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Abstract

Our goal is to set the first step towards a microscopic model of Quark Gluon Plasma (QGP). QGP
is a state of matter where quarks and gluons, which are normally bound inside hadrons, attain a quasi-
freedom. Quarks and gluons are the fundamental constituents of Quantum Chromo-dynamics (QCD).

Our approach to this goal is to use simulations to try to recreate QGP-like effects observed experimen-
tally in pp collisions. Specifically, we try to test whether we can qualitatively reproduce the multiplicity
dependence found experimentally in the baryon over meson transverse momentum spectra. We hypoth-
esize that we can do this by introducing color reconnection (CR) in a model called Pythia. The Pythia
model uses simulations to describe the final state products from particle collisions.

We used Pythia 8.2 [1] with the Monash tune [2]. We varied three parameters; CR (on or off), the
type of QCD used (hard or soft), and the center-of-mass energy (7 TeV or 13 TeV). For each combination
of these parameters we simulated roughly 2 % 10° events. We then focused on the transverse momentum
spectra for various particle types and their ratios (p/m, A/K?, and A./D°).

In our results, we found that CR introduced a multiplicity dependence in the baryon over meson ratio
transverse momentum spectra for light flavors. The effect qualitatively agreed with the effects observed
experimentally in pp collisions. We were unable to reach a similar conclusion for charm flavor due to a
lack of statistics.

We conclude that CR is a highly promising candidate for capturing QGP-like effects in simulations of
pp collisions.
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1 INTRODUCTION 1

1 Introduction

In 2005, physicists at the Relativistic Heavy Ion Collider (RHIC) first saw experimental evidence of the
long-theorized existence of the quark gluon plasma [3], QGP for short. This extremely hot and dense form of
matter, whose behavior seems to resemble that of a liquid, is characterized by the deconfinement of quarks
and gluons. Quarks and gluons are normally bound strongly together by the strong force, confining them
inside hadrons. Under the extreme circumstances of QGP however, they attain quasi-freedom.

The study of QGP can provide numerous valuable insights. It might allow for a deeper understanding
of the mechanisms of flavor and quark confinement. Moreover, it could provide a window into the state of
matter in the early universe, just after the Big Bang |4, Sec 1.1].

At the Large Hadron Collider (LHC), the QGP is primarily being studied by colliding lead (Pb) ions.
These ions are quite heavy, and a collision between two of them will likely result in a highly energetic event
with large multiplicity. From lattice QCD we know that an environment with such high energy density and
temperature is perfect for the creation of QGP.

A lot of research has gone into trying to describe the behavior of the QGP in Pb-Pb collisions. There
are numerous methods for studying the properties of the QGP. Some involve probing the QGP with jets of
particles produced in the collision. Another method is to compare the statistical properties of the produced
particles, such as the momentum distribution, to a control-case in which no QGP is produced. Historically,
pp collisions have played the role of such a control case. Lead ions and protons are much alike, in the sense
that one can think of lead as being a large collection of protons. The difference between the two lies in the
fact that proton-proton collisions have a much smaller scale than Pb-Pb. Because of this, the assumption
was originally made that the QGP would not be formed in pp collisions.

As a result of all these experiments, we have gained an excellent description of the macroscopic qualities
of the QGP. Most notably, it has been found that the macroscopic behavior of QGP can be described by
using hydro-dynamical models [5]. Such models describes the collective flow of the particles.

What we lack, however, is a microscopic description of the QGP. While we can recognize the presence
of the QGP by looking at the collective behavior of particles, we don’t know how this emergent behavior
follows from that of individual particles.

One of the largest problems with describing QGP from the basis of individual particles, is the sheer
size of the system. Pb-Pb collisions can produce many thousands of particles. Even with supercomputers,
simulating all of these particles interacting with one another on such a scale, and repeating that simulation
numerous times, is highly infeasible. In addition, making calculations from first principles is notoriously dif-
ficult in this regime. Ideally, we would like to have an example of QGP occurring in a much smaller system,
that is easier to simulate.

A recent shift of paradigm within the field of particle physics might be the key to enabling such an
approach. Over the past few years, several studies have pointed out that some effects indicative of the
presence of QGP can also be observed in proton-proton collisions [6]. It is currently challenging to confirm
that these effects are indeed caused by the presence of QGP. Nevertheless, this research certainly challenges
the previously widely held conviction that pp collisions are incapable of producing QGP.

The details of what constitutes these ’QGP-like’ effects will be discussed in section [2| For now, we will
suffice with an abbreviated explanation.

In a droplet of QGP, there is an extremely large pressure gradient. This gradient causes the particles in
the droplet to be propelled outwards explosively. This expansion has the effect of a common velocity boost on
all particles. Such a boost can be seen back in the transverse momentum spectra of the final state particles.
Transverse momentum spectra can be thought of as the probability-density distribution for a particle to be
created with a specific transverse momentum.

Because of various effects, different final-state particles are affected by this boost in differing degrees.
Specifically, baryons (hadrons that consist of three quarks) are affected differently compared to mesons
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(hadrons that consist of a quark and an anti-quark) of the same flavor. Furthermore, it turns out that the
size of the boost due to the expansion of the QGP depends on the multiplicity of the event.

In the end, one way to identify the presence of the common velocity boost is by looking at the multiplicity
dependence of the ratio of the transverse momentum spectra of baryons and mesons with the same flavor.

Such a multiplicity dependence of the baryon over meson ratio transverse momentum spectra has been
observed experimentally in pp collisions. This is the QGP-like effect mentioned earlier. Though it seems
indicative of some sort of common velocity boost being applied to the particles, we can not definitively con-
clude that this boost is caused by QGP.

These QGP-like effects experimentally observed in pp collisions provide us with a new opportunity.
Unlike Pb-Pb collisions, pp collisions have a relatively small scale. If we can identify the set of parameters
that allows us to capture QGP-like effects in a simulation of pp collisions, that could form the first step
towards creating a microscopical model of QGP.

In this paper we will use pre-existing models of pp collisions as our basis. The details of the software
and parameters that we use is described in section [3]

In addition to a fairly standard setup for simulating pp collisions, we look towards one parameter in
particular to provide us with the QGP-like effects observed experimentally. This parameter is the one that
turns on color reconnection, abbreviated CR.

Details on what CR is and how it works can be found in section |3 There as well, we explain the effects
we expect it to have.

One effect we expect to observe by turning on CR is an increase in the average transverse momentum of
final state particles. We furthermore expect that this increase will be more significant for higher multiplicities.

This expectation of a multiplicity-dependent increase in transverse momenta is the main reason we want
to study the effects of CR. Our hope is that this effect can play the role of the multiplicity-dependent common
velocity boost due to the expansion of the medium of QGP. That would mean that CR might replicate the
QGP-like effects observed experimentally in pp collisions.

In summary, we would like to find which set of simulation parameters allows us to replicate the QGP-
like effects in experimental data for pp collisions. Specifically, we would like to know whether the addition
of CR to a standard pp simulation can be used to qualitatively reproduce the curves found experimentally
for the transverse momentum spectra of the baryon over meson ratios for particles of various flavors.

Our hypothesis is that CR will introduce a multiplicity-dependent boost to the transverse momenta of
final state particles. We furthermore expect that this boost will affect the baryon over meson ratio transverse
momentum spectra in a way that qualitatively agrees with the multiplicity-dependent shift in the baryon
over meson ratio transverse momentum spectra observed experimentally in pp collisions.

In section [2| we will elaborate on the experimental background of our research. Next, in section 3| we
will go into the details of the way we conduct our simulations and the way we analyze the simulation data.
Following that, the results of these simulations will be discussed in section [d] We state our conlusions in
section 5.1} Finally, in section we reflect on our research, and discuss future possibilities.
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2 Experimental background

At the LHC, particles are collided with one another at near-light velocities to study the behavior of matter
under extreme conditions. One of the types of particles used is lead ions. Collisions between two lead ions
are denoted as Pb-Pb, A-A, or lead-lead collisions.

The particles that emerge from such collisions are reconstructed and identified using the data from the
numerous detectors surrounding the collision point. The information accumulated in this way over the course
of many events can then be used to extract statistical knowledge about the relations between observables.

One of the aspects of the event data that one can consider is the transverse momentum spectrum of
specific species of particles. This spectrum can be interpreted as a sort of probability density distribution
for the momentum of a particle of a specific species created from the collision. These spectra can then
be studied to draw various conclusions about the physics at play in that type of event. It is important
to note we are using the transverse momentum rather than the complete momentum. This is on purpose,
and standard practice. Momentum along the incident axis might be a ’leftover’ from the momentum of the
colliding particles. We can be certain however that any transverse momentum is due to the collision itself.
By omitting the part of the momentum along the incident axis, we focus ourselves on the quantity relevant
to describing the physics of the collision.

Examples of transverse momentum spectra can be seen in figure Each plot shows the transverse
momentum spectrum of a specific particle species, as measured from collision events between a proton and
a lead ion, denoted p-Pb. These events took place at a center of mass energy of 5.02 TeV. The differently
colored lines in each plot indicate the different multiplicities of the events. The word 'multiplicity’ in this
context refers to the number of particles produced in a given event. The red line at the top corresponds to
the highest multiplicities, while the blue one at the bottom corresponds to the lowest multiplicities. These
lines have been re-scaled with the factors mentioned in the bottom right of the figure so as to make them
not overlap.

As a side-note, the definition of multiplicity used in figure[I]is different from the definition of multiplicity
used in our research. Our multiplicity is defined as the number of particles created at central rapidity, i.e. in
the region of momentum space that corresponds to particles that have most of their momentum orthogonal to
the incident axis. Figure[Jon the other hand, defines multiplicity using VOM classes. These are linked to the
amplitude of signals from the VO solid state detectors in the forward rapidity regions. The forward rapidity
region is the part of momentum space that corresponds to particles that have most of their momentum along
the incident axis. Though these two definitions of multiplicity are to an extent analogous, they are not the
same. This means that while we might expect qualitative agreement between our results and the ones shown
in figure |1} we do not expect quantitative agreement.

The physically relevant thing to consider in figure [1|is the overall shape of the curves rather than their
precise values. The pr spectra appear to most resemble a Boltzmann distribution. They peak at low pr,
and have a long tail. Such a shape of the distribution is exactly what one would expect to follow from
thermodynamics.

Due to the different scales of the x-axes of these plots, it is not easy to directly compare the transverse
momentum spectra between different particle species. From the theory side however, we have a rough idea of
what to expect. If the particles are indeed Boltzmann-distributed, then the shape of the distribution will be
qualitatively the same for each species. However, the location of the peak scales with the mass of the particle.
Particles from a more massive particle species will reach their peak at a higher value of pr compared to less
massive particles.
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Another useful comparison to make using these spectra is the difference between proton-proton (pp)
and lead-lead collisions. Since lead ions consist of a large number of protons and neutrons, one can think
of lead-lead collisions as being similar to the combination of a large number of proton-proton collisions.
Suppose we were to assume these separate collisions don’t affect one another. In that case we would expect
to see the same transverse momentum spectra in Pb-Pb as observed in pp. In other words, we can expect the
transverse momentum spectra for both types of collisions to look quite similar to a first order of approximation.
Differences between the two are likely caused by additional effects related to the larger number of particles.

Figure [2] shows experimental data for the transverse momentum spectra of three particle species, m, K
and p respectively. The filled dots represent data from Pb-Pb collisions, and the empty dots represent data
from pp collisions. As noted in the figure, the normalization is arbitrary. The important part is the overall
shape of the spectra.

Immediately it is clear that there is a distinct difference between the spectra for lead-lead and proton-
proton collisions. In lead-lead, there are comparatively fewer particles at very low momenta. Overall, in
lead-lead collisions the spectra are harder; the average transverse momentum of the particles is higher in Pb-
Pb than in pp collisions. Both of these effects seem to be more extreme the heavier the particle is. Protons
are more affected than the lighter kaons, and kaons less than the even lighter pions. These differences have
long since been understood, and are well-explained. They can be related to the production of a quark gluon
plasma, and to the concept of radial flow.

Quark gluon plasma is known to be created only created under very extreme circumstances. It requires
a very large density and very high temperature. One example of a situation in which QGP is thought to have
been created is in the very early universe, just after the Big Bang. Another example is a Pb-Pb collision at
the LHC.

The extreme heat and particle density present in a droplet of QGP give rise to a extremely high pressure
gradient. Due to this gradient, the medium formed by the QGP rapidly expands, and drags the particles it
contains along with it. This results in a boost to the velocity of these particles. The collective flow of the
particles in the QGP medium can be described quantitatively using radial flow. Radial flow is an azimuthal
average of the flow velocity, which can in turn be defined based on the four-momenta of the particles in the
medium. Details of this description can be found in Heinz [g].

On theoretical grounds, we know that the boost due to the expansion of the medium is a common
velocity boost. This is not to say that each particle’s velocity will be boosted equally; the magnitude of the
added velocity might still depend on the position of the particle within the droplet. The word 'common’
here reflects the fact that particles on the same hyper-surface will receive the same boost to their velocity.
Importantly, the velocity boost explicitly does not depend on the particle’s mass. This means that heavier
particles will receive a comparatively larger boost to their momentum.

This boost is what causes the differences in shape between the transverse momentum spectra in Pb-Pb
versus pp collisions. The creation of an explosively expanding QGP in Pb-Pb collisions causes a common
velocity boost to the product particles. Particles at low pr will be lifted to higher pr. This explains both
the lower abundance of particles at low transverse momentum as well as the higher abundance of particles
at large transverse momentum. Overall the result is a hardening of the spectra.

The fact that the difference between Pb-Pb and pp collisions seems to be larger for heavier particle
species is also explained. The boost received is a common velocity boost. This means that heavier particles
will receive a comparatively larger boost to their momentum. The differences in the transverse momentum
spectra will therefore also be more pronounced.



2 EXPERIMENTAL BACKGROUND 5

Transverse momentum spectra of various particle species in p-Pb, split into
different multiplicities
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Figure 1: This figure consists of five plots, each for one particle species. From left to right, top to bottom they
are 7, p, K, A and K?. Each plot shows experimental data for the transverse momentum spectra for different
multiplicity ranges in p-Pb collisions. Each multiplicity range is given a different color. The red data-points
correspond to the highest multiplicity, while the blue data-points correspond to the lowest multiplicity. The
data from each multiplicity class is multiplied by a factor as listed in the lower right of the figure. This is
done so as to not have the data for different multiplicities overlap. The spectra appear to closely resemble
Boltzmann-distributions. Source: [7].
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Transverse momentum spectra for 7, K and p, compared for Pb-Pb vs. pp

/(-D\ 1 04 E 0 4 1+
= - TR B Pb-Pb\s, = 2.76 TeV, 0-5% centr.
C L -
D ET e, PPNS = 0.9Te
3 1 02 ;_ i)(?r3;;§;+++
= K Telde
>\ §_ 00022_%‘ o L—C%++—+—
© - l P mooo"’-— - —o— :*_+_+_ _+_
= i oo, —o— ++
Q. 1E o - .y +
T e
$ f | e . ]
- -* w .y,
2L -t o — +++—o—€’_ _Bbpb
1 O E - —0—++
- —0— —
_ Arbitrary Normalization \ pp
i | | | | |

'4 [ I | L1 1 I I | | | |
10 0 0.5 1 1.5 2 2.5 3

P, (GeV/c)

Figure 2: This figure shows experimental data for the transverse momentum spectra of 7, K and p. For each
particle species, there are two sets of data-points; the filled ones show data from Pb-Pb collisions with a high
centrality between 0% and 5%, while the empty ones show data from pp collisions. All these spectra have
been arbitrarily normalized. As indicated by the red arrows, significant differences are visible between the
data from pp collisions and those from Pb-Pb collisions. In Pb-Pb collisions there are fewer particles in the
very low pr range, and overall the spectra are harder. Source: [9] and [10]

Instead of looking at the transverse momentum spectrum of single particles, we can also consider the
ratio of their spectra. This will turn out to be useful in terms of observing the effects of QGP.

An example of these ratio spectra can be found in figure 3] The left-hand side plot shows experimental
data from pp collisions, while the right shows data from p-Pb collisions. In each plot, three ratios are
displayed. These are the ratios p/m, A/K? and A./D° respectively.

These ratios are not chosen randomly. Each is the ratio of a baryon over a meson of corresponding
flavor. A baryon is a particle consisting of three quarks, while a meson is a particle consisting of a quark and
an anti-quark. Protons and pions contain the light variety of quarks, called up and down. A. baryons and
DO mesons both contain the charm quark, which is far more massive. It will shortly become clear why these
ratios are chosen specifically.

It can be seen in figure [3| that the ratios show a distinct peak roughly around 2 GeV to 4 GeV pr.
The presence of these peaks can be explained by remembering that the single-particle transverse momentum
spectra are approximately shaped like a Boltzmann-distribution. The baryons, containing an extra quark, are
more massive than their same-flavor meson counterparts. Therefore, the peak of the Boltzmann-distribution
for the baryon lies to the right of the peak for the meson. The ratio of the two is very small around the pr
where the peak for the meson lies. However, around the p; where the peak for the baryon lies, the ratio
becomes very large. This results in the steep rise for the ratio at low pp. Once the transverse momentum
spectra for both particles have passed their peak, they gradually decline. Their ratio goes back to a lower
value, and then reaches a plateau. This can all be clearly observed in the figure.
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Experimental baryon over meson ratio spectra
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Figure 3: This figure shows experimental measurements of the pr spectra of the yield ratios of baryons over
mesons of corresponding flavors. It contains p/m as well as A/K? and A./D°. The ratios p/m and A/K?
for show a steep rise, followed by a peak around 2 to 4 GeV prp, after which they gradually decline again.
For A./D° there is not enough statistical data to conclude whether the spectra behave the same as for the
lighter flavors. Source: Figure taken from [11], with data from [12], [13], [14] and [15].

A peculiar feature of the baryon over meson ratio in Pb-Pb collisions is its dependence on event multi-
plicity. This feature is clearly illustrated in the right halves of figures [ and

The right half of figure [4|shows experimental data for the transverse momentum spectra of the p/x ratio
in Pb-Pb collisions. The red data-points represent a high event multiplicity, while the purple ones represent
low event multiplicity. It can be clearly seen that the spectra look different for the different multiplicities.
The peak for high multiplicity is higher, and occurs later than its low multiplicity counterpart. Figure
shows the same data for the A/K? ratio. The same effect can be observed here. The high multiplicity peak
is higher and later than the one for low multiplicity.

This phenomenon can be explained using the concept of coalescence. Coalescence is the process of the
combination of quasi-free quarks and anti-quarks to bind together in the form of baryons or mesons. This
process occurs at the outer edge of the QGP droplet in Pb-Pb collisions. It is part of the freeze-out process,
in which the final state hadrons from the collision are created.

Before the quarks coalesce, they are inside the QGP medium. There, they receive a common velocity
boost due to the expansion of th medium of the QGP. The additional momentum from this boost is carried
along with them until they coalesce into hadrons. These hadrons end up being the recipients of the extra
momentum provided by the boost.

However, not all particles are affected the same way by this mechanism. Baryons, containing three
quarks, are effectively boosted three times through this effect, while mesons on the other hand are only boosted
twice. This causes a hardening of the spectra of baryons compared to that of mesons. This comparative
hardening of the baryon spectrum causes a shift in the peak of the spectrum of the ratio of same-flavored
baryons over mesons.

The magnitude of this shift depends on the size of the common velocity boost, and therefore on the
pressure-gradient inside the QGP. It turns out that multiplicity is the relevant quantity to describe this. At
higher event multiplicities, particle density is higher. This higher density results in more QGP being formed,
with a larger pressure gradient. Therefore a higher multiplicity results in a larger common velocity boost,
and we see this effect back in the shape of the baryon over meson ratio spectrum.

What this means is that we can view the multiplicity dependent shift of the baryon over meson ratio
spectrum as another indication of the presence of QGP in the event. However, now we notice something
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p/7 ratio spectra in p-Pb and Pb-Pb, comparing high and low multiplicity
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Figure 4: This figure shows experimental data for p/7 transverse momentum spectra. The left plot shows
data from p-Pb collisions at 5.02 TeV, while the right plot shows data from Pb-Pb collisions at 2.76 TeV. The
red data-points in each plot correspond to a high event multiplicity, while the purple data-points correspond
to a low event multiplicity. In both plots there is a clear dependence of the p/7 ratio on the multiplicity. The
peak of the p/7 ratio shifts to the right and is higher for higher multiplicities. This shift is more pronounced
in the right-hand plot compared to the left-hand plot. That is to say, the multiplicity dependent shift seems
to be larger in Pb-Pb collisions compared to p-Pb collisions. Source: [7].

very peculiar. Similar multiplicity-dependent shift in the baryon over meson ratio spectra can actually be
observed for p-Pb, and even pp collisions.

In the left half of figure 4] we see experimental data for the p/m spectrum in p-Pb collisions. The red
data-points again show data for high multiplicity, while the purple data-points show data for low multiplicities.
Similar to Pb-Pb collisions, we see that ratio spectrum depends on the multiplicity. At high multiplicity, the
peak is higher and to the right compared the peak for low multiplicity. The effect is similar to that found
in Pb-Pb collisions, except it seems to be slightly less pronounced. The left half of figure [5| shows the same
multiplicity dependence for the A/K? ratio in p-Pb collisions. Here as well, the peak for high multiplicity
lies to the right and above the peak for low multiplicity.

Figure |§| considers experimental data regarding the p/7 and A/K? ratio spectra for pp collisions. The
left plot shows the p/7 ratio spectra, with the red data-points representing high multiplicity and the purple
data-points representing low multiplicity. Though the effect is far less pronounced than in Pb-Pb, we see
here as well that the ratio shows a dependence on multiplicity. For low multiplicity the peak lies at about 2
GeV pr, and has a value of the ratio of approximately 0.2. For high multiplicity we see that the ratio peaks
slightly after 2 GeV pr. Additionally, the value of the peak is close to 0.3.

In the right plot in figure |§| we see the A/K? ratio spectrum. Like in the left plot, the red data-points
represent high multiplicity while the purple data-points represent low multiplicity. Again, we see that the
ratio spectrum is multiplicity dependent in the same manner. For low multiplicity, the peak lies slightly
before 2 GeV pr, at a value of approximately 0.4. For high multiplicity however, the ratio peaks between 2
and 3 GeV pp, and its value goes up to approximately 0.6.
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A/K? ratio spectra in p-Pb and Pb-Pb, comparing high and low multiplicity
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Figure 5: This figure shows experimental data for A/K? transverse momentum spectra. The left plot shows
data from p-Pb collisions at 5.02 TeV, while the right plot shows data from Pb-Pb collisions at 2.76 TeV. The
red data-points in each plot correspond to a high event multiplicity, while the purple data-points correspond
to a low event multiplicity. In both plots there is a clear dependence of the A/K? ratio on the multiplicity.
The peak of the A/K? ratio shifts to the right and is higher for higher multiplicities. This shift is more
pronounced in the right-hand plot compared to the left-hand plot. That is to say, the multiplicity dependent
shift seems to be larger in Pb-Pb collisions compared to p-Pb collisions. Source: [7].

It is clear from this data that the baryon over meson ratio transverse momentum spectra in pp collisions
show a multiplicity dependence that highly resembles the dependence found in Pb-Pb collisions. The latter
dependence, for Pb-Pb collisions, has since been explained by the presence of QGP. This raises the question
whether a similar explanation can be made for pp collisions. There are strong indications that a similar
multiplicity-dependent common velocity boost might also be affecting particles in pp collisions. This might be
caused by miniscule QGP droplets, but it might also be related to something completely different altogether.
Whichever the case may be, the quest is now on for a model that can accurately describe and explain these
effects in pp collisions.
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Figure 6: This figure shows experimental data for p/m and A/K? transverse momentum spectra in pp collisions
at a center-of-mass energy of 7 TeV. The left plot shows the p/m spectrum, while the right plot shows the
A/K? spectrum. The color of the data-points each plot represents the multiplicity range of the data. The red
data-points represent high multiplicity, while the purple data-points represent low multiplicity. For both p/7
and A/K? we observe that the red data-points lie above and to the right of the purple data-points. Source:
[6].
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3 Data analysis method

For our simulation we use Pythia 8.2. As described by its developers; ”The Pythia program is a standard
tool for the generation of events in high-energy collisions, comprising a coherent set of physics models for the
evolution from a few-body hard process to a complex multiparticle final state.” [1

We configure our Pythia parameters according to the Monash Tune [2]. Additionally, there are three
parameters that are varied.

The first varied parameter is color reconnection, CR. In order to understand the concept of color
reconnection, it is first important to understand the Lund String model.

The Lund string model is a theoretical model that provides a simplified version of quantum chromo-
dynamics, the theory underlying the strong interaction. In this model, the complex superimposed potentials
caused by color charges are replaced by strings between oppositely charged particles. At large enough range,
the potential between two oppositely color-charged particles increases roughly linearly. This means that we
can think of this potential as a string stretching between two of the particles. The string represents the gluon
field. It is like a piece of rubber, pulling the two particles together. The further the two get apart, the more
potential energy is stored in the string.

If the potential energy between color-charged particles goes past a certain threshhold, something pecu-
liar happens. The strong-force between color-charged particles is exceptionally strong. The energy needed
to separate two oppositely charged particles beyond a certain range is so great that it is sufficient to sponta-
neously create new particles. If the system can lower the total energy by creating a new pair of oppositely
charged particles in between the original pair, it will do so. In terms of the Lund string model, one can think
of this as the string snapping in the middle. Afterwards we are left with two strings, the ends of which again
correspond to our color-charged particles.

One very important condition for the Lund string model to be a good approximation, is that the string
configuration is chosen correctly. Each color-charged particle must be connected with a string to exactly one
oppositely charged particle. If we were to connect two particle all the way on opposite sides of the system
with a string, the model would not work well. While in the model the large distance between the two particles
will cause the string to split, in reality the two charges are shielded from one another by the charges that lie
between them.

To gain as accurate a description as possible, the string configuration is chosen such that it minimizes
the total string length. One can also think of this as the choice that minimizes the potential energy.

During a simulation however, the position of particles in space will change. They will move, be acceler-
ated, and accelerate others. Because of this, a string configuration that initially minimizes the string length
will likely no longer minimize the string length after enough time has passed. This can possibly affect the
accuracy of the Lund string model.

This is where color reconnection comes in. To put it simply, turning on CR means that string configu-
rations will be recalculated mid-simulation. Each time the recalculation takes place, the configuration with
the shortest total string length will be chosen, taking into account the position of all particles at that time.

One of the expected effects of CR is that it will increase the average transverse momentum of the final
state particles. This can be intuitively understood by considering the following. When recalculating the
string configuration mid-simulation, the total string length will always either stay the same, or decrease.
Particle production is linked to the breaking of strings that grow past a certain length. Therefore, we can
expect CR to lead to reduced particle production. However, the energy in the same frame of reference must
be preserved. If this energy is not manifested in the length of the strings, nor in the creation of particles,
it must be in the form of kinetic energy. Thus, we expect that turning on CR will overall have the effect of
increasing the transverse momentum of particles.

This boost will likely also be dependent on multiplicity. The more particles there are, the more signifi-
cant the effects of changing the string configuration will be.

CR is of interest to our research because it might be possible to relate the microscopic effect of increased
average momentum to the common velocity boost due to the expansion of the medium in QGP. In this sense,
CR is a candidate for helping describe the system of QGP from a microscopical level.

We expect that turning on CR will increase the average transverse momentum of particles produced.
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It will likely act similarly to a common velocity boost. Furthermore, this effect will probably be multiplicity-
dependent, as color reconnection will change the string configuration more if it has a larger number of
particles to work with. Therefore we think that the effect of turning on CR will be more pronounced for high
multiplicity events.

The second varied parameter is the QCD type. It has two possible settings; hard QCD and soft QCD.
The choice of the type of QCD determines what sort of processes can occur in the simulation. Lists of the
precise processes included in each can be found in Sjostrand [16]. The words soft and hard refer to the
momentum of the particles involved. Hard QCD processes involve the ones between partons that take place
with a large momentum transfer. A distinction between these two types is often made, primarily because
perturbative QCD can only accurately describe events with sufficient momentum. For softer events usually
phenomenological models have to be used.

We surmise that using hard QCD will result in the production of more heavy-flavor particles compared
to soft QCD. The reason is that heavy-flavor particles require a lot of energy to be produced, which is typi-
cally only possible in hard interactions. This enhancement of the production of charm quarks in particular
is our main motivation for testing the effects of hard QCD. We think this setting will allow us to have more
statistics for charm particles. Furthermore we suspect it might impact the shape of transverse momentum
spectra of the baryon over meson ratio for charm particles. However, we do not expect a significant effect on
the baryon over meson ratio for lighter flavors.

The third varied parameter is the center-of-mass energy of the collision. Our experimental data is
comprised of events at two different center-of-mass energies, 7 TeV and 13 TeV. By simulating at both of
these energies, our simulation data most approximately resembles the experimental data. We will hopefully
also be able to tell if the effectiveness of the simulation depends on the energy of the event.

Our expectations for the effects of varying the center-of-mass energy are based on the paper Vislavicius
[17]. This paper studies the effect of varying the center-of-mass energy on p/m and K/ ratio transverse
momentum spectra in pp collisions. They did this both for experimental data and data from simulations
using Pythia 8 and the Monash Tune, similar to our research.

In this paper it was concluded that in the experiment, a higher center-of-mass energy caused the
p/7 ratio transverse momentum spectrum to shift to slightly higher pr. However in the simulations, no
dependence of the ratio transverse momentum spectra on the center-of-mass energy was found.

Because of the results from the simulations by Vislavicius [17], we do not expect to find a dependence
on the center-of-mass energy in our simulations either. This is despite the fact that there is in fact an energy
dependence in experimental results from that same paper.

If we observe an energy dependence in our simulations regardless, it will likely only be for simulations
with CR, since CR forms the main difference between our simulations and those in the paper Vislavicius [17].

Roughly 2 * 10% events are simulated for each of the eight possible combinations of these parameters.
The generated events are split into groups on basis of their multiplicity; 'low’ (1-8), ‘'medium’ (9-24), ’high’
(25-46), and ’inclusive’ (0-200). Multiplicity refers to the number of particles produced in the central rapidity
region of that event.

There is also a significant fraction of events with a multiplicity of zero. This is because of single-
diffractive or double-diffractive events, in which one or both protons stay intact and fly on past the collision
point. In such events, particles are only produced in the forward and backward rapidity region, if they are
produced at all. Our definition of the event multiplicity only takes into account particles produced in the
central rapidity region. That is to say, we omit particles that have a momentum that mainly lies along the
incident axis.

Because we are mainly interested in the physics of collisions where neither proton stays intact, we do
not include events with a multiplicity of zero in the low multiplicity range. They are, however, included in
the inclusive range.

Note that the inclusive multiplicity range extends up to a multiplicity of 200, beyond the range of the
"high’ multiplicity region. This means that one cannot reconstruct the inclusive data simply by combining
the data for other multiplicity ranges. The ranges were chosen in this way to be in accordance with the
traditional ranges used in studies of heavy flavor. This was done under the assumption that the number of
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events in the multiplicity range from 47 to 200 would be negligible. This assumption turns out to be false.

Figures [7} [8 [0 and [10] show the multiplicity distributions for the pp collisions simulations. Figure
[7] contains the data for simulations with color reconnection and hard QCD, figure [§] contains the data for
simulations with no color reconnection and hard QCD, figure [9] contains the data for simulations with color
reconnection and soft QCD, and figure [I0] contains the data for simulations with no color reconnection and
soft QCD.

Each figure contains five differently colored regions to indicate the multiplicity ranges. The blue, purple,
and red color represent low, medium, and high multiplicity respectively. The green color represents events
with a multiplicity of zero. The yellow color represents events with a multiplicity between 47 and 200, above
high multiplicity. The legends of these figures indicates for each of these ranges the percentage of total events
that they constitute. These percentages have been rounded to integers.

Especially in figure [10]it is clear that by defining high multiplicity as only going up to a multiplicity of
46, we are omitting a large number of events. In figure [L0] the number of events with a multiplicity between
47 and 200 is almost equal to half the number of events in the high multiplicity range of 25 to 46. In principle
we do not expect the omission of these extra data to have a qualitative effect on our final results. However, in
retrospect it might have been more optimal to define the high multiplicity range to also include these events.

[7t Multiplicity distribution pp simulations @ 7TeV with CR for hard QCD
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Figure 7: This figure shows the multiplicity distribution of the 2% 10° pp collision events that were simulated
with CR for hard QCD. The y-axis is logarithmic. Five regions under the distribution have been colored
to indicate different multiplicity ranges. The blue, purple, and red color represent low, medium, and high
multiplicity respectively. The green color represents events with a multiplicity of zero. The yellow color
represents events with a multiplicity between 47 and 200, above high multiplicity. The legend of this figure
indicates for each of these ranges the percentage of total events that they constitute. These percentages have
been rounded to integers.

The yields from different multiplicity ranges are normalized by dividing by the total number of events
in that multiplicity range. This number is calculated by taking the integral over the various regions in the
relevant multiplicity distribution.

The resulting data is used to look at the transverse momentum spectra of baryons and mesons of
corresponding flavor, as well as the transverse momentum spectrum of their ratio. The pairs of baryons and
mesons considered here are, respectively: protons (p) and pions (), lambda (A) and k-zero short (K?), and
lambda-c (A.) and d-zero (D?).
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Multiplicity distribution pp simulations @ 7TeV without CR for hard QCD
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Figure 8: This figure shows the multiplicity distribution of the 2% 10° pp collision events that were simulated
without CR for hard QCD. The y-axis is logarithmic. Five regions under the distribution have been colored
to indicate different multiplicity ranges. The blue, purple, and red color represent low, medium, and high
multiplicity respectively. The green color represents events with a multiplicity of zero. The yellow color
represents events with a multiplicity between 47 and 200, above high multiplicity. The legend of this figure
indicates for each of these ranges the percentage of total events that they constitute. These percentages have
been rounded to integers.

There is one last thing to note. Because the production of heavy-flavor particles is relatively rare, we
do not have sufficient statistics to treat the charm-flavor particles in the same way we do the lighter flavors.
For this reason, the transverse momentum spectra of DY and A, have been re-binned by a factor four. This
should help reduce the statistical uncertainties to a manageable level, and make the figures more easy to
interpret.
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[9F Multiplicity distribution pp simulations @ 7TeV with CR for soft QCD
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Figure 9: This figure shows the multiplicity distribution of the 2% 10° pp collision events that were simulated
with CR for soft QCD. The y-axis is logarithmic. Five regions under the distribution have been colored
to indicate different multiplicity ranges. The blue, purple, and red color represent low, medium, and high
multiplicity respectively. The green color represents events with a multiplicity of zero. The yellow color
represents events with a multiplicity between 47 and 200, above high multiplicity. The legend of this figure
indicates for each of these ranges the percentage of total events that they constitute. These percentages have
been rounded to integers.
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Multiplicity distribution pp simulations @ 7TeV without CR. for soft QCD
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Figure 10: This figure shows the multiplicity distribution of the 2x10° pp collision events that were simulated
without CR for soft QCD. The y-axis is logarithmic. Five regions under the distribution have been colored
to indicate different multiplicity ranges. The blue, purple, and red color represent low, medium, and high
multiplicity respectively. The green color represents events with a multiplicity of zero. The yellow color
represents events with a multiplicity between 47 and 200, above high multiplicity. The legend of this figure
indicates for each of these ranges the percentage of total events that they constitute. These percentages have
been rounded to integers.
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4 Results

The histograms containing the results from our simulations can be found in Appendices [B] and [C} Copies of
the figures found to be most important or representative have also been inserted below.

In this section we will first discuss the single-particle transverse momentum spectra for several flavors
of particles. Then we will move on to the baryon over meson ratio transverse momentum spectra for particles
of corresponding flavor. We first determine the dependence of these baryon over meson ratio transverse
momentum spectra on CR. Finally, we also consider their dependence on the center-of-mass energy.

4.1 Single particle transverse momentum spectra

First of all, let us consider figures and These figures present the transverse momentum spectra
normalized to the number of events in pp collisions at 7 TeV, for p and A particles respectively. Each
figure contains four plots, each of which corresponds to one of the Pythia tunes. The top-left plot shows
data for simulations with color reconnection and hard QCD, the top right for simulations without color
reconnection and with hard QCD, the bottom left for simulations with color reconnection and with soft
QCD, and the bottom right for simulations without color reconnection and with soft QCD. In each plot there
are four differently colored types of data-points. As indicated by the legend, each color respresents a specific
multiplicity range. The green data-points represent the inclusive multiplicity range, the blue data-points
represent the low multiplicity range, the purple data-points represent the medium multiplicity range, and
the red data-points represent the high multiplicity range.

By showing the data in this manner, there are several observations we can make. First of all, these figures
allow us see the qualitative behavior of the transverse momentum spectra of specific particle species produced
in our simulations. Secondly, by showing the different multiplicities in a single plot, we can more easily
compare them against each other. This helps in identifying the multiplicity-dependence of the transverse
momentum spectra in the simulation.

The shapes of the transverse momentum spectra in figures and appear to closely resemble a
Boltzmann distribution, with many particles at low pp, gradually decreasing towards higher pp. In figure
the spectra show a peak around 1 GeV/c. Similarly in figure [12] there is also a peak at approximately
the same value of pr. Boltzmann distributions also have a peak, the location of which is dependent of the
particle mass.

The fact that the transverse momentum spectra look like Boltzmann distributions is in line with what
was observed in the experimental data (See figure [1]in section . In this respect, the simulations seem to be
doing a good job reproducing the experimental results.

When comparing the transverse momentum spectra in figures [11] and [12| based on their multiplicity, we
see a common trend for each of the different tunes. The red data-points, representing the high multiplicity
range, consistently lie above and right of the purple data-points that represent the medium multiplicity range.
Similarly, the purple data-points, representing the medium multiplicity range, lie above and to the right of
the blue data-points, representing the low multiplicity range. Though the extent to which this difference is
present seems to differ per tune, the difference is clearly observable in each of the plots. These observations
suggest that increasing the multiplicity has the effect of hardening the transverse momentum spectra of the
particles.

This hardening of the spectra for higher multiplicity corresponds to experimental observations in pp
collisions. This can be seen in figure [13| (Copied here from section . This figure has five plots that show
the transverse momentum spectra for 7, p, K, A, and K9 particles respectively. Each plot contains seven
differently colored sets of data-points, each respresenting a different multiplicity range. The red data-points
correspond to the highest multiplicity and the blue data-points correspond to the lowest multiplicity.

It can be seen in each plot that, when moving towards higher pr, the decrease of the red data-points
is less steep than that of the blue data-points. This difference in the shape of these curves suggests that the
average transverse momentum of a given particle is higher at high multiplicity. In other words, the transverse
momentum spectra become harder as the multiplicity increases.

Our simulations are in agreement with experimental results on this point.
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11: p spectrum with multiplicities shown together
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Figure 11: This figure shows the transverse momentum spectra of protons using data from pp collision
simulations at 7 TeV. It contains four plots. Each plot shows data for one specific Pythia tune. The top
left plot shows data for simulations with CR and with hard QCD, the top right plot for simulations without
CR and with hard QCD, the bottom left plot for simulations with CR and with soft QCD, and the bottom
right plot for simulations without CR and with soft QCD. Each plot contains four differently colored sets of
data-points. These each represent the data for different multiplicity ranges. The green data-points represent
the inclusive range, the blue data-points represent the low multiplicity range, the purple data-points represent
the medium multiplicity range, and the red data-points represent the high multiplicity range.
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12k A spectrum with multiplicities shown together
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Figure 12: This figure shows the transverse momentum spectra of A baryons using data from pp collision
simulations at 7 TeV. It contains four plots. Each plot shows data for one specific Pythia tune. The top
left plot shows data for simulations with CR and with hard QCD, the top right plot for simulations without
CR and with hard QCD, the bottom left plot for simulations with CR and with soft QCD, and the bottom
right plot for simulations without CR and with soft QCD. Each plot contains four differently colored sets of
data-points. These each represent the data for different multiplicity ranges. The green data-points represent
the inclusive range, the blue data-points represent the low multiplicity range, the purple data-points represent
the medium multiplicity range, and the red data-points represent the high multiplicity range.
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Transverse momentum spectra of various particle species in p-Pb, split into
different multiplicities

a -
§ 10¢ s ' ' " ALICE, p-Pb. \l's_m:sa'z Tev § § - ' "ALICE, p-PIﬁI,us_mr:5.02LreV E
3 10k 0= <05 3 10 . 0= Vo =05 3
E 107 'i E 18 \\‘- F
> 3 > - E
g.— 10k E gr— 10‘?N“:\\\"~.' - ) -
< F 3 < 4 R -
s 'r 3 5 wf T T _
S 10 % L T :
& 10k iy b 3 T S
& . & 1wk T i
= 10° - A = ? p +p s ?
4 E I 10° 1 1 L i I | Lty
510 0.5 = 05 1 15 2 25 3 35 4 45
= = p, (GeVic)
& &
) 3 T T T o T T T T E|
3 ALICE, p-Pb, {5, = 5.02 Tev 3 ALICE, p-Pb, (5, = 5.02 TeV
3 051 3 0% gy 05
S e - = E ! _!
= 3 = b 3
s E 3 s VE E
- E -3 -0t
s E =3 g 109 ;
= 10F = = ] z
% F 3 T 10t g
& F S B ;
§ 1w rK' +K e S 'k peR = 3
. Y I 1 i 1 ] 10T 1 I I 1 T T
S 05 1 15 2 Tas T3 3 R R T R S S S S
= p_ (GeVic) = P, (GeVic)
&
S BT TALCE pRb g - 5.02TeV VOA Multiplicity Classes (Pb-side)
8 -.':-:\ . 0 “Yows < 0.5 -! +— 0-5% (64)()
= = 5-10% (32x)
E_F E 10-20% (16x)
-
»2‘: 1 20-40% (8x)
% - + 40-60% (4x)
E" E + 60-80% (2x)
< ; + 80-100% (1x)
5 I — individual fit
- Py (GeVic)

Figure 13: This figure consists of five plots, each for one particle species. From left to right, top to bottom
they are 7, p, K, A and K?. Each plot shows experimental data for the transverse momentum spectra
for different multiplicity ranges in p-Pb collisions. Each multiplicity range is given a different color. The
red data-points correspond to the highest multiplicity, while the blue data-points correspond to the lowest
multiplicity. The data from each multiplicity class is multiplied by a factor as listed in the lower right of the
figure. This is done so as to not have the data for different multiplicities overlap. The spectra appear to
closely resemble Boltzmann-distributions. Source: [7].



4 RESULTS 21

Next, please refer to figure This figure shows the transverse momentum spectra of protons nor-
malized to the number of events in pp collisions at 7 TeV. Each plot in the figure corresponds to a specific
multiplicity range. The plot in the top-left, containing the green data-points, represents the inclusive mul-
tiplicity range. The plot in the top-right, containing the blue data-points, represents the low multiplicity
range. The plot in the bottom-left, containing the purple data-points, represents the medium multiplicity
range. The plot in the bottom-right, containing the red data-points, represents the high multiplicity range.
Each plot contains data-points for four different Pythia tunes. As indicated by the legend, these can be
distinguished by their markers. Data-points for simulations with color reconnection are represented by filled
markers, while data-points for simulations without color reconnection are indicated by empty markers. Sim-
ilarly, data-points for simulations with hard QCD are represented by square markers, while data-points for
simulations with soft QCD are represented by circular markers.

This figure contains the same data as figure However, by organizing the data in this manner, we
can more easily compare the effects of the CR and QCD-type tune-parameters on the transverse momentum
spectra.

Looking at figure we see that the data-points for the tunes with soft QCD seem to consistently lie
above those for the tunes with hard QCD. This is more apparent at larger values of py. From the figures in
section we see that this difference between soft QCD and hard QCD is shared by all particle species.

This observation seems to suggest that soft QCD has a tendency to produce events with a larger number
of particles compared to hard QCD. This observation is in line with what can be seen in figures [7] [§] [0} and
in section [B

We are unable to explain why soft QCD would produce more particles than hard QCD. According to
Sjostranda et al. |1], the cross sections of events in both soft QCD and hard QCD have been adjusted so as
to produce a faithful reproduction of experimental results. The fact that the overall particle-yield between
the two differs in this manner is puzzling.

Perhaps this difference is an indication that something is wrong with our normalization if the transverse
momentum spectra. However, we have not been able to identify any such mistake.

At high multiplicity we see that the filled data-points representing the simulations with CR show a
harder spectrum than those representing the simulations without CR. At low pr the data-points for simula-
tions with CR lie below the data-points for simulations without CR, while at higher pr they lie above the
data-points for simulations without CR. At medium multiplicity this effect is far less pronounced. At low
multiplicity the effect is hardly visible at all. In this regard also, figure [14] can be considered representative
of the transverse momentum spectra of other particle species from the simulations. Please refer to for
the figures containing the data for other particle species.

This difference between the tunes seems to indicate that CR plays the role of a 'boost’; increasing the
average transverse momentum of particles produced. This boost appears to be multiplicity-dependent.
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14: p spectrum with tunes shown together
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Figure 14: This figure shows the transverse momentum spectra of protons using data from pp collision
simulations at 7 TeV. It contains four plots. Each plot shows data for one specific multiplicity range. The
top left plot shows data for the inclusive range, the top right plot for the low multiplicity range, the bottom
left plot for the medium multiplicity range, and the bottom right plot for the high multiplicity range. Each
plot contains four sets of data-points. These each represent the data for simulations using different Pythia
tunes. The data-points with filled markers represent simulations with CR, while the data-points with empty
markers represent simulations without CR. The data-points with square markers represent simulations using
hard QCD, while the data-points with circular markers represent simulations using soft QCD.
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The last single-particle transverse momentum spectra we consider are those for charm-flavored particles.
See figure This figure contains the transverse momentum spectra for A, baryons. Each plot again shows
the data for a specific multiplicity range. Each plot again contains four sets of data-points, each representing
one specific tune. These tunes are listed in the legends.

By looking at this figure we can determine whether the conclusions we drew about the lighter-flavor
transverse momentum spectra also hold true for the heavier charm-flavor particles. We only explicitly discuss
the transverse momentum spectra for A. here. However, the transverse momentum spectra for D particles
are very similar, and can be found in the appendix.

First of all we see that these spectra as well resemble a Boltzmann-like distribution. The peaks of these
spectra are not as clearly identifiable because of the broader bins used here. The fact that the particles are
distributed in this way is in line with expectations based on experimental data.

Another effect observed for the lighter flavor spectra that is also present here, is the fact the data-points
for soft QCD lie above the data-points for hard QCD. We are again unable to explain why this would be the
case. We conclude that, contrary to our expectations, turning on hard QCD does not seem to enhance the
production of strange-flavor particles.

Lastly, we see here as well that at high multiplicity, in the bottom right plot, the data-points spectra
with CR seem to be harder than the spectra without CR. This corresponds with our observations for lighter
flavors.
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Figure 15: This figure shows the transverse momentum spectra of A, baryons using data from pp collision
simulations at 7 TeV. It contains four plots. Each plot shows data for one specific multiplicity range. The
top left plot shows data for the inclusive range, the top right plot for the low multiplicity range, the bottom
left plot for the medium multiplicity range, and the bottom right plot for the high multiplicity range. Each
plot contains four sets of data-points. These each represent the data for simulations using different Pythia
tunes. The data-points with filled markers represent simulations with CR, while the data-points with empty
markers represent simulations without CR. The data-points with square markers represent simulations using
hard QCD, while the data-points with circular markers represent simulations using soft QCD.
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4.2 Baryon over meson ratio transverse momentum spectra
4.2.1 CR and multiplicity dependent effects

Next, we will consider the figures showing transverse momentum spectra of the yield ratio of baryons over
mesons of corresponding flavor. In this section our focus is especially on the multiplicity dependence of this
ratio. In experimental results for pp collisions (See figure |3) there is a distinct peak around 2 to 4 GeV pr.
Furthermore, the position of the peak is dependent on multiplicity, shifting to higher pr for high multiplicity
ranges. This behaviour is similar to the effect seen in lead-lead collisions. In such collisions, the shift of the
peak of the baryon over meson ratio is caused by the common velocity boost due to the expansion of the
medium formed by QGP.

The main question we want to answer is whether we can use CR to reproduce the multiplicity-dependent
shift of the peak in the experimental data from pp collisions. This would be an indication that CR could
play a role in describing QGP-like effects from a microscopic perspective.

Please refer to figure This figure shows the transverse momentum spectra of the A/K? ratio using
data from pp collision simulations at 7 TeV. It contains four plots. Each plot shows data for one specific
multiplicity range. The top left plot shows data for the inclusive range, the top right plot for the low
multiplicity range, the bottom left plot for the medium multiplicity range, and the bottom right plot for
the high multiplicity range. Each plot contains four sets of data-points. These each represent the data for
simulations using different Pythia tunes. The data-points with filled markers represent simulations with
CR, while the data-points with empty markers represent simulations without CR. The data-points with
square markers represent simulations using hard QCD, while the data-points with circular markers represent
simulations using soft QCD.

From this plot we want to conclude whether the overall shape of the A/K? ratio agrees with experimental
data. Furthermore, this representation of the data allows us to easily see any multiplicity-dependent effects
of turning on CR.

Firstly, the overall shape of the transverse momentum spectrum of the ratio does indeed resemble the
result from experimental data. Comparing with figure |3| we see that in both cases the ratio spectra are close
to zero for very low pr. Then there is a peak around 3 GeV/c. At higher pr the spectra gradually decline
until they reach a plateau.

Next, we check whether there is any multiplicity dependence in these ratio spectra. Looking at the right
two plots in figure it is clear that there is indeed a multiplicity dependent effect of CR. The bottom right
plot shows that at high multiplicity, the peak in the ratio spectra for simulations with CR lies above and to
the right of the peak for simulations without CR. However, the top-right plot shows that for low multiplicity
the peaks lie a lot closer together.

This can be interpreted as an indication that CR here plays the role of a multiplicity-dependent common
velocity boost. Because of coalescence, this boost affects the transverse momentum of the A baryons more
than it affects the transverse momentum of the K? mesons. At high multiplicities, the boost is sufficiently
large that this effect can be seen back in the shape of the baryon over meson transverse momentum spectra.

These observations similarly hold true for the p/7 ratio transverse momentum spectra, as can be seen in
the appendix. It seems that for these light-flavor particles, turning on CR indeed has an effect qualitatively
resembling a multiplicity-dependent common velocity boost. This is exactly what we hoped to show.

The question is now whether we can observe something similar in the case of strange flavor particles.
The relevant data are shown in figure [17] below.

Figure shows the transverse momentum spectra of the A./D° ratio using data from pp collision
simulations at 7 TeV. It contains four plots. Each plot shows data for one specific multiplicity range, in the
same way as figure These plots each contain four sets of data-points, each corresponding to a different
Pythia tune. These are also marked in the same way as in figure

This figure will help us answer two questions. First of all, it will help us determine whether the A,/D°
ratio transverse momentum spectra are qualitatively the same as those found experimentally. Secondly, we
will try to determine whether CR introduces a multiplicity-dependent common velocity boost for this flavor
as well.

Looking at figure we see that for all multiplicities and all tunes, the data-points have a value of
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Figure 16: This figure shows the transverse momentum spectra of the A/KY ratio using data from pp collision
simulations at 7 TeV. It contains four plots. Each plot shows data for one specific multiplicity range. The
top left plot shows data for the inclusive range, the top right plot for the low multiplicity range, the bottom
left plot for the medium multiplicity range, and the bottom right plot for the high multiplicity range. Each
plot contains four sets of data-points. These each represent the data for simulations using different Pythia
tunes. The data-points with filled markers represent simulations with CR, while the data-points with empty
markers represent simulations without CR. The data-points with square markers represent simulations using
hard QCD, while the data-points with circular markers represent simulations using soft QCD.

approximately 0.03 at low pp. After that, the value increases slowly, until it reaches approximately 0.045
somewhere around 6 to 8 pr. At higher pr the value stays about the same.

This is different from what we saw for the experimental behavior of the A./DP ratio transverse momen-
tum spectra in pp collisions. The experimental behavior was shown in figure |3 There we saw a decrease for
higher pr, instead of an increase.

However, in figure [3] the uncertainties in the data are extremely large. Therefore it is difficult to defini-
tively conclude whether the A./DP ratio transverse momentum spectra from our simulations conflict with
experimental data.

Next, we want to know whether we can observe any multiplicity-dependent effects of turning on CR.
In figure [16| we did this for the A/K? ratio by comparing the upper right and lower right plots, showing data
for low and high multiplicity respectively. We now repeat this comparison in the same manner for figure [I7]

Looking at the plots, it is a lot harder here to observe any effects due to turning on CR. Most of the filled
data-points, representing data from simulations with CR turned on, lie very close to the empty data-points,
representing data from simulations with CR turned off. The differences between the two seem to mostly fall
within the range of the uncertainty in the data-points.

The one exception to this can be seen in the lower right plot of figure [I7} For low pr, we see that the
data-points for the A./D° ratio transverse momentum spectra for simulations with CR lie significantly below
those for simulations without CR. This is the same effect as can be seen in the lower right plot of figure

This effect could be explained with a multiplicity-dependent common velocity boost. If the particles
receive a boost, relatively fewer of them will have such a low transverse momentum. The baryons, whose
transverse momentum is boosted more than that of the mesons, will become comparatively more unlikely
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to be found at low pp. This would then result in a lowering of the baryon over meson ratio transverse
momentum spectrum at low pp, as observed here.

Nevertheless, we can not simply conclude the presence of a common velocity boost from merely the first
two data-points of figure This would be reading into the data too much. Though there seems to be some
minor indication of the effects of a common velocity boost, we can not draw a definitive conclusion from this
representation of the data.

A./D° spectrum
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Figure 17: This figure shows the transverse momentum spectra of the A./DY ratio using data from pp collision
simulations at 7 TeV. It contains four plots. Each plot shows data for one specific multiplicity range. The
top left plot shows data for the inclusive range, the top right plot for the low multiplicity range, the bottom
left plot for the medium multiplicity range, and the bottom right plot for the high multiplicity range. Each
plot contains four sets of data-points. These each represent the data for simulations using different Pythia
tunes. The data-points with filled markers represent simulations with CR, while the data-points with empty
markers represent simulations without CR. The data-points with square markers represent simulations using
hard QCD, while the data-points with circular markers represent simulations using soft QCD.

However, it might still be possible to make any effects of CR more easily visible by using a different
representation of the data. Let us consider the same baryon over meson ratio transverse momentum spectrum
plots as before. This time however, we normalize the spectra differently. We take the average pr spectrum
of the the four Pythia tunes present in each figure, then divide each spectrum by that average. This should
make relative differences between the tunes more readily apparent.

We have already concluded that CR introduces a multiplicity-dependent boost for lighter flavor baryons
and mesons. For this, we used figure We will now use this earlier conclusion to our advantage. By first
looking what this new representation of the data does to figure we will gain an expectation of what the
multiplicity-dependent boost due to CR looks like in this new representation. Then we will prepare this to
the new representation of the data in figure to conclude whether we see similar effects due to CR, there.

The new representation of the data for the A/K? ratio transverse momentum spectra can be seen in
figure Similarly to figure this figure contains four plots, each corresponding to a different multiplicity
range. Each plot again contains four sets of data-points, were each set represents data for a specific Pythia
tune. These tunes are marked in the same manner as before. In addition, a constant fit has been made to
each set of data-points. The fit-lines, and which data-set they belong to, can be seen in the legend of the
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figure.

From this figure we hope to gain an expectation of what the CR-induced multiplicity dependence of the
baryon over meson ratio transverse momentum spectra looks like in this new representation. This will help
us interpret the newly represented data for the A./DP ratio transverse momentum spectra.

Looking at figure[I8] we again compare the upper-right and lower-right plot. In the upper-right plot we
see that, for low multiplicity, all data-points seem to lie close to the constant line through 1. This suggests
that at low multiplicity, there is little to no dependence of the A/K? ratio transverse momentum spectra on
CR or QCD type. In the lower-right plot however, there does seem to be a dependence on CR. Specifically,
we see that at low pp, the filled data-points representing the data from simulations with CR, lie below the
empty data-points representing the data from simulations without CR. Around 2 GeV pr the two cross.
Then from 2 GeV to around 6 GeV pr, the filled data-points lie above the empty data-points, but they grow
gradually closer again. After 6 GeV pr the empty and filled data-points roughly overlap, with any differences
between the two well within the bounds of simple statistical effects.

This behavior in the new representation of the data follows directly from the CR-induced multiplicity
dependence observed in figure The filled data-points are first below the empty ones at pr below 2 GeV,
then the filled data-points are above the empty ones for 2 to 6 GeV, and at higher pr the filled and empty
data-points lie roughly on top of one another. This new representation of the data simply makes these dif-
ferences easier to see at a glance.
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Figure 18: This figure shows the differently normalized transverse momentum spectra of the A/K? ratio
using data from pp collision simulations at 7 TeV. This figure is derived from figure [L6| by taking the average
over all four data-sets in one of the plots, and dividing by it. It contains four plots. Each plot shows data
for one specific multiplicity range. The top left plot shows data for the inclusive range, the top right plot
for the low multiplicity range, the bottom left plot for the medium multiplicity range, and the bottom right
plot for the high multiplicity range. Each plot contains four sets of data-points. These each represent the
data for simulations using different Pythia tunes. The data-points with filled markers represent simulations
with CR, while the data-points with empty markers represent simulations without CR. The data-points with
square markers represent simulations using hard QCD, while the data-points with circular markers represent
simulations using soft QCD. There are four fit-lines in each plot. Each represents a fit to one specific tune
using a constant function. Which line corresponds to which tune can be seen in the legends.
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Now we know what the multiplicity-dependent shift of the A/K? ratio transverse momentum spectra
looks like in this new representation. Next, we will try to determine if we can observe a similar effect for the
A./D° ratio.

See figure In this figure, we look at the new representation of the A./DY ratio transverse momentum
spectra. The figure consists of four plots, each showing the data for a different multiplicity range. Each plot
contains four sets of data-points, each of which corresponds to a specific Pythia tune. As before, the tunes
can be distinguished by their markers.

We again focus on the upper-right and lower-right plot. In the upper-right plot, which shows the data
for low multiplicity, the filled data-points and the empty data-points, representing simulations with and
without CR respectively, lie roughly on top of one another. The differences between the tunes seems to fall
within the range where they can be explained by purely statistical effects. It appears that at low multiplicity,
there is no dependence of the A./DY ratio transverse momentum spectra on turning on or off CR.

In the lower-right plot, which shows the data for high multiplicity, the filled data-points and the empty
data-points clearly behave differently. from one another. This difference is very pronounced in the first two
bins. In these bins, the filled data-points lie below the empty data-points, with a difference of many standard
deviations. This is in line with the behavior observed in figure [I8]

For the other bins however, the uncertainties in the data quickly become quite large. In the end, we
are unable to definitively conclude whether there is a dependence of the A./D° ratio transverse momentum
spectra on turning on or off CR.

To summarize; the p/m and A/K? ratio transverse momentum spectra show behavior that indicates the
presence of a multiplicity-dependent common velocity boost induced by turning on CR. We are unable to
draw the same conclusion for the A./DP ratio transverse momentum spectra, possibly because of a lack of
statistics.
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A./D° spectrum, normalized
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Figure 19: This figure shows the differently normalized transverse momentum spectra of the A./D° ratio
using data from pp collision simulations at 7 TeV. This figure is derived from figure [17| by taking the average
over all four data-sets in one of the plots, and dividing by it. It contains four plots. Each plot shows data
for one specific multiplicity range. The top left plot shows data for the inclusive range, the top right plot
for the low multiplicity range, the bottom left plot for the medium multiplicity range, and the bottom right
plot for the high multiplicity range. Each plot contains four sets of data-points. These each represent the
data for simulations using different Pythia tunes. The data-points with filled markers represent simulations
with CR, while the data-points with empty markers represent simulations without CR. The data-points with
square markers represent simulations using hard QCD, while the data-points with circular markers represent
simulations using soft QCD. There are four fit-lines in each plot. Each represents a fit to one specific tune
using a constant function. Which line corresponds to which tune can be seen in the legends.
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4.2.2 Energy-dependent effects

We will now consider the dependence of the baryon over meson ratio transverse momentum spectra on the
center-of-mass energy of the simulations.

Please refer to figures 20] and 21} These figures show the baryon over meson transverse momentum
spectra from pp collision simulations at low and high multiplicity respectively. Each contains twelve separate
plots, arranged in three columns and four rows. The columns, from left to right, show the data for different
flavors. The first shows data for p/m ratio spectra, the second for A/K? ratio spectra, and the third for
A./ DY ratio spectra. The rows, from top to bottom, show data for different Pythia tunes. The first shows
data for simulations with CR using hard QCD, the second shows data for simulations with CR and soft
QCD, the third shows data for simulations without CR using hard QCD, and the fourth shows data for
simulations without CR using soft QCD. Each plot contains two differently colored sets of data-points. The
blue data-points represent simulations with an energy of 7 TeV, and the red data-points represent simulations
with an energy of 13 TeV.

By arranging the spectra in this manner, we can easily determine whether there is any dependence on
the center-of-mass energy of the simulation. We can do this by searching for the plots where the red and
blue data-points do not overlap. If we find a plot where the red and blue data-points differ significantly, we
will also immediately know for which tune, flavor, and multiplicity this dependence occurs.

Looking at figures [20| and we see that the red and blue data-points practically overlap for all tunes,
flavors and multiplicities. At higher pr we sometimes see a difference between the data-points for both
energies. However, these differences fall within the bounds imposed by the uncertainty of the data-points.
We conclude that there seems to be no center-of-mass energy dependence in the simulations.

This conclusion mirrors the one found in the paper Vislavicius [17]. In this paper, there was found to be
a center-of-mass energy dependence in the p/7 ratio transverse momentum spectrum. They failed however
to reproduce this dependence in simulations (using Pythia 8 and the Monash tune, similarly to our setup).

To summarize, the lack of a center-of-mass energy dependence in our simulation data for the baryon
over meson ratio transverse momentum spectra seems to signal a discrepancy between the simulation and the
real experiment. This suggests that, in this regard, there is still room for improvement in our model of pp
collisions. However, this should have no direct bearing on our goal to determine the viability of simulating
QGP-like effects in pp collisions using CR.
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20: Ratio spectra for all flavors, all tunes, and both energies, at low multiplicity
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Figure 20: This figure shows the baryon over meson transverse momentum spectra from low multiplicity
pp collision simulations. It contains twelve separate plots, arranged in three columns and four rows. The
columus, from left to right, show the data for different flavors. The first shows data for p/7 ratio spectra, the
second for A/K? ratio spectra, and the third for A./D° ratio spectra. The rows, from top to bottom, show
data for different Pythia tunes. The first shows data for simulations with CR using hard QCD, the second
shows data for simulations with CR and soft QCD, the third shows data for simulations without CR using
hard QCD, and the fourth shows data for simulations without CR using soft QCD. Each plot contains two
differently colored sets of data-points. The blue data-points represent simulations with an energy of 7 TeV,
and the red data-points represent simulations with an energy of 13 TeV. From this figure we can see that for
all flavors and all tunes, the data-points for the two energies do not differ significantly from one another. It
appears that for simulations at low multiplicity, the baryon over meson ratio spectra do not depend on the
energy.
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21 Ratio spectra for all flavors, all tunes, and both energies, at high multiplicity
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Figure 21: This figure shows the baryon over meson transverse momentum spectra from high multiplicity
pp collision simulations. It contains twelve separate plots, arranged in three columns and four rows. The
columus, from left to right, show the data for different flavors. The first shows data for p/7 ratio spectra, the
second for A/K? ratio spectra, and the third for A./D° ratio spectra. The rows, from top to bottom, show
data for different Pythia tunes. The first shows data for simulations with CR using hard QCD, the second
shows data for simulations with CR and soft QCD, the third shows data for simulations without CR using
hard QCD, and the fourth shows data for simulations without CR using soft QCD. Each plot contains two
differently colored sets of data-points. The blue data-points represent simulations with an energy of 7 TeV,
and the red data-points represent simulations with an energy of 13 TeV. From this figure we can see that for
all flavors and all tunes, the data-points for the two energies do not differ significantly from one another. It
appears that for simulations at high multiplicity, the baryon over meson ratio spectra do not depend on the
energy.
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5 Conclusion and outlook

5.1 Conclusion

Using the Monash tune in Pythia 8.2, we confirm that turning on CR introduces a multiplicity-dependent
effect in the tranverse momentum spectra of light-flavor particles. This effect qualitatively resembles the
multiplicity-dependent shift in the baryon over meson ratio transverse momentum spectra observed experi-
mentally in pp collisions.

We were unable to distinctly observe the same effect for charm flavor particles in the pp collision
simulation, possibly because of a lack of statistics.

We found no dependence on the center-of-mass energy in the baryon over meson ratio transverse mo-
mentum spectra from our simulations.

Contrary to our expectations we did not observe an enhancement in the production of charm parti-
cles in hard QCD tunes compared to soft QCD tunes. Though there were some differences between the
transverse momentum spectra for hard QCD versus soft QCD tunes, this dependence does not seem imme-
diately relevant with regards to capturing the QGP-like effects present in experimental data from pp collisions.

We conclude that CR is a highly promising candidate for capturing QGP-like effects in simulations of
pp collisions.

5.2 Outlook

There are a number of things in our research that could be improved upon.

Firstly, there is the definition of the inclusive (0-200), low (1-8), medium (9-24), and high (25-46)
multiplicity ranges as discussed in section [3] Our definition of the multiplicity ranges was mainly motivated
by the fact that it maintained the traditional ranges used in the discussion of charm particles. After running
our simulations however, we found out that a significant number of events had such a high multiplicity that
they fell above the 'high’ multiplicity range. This can be clearly seen in figure [I0]in particular.

We do not expect the omission of this data from our analysis to have changed our results in a qualitative
manner. Nevertheless, throwing out valuable data in this manner is clearly bad practice. It seems wise to
shift the upper boundary on the definition of the "high’ multiplicity range upwards. This would help to also
include events with a higher multiplicity in our analysis, and thus raise the amount of statistics.

Another improvement that could be made would be to run a larger number of simulations. As it
stands, we are unable to definitively conclude whether CR introduces a multiplicity dependent boost in
the case of charm-flavor particles. This is possibly because we lack significant statistics, as charm-flavor par-
ticles are produced relatively rarely. If we were to run more simulations, we could perhaps solve this problem.

Another thing to mention is the fact that there were some observations about the data that we are
unable to explain.

Most notably, we found that soft QCD caused an increased production of particles compared to hard
QCD, for all flavors. This was discussed in section We are unable to explain why using soft QCD as
opposed to hard QCD would have this effect. The Pythia 8.2 manual|l] which discusses these settings in
detail, does not offer an explanation.

We were also naively expecting that using hard QCD would enhance the production of charm flavor
particles. This expectation was based on the supposition that hard interactions would be for more likely to
have sufficient energy to produce the comparatively highly massive charm quarks. In our results we saw no
such effects however. Here, as with all other particles, there seemed to be a larger number of particles being
created when using soft QCD as compared to when using hard QCD.

There are a number of suggestions we would like to make for possible further research.

Firstly, it would be valuable to see whether we can also reach a quantitative agreement between simu-
lations and experimental data. In this paper we have only concerned ourselves with qualitative observations.
We have established that there is a qualitative agreement between the multiplicity dependent shift of the
baryon over meson ratio transverse momentum spectra for the lighter flavored particles. The logical next
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step is to see whether this agreement also holds on a quantitative level. If not, one could look into how to
tune the simulations further in order to reach a quantitative agreement.

Another direction in which research could be done is on the topic of scaling up this simulation. We
have confirmed that some QGP-like effects can be found back in simulations through the implementation of
CR. However, this gives us no guarantee that the simulations using CR actually form a microscopical model
of the system of QGP. If we could simulate a larger-scale system such as p-Pb or Pb-Pb collisions while using
CR, we could test whether we can recover the macroscopic behavior of a QGP. This would then form a strong
argument that CR is a correct way of modeling QGP microscopically.

It is important to note that this scaling up of the simulations might well be extremely difficult. There are
certain to be problems with regards to computational power. Furthermore, simulations from first principles
are notoriously difficult in the regime of Pb-Pb collisions. However, these things do not mean that such a
simulation is strictly impossible. If done successfully it could provide many valuable insights.
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A Simulation multiplicity distributions

A.1 Multiplicity distributions @ 7TeV

Multiplicity distribution for CR and Hard QCD @ 7 TeV
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Figure A.1: This figure shows the multiplicity distribution of roughly 2% 10° pp collisions, simulated with CR,
using hard QCD, at a center-of-mass energy of 7 TeV. The figure has been subdivided in five regions, each
marked with a distinct color. The blue, purple, and red regions correspond to the low (1-8), medium (9-24)
and high (25-46) multiplicity ranges respectively. The green region corresponds to events with a multiplicity
of zero. The yellow region corresponds to events with a multiplicity that falls above our definition of the high
multiplicity range.
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Multiplicity distribution for No CR and Hard QCD @ 7 TeV
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Figure A.2: This figure shows the multiplicity distribution of roughly 2 10° pp collisions, simulated without
CR, using hard QCD, at a center-of-mass energy of 7 TeV. The figure has been subdivided in five regions, each
marked with a distinct color. The blue, purple, and red regions correspond to the low (1-8), medium (9-24)
and high (25-46) multiplicity ranges respectively. The green region corresponds to events with a multiplicity
of zero. The yellow region corresponds to events with a multiplicity that falls above our definition of the high
multiplicity range.
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Multiplicity distribution for CR and Soft QCD @ 7 TeV
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Figure A.3: This figure shows the multiplicity distribution of roughly 2 * 10° pp collisions, simulated with
CR, using soft QCD, at a center-of-mass energy of 7 TeV. The figure has been subdivided in five regions, each
marked with a distinct color. The blue, purple, and red regions correspond to the low (1-8), medium (9-24)
and high (25-46) multiplicity ranges respectively. The green region corresponds to events with a multiplicity
of zero. The yellow region corresponds to events with a multiplicity that falls above our definition of the high
multiplicity range.



A SIMULATION MULTIPLICITY DISTRIBUTIONS 39

Multiplicity distribution for No CR and Soft QCD @ 7 TeV
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Figure A.4: This figure shows the multiplicity distribution of roughly 2 10° pp collisions, simulated without
CR, using soft QCD, at a center-of-mass energy of 7 TeV. The figure has been subdivided in five regions, each
marked with a distinct color. The blue, purple, and red regions correspond to the low (1-8), medium (9-24)
and high (25-46) multiplicity ranges respectively. The green region corresponds to events with a multiplicity
of zero. The yellow region corresponds to events with a multiplicity that falls above our definition of the high
multiplicity range.
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A.2 Multiplicity distributions @ 13 TeV

Multiplicity distribution for CR and Hard QCD @ 13 TeV
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Figure A.5: This figure shows the multiplicity distribution of roughly 2% 10° pp collisions, simulated with CR,
using hard QCD, at a center-of-mass energy of 13 TeV. The figure has been subdivided in five regions, each
marked with a distinct color. The blue, purple, and red regions correspond to the low (1-8), medium (9-24)
and high (25-46) multiplicity ranges respectively. The green region corresponds to events with a multiplicity
of zero. The yellow region corresponds to events with a multiplicity that falls above our definition of the high
multiplicity range.
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Multiplicity distribution for No CR and Hard QCD @ 13 TeV
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Figure A.6: This figure shows the multiplicity distribution of roughly 2 10° pp collisions, simulated without
CR, using hard QCD, at a center-of-mass energy of 13 TeV. The figure has been subdivided in five regions, each
marked with a distinct color. The blue, purple, and red regions correspond to the low (1-8), medium (9-24)
and high (25-46) multiplicity ranges respectively. The green region corresponds to events with a multiplicity
of zero. The yellow region corresponds to events with a multiplicity that falls above our definition of the high
multiplicity range.
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Multiplicity distribution for CR and Soft QCD @ 13 TeV
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Figure A.7: This figure shows the multiplicity distribution of roughly 2% 10° pp collisions, simulated with CR,
using soft QCD, at a center-of-mass energy of 13 TeV. The figure has been subdivided in five regions, each
marked with a distinct color. The blue, purple, and red regions correspond to the low (1-8), medium (9-24)
and high (25-46) multiplicity ranges respectively. The green region corresponds to events with a multiplicity
of zero. The yellow region corresponds to events with a multiplicity that falls above our definition of the high
multiplicity range.
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Multiplicity distribution for No CR and Soft QCD @ 13 TeV
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Figure A.8: This figure shows the multiplicity distribution of roughly 2 10° pp collisions, simulated without
CR, using soft QCD, at a center-of-mass energy of 13 TeV. The figure has been subdivided in five regions, each
marked with a distinct color. The blue, purple, and red regions correspond to the low (1-8), medium (9-24)
and high (25-46) multiplicity ranges respectively. The green region corresponds to events with a multiplicity
of zero. The yellow region corresponds to events with a multiplicity that falls above our definition of the high
multiplicity range.



B SIMULATION TRANSVERSE MOMENTUM SPECTRA @ 7 TEV

44

B Simulation transverse momentum spectra @ 7 TeV

B.1 Multiplicities shown together @ 7 TeV
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Figure B.1: The pp spectrum of the yield of p for simulations at 7 TeV, with all multiplicities shown together

for each pythia tune

B.2 Pythia tunes shown together @ 7 TeV
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Figure B.2: The pr spectrum of the yield of 7 for simulations at 7 TeV, with all multiplicities shown together

for each pythia tune

C Simulation transverse momentum spectra @ 13 TeV

C.1

Multiplicities shown together @ 13 TeV

C.2 Pythia tunes shown together @ 13 TeV
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A spectrum
CR Hard QCD @ 7 TeV
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B.5: A. spectrum
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together for each pythia tune
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Figure B.7: The pr spectrum of the yield ratio of p over 7 for simulations at 7 TeV, with all multiplicities

shown together for each pythia tune
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Figure B.8: The pr spectrum of the yield ratio of A over K for simulations at 7 TeV, with all multiplicities

shown together for each pythia tune



C SIMULATION TRANSVERSE MOMENTUM SPECTRA @ 13 TEV

49

B.9 A./D, spectrum

CR Hard QCD @ 7 TeV

<_ 0.055
[a)] C
P C
< 0.05—
0.045— e, S
0.04— —— i
C -
0.035— [
C — Inclusive
| —8— Low multiplicity
Qe [—— —m— Medium multiplicity
E— +"‘ﬂ"mﬂﬂp"dw
0 2 4 6 8 10 12 6
p, ( GeV]
CR Soft QCD @ 7 TeV
= F
2 o005
0045i 4?
E f‘f T
C Y
004 ——
0.035— —
F ES =5
Inclusive
0.03 —&— Low multiplicity
E e —#— Medium multiplicity
=Y I Lo I N +Hlnhmﬂﬂpll=llv
0 2 4 6 8 10 12 6
[ Gev}

No CR Hard QCD @ 7 TeV

o, 005
> -
< [
0.045— i
f e Ta e
C 2
C — ——
0.04— —t—
B —o— — b
0.035— ——H—
: Inclusive
[ —E— Low multiplicity
= £ Medium multiplicity
0.03 = Lol 1y oy 1y, | B High multiplicity
0 2 4 6 8 10 12 14
bt (Gev)
No CR Soft QCD @ 7 TeV
D 0.048F 1
<0.046— —7
0.044 — —4—
0.042F~ f‘=
0.04 X
0.038—
0.036 = —a
0.034 — ) e
0.032 ; —e— ::...mm;n;d'
= - m muitiplicity
0.03 ??T L L | | —&— High mllllpll:“v
0 2 4 6 8 10 2

pr (Gev)°

Figure B.9: The pr spectrum of the yield ratio of A, over Dy for simulations at 7 TeV, with all multiplicities
shown together for each pythia tune
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Figure B.10: The pr spectrum of the yield ratio of p over 7, normalized by the average yield ratio for
simulations at 7 TeV, with all multiplicities shown together for each pythia tune
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B.11: A/K, spectrum, normalized
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Figure B.11: The pr spectrum of the yield ratio of A over Kj, normalized by the average yield ratio for
simulations at 7 TeV, with all multiplicities shown together for each pythia tune
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Figure B.12: The pr spectrum of the yield ratio of A, over Dy, normalized by the average yield ratio for
simulations at 7 TeV, with all multiplicities shown together for each pythia tune
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Figure B.13: The pr spectrum of the yield of p for simulations at 7 TeV, with all pythia tunes shown together

for each multiplicity

B.1%

7 spectrum
Inclusive @ 7 TeV

" p, ey

CR Hard QCD
No CR Hard QCD
CR Soft QCD
No CR Soft QCD

2 p, ey

Medium multiplicity @ 7 TeV
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Figure B.15: The pr spectrum of the yield of A for simulations at 7 TeV, with all pythia tunes shown together

for each multiplicity

K, spectrum

Low multiplicity @ 7 TeV

o
—B— CR Hard QCD

—E— No CR Hard QCD
—#— CR Soft GCD
—5— No CR Soft GCD

High multiplicity @ 7 TeV

2 By

E 7"'#t
-3 o
10 iSE S
E 1<
-
= @/ @ CRHaraQCD
ﬂﬂﬂ}ﬂf —E No CR Hard GCD
| - cRsoitaco
E. . vy v v vy vy | "S- Ho CRS0IACD
1] 2 4 6 8 10

2 p, (Eev)

Inclusive @ 7 TeV Low multiplicity @ 7 TeV

)

EES
"z
20
:&*#
-7 »
#####***t
CR Hard QCD :&#ﬂ: *’EO'-_Q* —#— CR Hard QCD
No CA Hard QCD '!-* —E— No CR Hard QCD
pas.
CR Solt QCD 4 —#— CcRsontacD
P S N RS NS HI No CR Soft aCD | W 0wy Ly 1, | TS NoCRSoRtACD
2 4 [ 8 10 12 4 4 6 8 10 12 4
p, Eev) p, (V)
Medium multiplicity @ 7 TeV High multiplicity @ 7 TeV
z“»»
7 10
29
-t 1
g ﬁt 10°!
T -2
o 10
o
B e o
R e, 1073
ey Bee
ﬂﬂﬁﬁ_.:{_ﬂtdga —B— CR Hard QCD 1074 —B— CR Hard QCD
ﬂﬂ:ﬁtt o |5 NoCRHard aCD ~E~ No CR Hard QCD
ﬁf«rcnmm 10°° —#— CR Soft GCD
L w0 Ly g 1y |76 NeCRSoftacD P S NS NI RO |1 |~ MacASonacD
2 4 [ 8 10 12 4 0 2 4 6 8 10 12 4
p, (Eev) p, (o)

Figure B.16: The pr spectrum of the yield of K for simulations at 7 TeV, with all pythia tunes shown
together for each multiplicity
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Figure B.17: The pr spectrum of the yield of A. for simulations at 7 TeV, with all pythia tunes shown

together for each multiplicity
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Figure B.18: The pr spectrum of the yield of Dy for simulations at 7 TeV, with all pythia tunes shown

together for each multiplicity
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Figure B.19: The pr spectrum of the yield ratio of p over 7 for simulations at 7 TeV, with all pythia tunes

shown together for each multiplicity
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Figure B.20: The pr spectrum of the yield ratio of A over K| for simulations at 7 TeV, with all pythia tunes

shown together for each multiplicity
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Figure B.22: The pr spectrum of the yield ratio of p over 7, normalized by the average yield ratio for
simulations at 7 TeV, with all pythia tunes shown together for each multiplicity
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Figure B.23: The pr spectrum of the yield ratio of A over Ky, normalized by the average yield ratio for
simulations at 7 TeV, with all pythia tunes shown together for each multiplicity
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Figure C.1: The pp spectrum of the yield of p for simulations at 13 TeV, with all multiplicities shown together

for each pythia tune
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Figure C.3: The pr spectrum of the yield of A for simulations at 13 TeV, with all multiplicities shown

together for each pythia tune
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Figure C.11: The pr spectrum of the yield ratio of A over Ky, normalized by the average yield ratio for
simulations at 13 TeV, with all multiplicities shown together for each pythia tune
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Figure C.13: The pp spectrum of the yield of p for simulations at 13 TeV, with all pythia tunes shown

together for each multiplicity
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Figure C.18: The pr spectrum of the yield of Dy for simulations at 13 TeV, with all pythia tunes shown
together for each multiplicity
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Figure C.19: The pr spectrum of the yield ratio of p over 7 for simulations at 13 TeV, with all pythia tunes
shown together for each multiplicity
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Figure C.20: The pr spectrum of the yield ratio of A over K for simulations at 13 TeV, with all pythia
tunes shown together for each multiplicity
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C.21: A./D, spectrum
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Figure C.21: The pp spectrum of the yield ratio of A, over Dy for simulations at 13 TeV, with all pythia
tunes shown together for each multiplicity

C.22: p/m spectrum, normalized
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Figure C.22: The pr spectrum of the yield ratio of p over 7, normalized by the average yield ratio for
simulations at 13 TeV, with all pythia tunes shown together for each multiplicity
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[C.23} A/K, spectrum, normalized
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Figure C.23: The pr spectrum of the yield ratio of A over Ky, normalized by the average yield ratio for
simulations at 13 TeV, with all pythia tunes shown together for each multiplicity
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