depend on electric field, E and density of the
gas mixture, which depends on pressure and temperature. The NA61/SHINE TPCs
and the drift velocity monitors are placed in the conditions of stabilised temperature.
Still, the pressure cannot be controlled and it follows changes of the atmospheric
pressure, which can change by several per miles within several hours in case of
fast weather changes. The drift field and gas density can be combined into reduced
electric field: T
E=E-—, (D.2)
p
where T is the temperature in Kelvin, p is the pressure. In the NA61/SHINE,
pressure is normalised to p = 1000hPa and temperature to T = 20°C. For the gas
mixtures used in NA61/SHINE the drift velocity is almost linear function of reduced
field as presented in the left panel of Fig. D.10. Any non-linear contribution to
the drift velocity on the reduced electric field dependence is taken into account
by the so-called E/p calibration, which is performed at least once per week during
data taking period. It is based on systematic scan (~ 10 measurements) of the drift
velocity as a function of E (see left panel of Fig. D.10). For each consecutive pair of
points value of:

Av AE
o&v,2e (D.3)
v E
is calculated (see right panel of Fig. D.10) and fitted with 3" order polynomial
= 3
Av AE ~
/== = - (E)", D.4
S F LSO (D.4)

where the value of f; =1 is fixed. This calibration is used to calculate the so-called
normalised drift velocity, vp  , and then also the one in a given TPC, vp_,.. The
value of vp  is calculated for each single drift velocity measurement, vp , as

meas 4
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Fig. D.10: Example of the drift velocity as a function of reduced field and E/p calibration
scan in MTPC-L during “Be+°Be high beam momenta data-taking campaign.

follows:
2+z

= vaeas ) 2—z ’ (DS)

Dnorm
where the parameter z is derived:

Enorm - Emeas

Z = — — .

(Enorm + Emeas)/2

3 = = i
i B B } , D)

i=0

The vp,,. is calculated in similar way. The measured vp isscaled to the conditions
in a given TPC:

2+2,
v =v . ) D.7
Drpc Dineas 2 — Z5 ( )
with the z parameter, obtained with the normalised reduced electric field:
Evorm — E > (Eporm+ Erec)
Zy= — norm — - TPC Zﬁ ( norm . TPC) ' (D.8)
(Enorm + ETPC)/z i=0

For the gas mixtures used in NA61/SHINE the drift velocity is almost proportional
(thus sensitive) to the gas density changes. Therefore, if the normalised conditions
of p and T are assumed, very accurate information about the gas mixture composi-
tion can be extracted via calculation of the normalised drift velocity. For example,
changes of order of 0.01% of the CO, content in the gas mixture modify the nor-
malised vp by about 0.013 cm/ps in the NA61/SHINE VTPCs and by about 0.019
cm/ps in the NA61/SHINE MTPCs. Example of the time dependence of various
kinds of the drift velocity is presented in panel a of Fig. D.4). The red curve repre-
sents the vp  measured by the drift velocity monitor included in the VTPC-1 gas
circulation circuit during “Be+°Be high beam momenta data taking campaign. The
Vp,p. calculated for the VTPC-1 in this period is shown in the blue colour, while
calibrated vp_ , — with the green. All the three curves evince clear anti-correlation
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with the atmospheric pressure, while p increases the drift velocities drops. The black
line in figure D.4, exhibiting the constant time dependence, presents values of the
Dyorm? indicating stable gas composition, in the period of the measurements.

The plot presented in the panel c of Fig. D.4 demonstrate that, there were severe
problems with the temperature stabilisation around the NA61/SHINE TPCs in 2011.
Instability of the temperature in this period was compensated with the adjustments
of the drift field in the drift velocity monitors (see panel d of Fig. D.4). The interval
of the drift field difference was calculated using the E/p calibration.

The drift velocity units in MTPCs, VTPCs and GapTPC and readout system were
inherited from the NA49 experiment. The monitors are still operational. The readout
of the drift velocity monitoring systems was upgraded in 2014, which enhanced the
measurement precision from several percents up to few per milles (precision of 1%o
is achievable). Thereafter, three new measuring units with complete readout chain
were installed at the NA61/SHINE in 2016. Their technical design was based on
reverse engineering of the NA49 units. They monitor the drift velocity in FTPCs.



Acronyms

ADC
ALICE
ATLAS
BNL
BPD
CEDAR
CERN
CFD
CMOS
CMS
CP
DCS
DRS
ECR

EPOS

FPGA
FTPC
GapTPC
GEANT
HG
HIJING
HR
HRG
HV
LEIR
LHC
LHT

Analog-to-Digital Converter

A Large Ion Collider Experiment

A Toroidal LHC Apparatu$ experiment

Brookhaven National Laboratory

Beam Position Detector

Cherenkov Differential Counter with Achromatic Ring Focus
European Organization for Nuclear Research
Constant-Fraction Discriminator

Complementary Metal-Oxide-Semiconductor technology
Compact Muon Solenoid experiment

Critical Point

Detector Control System

Domino Ring Sampling

Electron Cyclotron Resonance

Energy conserving quantum mechanical multiple scattering
approach, based on Partons, Off-shell remnants and
Splitting of parton ladders model

Field-Programmable Gate Array
Forward Time Projection Chamber
Gap Time Projection Chamber
GEometry ANd Tracking simulation platform
Hadron Gas

Heavy-lon Jet Interaction Generator
High Resolution
Hadron-Resonance Gas

High Voltage

Low Energy Ion Ring

Large Hadron Collider

Liquid Hydrogen Target



LINIAC
LS2
MAPD
MC
MFT
MHTDC
MTPC
MWPC
NA49

NA61/SHINE

NOvA
PMT

PS

PSB
PSD
QDC
QGP
RHIC
RST
SAVD
SMES
SPS

SR

T2K
Target IN
Target OUT
TDC
ToF

tof
ToF-F
ToF-L
ToF-R
TPC
TRB
UrQMD

Linear Accelerator

Long Shutdown 2

Micro-pixel Avalanche AhotoDiodes
Monte Carlo

Magnetic Field Tracker

Multi-Hit Time Digital Converter
Main Time Projection Chamber
Multi-Wire Proportional Chamber
49th experiment in CERN North Area

61°t experiment in CERN North Area/SPS Heavy Ion and
Neutrino Experiment

NuMI Off-axis v, Appearance experiment
Photomultiplier

Proton Synchrotron

Proton Synchrotron Booster
Projectile Spectator Detector
Charge-to-Digital Converter
Quark-Gluon Plasma

Relativistic Heavy Ion Collider
Right-Side Track

Small Acceptance Vertex Detector
Statistical Model of the Early Stage
Super Proton Synchrotron
Standard Resolution

Tokai to Kamioka experiment
target inserted

target removed

Time-to-Digital Converter
Time-of-Flight detector

Analysis method based on time-of-flight measurement
Forward Time-of-Flight detector
Left Time-of-Flight detector

Right Time-of-Flight detector
Time Projection Chamber

Trigger Readout Board

Ultra-relativistic Quantum Molecular Dynamics model



VTPC Vertex Time Projection Chamber

WDXRF Wavelength Dispersive X-Ray Fluorescence
WLS Wave-Length-Shifter

WST Wrong-side track
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