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Abstract

In this thesis the effect of feeddown contributions from short lived resonances on the simultane-
ous blast-wave description of particle spectra and elliptic flow is studied. Two different version
of the blast-wave model, called the boost and fos model, were used to fit data from heavy ion
collisions at \/syn = 11.5,200 and 2760 GeV.

The results from the simultaneous fits using the fos blast-wave model show that feeddown con-
tributions have only a small effect on the shape of the particle spectra and the elliptic flow.
To improve the descriptions of pions at low transverse momenta the same fits were performed
using the boost blast-wave model which was then able to properly describe the entire pion spec-

trum for the first time while also describing the other particles just as well as the fos model.

Zusammenfassung

In dieser Arbeit wird der Effekt von feeddown von kurzlebigen Resonanzen auf die simultane Be-
schreibung von Teilchenspektren und elliptischem Fluss mit dem blast-wave Modell untersucht.
Dafiir werden zwei verschiedene Versionen des blast-wave Modells, bezeichnet als boost und fos
Modell, verwendet um Daten von Schwerionenkollisionen bei /syy = 11.5,200 und 2760 GeV
zu fitten.

Die Ergebnisse des simultanen fits des fos blast-wave Modells zeigen, dass die Beitrdge von
feeddown nur einen kleinen Einfluss auf die Form der Teilchenspektren und den elliptischen
Fluss haben. Um eine bessere Beschreibung des Pionen Spektrums zu erhalten wurden die sel-
ben fits ein weiteres mal mit dem boost blast-wave Modell durchgefiihrt, wodurch es nun zum
ersten mal moglich war das komplette Pionen Spektrum zu beschreiben wéhrend alle anderen

Teilchen noch genau so gut beschrieben wurden wie mit dem fos Modell.



Contents

Introduction

1.1 The Quark-Gluon Plasma (QGP) . . .. ... ..

1.2 QGP in Heavy ion collisions . . . . . ... .. ..
1.2.1  Space-time evolution of the QGP . . . . .
1.2.2  Centrality of the collision. . . . . . . . ..

1.2.3 Experimental observables . . .. ... ..

The Blast-wave model and feeddown

2.1 History of the blast-wave model . . . . . . .. ..

2.2 Blast-wave model for an elliptic freeze-out-surface

2.3 The boost blast-wave model . . . . . .. .. ...

2.4 Calculating feeddown contributions . . . . . . . .
2.4.1 Feeddown contributions to particle yields .

2.4.2 Feeddown contributions to elliptic flow . .
Feeddown for different flow velocities

Simultaneous fits with feeddown
4.1 Simultaneous fits using the fos blast-wave model .
4.2 Simultaneous fits using the boost blast-wave model

4.3 Comparison of fos and boost blast-wave models .

Conclusion and Outlook

Bibliography

10

12

16
16
25
30

38



1 Introduction

The European Organization for Nuclear Research (CERN) is home to the world’s most powerful
particle accelerator, the Large Hadron Collider (LHC) specifically designed to find evidence
for the Higgs boson [1, 2] and study physics beyond the Standard Model [3].

To do this four different particle detectors have been set up in four separate locations of the
accelerator ring: ATLAS, LHCb, CMS and ALICE.

A Large Ion Collider Experiment (ALICE) is a dedicated heavy-ion particle detector designed
to study a state of strongly interacting matter created after the collision of heavy nuclei known
as the quark-gluon plasma in which quarks and gluons are quasi deconfined and is believed to
be the state the universe was in shortly after the Big Bang [4]. Interactions within this state
of matter are predominantly strong allowing one to gain deeper insight into the theory of the
strong interaction, namely the theory of Quantum Chromo Dynamics, and the evolution of the
early universe by studying it. Due to the short lifetime of this state of matter one has to rely
on indirect signatures to study the early stages of the QGP. For this reason, various properties
of the QGP are being studied including the transverse momentum spectra of different particles
which provide information about the system when it reaches kinetic freeze-out as well as the
elliptic flow vy describing the anisotropic flow of the medium [5, 6].

One of the models used to describe these hadron spectra is the blast-wave model [7, 8], it is able
to describe the hadron spectra of different particles and provides information on the collective
radial velocity as well as the kinetic freeze-out temperature of the quark-gluon plasma and is
also used to describe the elliptic flow of different particles [6, 9, 10]. The main assumptions made
by this model are local thermal equilibrium and a radial expansion of the medium boosting the
individual thermal sources as well as instantaneous freeze-out in radial direction.

Although this blast-wave model is frequently used to describe particle spectra [5, 11-13] a
proper physical interpretation of the resulting fit parameters requires multiple particle spectra
to be described simultaneously. In these previous studies the blast-wave model was not able
to describe the spectra of pions properly especially at lower transverse momenta which is why
pions are excluded from most of these fits. These differences at low pr are usually attributed

O or p — mm where the

to feeddown from resonance decays i.e. decays of the form n — 7t 7~
measured particles are produced in secondary decays and not in the thermal source itself and
as such aren’t described by the blast-wave model.

In this thesis the effect of feeddown on particle spectra and the elliptic flow vs is analyzed using
a modified version of the blast-wave model to perform simultaneous fits to particle spectra and
their elliptic flow v, for energies in the range of \/syy = 11.5 GeV — 2.76 TeV.

Additionally, a second modified version of the blast-wave model, called the boost blast-wave
model, is studied to see if it can provide a better description of the different particle spectra.
Before this is done, however, important properties of the quark-gluon plasma will first be
discussed after which a more detailed look into the different versions of the blast-wave model

and the calculation of feeddown contributions is taken in Chapter 2.



1.1 The Quark-Gluon Plasma (QGP)
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Figure 1: List of elementary particles in the Standard Model of particle physics [14].

In the Standard Model of particle physics the quarks are elementary particles carrying an
electric charge as well as one of three different color charges whose interaction with one another
is described by the theory of the strong interaction known as Quantum Chromo Dynamics
(QCD). This interaction is mediated by the exchange of gluons which also carry their own color
charge resulting in QCD being very different from Quantum Electro Dynamics (QED) in which
electrically neutral photons are exchanged.

This has as a consequence that quarks cannot occur freely in nature since the strength of the
strong interaction increases when trying to pull the individual quarks apart forcing them to be
confined within hadrons that appear to be colorless to the outside [15].

At sufficiently high temperatures or densities, however, particles are packed together so tightly
that the individual quarks aren’t able to distinguish which of the different quarks was their
initial 'partner’ anymore resulting in a strongly interacting state of matter known as quark-
gluon plasma in which quarks and gluons are freed from confinement [16].

Since these high energies densities rarely occur naturally an intense experimental effort was
required to be able to properly study its properties leading to the construction of particle
accelerators that are able to collide heavy nuclei at very high center of mass energies allowing

one to finally reach the energy densities needed to form the QGP.



1.2 QGP in Heavy ion collisions

1.2.1 Space-time evolution of the QGP

Ultra-relativistic heavy ion collisions are a great experimental tool to create and study the QGP

under controlled conditions allowing us to probe the matter at different stages of its evolution.

A Freeze-Out

Figure 2: Space-time evolution of ultra-relativistic heavy-ion collisions [17].

In Figure 2 one can see the space-time evolution after the collision of heavy ions which can be
split up into different stages:

1.) Immediately after the collision in the pre-equilibrium phase the quarks and gluons are
completely liberated until the quarks and gluons start to rapidly thermalize creating the QGP.
2.) After this initial thermalization the QGP begins to expand and cools down until the
chemical freeze-out temperature of approximately 155 MeV [18] is reached at which point the
inelastic reactions cease and the particle yields from the thermal source are fixed.

3.) The hadron gas then continues expanding until it reaches its kinetic freeze-out temperature

where the elastic reactions cease as well and all particles now freely stream to the detectors.

1.2.2 Centrality of the collision

Since we are looking at the collision of two nuclei which naturally are extended objects it is
necessary to take the collision geometry into account.

Due to their high speed the nuclei are Lorentz contracted along the beam axis which makes
them appear flat in the laboratories frame of reference. The nuclei can overlap almost com-
pletely for a head-on collision with a high number of participating nucleons or just have a very
slight overlap for peripheral collisions and a low number of participating nucleons.

These geometric properties are described by the centrality which is divided into several different

intervals between 0-100% with smaller percentages describing more central collisions.



1.2.3 Experimental observables

In this thesis we are interested in two different experimental observables, the first one being
the transverse momentum spectra of the individual particles. These are of particular interest
since their behavior at low pp reflects the properties of the bulk medium at kinetic freeze-out
which makes it possible to study its collective behavior.

It is expected that, if the fireball after the collision contained a QGP, the pressure gradients
would lead to a collective radial expansion. To extract information on the radial flow velocity
and the temperature of the medium theoretical models have to be used to describe the hadron
spectra which in our case will be the so called blast-wave model that will be discussed further
in the following chapter 2.

It was previously mentioned that the collision does not necessarily need to be perfectly central
resulting in an almond-shaped overlap region of the nuclei i.e. an initial spatial azimuthal
anisotropy which develops into a momentum anisotropy over time and can then be measured
as an azimuthal anisotropy in particle production [19]. This anisotropy can be expressed by
the coefficients of the Fourier expansion of the azimuthal dependence of the particle yields [20]

where the elliptic flow is defined as the second of these Fourier coefficients:

d*N 1 &N

Bp EppoTdy(l + D 2uncos(n(e — ¥)) (11)

n=1

E

where U, denotes the reaction plane angle which can either be measured directly or indirectly
requiring it to be estimated using other means that are explained in more detail in [21].
Measurements of this elliptic flow are an important probe for the early stages of the collision
since the momentum anisotropy of the system mostly develops at this stage. In addition, the
elliptic flow gives insight into the thermalization process since a large vy indicates that the
particles took part in the collective flow. Furthermore, the measured elliptic flow provides an
estimator of the thermalization time scale since delayed thermalization would lead to a decrease
of the initial spatial deformation due to free-streaming and as such would decrease the elliptic
flow [22].



2 The Blast-wave model and feeddown

2.1 History of the blast-wave model

The blast-wave model is a theoretical model developed in 1993 by Schnedermann et al [7, 8] to
describe the measured hadron spectra from heavy ion collisions.
In this model it was assumed that all particles are produced from a Boltzmann distributed

thermal source with the following transverse velocity profile:

Br(r) = Bs (%)n (2.1)

with the radial distance r from the center of the fireball with radius R, the surface velocity [,
and the parameter n to vary the form of the profile.
The resulting particle spectrum is then given as the superposition of the individual thermal

components boosted with the boost angle p = tanh™!(8r):

dn R pr sinh(p) mr cosh(p)
[ e (P (1) o

where both Iy and K; are modified Bessel functions, py the transverse momentum and mq the
transverse mass given as mp = \/W with rest mass m.

Here T = T};, describes the kinetic freeze-out temperature since this model describes the fixed
hadron spectra post freeze-out and assumes an azimuthally symmetric freeze-out surface.
This model already provided a good description for different hadron spectra using the kinetic
freeze-out temperature Ty;, and the strength of the radial flow as the only two parameters.
This parametrization, however, only described central collisions and was modified in [23] to take
the azimuthal modulation of the collective radial flow into account deriving a compact formula
for vy in the process and was then generalized even further in [9] by adding an additional
parameter s, to describe the variation of azimuthal density in the source element which then

lead to the following formula for the elliptic flow:

[27 dgy cos(2¢5) In(€,) Ki(Em) (1 + 255c08(26%))

Vo\PT ) = o 2.3
(pr) Jo " dos Io(&) Ki(&m) (1 + 255c08(2¢%)) 23)

with
&(02) = Trsinh(p(6,)  Em(90) = Trcosh(p(,) (24)

and ¢y, ¢, describe the azimuthal angle in coordinate or momentum space respectively.

This formula has been used successfully by the STAR collaboration to fit the measured elliptic
flow data [24] providing a good description for hadrons at varying center-of-mass energies.

In [25] a radial dependence of the flow velocity was then introduced into the expression for vy

which will be further generalized in the description used in this thesis as seen in the next section.



2.2 Blast-wave model for an elliptic freeze-out-surface

In this thesis we use a compact formula for the elliptic flow vy and the particle yield as presented
in [26] where an elliptical freeze-out surface was assumed with the boost-vector of a source
element ¢, perpendicular to the elliptical sub-shell it is found on, as suggested in [27].

These are described with the angles ¢5 and ¢, as illustrated in Figure 3.
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Figure 3: Elliptical freeze-out surface illustrating the angles ¢s and ¢,[26].

The position of a source element is then described by introducing the variables 7 and ¢:

z = R, cos ¢, y = R, sin ) (2.5)

with R, and R, describing the radii of the ellipse along the x- and y-axis.
This then gives the following relations for the different angles:
2

tan ¢, = gg tan ¢y = % tan & (2.6)
y

With this the invariant particle yield averaged over the azimuthal angle ¢, is then:
1 21

1 dN .
rdr [ do I Ki(én 2.7
o o [ 77 [ 46 (g Ka6) 2.7
0 0
where both &/, are the same as above with the radial velocity profile:
p = p(7, @ = 7 (po + p2 cos(2¢n,)) (2.8)
, . b1
op = ¢p(¢) = arctan (g—z tan gb) + L% + §J7T (2.9)

and |z | denotes the greatest integer less than or equal to x.
From this an expression for the elliptic flow can then be obtained by taking the average of

cos(2¢,) over the azimuthal particle distribution:

Jo 77 Jy" A6 cos(260) 15 (&) K (6m)
Jrrdr [T To(&p) Ko (Em)

va(pr) = (2.10)



2.3 The boost blast-wave model

In addition to the previous version of the blast-wave model which will simply be referred to as

the fos model (Freeze-out-surface) we also want to make use of a different model that doesn’t

explicitly reference any specific freeze-out surface following [28].

In this case we make use of the Lorentz invariance of d®p/E and assume that in the rest frame

of the source, labeled as d®p*/E*, the momenta of the particles are thermally distributed.

A particle with four-momentum p in the rest frame has the energy E* = p - u which gives us:
d*N d*N

E By E* i x p-ue P (2.11)

with the four velocity of the fluid cell u.
The contribution of all source elements can then be added up by integrating over both the
longitudinal space-time rapidity n and their transverse positions described by 7 and q5 assuming

longitudinal boost invariance:

d3N 1 27 R R [e’s)
E— / 7 dr ) d(b/ dn p - ue P (2.12)
0 0 -

The integration over the particle azimuthal angle ¢, and space-time rapidity n can then be

performed analytically and finally leads to the invariant yield:

1
27pr dedy

2
/ 7 di / 46 Tlenh (&) K1 (En) — &L (E)Ko(€n)]  (2.13)
From this we can then once again derive a formula for the elliptic flow:

JErdR 27 A cos 205[21(60) Ko (Em) + Emla(€5) K1 (€m) — EpT1(€5) Ko(Em)]
Jo i 77 e [Eno(&5) K (Em) — EpT1 () Ko (€m)]

Unlike the previous model this version of the blast-wave model now takes particles that are

v2(pr) = (2.14)

emitted into the opposite direction of the thermal source into account which should possibly
allow one to get a better description of the pions at low pr.
From now on this version of the blast-wave model will be referred to as the boost model to

make it easier to distinguish the two versions from one another.



2.4 Calculating feeddown contributions

As discussed in the previous section, the blast-wave model describes the particle yields one
would measure if all particles freely stream to the detectors post freeze-out. This obviously is
not the case though since a lot of the particles decay in the time it takes for them to reach the
detectors affecting the measured particle yields especially for lighter particles which are at the
end of most decay chains e.g. pions.

In this section we want to describe the method used to determine the feeddown for both the

transverse momentum spectra and the elliptic flow vy for all particle species.

2.4.1 Feeddown contributions to particle yields

Our goal is to determine the feeddown for some particle species that we’ll label with d.
To do this we consider a mother particle m that is able to decay to d and define f™¢ to
describe the feeddown contribution of one mother particle species m to the daughter particle d

allowing one to write the total feeddown for a certain pr as:

falpr) = " (pr) (2.15)

m

by summing over all possible mother particles m.
If we assume the total number of mother particles to be N, we can define the particle yield:
dN,,
fm(Pr) = == 2.16
)= Goudi| (2.16)

Each of these mother particles has a certain transverse momentum pr and can then decay to
our particle of interest d with a transverse momentum pr resulting from the decay process.

m=d(pp, pr) that describe the normalized invariant yield of the

We now define decay maps g
daughter particle d as a function of both the transverse momentum of the mother pr and the

daughter pr. Using this we can then write the feeddown contribution of a mother m as:

S pr, pr) = "7 (pr, Br) f2 (Br) (2.17)

where fPr™ is the particle yield of the primary mother particles.
To get the total feeddown from the mother particle m we then simply have to integrate over

all possible transverse momenta pr of the mother:

(e e}
£ = [ g n ) 7 ) (218)
0
To determine the feeddown contributions of the different particles we need a way to calculate
the decay maps ¢™~%(pr, pr).



To do this the Pythia 8 [29, 30] event generator has been used to simulate the decays of the
mother particles considering all particles up to a mass of 2 GeV/c? [28]. They are uniformly
distributed with rapidities in the range y,.. = £ 1.2 and pr from 0 to 20 GeV /c considering
only decays of particles with a lifetime c¢r < 1fm.

The decay map of a daughter particle d from a mother m can then be written as:

i e [ 0 A o
g T, PT () g Y dprdydprdy|,_,’ |

where f9¢"(pr) is the generated flat pr spectrum of the mother particle.

All decay particles from this simulation are then put into a histogram counting the number
of daughter particles with transverse momentum pr from a mother particle with transverse
momentum pr as shown in Figure 4 for the case of n to 7~ decays.

n from n decays Counts

) n
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Figure 4: Exemplary histogram depicting the number of 7~ created from 7 decays.

To calculate the feeddown at the pr from one mother for a specific daughter particle we now get
the number of decay particles at pr from mothers with pr using the respective histogram and

pT?ﬁT)-
As shown in equation (2.17) we then need to calculate the particle yield of the primary mother

m—>d(

divide this value by the yield of the generated mother particles with pr to get the g

particle which is done using the formula of one of our two blast-wave models.
We assume these particle yields to be proportional to the equilibrium densities:

_ 9 27 M\ /T,
n; = ﬁTchmi KQ(T'—Ch)GM h (220)

of a particle species ¢ with mass m; in a non-interacting hadron gas at temperature T, and with
spin degeneracy ¢; which is why the particle yields from the blast-wave model are normalized
using these particle densities with 7, = 155 MeV and assuming that u ~ 0.

m=d(pr, pr) and normalized fP"™(pr) the feeddown of a single mother

Using the calculated ¢
species j can then be calculated using equation (2.18) by repeating this process for all transverse
momenta pr of the mother particle. To get the total feeddown all contributions of the different

mother particles are then added up as seen in equation (2.15).

9



2.4.2 Feeddown contributions to elliptic flow

In the case of elliptic flow (v5) we take a look at the difference of the azimuthal angles A¢p =

Om — ¢q of our mother m and decay particle d and use this to define:

_ dg™ " (pr, pr)

h(A = 2.21
( ¢,PT7]9T) dA p ( )

With this we can then write:

ST AN cos(280)h(AG, pr, )
f027r dAd) h(A¢a P, ﬁT)

Using the elliptic low vy of the mother particle then allows one to calculate the vy of the

(2.22)

(cos 2A¢>>m_>d(pT, pr) =

daughter particle using:

_ [ dpr gmﬁd(pmﬁT)f%”m(ﬁT)Ume(ﬁTxCOS 20¢)™(pr, pr)
[ dpr g™ pr, pr) f " (Pr)

m—d

vy (pr) (2.23)

where v (pr) is the calculated elliptic flow of the primary mother particles.
We see that to determine the feeddown contributions to the elliptic flow we need another two-

pr, Pr).-
To get these, another set of histograms, using the exact same simulated decays as above,

dimensional map (cos 2A¢)™ 4 (pr, pr) similar to the decay maps g™ %(

was created in which each of the decay particles were weighted with cos(2A¢) or in this case
cos(2¢4), with the azimuthal angle of the decay particle ¢4, since the azimuthal angles of the
mother particles in these simulated decays were set to be ¢, = 0. In Figure 5 one can see the

two-dimensional map of (cos(2A¢)) from the same 7 to 7~ decays as before.

(cos(2A¢)) of & from m decays
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Figure 5: Exemplary histogram of 7~ from 7 decays weighted with cos(2A¢).
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The total feeddown to a daughter d at a certain pr can then simply be calculated using:

_ Zm fmﬁd(pT) "Hd(PT)
22PT) = i )

The process to calculate the feeddown contributions to the elliptic flow is then summed up.

(2.24)

Once again the normalized particle yield of the primary mothers fP(pr) and their elliptic

flow vf" Zm(

m—>d<

pr, ﬁT)
is then determined just like before and we find the (cos(2A¢))™~%(pr, pr) using the respective

pr) is calculated using the formulas from our blast-wave model. The ¢

two-dimensional map. With all of these values the feeddown contribution to the elliptic flow
can then be calculated using (2.23) by once again repeating this for all possible transverse
momenta pr of the mother. The total feeddown contribution is then given as the sum over all
possible mother particles using (2.24).

From this we see that the calculation of the feeddown contribution to the elliptic flow gives one
all the necessary values to determine the feeddown to their particle yields making it easy to
calculate both the feeddown for particle yields and elliptic flow v, at the same time.

Both two-dimensional maps for g™ (pr, pr) and (cos(2A¢))™ 4 (pr, pr), provided by [28], are
only calculated once before the actual fit of our spectra which then always use the same maps
for all of the different fits that were done.

For these fits one naturally needs the total particle yield and elliptic flow since the experimen-
tal data measures both primary particles from the thermal source and those from feeddown
contributions. These totals are simply the sum of both feeddown and primary contributions

and are calculated with:

tot(pT) pmm T) +me—>d(pT) (2'25)

) = P ()T () + 3, f 7 pr)vy = (pr)
> T () + 30, S (pr)

(2.26)
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feeddown &+ / primary m*

7t+

feeddown &+ / primary

3 Feeddown for different flow velocities

Before any fits including feeddown contributions are performed, the behavior of feeddown as a

function of pr for different flow velocities is studied. Since pions are the lightest hadrons they

are expected to be affected by feeddown the most which is why the following studies will be

performed with 7+ particles as an example.

To do this the ratio of 7% from 7, p and A decays to primary 7" from the thermal source are

plotted for various flow velocities. This is done using the fos version of the blast-wave model by
setting Ty, = 0.096 GeV, R, /R, = 0.829, p, = 0.0 —0.12 and varying p, in the range [0.0, 1.2].
The results are plotted in Figure 6 for all of the three particles separately along with the sum

of all three particle contributions.
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Figure 6: Ratio of 7+ from feeddown decays to primary 7" from the thermal source.

The ratios show a strong dependence of the feeddown contributions on the different flow ve-

locities. At higher flow velocities the feeddown gets boosted to higher values of pr flattening

the curve in the process. Additionally, the feeddown from p decays clearly dominate for the

feeddown contributions compared to those from n and A decays which mostly contribute at

very low pr.
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Figure 7: Ratio of 7 from feeddown decays to primary 7+ from the thermal source.

In Figure 7 the exact same graphs are plotted again, this time restricted to a pr range up to 4
GeV/c since this allows one to get a better look at the effects of the A and 1 decays. This pr
range also gives better insight into the effect the feeddown has on the particle spectra since it
covers the pr range at which the particle spectra for pions are measured.

The feeddown from 7 and A decays only have significant contributions at pr < 0.5 GeV/c
where they increase the ratios by approximately 0.2 while the rest of the pr range is dominated
by feeddown from p decays.

Naturally not all of the feeddown contributions come from p, n and A decays, hence the same
ratio of feeddown to primary particles for all mother particles with a rest mass less than 1.3
GeV/c? is plotted in Figure 8. Additionally, the ratio of primary 7* to total 7T, i.e. the sum
of primary and feeddown, is shown in Figure 9. Here the maximum rest mass of the mother
particles was set to 1.3 GeV/c? to make sure that the majority of particles that decay to pions

are considered while keeping the computing time reasonably low.
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Figure 8: Ratio of 7+ from feeddown decays to primary 7" using the fos model.
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Figure 9: Ratio of total number of 7 to primary 7" using the fos model.

From these, one can see that including more mother particles only changes the shape of the
ratios slightly while the behavior for different flow velocities stays the same with both of the
plotted ratios becoming increasingly flat functions of pr with higher flow velocities.

In conclusion, the effect of feeddown strongly depends on the respective flow velocity. Since
higher flow velocities lead to flatter ratios it is expected that feeddown contributions have less
of an effect on the shape of the particle spectra in this case.

Since all of the previous feeddown calculations used the fos blast-wave model it is necessary to
take a look at the exact same feeddown ratios using the boost blast-wave model. The results for
the feeddown ratios from mother particles with rest masses lower than 1.3 GeV/c? are shown
in Figure 10 and 11.
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Figure 10: Ratio of 71 from feeddown decays to primary 7" using the boost model.
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Figure 11: Ratio of total number of 7 to primary 7% using the boost model.

Comparing these ratios with those calculated using the fos model one can see that both look

very similar and also show very similar behavior for increasing flow velocities. The ratios from

the boost blast-wave model differ the most at low pr < 1 GeV/c especially for higher flow

velocities, possibly improving the description of the low pr pion spectrum.

Due to the same behavior of the ratios at different flow velocities for both models, all of the

properties that have been studied using the fos blast-wave model also apply to the feeddown

calculated using the boost blast-wave model.
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4 Simultaneous fits with feeddown

Using the methods described in chapter 2 the simultaneous fits can now be performed. In order
to study the effects of feeddown and see how blast-wave fits including feeddown contributions
differ from those without, various different fits were performed. At first only the fos blast-wave
model is considered, simultaneously fitting spectra and elliptic flow for different center of mass
energies. For the data analysis the object oriented data analysis framework ROOT [31] was
used to perform fits that minimize the x? values using Minuit [32]. All of the fits were done
using a GUI which allows one to choose data for different energies and centralities for each

individual particle with data provided by an additional tool from [33].

4.1 Simultaneous fits using the fos blast-wave model

The first fit was done for data at the center of mass energy /syy = 2.76 TeV at mid-centralities
of 30-40%, if available, otherwise the next closest centrality was used. The exact data and
centralities used are listed in Table 1 along with the fit ranges of every particle.

The fit ranges were chosen such that the effect of jet contribution, which get more relevant with

higher transverse momenta pr, is minimized by setting the maximum pr to:
P = emoy™ M 4+ 1.0 GeV/c (4.1)

with the particle rest mass my and ™% = (0.68.

T K D 0] Q D° d J/ T
dN/dpr reference [34] [34] [34] [35] [36] [37] (38, 39]  [40] [41]
Centrality (%) 30-40 30-40 30-40 30-40 20-40 30-50 20-40 20-40 0-100
Vsnvn (TeV) 2.76 2.76 2.76 2.76 2.76 2.76 2.76 5.02 2.76
vq reference [42] [42] [42] [42] [42] [43] [39] [44] [45]
Centrality (%) 30-40 30-40 30-40 30-40 20-40 30-50 20-40 20-40 5-60
Vsnn (TeV) 2.76 2.76 2.76 2.76 2.76 2.76 2.76 2.76 5.02

pr fit range (GeV/c) [0.1,1.4] [0.1,1.5] [0.1,1.9] [0.1,1.9] [0.1,2.6] [0.1,2.7] [0.1,2.7] [0.1,3.9] [0.1,9.8]

Table 1: List of used particle data and their respective centralities and energies.

One can see that almost all data was available for /sy = 2.76 TeV Pb-Pb collisions except for
the J /1 particle spectrum and the T elliptic flow where the data at 5.02 TeV was used. All of the
particle spectra were then normalized to their integral and the systematic and statistical error
of each data point was added in quadrature. Figure 12 shows the results of the simultaneous
fit for both particle spectra and elliptic flow. The particle spectra plots depict the ranges of
the data points used in the simultaneous fit as solid red lines with the predictions from the
resulting fit parameters, listed in Table 2, shown as dashed gray lines. The plots for the elliptic
flow similarly depict the range of the fitted particle as a solid colored line with predictions as
dashed lines. In this case, however, all lines have the same color as their respective data points

to make it easier to distinguish them from one another.

16



2.76 TeV Pb-Pb collision

2:_| LI T T T '_::_l T T '-I‘ | T T T | T _:f_ T T T T T T T T |_:
- 1& T 4F pluradicition ¢ I d :
15014 30-40% 30-40% 20-40%
i -f
C ] + L 1 :
05 T 7, T .
I I o I N A AN A TN N N | I T R R A S R S N
_| | [T T ] | T T T | T T T | T __l T T T T | T T T T | T ]
; ] K ] o 7 Jy ]
Ty 1 L 30-40%_|| 20-40% | 20-40% |
‘-:; i i T 5.02 TeV i
3 ) 4 T ]
g~ 0-51 u A T ]
g - N - -
Z [ ] N I+ ]
] 0—_ e . :_ e — - — - =
_I | | | | | | | | | | | 1 | | _| | | | | | [ | | | |
I T T T T L L L L
I 30-40% || | 30-50% | 0-100% |
0.5/ 4+ 1 -
0_ 'l¢._‘_ B — e, ——
I | | PRI N | Lo ey _| R N AN N R N N |
o 1 2 39 2 4 0 5 10
P, (GeV/c)
TTA[T T T T T T /T T T T
JL / J1
10 P {WMV il
10 @ ;‘“ H { { i
1t / / ]
4t Jv J / 1t
LN / / 4t
1t b /
11 f// / ]
11 /7
I [ B I I_ :| TR T S NN TR T NN R N R B I l: :| ! ! ! | ! 1 L [
0 1 2 3 4 0 2 4 6 8 5 10
P, (GeV/c)

Figure 12: Top: Results of the simultaneous fit for normalized particle spectra using the fos

blast-wave model. Bottom: Corresponding fit results for the elliptic flow.
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Starting from the fits for the particle spectra one can immediately see that most of these spectra
are described really well, especially the K, p, ¢, D° and deuterons where all fits describe most
data points within their error bars and only a few show deviations slightly greater than one
sigma. There are significant deviations of several sigma for the predictions of Q, J/¢) and T
where slightly different centralities were used which would at least explain minor differences.
Since the T spectrum was measured at minimum bias it is also not unexpected that the pre-
diction is not able to describe the data since the fitted particles only used data at centrality
30-40% giving predictions for this centrality.

Looking at the pion spectrum one can see that even when considering feeddown contributions
there are still deviations of approximately two sigma at pr < 0.5 GeV/c although it was be-
lieved that these deviations are mostly a result of feeddown contributions [6].

The plot for the elliptic flow also shows a good description for almost all particles at low pr with
deviations smaller than one sigma for all data points. It is not expected that the blast-wave
model is able to properly describe the elliptic flow at higher pt since the effect of jet contri-
butions, which are not considered by the blast-wave model in any way, dominates at these
transverse momenta. The only particles with slightly larger deviations are the J/¢) which are
still described decently when taking the errors into account and the deuterons which are not
necessarily expected to be described since they consist of a proton and a neutron making them
very different from all the other particles considered here that are only made up of quarks.
This fit allows one to easily see whether or not the fos blast-wave model with feeddown is able
to describe both particle spectra and elliptic flow properly for all particles and pr ranges. To
further study the effect of feeddown, additional fits that do not take feeddown contributions
into account are performed. The resulting fit parameters for fits with- and without feeddown
are listed in Table 2 along with the fitted particles. For comparison the same fits excluding
the pions was listed as well to see how much of an effect the pions have on the resulting fit

parameters when feeddown is considered.

\/SNN — 2.76 TeV Tkm (GGV) Lo P2 Rm/Ry

m, K, p with feeddown 0.096 £ 0.014 1.180 £ 0.040 0.075 £ 0.007 0.829 £ 0.008
m, K, p without feeddown 0.106 £ 0.000 1.125 £ 0.005 0.079 + 0.001 0.831 % 0.001
K, p with feeddown 0.135 £ 0.007 1.080 £ 0.016 0.097 £ 0.006 0.833 £ 0.004
K, p without feeddown 0.123 £ 0.006 1.079 £ 0.016 0.091 £ 0.006 0.832 = 0.004

Table 2: Fit parameters from fos blast-wave model fits at \/syny = 2.76 TeV with- and without

feeddown and in- or excluding pions.

Comparing the different values of p, and R, /R, one can see that they only change a little when
feeddown is considered while the kinetic freeze-out temperature Ty, and flow velocity pg in- or
decrease slightly. In addition, the fits excluding the pions now show an even larger change of

the fit parameters then without feeddown contributions.
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Since lighter particles are affected by feeddown the most only the particle spectra for pions,
kaons and protons will be compared. As can be seen in Figure 13 the difference of fits with-
and without feeddown is marginal. To properly visualize the effect of feeddown in detail, the
ratio of primary particles from the thermal source and the total particle number i.e. the sum

of both feeddown and primary particles is plotted as well.

2 76 TeV Pb-Pb collision

2__ ___ e ;
—. F ﬂ 0-30%F 0-30% - 0-30% -
S 1.5 11 L K T P
S ¢ "{‘ it - -
= LA E AN T ;
S ki A i N . i
2055 \ T/ '\.“_ E /M\'\& E

C a / 1 ]
07:::::::W_:::::::::W_:’f:::::::::::w

2 _] e

0-30% 0-30% - 0-30%
1.5 + T K r P

©
i

dN/dp_ (GeV/c)"
!l_l_l_l_l-_l:l-l T | TTTT | T
.—-’F#

o

|

[
[

—
"
|
T
T
|

primary / total
o
<

\ X

0l_‘__L_1_J__L_l_J__L_J__I__|._J__I__L_J__|__1__ IJ__L_J__L_J__I._J__I__1__I__l__l__l_J__L_J__L_;-IJ__L_J__L_J__I__J__I__l__l__l__l__l_J__L_J__L_;
0 1 2 3 0 1 2 3 0 1 2 3
P, (GeV/c)

Figure 13: Effect of feeddown on pion, kaon and proton particle spectra at /syny = 2.76 TeV.
Top: Feeddown fits. Middle: Non-feeddown fits. Bottom: Ratios of primary to total particles.

The ratio of primary to total particles is a relatively flat function of pr which only results in
minor changes of the spectral shapes. This agrees with the results of Chapter 3 where the effect
of feeddown is expected to be small for higher flow velocities like the ones here. Looking at the
ratio of pions at lower pr though, a small peak of approximately 5-10% is visible and as such

should affect the description of the low pr pions if only a little bit.
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In Chapter 3 it was shown that the feeddown strongly depends on the flow velocity. In lower
energy collisions this flow velocity is lower, hence the effect of feeddown contributions will be
studied in more detail for lower energies at /syy = 200 GeV and /syy = 11.5 GeV.

The used data is once again listed in Tables 3 and 4 for energies of 200 GeV and 11.5 GeV
respectively, along with the used centralities and fit ranges which have been calculated using
equation (4.1) just like before. All of the data was normalized to their integral with quadratic
addition of statistical and systematic errors just like in the previous case.

One of the important changes that have to be considered at lower energies is that differences
for particles and anti-particles are to be expected [46] due to baryon stopping effects. For this

reason all of the following fits will only consider particles although they will still only be labeled
as e.g. w for 7~ etc.

x K p p ) Do d Iy = K? A A,
dN/dpr reference [47] [48] [47] [49] [50] [51] [52] [53] [50] [50] [50] [54]
Centrality (%) 20-40 20-40 20-40 30-40 20-40 20-40 20-40 20-40 20-40 20-40 20-40 10-80
vy reference [55] [55] [55] [55] [55] [56] [57] [58] [55] [55] [55] n/a
Centrality (%) 0-30 0-30 0-30 0-30 0-30 10-40 0-80 10-40 0-30 0-30 0-30 n/a

pr fit range (GeV/e) [0.1,1.1] [0.1,1.5] [0.1,1.9] [0.1,1.9] [0.1,2.6] [0.1,3.0] [0.1,27] [0.1,39] [0.1,2.2] [0.1,1.5] [0.1,2.0] [0.1,3.1]

Table 3: List of used data and centralities from 200 GeV Au-Au collisions.

T K p 0) Q d E K? A
dN/dpr reference [59] [59] [59] [60] [60] [52] [61] [61] [61]
Centrality (%) 30-40 30-40 30-40 30-40 0-60 20-40 30-40 30-40 30-40
vy reference [62] [62] [62] [62] [62] [57] [62] [62] [62]
Centrality (%) 10-40 10-40 10-40 10-40 10-40 0-80 10-40 10-40 10-40

pr fit range (GeV/c) [0.1,1.1] [0.1,1.5] [0.1,1.9] [0.1,1.9] [0.1,2.6] [0.1,2.7] [0.1,2.2] [0.1,1.5] [0.1,2.0]

Table 4: List of used data and centralities from 11.5 GeV Au-Au collisions.
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Figure 14: Results of the simultaneous fit of particle spectra and vy at /syny = 200 GeV.
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Unlike the previous fits, all of the fits done for /syy = 200 GeV and 11.5 GeV now consider
pions, kaons, protons, phi and lambda particles in the fit using the fit ranges as listed in the
tables above.

Starting with the fit at higher energies i.e. at 200 GeV, one can see in Figure 14 that especially
the spectra of the lighter particles are described within the error bars for most data points with
only a few showing deviations between one and two sigma. Unlike the previous fit at 2.76 TeV,
the pion spectrum is now described without any significant deviations.

The A, J/1, D° and deuterons are described at higher pr with large deviations for pr < 2 GeV/c
of up to four sigma for most of the data points except for the .J/¢ which show significantly larger
deviations. Similar to the deuterons where a proper description is not necessarily expected,
it is also not known whether the D° and J/v should be able to be described by the blast-
wave model since they include heavier charm quarks whose thermalization is still a subject of
current research [63]. The elliptic flow shows a very similar behavior with well described flows
for lighter particles at low pr showing less than one sigma deviation from the fit and only the
previously mentioned particles, which also show deviations for the particle spectra, once again
show deviations of two to three sigma.

All in all a good description of both particle spectra and elliptic flow is possible with the fos
blast-wave model at \/syny = 200 GeV.

From the resulting fit parameters listed in Table 3 one can see that they show a very similar
behavior as in the previous case with p, and R, /R, being almost identical and T, and po in-

or decreasing slightly for the different fits.

Vsny = 200 GeV Tyin (GeV) 00 02 R./R,

7w, K, p, ¢, A with feeddown 0.122 £ 0.000 0.899 + 0.000 0.044 4+ 0.000 0.907 £ 0.000
m, K, p, ¢, A without feeddown 0.115 + 0.000 0.897 4+ 0.002 0.042 £+ 0.000 0.908 + 0.000
K,p, ¢, A with feeddown 0.139 £+ 0.001 0.835 £+ 0.002 0.051 + 0.000 0.912 4+ 0.001
K, p, ¢, A without feeddown 0.128 4+ 0.001 0.848 + 0.003 0.047 + 0.000 0.909 4+ 0.001

Table 5: Fit parameters from fos blast-wave model fits at

feeddown and in- or excluding pions.
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Figure 15: Results of the simultaneous fit of particle spectra and vy at \/syy = 11.5 GeV.

23



Continuing with the fits for data at 11.5 GeV shown in Figure 15, one can see that a similar

behavior to the previous fits is found. The majority of particle spectra are described by the fits

with deviations smaller than one sigma for most data points with only a few points at pr < 1.5

GeV/c showing larger deviations of one to three sigma for 7, A and = particles.

Unlike the previous fit at 200 GeV, the pion spectrum once again shows some deviations for

lower pr here. They are, however, only slightly greater than one sigma and as such not that

significant when compared to those from the 2.76 TeV fit. The fit of the elliptic flow agrees

with the data at low pr for basically all of the considered particles except for the deuterons

which, as was mentioned before, are not necessarily expected to be described properly.

The resulting fit parameters listed in Table 6 show the exact same behavior when feeddown is

included as those from previous fits with only slight changes for all of them.

\/SNN — 11.5 GeV Tkm (GGV) Lo P2 Rx/Ry

7w, K,p, ¢, A with feeddown 0.127 £ 0.000 0.626 £ 0.002 0.038 4+ 0.001 0.831 4 0.002
m, K, p, ¢, X without feeddown 0.122 + 0.000 0.619 4+ 0.001 0.037 £ 0.001 0.833 + 0.002
K,p, ¢, A with feeddown 0.157 £ 0.001 0.520 £ 0.003 0.044 4+ 0.002 0.792 4+ 0.006
K, p, ¢, A without feeddown 0.146 £+ 0.000 0.524 £+ 0.001 0.040 £+ 0.000 0.791 4 0.001

Table 6: Fit parameters from fos blast-wave model fits at \/syy = 11.5 GeV with- and without

feeddown and in- or excluding pions.
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4.2 Simultaneous fits using the boost blast-wave model

As shown in the previous two sections, feeddown contributions only have a small effect on the
shape of the particle spectra. Due to this a different approach to improve the description of
the pion spectrum had to be found which is why a different version of the blast-wave model,
the boost model, was formulated. To allow for a direct comparison of the results from the fits
using the fos and boost blast-wave models the exact same data and fit ranges that were listed
in Table 1, 3 and 4 are used for the following boost model fits.

In Figure 16 the results of the boost blast-wave fit at 2.76 TeV is shown for both the particle
spectra and elliptic flow with the resulting fit parameters listed in Table 7.

A/SNN — 2.76 TeV Tkm (GGV) Lo P2 Rx/Ry

7, K, p with feeddown 0.097 £ 0.000 1.356 £ 0.001 0.097 & 0.001 0.788 4 0.001
7, K, p without feeddown 0.095 + 0.001 1.192 + 0.009 0.086 4+ 0.002 0.814 =+ 0.003
K, p with feeddown 0.142 4+ 0.007 1.244 £+ 0.017 0.140 £+ 0.010 0.774 4+ 0.005
K, p without feeddown 0.114 £ 0.005 1.104 £+ 0.014 0.098 4+ 0.006 0.824 4+ 0.004

Table 7: Fit parameters from boost blast-wave model fits at /syy = 2.76 TeV with- and

without feeddown and in- or excluding pions.

One can see that the fit parameters with feeddown are now more different compared to before.
Unlike the fos blast-wave model where both ps and R, /R, were very similar for the different
fits, one can now see that p, increases and R, /R, decreases for the fits including feeddown.
The fit results shown in Figure 16 show good descriptions of most particle spectra with the
only exceptions being the same particles that could not be described completely using the fos
version either. The most notable difference is that the pion spectrum is now described over the
full pr range, including, for the first time, very low pr values. Compared to the deviations of
approximately two sigma from the fos blast-wave fit the boost blast-wave model now gives a
description which only deviates by slightly more than one sigma at most.

The elliptic flow of the different particles shows a similarly good description with most fits still
describing the data within the errors with some data points which now show deviations slightly
larger than one sigma. To get a better look at the differences of the two different blast-wave

models a more direct comparison will be done in section 4.3.
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2.76 TeV Pb-Pb collision
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Figure 16: Results of the simultaneous fit of particle spectra and v, using the boost blast-wave
model at /syy = 2.76 TeV.

26



200 GeV Au-Au collision
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Figure 17: Results of the simultaneous fit of particle spectra and v, using the boost blast-wave

model at /syy = 200 GeV.
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Figure 18: Results of the simultaneous fit of particle spectra and v, using the boost blast-wave

11.5 GeV Au-Au collision

model at /syy = 11.5 GeV.
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For both fits using the boost blast-wave model at /syy = 200 GeV and /syy = 11.5 GeV

shown in Figure 17 and 18 one sees that the fits using the boost blast-wave model resemble

the fos fits. Most particle spectra show the same deviations they did for the fos blast-wave

model fits while only showing small differences which will be looked at in more detail in section

4.3. The only major difference of the fit using the boost blast-wave model is once again the

description of the pion spectra. The fit of the pion spectrum at 200 GeV now shows a much

more pronounced peak while the fit at 11.5 GeV is now able to describe the spectrum within

the errors while the fit with the fos model showed deviations greater than one sigma.
The resulting fit parameters are listed in Table 8 and 9 for 200 GeV and 11.5 GeV respectively,

showing changes of 10-20% for most of the different parameters.

Vsny = 200 GeV Trin (GeV) 00 P2 R./R,

7, K, p,é, A with feeddown  0.126 & 0.000 1.007 + 0.002 0.052 + 0.000 0.884 + 0.000
7, K,p, 6, A without feeddown 0.103 + 0.000 0.978 4 0.002 0.043 + 0.000 0.897 + 0.000
K,p, ¢, A with feeddown 0.141 £ 0.001 0.941 £ 0.005 0.061 £ 0.001 0.888 £ 0.001
K, p, ¢, A without feeddown 0.113 £ 0.001 0.920 & 0.002 0.048 &= 0.000 0.900 £ 0.001

Table 8: Fit parameters from boost blast-wave model fits at /syny = 200 GeV with- and

without feeddown and in- or excluding pions.

Vsny = 11.5 GeV Trin (GeV) 00 P2 R,/R,

7. K,p, 6, A with feeddown  0.129 & 0.000  0.696 «+ 0.002 0.043 + 0.001 0.808 + 0.002
7, K, p, &, A without feeddown 0.118 + 0.000 0.636 + 0.001 0.034 4 0.001 0.794 + 0.003
K,p, ¢, A with feeddown 0.163 £ 0.001 0.566 & 0.004 0.041 £+ 0.003 0.739 £+ 0.008
K, p, ¢, A without feeddown 0.142 £+ 0.001 0.538 = 0.003 0.032 &= 0.002 0.739 £ 0.007

Table 9: Fit parameters from boost blast-wave model fits at \/syny = 11.5 GeV with- and

without feeddown and in- or excluding pions.
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4.3 Comparison of fos and boost blast-wave models

For a direct comparison of the two different models both fits using the fos and boost blast-wave
models are now drawn in a single plot. In addition, the same fits in- or excluding pions are also
drawn to check what kind of effect the pions have on the fits.

Unlike the prior plots the following comparisons do not depict the fitted ranges in the graph
since they are the same as before for all of the different fits and do not provide any additional

information for the comparison.

2.76 TeV Pb-Pb collision
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Figure 19: Comparison of fit results for particles spectra from the simultaneous fit for both fos

and boost blast-wave models and in- or excluding pions at /syy = 2.76 TeV.
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2.76 TeV Pb-Pb collision
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Figure 20: Comparison of the elliptic flow v, resulting from the simultaneous fit for both boost

and fos versions of the blast-wave model in- or excluding pions at /syy = 2.76 TeV.
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The most significant change for the particle spectra, shown in Figure 19, is that the description
of the pions improves significantly when using the boost blast-wave model compared to the fos
version. For all the other particles the differences are only minor where the greatest differences
are shown by those particles which already show larger deviations from the data.

The elliptic flow of the different particles is almost identical at low pr for the lighter particles
and splits up more with increasing mass. For the particles with higher masses one can also
see that this splitting leads to the development of a constant elliptic flow covering increasingly
higher ranges of pr if the pions are included in the fit.

As a conclusion one can see that the boost blast-wave model including feeddown is able to
describe the pion spectrum properly while the description of all other particles is just as good

as it was using the fos model.

\/SNN = 2.76 TeV Tkm (GGV) Lo P2 Rm/Ry

fos with m 0.096 + 0.014 1.180 £ 0.040 0.075 £ 0.007 0.829 £+ 0.008
fos without 7 0.135 £ 0.007 1.080 £ 0.016 0.097 £ 0.006 0.883 £ 0.004
boost with m 0.097 £+ 0.001 1.356 £ 0.001 0.097 £ 0.001 0.788 &+ 0.001

boost without 7 0.157 = 0.010 1.237 £ 0.013 0.143 £ 0.012 0.773 £ 0.006

Table 10: Fit parameters for boost and fos blast-wave model at /syny = 2.76 TeV.

Comparing the fit parameters of the boost and fos blast-wave model listed in Table 7 one
can see that the boost blast-wave model gives higher values for p, and p, resulting in higher
flow velocities. One can also see that the shape of the freeze-out surface is more elliptic when
the boost blast-wave model is used since R, /R, decreases. Finally, while the boost blast-wave
models describes the pions significantly better when they are included in the fit, one can see
that their inclusion still has a significant effect on all of the parameters. Especially the kinetic
freeze-out temperature is expected to be much lower when pions are included, decreasing by
about 30% for the fos model and 40% for the boost model.
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Figure 21: Comparison of fit results for particles spectra from the simultaneous fit for both fos

and boost blast-wave models and in- or excluding pions at /syy = 200 GeV.
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200 GeV Au-Au collision
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Figure 22: Comparison of the elliptic flow v, resulting from the simultaneous fit for both boost

and fos versions of the blast-wave model in- or excluding pions at \/syy = 200 GeV.
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11.5 GeV Au-Au collision
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Figure 23: Comparison of fit results for particles spectra from the simultaneous fit for both fos

and boost blast-wave models and in- or excluding pions at /syy = 11.5 GeV.
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Figure 24: Comparison of the elliptic flow v, resulting from the simultaneous fit for both boost

and fos versions of the blast-wave model in- or excluding pions at /syny = 11.5 GeV.
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Both of the comparisons at /syny = 200 GeV and /syy = 11.5 shown in Figure 21, 22, 23
and 24 show very similar behaviors which is why both of them will be discussed here together.
Just like for the fit at /syn = 2.76 TeV all particle spectra with fits that do not deviate much
from the data show very similar descriptions for both the fos and boost blast-wave model. The
particle spectra that change the most when different blast-wave models are used are those where
less points of data are available giving them greater freedom in the fit. Focusing specifically on
the pion spectra their description once again improves for 11.5 GeV while the peak for the fit
at 200 GeV becomes more pronounced.

The elliptic flow also shows the same behavior as before with very similar fits for both models
at low pr splitting up more with increasing particle mass. Comparison of this splitting for the
different center of mass energies shows that it is larger for higher collision energies.

In Table 11 and 12 the fit parameters are listed once again showing very similar behavior for
the different fits as they did for the fits at \/syy = 2.76 TeV. The parameters of the 200 GeV
fit show much smaller changes since, unlike the other two fits, the fos blast-wave model was

already able to describe the pion spectrum decreasing the effect of the boost model.

\/SNN = 200 GeV Tkm (GGV) Lo P2 Rm/Ry

fos with 7 0.122 £ 0.000 0.899 £ 0.000 0.044 4+ 0.000 0.907 %= 0.000
fos without 7 0.139 + 0.001 0.835 4+ 0.001 0.051 £+ 0.000 0.922 + 0.001
boost with m 0.126 + 0.000 1.007 4+ 0.001 0.052 4 0.000 0.884 + 0.000

boost without 7 0.141 £ 0.001 0.941 £ 0.005 0.061 £ 0.001 0.888 £ 0.001

Table 11: Fit parameters for boost and fos blast-wave model at /syny = 200 GeV.

Sy =115 GeV Ty, (GeV) 00 P2 R,/R,

fos with 7 0.127 £ 0.000 0.626 £ 0.002 0.038 £ 0.001 0.831 £ 0.002
fos without 7 0.157 4= 0.001 0.520 & 0.003 0.044 £ 0.002 0.792 £ 0.006
boost with 0.129 4 0.000 0.696 + 0.002 0.043 £ 0.001 0.808 4+ 0.001

boost without 7 0.163 £ 0.001 0.566 £ 0.004 0.041 £ 0.003 0.739 £ 0.008

Table 12: Fit parameters for boost and fos blast-wave model at /syny = 11.5 GeV.
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5 Conclusion and Outlook

In this thesis the effect of feeddown from resonance decays was studied using two different
versions of the blast-wave model, namely the fos and boost models. From simultaneous blast-
wave fits to particle spectra and elliptic flow it was found that the ratio of primary to total
particles is a relatively flat function in transverse momentum (pr) and as such has only a minor
effect on the shape of the particle spectra and the elliptic flow v,. For this reason all of the
fits done at \/syn = 11.5,200 and 2760 GeV using the fos model look very similar to the fits
where feeddown is not considered while only slightly affecting the resulting fit parameters. This
means that all previously done fits that do not take feeddown contributions into account still
give a good description of the particle spectra and elliptic flow.

Performing the exact same fits using the boost blast-wave model then made it possible to
describe the pion spectra at low pr showing an improved description of pion spectra for all
different collision energies that were considered here. Comparison of the fits using the fos
and boost blast-wave model showed that the boost model improved the description of the pion
spectra while all the other particle spectra are mostly unaffected. With this it was shown
that the boost blast-wave model including feeddown contributions is finally able to describe the
deviations of pion particle spectra at low pr which have usually been assumed to be caused
mostly by feeddown effects.

Although the boost blast-wave model allows for a much better description of the pions, there
are still deviations for some of the other particles. The most significant deviations are shown by
J /1 and D° particles which consist of heavier charm quarks of which it is not known whether
they fully thermalize and also deuterons which are a molecular-like state of hadrons since they
consist of both a neutron and a proton. This makes these particles very different from all the
other particles that were considered here which is why a perfect description of these particles
is not necessarily expected.

In all of the fits presented in this thesis it was assumed that the particle yields are proportional
to the equilibrium densities in a non-interacting hadron gas. Here the Boltzmann approximation
was used, possibly allowing for a better description of the different particles if a bose-distribution
is used for the mesons and a fermi-distribution is used for the baryons. In addition, it was also
assumed that the chemical potential u =~ 0 which is only a reasonable assumption for higher
energy collisions as shown in [64]. Consequently, using a non-vanishing chemical potential for
lower energy collisions could lead to an improvement of the description of the particle spectra.
Finally an analysis of the differences between particles and anti-particles could prove to be
interesting since a difference in their behavior is expected at lower energies and all of the

results presented here only considered particles.
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