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Chapter 1

Introduction

Monte Carlo event generators are very helpful and necessary instrumentations for
all high energy experiments. They are used to simulate interactions to design prop-
erly detectors according to particular needs of individual experiments. Monte Carlo
(MC) simulators help to optimize detectors before construction and therefore play an
irreplaceable role in High Energy Physics (HEP).

Simultaneously the interpretation of extensive air shower (EAS) measurements
depends on results and comparisons with EAS simulations. Energy reached at present
day colliders is much smaller than energy of EAS. Therefore MC generators represent
the only way how to construe measured data. The most important problem and the
biggest challenge is to extrapolate accelerator data to ultra-high energies (~ 10%° eV)
encountered in Cosmic Ray (CR) physics.

Particles and nuclei coming from the universe (so called cosmic rays) turn out to
have energy up to 10'! GeV. The energy spectrum of cosmic rays is steeply falling.
It can be described by means of a power law in energy with index -2.7. At about 4 -
10% GeV (so called knee) the index changes to -3.1 (see Fig. 1.1) [1, 2]. The steepening
of the spectrum seems to give additional information about particle sources. The
sharp edge indicates the end of one energy spectrum. Some experimental data predict
that CR energy spectrum start to rise up again in the energy beyond 10'® GeV (see
Fig. 1.1). The decrease and following rising up of the total energy spectrum can be
interpreted as a sum of particular energy spectra. Particles with energy below the
knee are considered to be predominantly from our Galaxy. It is assumed that energy
above the knee belongs to end of spectrum of galactic particles and emerging spectrum
of extragalactic particles. Cosmic ray spectrum has two distinct regions. The second
one, so called ankle is beyond 10'° GeV. This area is not properly explored, however,
it is of essential interest because of possible upper limit of particle energy. This cut-off
is called the Greisen-Zatsepin-Kuzmin (GZK) limit [3, 4] and it refers to interaction
of cosmic rays (with sufficient energy) with background radiation.

Energy and other properties of cosmic rays can be measured directly (for example
by detectors carried by balloons or by satellites), however only up to energy of about
10° GeV. Beyond this limit data have to be collected by ground detectors of EAS.
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These experiments are based on measurement of the air showers induced in the atmo-
sphere. Cosmic rays are rare at higher energies according to flux, therefore long time
exposure and large detector sizes are needed. This is necessary to detect sufficient
amount of events.

The description of interactions of hadronic particles in the showers with the nuclei
in the atmosphere is the most crucial aspect of simulations. Therefore the reliability
is indispensable. However, hadronic interactions are still inaccurately described in
EAS energy regions. Interaction models have to provide results in accordance with
data acquired at colliders. Nowadays the highest energy (2 TeV in center of mass) is
accessible at collider Tevatron in Fermilab. This energy corresponds to 2-10% TeV in
pp laboratory system. The laboratory system is the natural system for description of
EAS. To perform successful comparison, detector has to cover very forward regions for
particles with small transverse momenta and high energies. These events dominate
in the development in EAS. Full coverage detectors are technically demanding and
area along beam pipe is not covered at colliders.

Testing and checking the credibility of hadronic interaction models is crucial for
cosmic rays physics. By measuring so called minimum bias events in the very forward
area this can be done. Minimum bias events are usual, common and the most frequent
ones. These interactions could be characterized by low-p, parton scatterings (see
A.6), because high-p, scatterings are rare. In various texts different definitions of
minimum bias events can be found. Sometimes they are described like non-single
diffractive interactions. Minimum bias events are closely connected to EAS events,
because they represent the vast majority of detected events.

New opportunities appear at Large Hadron Collider (LHC) at CERN. The aim of
the presented work is to study particle production in conditions of the ATLAS detector
at LHC. It offers better conditions to study event generators as the energy 14 TeV
in the Center of Mass System ( CMS) of proton-proton collisions corresponds already
to the ’knee’ region. Capabilities of ATLAS detector are enormous and therefore
they could be utilized in nucleus-nucleus and proton-nucleus interactions relevant to
cosmic rays studies [6]. Except ATLAS, there are 3 other LHC experiments under
construction: CMS, ALICE, LHCb. They also bring opportunities for nuclear physics,
especially the experiment ALICE is dedicated for nuclear physics program, but these
detectors do not belong to the subject of this thesis.

The most obvious variables to test particle production at LHC are multiplicity,
transverse momentum and energy distribution of secondary particles produced, ra-
pidity and pseudorapidity distribution (definitions of all variables can be found in
Appendix A). Pseudorapidity is the approximation of rapidity for the case that
particle velocity is 8 = 1 or the mass of particle is m = 0. On the other hand pseu-
dorapidity can be measured even in the case, when the energy and momentum of a
particle are not known.

Interactions of cosmic rays in the atmosphere involve proton-nucleus and nucleus-
nucleus collisions. They differ from nucleon-nucleon interactions in many aspects
and mechanisms which one has to consider. The complexity of the field brings new
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Figure 1.1: The cosmic ray energy spectrum. Dashed lines mark regions usually
called ’knee’ and ’ankle’. Red arrows indicate energies achieved by various collider
experiments and blue arrow specifies energy achievable in fix target experiments.
Taken from (5] and modified.
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issues and questions to be answered. Heavy Ion Physics (HIP) is trying to obtain
information about a new presumed phase of matter, the Quark Gluon Plasma (QGP).
Quarks and gluons are no longer confined in this state and chiral symmetry is restored
[7). Even without this phase transition interaction models involving nuclei are far from
being complete. Particles emitted in the very forward region bear most of the collision
energy. Their kinematic parameters cannot be presently calculated by means of the
field theory of strong interactions, the Quantum Chromodynamics (QCD), because
of small momentum transfer. Theory can provide account of perturbative processes,
but non-perturbative effects have to be included as well. Just size of incident nuclei
implicates more frequent occurrence of these phenomena. Also the high density of
produced particles can cause non-linear effects.

A plan of this work is to compare PYTHIA [8], QGSJET [9], HIJING [10] and
QGSJET-II [11] at LHC energy region. PYTHIA is frequently used to simulate high
energy collisions of elementary particles. For these interactions PYTHIA is considered
to be the etalon. HIJING Monte Carlo generator achieves successes in generation of
hadron-nucleus and nucleus-nucleus collisions. These achievements are connected to
reproducing the data from RHIC accelerator more closely then other generators [12].
QGSJET is considered as the base for calculations at super-high energies of cosmic
rays. It is in good accordance with the data and therefore QGSJET is thought to be
a standard in CR physics. QGSJET-II is the new version of QGSJET written by the
same author, which improved the generator by including new phenomena. However
QGSJET-II has still the beta version status. The MC models are described and
discussed in Chapter 2. It comprises also classification of models in general and more
detailed descriptions of relevant models. The main goal is to find significant differences
between these generators which could be seen in the ATLAS detector. Results from
particular simulators are included in Chapter 3. At first, there are comparison of
mentioned generators in proton-antiproton interactions corresponding to Tevatron
energy, that is in the region where the real data have been already obtained. Detector
response and capability to compare simulations with measurements depends on the
ATLAS detector design and coverage of very forward regions, too. Description of
the ATLAS detector and intended application for nuclear physics can be found in
Chapter 4. Proton-nucleus and nucleus-nucleus interactions will be studied in this
work. Differences of generators in such regions of kinematic variables, where it is
possible to measure by detectors are discussed in Chapter 4. There are detectable
regions with significant differences among simulators. On the base of such results
and after performing relevant experiments at LHC and ATLAS one could decide
which of these models is approaching the real situation the best. Chapter 5 contains
conclusions and summary of this work. Variables and quantities used for description
can be found in Appendix A.



Chapter 2

Monte Carlo Simulators

2.1 Review of Generators

Many interaction models are used to simulate and describe particles and nuclei colli-
sions. They have to describe vast amount of phenomena. They also have to reproduce
accelerator data and give as much details of interactions as possible. Therefore they
contain perturbative QCD processes to take into account hard processes and also soft
processes. Currently many models are used and they differ in implementation and
how much they are inspired by QCD. According to this, models which are not so
theoretically inspired contain more phenomenological parameters than others. To-
tal multiplicity is most influenced by the underlying soft events. Properties of these
events are quite model-dependent. Models of nuclei interactions are not so stan-
dardized in contrast with hadron-hadron ones. This could be accounted to higher
complexity of relativistic nucleus-nucleus interactions. Especially non-perturbative
effects which are dealt with by models, increase with the nuclear size. As a result,
some non-linear effects in particle densities can be observed and are of much impor-
tance in nucleus-nucleus collisions. The time evolution of the heavy ion collisions is
not described in such detail as in the case of hadron-hadron event generators [13)].
Space-time framework is included implicitly or explicitly in models which aim to
describe heavy ion collisions.

The interpretation of EAS (PeV region) depends strongly on hadronic interaction
models. Many EAS experiments have used various models to determine the pri-
mary particle, its energy and consequently mass composition of cosmic rays. These
tools of nuclear physics are needed to describe collision processes of the primary
particles (hadrons or nuclei) with air nuclei by extrapolating to higher energies and
small momentum transfers. Nuclear collisions cannot be described only as a sum of
nucleon-nucleon interactions and such simplest models give wrong results. It means
that some collective effects appear. On the other hand, elementary nucleon-nucleon
interaction is taken as a basis. Different models are proposed under different theoret-
ical assumptions. However, the use of the same physical model does not necessarily
lead to the same results. Physical model describes the framework of interaction and
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stages which partons go through. Consequently, observables depend not only on the
particular model, but also on implementation of the physical ideas.

Results obtained from models of the hadronic interactions suffer from various un-
certainties. Firstly, some of them are caused by necessary approximations implied
in the model construction. Secondly, due to inconsistencies in the experimental re-
sults taken as a basis for extrapolations. These data also suffer from systematic
uncertainties which are in consequence contained and amplified in the hadronic in-
teraction models. For instance, nucleon-carbon cross sections have been obtained at
energies 200~280 GeV as Oine = 225+ Tmb [16] and Oiner = 237 £ 2mb [17] with un-
certainties mainly of systematic character. Total cross section of proton-antiproton
collisions has been measured by different collaborations at Tevatron. At the high-
est energy of \/s = 1.8 TeV total proton-antiproton cross section was determined as
Otot = 72.8 3.1 mb [18], 0yx = 80.03 £ 2.24 mb [19)], and 0;,x = 71.71 £ 2.02 mb [20],
respectively. The probability that values are consistent with each other is only 1.6 %
[20]. On the account of such differences, uncertainties of 5-10 % are propagated when
constructing hadron-air and nucleus-air cross sections for EAS simulations. Several
interaction models have been developed for modeling EAS in program CORSIKA [21].
Simulations done with CORSIKA show that effects on predictions are substantial. For
example in case of primary proton with 104 -10'%eV an increase of hadron-air 0ipne
by 10% implies a decrease of the number of high-energy hadrons (> 100 GeV) by
up to 50 % and of the electron number (> 300 MeV) by ~ 15% [22]. These results
are calculated for EAS of vertical incidence at sea level. Interpretations of EAS are
affected by such errors. As an illustration, the mass composition of primary particles
(at highest energies) is derived from the depth of shower maximum. As a result the
composition varies from mixed to pure iron according to particular model. On the
other hand, the strong dependence of the hadronic EAS observables on details of
the interaction models gives opportunity to make comparisons and test the models.
The conclusions lead to constraints of the model free parameters despite our limited
understanding of the primary interactions.

Interaction models can be classified by different criteria. It is very difficult and
delicate because they are almost mixed and division is therefore ambiguous due to
different points of view. Models contain description of several stages of the collision.
They involve elementary interactions between partons and strings and also for exam-
ple evolution of hadrons. Heavy ion collision is divided into elementary interactions
on several microscopic levels. Each stage refers to particular space scale and time
scale of the collision. Models can be therefore characterized according to which stage
is the mainly emphasized one and which assumptions for it are used [13]. Although
most of them are mixed it is possible to classify them with dominant characteristics.

From other point of view, models can be classified according to whether they
mainly pay attention to the hard or soft part of the collision, which is related to
the value of transferred momentum in the interaction (more information about these
concepts can be found at the beginning of the Subsec. 2.2.3).

Both of these classifications will be discussed in next Sec. with main representa-
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Parton formation Parton evolution Hadron gas
Preequilibrium  Equilibrium, QGP evolution
| T

0 Teq Ahadr N
~ 1 frn ~ 10 fm -100 fm
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parton cascade.

string models”

statistical, hydrodyn. models

hadron transport,
pure hadronic models

Figure 2.1: Schematic diagram of stages of a heavy ion collision. There are classes
of models with their main emphasis on particular stages (solid lines). Dashed lines
indicate extension of models to successive stages. The axis r is a time scale indicating
time after collision. Taken from [13] and modified.

tives of the models.

2.2 Classification of Models by Reaction Mecha-
nism

As mentioned above, models can be divided into several groups according to stages,
by which they pass through. Fig. 2.1 shows a sketch of the stages of heavy ion
collision and corresponding classes of models which were proposed for them. Solid
lines represent stages for which the models were originally designed. Dashed lines
signify subsequent stages to which the models are extended. There is a time scale
given in orders of magnitude.

Immediately after such a dense energy region is formed. After a short time of
the order of req partons rescatter. That leads to thermalization of the system and
to creating of equilibrium of quarks and gluons, which is called Quark Gluon Plasma
(QGP). After req QGP evolves and cools down until it reaches the critical temperature.
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Afterwards hadrons start to be created, this refers to the time 73,4-. The next stage
called mized phase is composed of cooling down QGP and formation of hadrons.
In Fig. 2.1 this stage is absent to simplify the situation. This stage ends in the
point called chemical freeze-out, where hadrons are already formed and exchange
of quarks and gluons is stopped. The system of hadrons is still interacting and
therefore hadron gas is the convenient label. Interactions (scattering) of hadrons end
at point of thermodynamical freeze-out corresponding to 7. time. Needless to say,
division to individual stages is artificial and physically there are no borders, but it
is helpful for Monte Carlo implementation and causality. In practise, the real stages
overlap each other. There are some types of models which are trying to describe
the initial stage, called pre-equilibrium, and how the system evolves to equilibrium.
Parton cascade and string models belong to this group. It is necessary to remark,
that no existing Monte Carlo simulator describes saturation stage. The mentioned
models are built primarily to implement various ideas on the initial stage, however,
to give an account of collision observables they are extended to successive stages after
equilibration. Hydrodynamical or statistical models are describing the equilibrated
partonic stage (QGP). The last stage is called hadronic phase and can be included.
Hadronic transport models are intended for treatment of the hadronic phase. The
whole history of a hadron collision is simulated by pure hadronic models (to avoid
ambiguity with the concept of a hadronic model which consists of several parts to
describe final stage of interaction).

2.2.1 Pure Hadronic Models

These models interpret and describe nuclear collisions as simple superposition of
hadron-hadron collisions. They use Glauber-Gribov model and nuclear geometry to
calculate the number of such collisions for a given impact parameter b. LUCIFER [23]
and LEXUS [24] belong to this category. As mentioned above, this simplification
of interactions fails as collective effects appear with increasing number of nucleon-
nucleon collisions.

2.2.2 Parton Cascade Models

The Parton Cascade Model (PCM) [25] uses quarks and gluons as degrees of freedom
for microscopic approach. The PCM is convenient tool to study hot and dense par-
tonic stage QGP. It describes the dynamics of the pre-equilibrium deconfined reaction
phase. There are several physical issues which are connected to this approach such as
mechanisms of parton equilibration, the production of heavy quarks and the emission
of photons and dileptons in the phase before equilibrium and the dynamics of energy
loss in a deconfined medium.

The state of the dense partonic system in PCM is characterized by a set of one-
particle distribution functions F; (z¥#,p®), where i = g,u,%,d,d,... is the flavour
index and functions depend on coordinates z¥,p, in the eight dimensional phase

10
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space. These models solve a relativistic Boltzmann equation for partons:

P o i (2, ) = CiF], (21)

with collision term C; which is a nonlinear functional of the distribution function.
Cross sections and splittings are calculated in perturbative Quantum Chromodynam-
ics (pQCD) at lowest order (leading order). Partons propagate on-shell and along
classical trajectories in phase space (according to the rules of the relativistic kine-
matics) between individual parton-parton interactions. The initial state is either
constructed from experimentally measured nucleons and nuclei structure functions
and elastic form factors or provided by a model of the initial state of collisions.
AMPT [26] and GROMIT [27] represent Monte Carlo codes of PCMs which use par-
tons produced in initial parton-parton collision provided by HIJING (see Sec. 3.1.1)
as initial condition to generate parton distribution. VNI [28] and VNI/BMS [29] take
initial conditions from parton distribution functions from measured data. Initial and
final state radiation is included.

2.2.3 String Models

Before discussion of string models it is necessary to introduce essential concepts of soft
and hard interactions. Hard interaction is characterized by large momentum transfer
and can be therefore dealt by pQCD. On the other hand, soft interaction is a notion for
small momentum transfer processes. Distribution of transverse momenta p; (A.6) of
secondary particles is convenient for distinction of hard and soft interactions. Such

Figure 2.2: Transverse momentum distribution separating soft and hard scattering.
Taken from [30] and modified.

a distribution is actually different for both types of interactions (scatterings). For

instance pion p, spectra for p; < 2GeV behave exponentially in contrast to large-
p1 part of spectra with a power law distribution [30]. A rough scheme of such p;

11



2.2 Classification of Models... MONTE CARLO SIMULATORS

hard contribution [%)]

S
100 |~

50 -

1 2
20 60 200 6000
energy [GeV)

Figure 2.3: Ratio of hard scatterings versus center of mass energy. Taken from [30]
and modified.

distribution is in Fig. 2.2 with logarithmic scale on y-axis. The exponential low-p;
part is due to soft processes, whereas dependence of the form p7™ corresponds to
hard processes, which can be described by QCD diagrams. A ratio of soft and hard
interactions (actually a ratio of hard and soft cross sections) depends on energy of
interaction. With increasing energy of the collision hard interactions begin to appear
and then become preponderant over the soft ones. Fig. 2.3 demonstrates contribution
of hard interactions in dependence on the energy. It shows that at energy region of
about 7TeV (energy available at future LHC collider, see Chapter 4) hard scattering
will be of the crucial importance, whereas at energy up to ~20 GeV hard interactions
do not emerge.

String models describe collisions via exchanges of colour and momentum between
partons in the target and projectile. Partons become connected by objects called
strings, ropes or flux tubes. Many models can be assigned into this group, e.g.
HIJING (see 3.1.1), QGSM [31], PSM [32], DPMJET (Monte Carlo implementation
of Dual Parton Model) [33], NEXUS [34], LUCIAE [35], VENUS [36], FRITIOF [37]
or SFM [38].

String models are models providing description of soft low-p, hadronic and nu-
clear interactions up to moderately high energy (< 100 GeV). There are string models
based on Gribov-Regge Theory (GRT) [36] and even more phenomenological models.
GRT string models are within the framework of relativistic quantum theory, compat-
ible with QCD, and they will be discussed later. In spite of theoretical approach of
GRT, this theory can be also considered to be phenomenological one in the sense that
many assumptions are introduced to provide a link with QCD. The basis of Gribov-
Regge theory of multiple Pomeron exchange are Reggeons and Pomerons [36]. The
Pomeron is an elementary exchange object, but it is not elementary in terms of quarks
and gluons. Data suggest that at high energy Pomerons turn out to be dominant,
whereas high energy scattering in leading log approximation is dominated by gluon

12
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2

21m =

pomeron amplitude "cut cylinder"
(sum of QCD diagrams)

Figure 2.4: Imaginary part of Pomeron amplitude is proportional to square of sum of
all cut cylindrical diagrams (gluons and closed quark loops on a cut cylinder surface.
Pomeron amplitude on the left side is illustrated as zigzag line. Taken from [30].

ladders [36]. Therefore according to Veneziano, Pomeron is identified with the sum
of all QCD cylindrical diagrams (cylinder of gluons and quark loops fitting on a sur-
face, see Fig. 2.4). Reggeons are connected to planar diagrams, also by means of the
sum of all planar diagrams. On the other hand, only Pomerons can be considered as
exchange object, because high energy scattering is dominated by them.

In the simplest case of one Reggeon there is connection of the Reggeon amplitude
and squared cut plane. The Reggeon amplitude is given by one-Reggeon exchange.
Some well known facts about planar QCD diagrams have to be considered. Especially,
that planar diagrams have similar properties as compared to fragmentation of strings.
In the case of one Pomeron, a squared cut cylinder refers to imaginary part of the
Pomeron amplitude and corresponds to two fragmenting relativistic strings (see Fig.
2.4). Dynamics and fragmentation of strings are the essential parts of models. Rel-
ativistic string is a two-dimensional surface in a four-dimensional Minkowski space.
It is object with mass and behaviour in accordance with equations of motion derived
from Hamilton principle. In the colour string models the string can be considered
as a flux tube connecting two colour charges. The homogeneous colour field induces
production of pairs of coloured partons. It causes the neutralization of colour field
and simultaneously creation of two substrings. Successive decays may occur in the
similar way. (In [36] comprehensive information about strings and fragmentation can
be found.) ) )

In this framework, for instance interaction of two incident hadrons f; and f, via
exchange of colour between two partons ¢ and j results in two strings. Endpoints of
one string are fl — i and j, endpoints of the second string are f, — j and 4. Using
symbols {---|---} for strings, with py, Pz, k, | being the incident hadron momenta and
parton momenta, respectively, the interaction can be written as

L@+ fo(B2) — {(AG) - iR O+ {@) -0 EF}  (22)
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It seems to be very useful to introduce quark line diagrams to keep track of flavour
flow (see Fig. 2.5 for graphical demonstration of Eq.. 2.2). Fig. 2.5 represents single
colour exchange, i.e. nondiffractive scattering. Quarks are represented by horizontal
lines. Vertical lines indicate strings which link quarks together. Quarks are depicted
by dots. Intersections of strings and quarks lines without dots have no meaning.
The colour exchange is represented by an arrow between two quark lines. Initial (or
intermediate) configurations of quarks can be indicated by empty dots, in the final
stage of strings, quarks are plotted by full dots. Incident hadrons f; and f; are colour
singlets and the final products - partons linked together: f; —% with j and also fo —j
with 7 are singlets. It is the reason for term colour ezchange between partons i and
j- One has to keep in mind that quarks in Fig. 2.5 correspond to the so called
constituent quarks. There is non-zero probability of colour exchange involving ¢—q
pair from so called sea (virtual pairs of parton-antiparton). Resulting diagrams with
colour exchange regarding sea quarks correspond to diffractive excitations of projectile
or target or both. As a consequence, there are four types of colour exchange between
quarks: nondiffractive, diffractive excitation of initial particles and double diffractive
excitation (so called Pomeron-Pomeron scattering). For antiquark colour exchange
the situation is rather different. The diquarks in Fig. 2.5 have to be replaced by four
quarks to keep singlet character while other relations hold. The single colour exchange
can be generalized to multiple colour exchange. Also generalization to nucleus-nucleus
interactions can be done. A simple example of quark line diagram for nucleus-nucleus
collision is shown in Fig. 2.6 with the same rules as written above.

Strings generated by colour exchanges undergo fragmentation process in the frame-
work of classical relativistic string theory. Strings break up in such way, that decay
products can be either again strings or particles depending on the masses of the
strings. Several string fragmentation models are used, e.g. Lund model JETSET [39]
and AMOR [36]. Model AMOR is covariant and also gauge invariant. Lund frag-
mentation model conserves both energy and momentum via connection partons by a
colour field. It considers also two partons and by means of fragmentation step new
hadron is formed which contains one of the partons. AMOR model is based on string
decay into two substrings (of arbitrary masses), whereas in the Lund model string
decays into string and hadron (of specific mass). That is an iterative mechanism
limited by masses of the strings (some cut-off). They split while their masses are
above some cut-off in both models. Below this limit, strings become stable hadrons
or resonances. The Lund model JETSET uses the framework of classical relativistic
strings, it conserves energy and momentum and JETSET is also covariant model.

So far independent string models were discussed. This type of models considers
an independent fragmentation of each string. Higher energy of collision, degree of
centrality and larger size of nuclei implicate larger amount of strings. It is supposed
this leads to interaction among strings at very high energy heavy ion collisions. These
processes can be seen as connection or alternative to nuclear shadowing effect leading
to reduction in multiplicities at central rapidity regions [15]. Shadowing effect causes
shielding of interactions of participants. Because of large size of nuclei, nucleons can
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Figure 2.5: Quark line diagram. Colour exchange between partons i and j corre-
sponding to a nondiffractive scattering. Taken from [30] and modified.

R E——

-
p2§ g o.

R — 3

@ ®

&——
2§ — )

Figure 2.6: Quark line diagram for a nuclear collision. p; and p, are the projectile
hadrons, whereas t; and ¢, are the target hadrons. Taken from [30] and modified.
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not interact with those which are shadowed. There are limitations of independent
string model approach corresponding to high energy limit, low energy limit and high
density limit.

The low energy limit is an implication of Gribov-Regge formalism. It is based on
asymptotic considerations for center of mass energy (see A.3) s/GeV >> 1 and it forms
an essence of string model. There are other arguments for such energy limitation from
below. Consider nucleon-nucleus interaction. String models admit several interactions
of hadron while passing through the nucleus. After the first interaction strings are
created. One of the ends of each string can be denoted as leading (in fact parton)
which is the most energetic. It traverses the whole nucleus and does not form hadrons,
but does interact whenever target nucleon is close enough. This concept needs enough
energy that restricts energy range of string model. The hadronization time for forming
hadrons has to be larger than the traversal time necessary for projectile nucleon to
traverse the nucleus. It leads to minimum center of mass energy [30]:

VSmin & 5GeV. (2.3)

The high energy limit is related to new phenomena turning up at high energy
nucleon-nucleon scattering. At energies beyond 100 GeV in center of mass a bunch of
secondary particles going in almost the same direction comes into view. This bunch
is called jet. By means of evaluating elementary QCD diagrams the inclusive cross
section oj¢; for jet production can be calculated. According to [40] oje; = Omb up
to v/s ~ 30GeV. Between 30 GeV and 100 GeV gje; increases slowly up to 5 mb.
Then it rises quickly with energy to oje: = 40mb around 103 GeV. Comparison of
ojet With the total cross section of p-p interaction oy, indicates concerment of the
hard processes. 0;,; = 40mb at /s = 30GeV, 04; = 45mb at /s = 100 GeV and
Ot = T0mb at /s = 103GeV [41]. The string model as model for soft interaction
has therefore the upper energy limit at:

VSmax & 30 — 100 GeV . (2.4)

To include high energies in the string model also hard processes have to be dealt
with. This can be done by standard pQCD calculation. Its basis is hard scattering,
where inclusive jet cross section o7, for production of parton jet pairs from hadrons
A and B in the sense of parton model can be written according to:

oy

£ (e, @) 7 (o0 @)

AB _
Tjet = Z /dxlfd-’l:z/pi)%

4,j=q,3.9

(2.5)

where fA (z1,Q?) and f? (2, @*) are momentum distribution functions of partons i
and j in hadron A and B, when probed at virtuality scale Q2. Therefore, Z—”pvif is the

differential cross section of partons i and j (see Fig. 2.7 on the left). This quantity
represents the elementary cross section, calculated from sum of QCD diagrams at
the lowest order. To preserve convergence and to be computable in framework of
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A spectators from A A spectators from A
N i
‘ oii oij
) )
B B
spectators from B _sse?:tgtar;' from B

Figure 2.7: QCD scheme: Hard scattering of partons ¢ and j from nucleons A and B
(left picture) and additional initial and final state radiation of partons ¢ and j (right
picture).

pQCD it is necessary to integrate Eq. 2.5 with a low p; cut-off parameter Q. In the
following, f; represents a fundamental fermion of flavour 4, i.e. d, u, s, ¢, b, t, €™, ve,
B~y Uy, T™, Vr. f; denotes corresponding antifermion. Quarks, antiquarks and gluons
are explicitly denoted as ¢, § and g, respectively. Left Fig. 2.7 is an example of 2 — 2
QCD interactions which include following processes:

@95 — 495, GG — s, a& — 99, fig — fi9, 99 — fufr 99— 99. (2.6)

Models also encompass processes with ¢nitial and final state radiation, in which parton
with a squared mass Q? radiates another parton before hard scattering (or after hard
scattering) and the latter one carries part of initial Q2. This process can be repeated
in the same way (see Fig. 2.7 on the right).

Partons 7 and j in Eq. 2.5 participate in the high p, jet production and origi-
nate from partonic cascades in hadrons A and B, being emitted by parent partons
of smaller p, and larger energy, those in turn being emitted by their own parents
and so on. The whole described process is usually called parton ledder. It appears
mandatory to consider multiple jet production processes, in other words, to describe
the interaction as multiple exchange of parton ladders (see Fig. 2.8). Inelastic cross

Figure 2.8: Hadron-hadron scattering, which is represented by multiple exchange of
parton ladders, taken from [42].

sections can be written in the same etkonal form for soft and even hard multiple
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scattering as derived from multiple colour exchanges and multiple jet production (see
(30)).

Oineli = / d?b [1 —exp_zx"(bz"")] , (2.7)

where i = s, h for soft and hard case, x; (b?, s) is the so called eikonal for soft or hard
scattering depending on impact parameter b and energy s. Eikonals can be expressed
in term of cross sections and function dependent on b:

Xh (bz, S) = %a,-et(s) TNN(b) , (28)
Xs (8%,5) = 50uepe(s) T (8), (29)

with hadronic overlap function
Taw(b) = / &6 Ty (b—b) T (%) , (2.10)

where Ty = [ dz py (2, b) is the nucleon profile function, py is a nucleon density. For
b = 0fm Tny(b) represents complete overlap of nucleon functions and it is largest.
If b is equal to 2R, yceon, Tun(b) is smallest and it occurs in the case of touching
nucleons. In Eq. 2.9 soft interactions are represented by inclusive soft cross section
Osoft to get similar terms, but it is determined only phenomenologically, in contrast
to oje. With conventional structure functions and above mentioned low p) cut-off
parameter Gy the inclusive jet cross section o is calculated by means of pQCD. To
include hard and soft interactions, total eikonal divides into soft and hard part:

x (6%, 8) = x, (%, 8) + xn (V%) . (2.11)
Then the total inelastic cross section o;, is expressed similar to Eq.. 2.7:
Oinel = /dzb [1 - exp_zx("z"’)] , (2.12)

where x; (b?, s) was replaced by the total eikonal x (b?,s). Similarly, it is possible to
express the elastic o, and total cross section o4, of nucleon-nucleon interaction:

O = /dzb [1 - exp_x(bz"’)]z ) (2.13)
Otot = 2/d2b [1 - exp_x(bz"’)] . (2.14)

Unitarity of the cross section is included in the Eq. 2.12, which is obvious after
expansion:

Oinel = /d2b Z g (csachvbzs S) ) (215)

cstcp>1
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with the sum running over ¢, soft elementary interactions and c, hard elementary
interactions. An insight how to obtain Eq. 2.12 is demonstrated below. We introduce
the average number of hard scatterings 7 as

f = jaTnn(b). (2.16)

with the same meaning of Tyy(b) as introduced above for two nucleons. Under
assumption of independent multiple scattering, the probability €,(b) of n hard scat-
terings (multiple jet production) is given as a Poissonian with parameter b:

€n(b) = (o'jetTg'N (6)) exp—a,'e:TNN(b) j>1. (2.17)

Considering 0,5, in a similar way, the probability €(b) of soft interactions without
any hard ones is determined by:

€o(b) = (1 — exp~orenTNNE)) exp=cietTuN () (2.18)

The latter Eq. is composed of product of two terms, where

o0
(1 — exp—%oﬂTNN(b)) = Z (a"”t_g}\;iv(b_)_)’: exp—%oﬂTNN(b) (2.19)
n:

n=1
represents the probability of all possible 'pure’ soft interactions and expression exp et TV~ (b)
corresponds to the probability of no hard process. The inelastic cross section is there-
fore given by summing over n of probability €,(b) and integrating over b.

Oinel = / dzbiﬁn(b)

rrd
- / d%b (1 — exp—(vsoﬂ+0jec)TNN(b)) , (2.20)

which is the equation 2.12 with convention 2.8, 2.9 and 2.11.

When the density of produced hadrons is too large (the high density limit), the
independent string model is insufficient and fails. One of the possibilities to solve
this issue is string fusion. It considers interactions between strings before hadrons
are formed. Strings fuse as soon as their transverse position is close enough, in the
interaction area. In particular, the fusion possibility is determined by the parton-
parton cross section in practical Monte Carlo implementation. Properties of new
strings arise from ancestor strings, namely from colour and flavour characteristics
in accordance with the SU(3) colour composition laws and composition of flavour.
Strings fusion leads to an enhancement of baryon and antibaryon production and
also to heavy flavour enhancement. In nucleus-nucleus collisions particles outside the
nucleon-nucleon kinematic region are produced. This so called cumulative effect is
caused by the fact, that the resulting fused string has an energy-momentum equal to
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the sum of the energy-momenta of its ancestors. It can exceed the energy-momentum
achievable from isolated nucleon-nucleon collision. But the most important effect of
string fusion is suppression of total multiplicities. Pions at central rapidity region are
reduced, but rapidity distributions rise up at fragmentation regions. SFM [38] is an
example of the string fusion model.

Beside mentioned string models at the beginning of this Subsec. there are trans-
port models like RQMD [43], UrQMD [44], HSD [45] using strings as initial conditions
for subsequent calculations (see 2.2.5). Strings are also employed for fragmentation
stage of collision in many models. Some models deal with high-colour fields and also
string fusion (HIJING, LUCIAE, DPMJET, RQMD). It is worthwhile to note, that
string models have been primarily intended for hadron-hadron interactions, its gen-
eralization to hadron-nucleus and nucleus-nucleus was done through Glauber-Gribov
approach. In this theory nucleus-nucleus scattering amplitude is defined by the sum of
contributions of diagrams, corresponding to multiple elementary scattering processes
between parton constituents of projectile and target nucleons.

2.2.4 Thermodynamical and statistical models

A basic hypothesis of the statistical and thermodynamical models is the assumption
that local thermodynamical equilibrium is achieved at a partonic level. Statistical
models consider that the system is a grand canonical ensemble with a temperature T°
and a chemical potential yp as free parameters. From results of the model which was
able to reproduce data from e.g. SPS central Pb-Pb events, the boundary between
QGP and the hadron gas can be studied. Especially temperature of so called chemical
Jfreeze-out. It corresponds to the time 7.y after collision when hadrons stop exchanging
quarks and hadron gas is formed as written above. Equilibrium QGP evolves in these
models and some of them emphasize the phase transition to hadrons linked to hadronic
transport (e.g. UrQMD, see Subsec. 2.2.5). Some models consider an initial condition
given by HIJING.

2.2.5 Hadron transport models

These models solve relativistic Boltzmann equation (Eq. 2.1) for hadrons in the
last stage of the collision after hadronization. AMPT, RQMD, UrQMD and HSD
belong to this type. Such models have to imply huge variety of hadron species and of
cross sections. High energy inelastic hadron-hadron collisions are usually described by
string model, for example HSD uses FRITIOF string model (including PYTHIA). Low
energy interactions are simulated according to experimental cross sections. And for
example AMPT uses A Relativistic Transport Model for Hadrons (ART) for treating
hadronic scatterings after hadronization. In addition, simple models for rescattering
of secondary particles have been introduced in LUCIAE, DPMJET and PSM.
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2.3 Classification of Models by Kinematics

In the previous Sec. one possible division of models has been outlined. As written
above, there is not only the one way how to classify the models. They can be looked at
by hardness of interaction, and accordingly they are classified into groups with main
emphasis on hard of soft part of the interaction. Beside these two groups the third
category comprises statistical and thermodynamical models with main predictions
oriented to ratios between different kinds of particles, not to absolute multiplicities.
These models have been discussed in Sec. 2.2.4.

Regarding models focusing on hard processes there are PYTHIA, ISAJET [46],
HIJING, HERWIG [47], COJETS/WIZJET [48], EUROJET [49]. They calculate the
cross section perturbatively, using the QCD improved parton model. They use some
cut-off parameter p, o = 1 — 2 GeV to compute perturbatively the number of minijets
or partons with transverse momentum above this limit. Such calculations of events
with large p, processes have been introduced in the string model Subsec. as a way
to include hard part of an interaction (see Subsec. 2.2.3). Partons arising from the
hard collision are used for subsequent evolution and hadronization. On the other
hand models imply also a soft interaction part extracted for example from accelerator
data.

DPM (DPMJET as Monte Carlo implementation), QGSM, VENUS, SFM, RQMD,
UrQMD, FRITIOF, NEXUS and LUCIAE rank among models putting emphasis on
soft part of the collision. Although they stress the soft/semihard interactions, the
hard part is also included. The jet cross section is added to the elementary soft cross
section as contribution to the eikonalized part. The perturbatively calculated cross
section (2.5) is inclusive cross section and at high energies it exceeds the inelastic cross
section and total cross section. For this purposes it is necessary to consider multiple
scattering approach so that the unitary is not violated. The most naive idea, that
Otot is a simple sum of 0 and o4, is wrong. Multiple scattering turns up according
to a Poissonian distribution. The average number of scattering is proportional to the
mentioned inclusive cross section and some profile function, therefore it is dependent
on impact parameter b (see Subsec. 2.2.3).

A common approach how to combine soft and semihard scattering stems from the
fact, that at high energies the amplitude can be written by means of mentioned eikonal
[36]. It is divided into hard and soft part which ensures unitarity. The experimental
data are necessary to find out information about eikonals. Such approach to hard
and soft components of amplitude contributions is used in many models. E.g. DPM
is based on Pomeron exchange and there are two types of Pomerons, soft and hard
Pomerons, which contribute to amplitudes. The total and inelastic cross sections are
provided by the sum of amplitudes corresponding to particular numbers of soft and
hard Pomerons. This approach represents a microscopic model and the idea of two
types of Pomerons is in fact phenomenological eikonal ansatz.
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Chapter 3
Tested Models

3.1 The Heavy-Ion Jet Interaction Generator - HI-
JING

3.1.1 The Description of HIJING

HIJING is a Monte Carlo Program based on pQCD to study jets and associated par-
ticle production in proton-proton, proton-nucleus and nucleus-nucleus interactions.
This generator uses physical principles and approaches of multiple minijet produc-
tion, soft interaction, nuclear shadowing of parton distribution functions and jet in-
teraction in dense matter. As written in Subsec. 2.2.3 jets emerge in hard parton
scattering. Jets played an important role in pp collisions at CERN SppS and Fermilab
Tevatron energies. Jets can be identified experimentally as hadronic clusters in solid
angle with sufficient transverse energy E, (see A.7). It is necessary to distinguish jets
from underlying background and to reconstruct them from detector data, because in
such cases E is usually greater than usually several GeV, jets can be reconstructed
from calorimeter study. But if the transverse energy of jets are smaller, it is more
difficult to identify jets from background, however, it is expected that hard parton
scattering continues to the regions of lower transverse momenta. Minijets are jets,
which can not be experimentally resolved due to small transverse energy, but corre-
sponding parton scattering can be still calculable by means of pQCD. Minijets play
a significant role in high energy interactions of heavy ions, 50% of the transverse
energy is associated to minijets at RHIC energies and even more (about 80% ) is
expected at LHC energies. Transverse energy E, for instance of a jet is given by the
total energy F of a jet and by the angle 6 between the beam direction and the jet
as E; = FE sin(#). Therefore minijets will dominate the central rapidity region. It is
very important to calculate these background processes in order to study QGP, be-
cause minijets cause correlations between some observables which could be signatures
of QGP.

HIJING is a Monte Carlo program designed to study collisions in wide range of
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initial conditions. This generator provides an opportunity for theoretical studies of
jets, jet quenching and nuclear effects. Jet quenching is a process where partons lose
energy as they pass through the dense matter. High energy partons which would
create a jet dissipate some part of their energy among other partons produced in the
collision. Jet quenching is included in the generator and it is modelled by means
of an effective energy loss parameter dE/dz. It enables to study the dependence of
moderate and high p, observables on the model parameter — energy loss per unit
length dE/dz. Jet quenching causes a moderate enhancement of particle production
in the central rapidity region and reduction of yield in the forward regions [15] In pp
and pp interactions HIJING attempts to cover the whole spectrum of possible parton
interactions from low p; non-perturbative processes to hard pQCD processes.

This program uses subroutines of PYTHIA for simulation of hard scattering, mul-
tiple minijet production with initial and final state radiation. Minijet production is
dominated by gluon scatterings. Kinematic variables of hard scattered partons are
generated in the spirit of PYTHIA. HIJING uses also string fragmentation JETSET
routines for hadronization. Cross section for hard scattering oje; is calculated in
leading order, but so called K-factor = 2 is used to simulate roughly higher order
correlations. Low p; cutoff parameter p,o = 2GeV is used to calculate inclusive
cross section oje;. Nuclear shadowing of parton structure functions enables to study
nuclear effects. Parton structure functions are modified in the nucleus and it has
been observed [50], that the effective number of quarks and antiquarks is diminished
in a nucleus. Therefore some partons are shadowed by others as discussed in Subsec.
2.2.3. Shadowing effect for gluons is expected to be the same like that for quarks.

The scheme of soft interactions is similar to FRITIOF model. This type of in-
teractions is characterized by the small transverse momentum p, which is extended
to the minijet cutoff p,o. Soft interactions are modelled by multiple soft gluon ex-
changes between valence quarks or diquarks. In addition to the soft gluon exchanges
P1 < pio, HIJING includes very low p, transfers to the valence quarks or diquarks at
the string ends. The distribution of such extra p, kick is chosen to ensure a smooth
extrapolation of p, from soft to hard processes.

HIJING can also use triggering on large p, jet production in order to increase the
simulation efficiency. It causes enhancement of minijet production. HIJING provides
also decays of unstable particles.

Nucleus-nucleus collision is decomposed into particular binary nucleon-nucleon
collisions. Their number is computed by means of Wood-Saxon nuclear density at a
given impact parameter for collision. For each of the binary collisions, the eikonal
formalism is used to compute the probability of elastic, inelastic collision or number
of jets. Wounded nucleons, which are generally the interacting ones, are represented
by the excited strings along the beam direction.

HIJING has been extensively tested and tuned to data of pp and pp in a wide
energy range of /s = 50-1800 GeV and to data from p + A and A + A (A means
nucleus) collisions at moderate energies /s < 20 GeV/N [51].
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3.1.2 Use of HIJING

Simulations were performed with HIJING Monte Carlo program available at website
of Xin-Nian Wang (one of the author of HIJING) [52]. Program description with the
main options and parameters can be found in [51]. HIJING is composed of two files,
which denote also the used version of program: hijing1.3838 and hipysetl.35. Monte
Carlo generator contains also decays of unstable particles, which were used in order
to leave in final state only 7%, K9, K%, v, p, p, n, #i, u*, e* and neutrinos. HIJING
uses two types of frame of the collision: laboratory and CMS frame, the latter one is
more convenient for generating events in condition of the LHC and ATLAS. Elastic
scattering and diffraction reactions were turned off to test minimum bias events.
According to the HIJING manual [51], the program contains a specific variable to
inform whether collision is elastic, inelastic, single diffractive or double diffractive.
However double diffraction is not implemented in used version of the code.

3.2 PYTHIA

3.2.1 The Description of PYTHIA

The Monte Carlo generator PYTHIA is well known program in high energy particle
physics. It is frequently and successfully used to reproduce multiparticle production
involving e*e~, ep and pp collisions. PYTHIA is based on pQCD with around 240
different hard processes of type 2 — 1 and 2 — 2 involving 1 and 2 final-state
objects. Beside hard interactions, PYTHIA includes soft interactions: diffractive
and elastic scattering. Additionally there are many other groups of processes such
as heavy-flavour production, photon-induced processes (g — ¢g), standard model
Higgs production, W/Z production, prompt photon production (gg — gv). The cross
section for process ij — k is given by

Oijok = /d$1/d$2 fi (@) £3(2) Gijakc (3.1)

where ;1 is the elementary cross section for the hard partonic interaction and
f&(z,) is the parton distribution function of a parton k inside particle a. The cutoff
parameter is p o = 2 GeV as the minimum transverse momentum in hard processes.
Initial and final state radiation is included as a sequence of 1 — 2 processes.
The probability for a parton to branch is given by the so called branching func-
tions, which emerge in the DGLAP evolution equations [53]. Branching functions in
QCD can be obtained by means of generalization of the basic idea of the so called
Weizsicker- Williams approzimation in Quantum Electrodynamics (QED) [53]. In
PYTHIA several branching processes have been included. They involve quarks (g),
gluons (g), leptons (I) and photons (7): ¢ — g9, 9 — 99,9 — 93, ¢ = g7, L = Iy.
PYTHIA uses Lund-type model for string fragmentation along the lines of JET-
SET. Beside this, independent fragmentation is an option. Fragmentation proceeds
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iteratively, namely string— hadron + remainder string and so on. Branching pro-
cesses are of probabilistic nature. Most of particles produced in the fragmentation
process are unstable and subsequently decay into stable particles.

3.2.2 Use of PYTHIA

Program PYTHIA is available at webpage [54] as an independent code, but it is also
feasible to run PYTHIA within the frame of program ROOT, data analysis tool [55)].
PYTHIA version 6.221 which is included in ROOT version 4.00/93 was used. It
allows to apply immediately ROOT tools for data analysis. PYTHIA uses several
frames of a collision, but CMS frame is the most suitable for generating collisions
described below. PYTHIA generates only collisions of elementary particles.

It is needful to keep consistency between events generated by different simulators.
All available QCD hard processes were turned on: f;f; — fif;, fifi = fufe, fifi = 99,
fig — fi9, 99 = fxfx, 99 — gg with the same notation used to describe processes
2.6. From soft QCD processes only low p, production was included. Single diffraction
was turned off as well as double diffraction and elastic scattering. PYTHIA includes
decays of unstable particles. Decays were turned on in order to have the same particles
as in HIJING, i.e. 7%, K9, K=, 4, p, §, n, i, u*, et and neutrinos.

3.3 The Quark-Gluon String Model with Jets -
QGSJET

3.3.1 The Description of QGSJET

The Quark Gluon String Model allows to consider hadron interactions at large dis-
tances and small transverse momenta. The probability of inelastic interaction between
hadrons i and j can be defined by means of the following eikonal [9]:

P(s,b) = ik ex (A —b—z) , 3.2
xz,()R?jpym?j (3.2)
where s is the CMS energy squared, b denotes the impact parameter, y = In(s), A =
ap(0)—1and R% = R4+ R2+ 0o} (0) y. A and o) (0) are so called parameters of the
Pomeron trajectory and with other parameters 7;, R; describe the Pomeron-hadron
vertices. These parameters have to be extracted from the experimental data. QGSM
model was also extended to dealt with hadron-nucleus interactions using Glauber
approach [56).

Numerous CR data were reproduced in the framework of QGSM. For instance
characteristics of EAS [57, 58, 59], muons and electrons in atmosphere [60] and so on.
It became possible to consider QGSM as the base one for calculations at ultra-high
energies. Approach of QGSM model offered simulation of ultra-high energetic CR
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iteratively, namely string— hadron + remainder string and so on. Branching pro-
cesses are of probabilistic nature. Most of particles produced in the fragmentation
process are unstable and subsequently decay into stable particles.

3.2.2 Use of PYTHIA

Program PYTHIA is available at webpage [54] as an independent code, but it is also
feasible to run PYTHIA within the frame of program ROOT, data analysis tool [55].
PYTHIA version 6.221 which is included in ROOT version 4.00/93 was used. It
allows to apply immediately ROOT tools for data analysis. PYTHIA uses several
frames of a collision, but CMS frame is the most suitable for generating collisions
described below. PYTHIA generates only collisions of elementary particles.

It is needful to keep consistency between events generated by different simulators.
All available QCD hard processes were turned on: f;f; — fifi, fifi = fufe, fifi — 99,
fig = f.9, 99 — fxfx, 99 — gg with the same notation used to describe processes
2.6. From soft QCD processes only low p; production was included. Single diffraction
was turned off as well as double diffraction and elastic scattering. PYTHIA includes
decays of unstable particles. Decays were turned on in order to have the same particles
as in HIJING, i.e. 7%, K9, K%, v, p, §, n, i, p*, e* and neutrinos.

3.3 The Quark-Gluon String Model with Jets -
QGSJET

3.3.1 The Description of QGSJET

The Quark Gluon String Model allows to consider hadron interactions at large dis-
tances and small transverse momenta. The probability of inelastic interaction between
hadrons i and j can be defined by means of the following eikonal [9):

i v
X:; (S, b) = :Y}%l exp (Ay - @) ] (32)
where s is the CMS energy squared, b denotes the impact parameter, y = In(s), A =
ap(0)—1and R} = R?+ R?+a/p (0) y. A and o (0) are so called parameters of the
Pomeron trajectory and with other parameters 7;, R; describe the Pomeron-hadron
vertices. These parameters have to be extracted from the experimental data. QGSM
model was also extended to dealt with hadron-nucleus interactions using Glauber
approach [56].

Numerous CR data were reproduced in the framework of QGSM. For instance
characteristics of EAS [57, 58, 59], muons and electrons in atmosphere [60] and so on.
It became possible to consider QGSM as the base one for calculations at ultra-high
energies. Approach of QGSM model offered simulation of ultra-high energetic CR
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interactions, but also at lower energies this approach ensured a good agreement with
the data.

The problem how to implement minijets into the QGSM come up, because modern
accelerator data have demonstrated increasing influence of semihard processes. For
this purpose, treatment of semihard interaction was proposed [61] and model denoted
as Quark-Gluon String model with JETs (QGSJET) was created. It is based on
eikonal approach, but it allows to include not only hard interaction of partons, but
also the preceding soft preevolution as well [9, 42].

Interactions of partons can be divided into two parts. Non-perturbative soft cas-
cades are characterized by small momentum transfer Q\ < Qg and they are described
as usual soft Pomeron emission. The second part is described perturbatively and it
comprises hard cascades with Q2 > Q\. QO is about 2GeV. Cross sections can be
calculated by means of the expression 2.11 which was discussed in Subsec. 2.2.3 in the
previous Chapter. \s (b2, s) represents the soft part of eikonal and it is the same as the
one given by Eq. 3.2. It corresponds to the soft Pomeron exchange. The second term
Xh (b2,s) corresponds to the semihard interaction treated as the soft Pomeron emis-
sion (soft preevolution) followed by the hard interaction of partons. Cross sections
of various processes can be obtained in the same way as in the QGSM model, but
one has to use the eikonal 2.11 instead of the 3.2. QGSJET model employs semihard
Pomeron scheme, where phenomenological soft Pomeron treatment is applied for soft
part of the parton cascade. General semihard processes are described as exchanges of
a semihard Pomeron represented by a piece of QCD ladder sandwiched between two
soft Pomerons (see 3.1). Consequently, a general Pomeron appears to be the sum of
the semihard and soft ones. Soft Pomerons can be described as a cascade of partons
with pt < QO.

soft Pomeron

QCD ladder

soft Pomeron

Figure 3.1: A general 'Pomeron’ (I.h.s.) is the sum of the soft (the first graph on the
r.h.s.) and semihard (the second graph on the r.h.s.) ones, taken from [42].

Initial and final state radiation are implicitly switched on due to method used
to simulate hard processes. QGSJET reproduces the experimental EAS data quite
well. Comparison of QGSJET predictions to experimental data at energies 1015 —
1019eV demonstrated good agreement for instance in lateral distribution of muons
and charged particles or correlation between shower maximum depth and primary
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energy [9]. Among several interaction models, QGSJET reproduces the data from
KASCADE experiment [62] best [1, 14]. On the other hand at large muonic shower
sizes, which is encountered at energies above the knee, this model fails to reproduce
certain observables. Model predicts more hadrons, than observed experimentally [14].

3.3.2 Use of QGSJET

QGSJET is one of the generators of high energy collisions (for particles with energy
E > 80GeV) included in CORSIKA [21]. The version of QGSJET, by which collisions
were generated, was denoted by author as ggsjet0lc. QGSJET produces 20 types of
particles: #°, 7%, p, p, n, fi, K%, K2, K2, A, A, D%, D° Dy, Ac, Ac, n. QGSJET does
not contain decays of unstable particles and therefore subroutines from CORSIKA
of version 6.2040 were used for decay following particles: 7%, K*, K2, K?,  and
strange baryons: A, A, &%, X0, =* OF,

To switch on production of charmed particles, probabilities of cc quark pairs cre-
ation have to be set in ggsjet0! code. These parameters have default values 0, be-
cause CORSIKA does not deal with charmed particles. Simulations were performed
with nonzero probabilities, which are written as notes in the code by the author of
QGSJET. Decays of charmed particles were carried out according to decay branch-
ing ratios [41]. Consequently, all unstable particles decayed and output of events
contained only following particles: 7%, K, K%, v, p, B, n, fi, u*, e and neutrinos.

QGSJET is originally proposed to generate cosmic ray interactions. This is why
the energy of interaction is referred to the laboratory frame. QGSJET distinguishes
between projectile and target particle.

Minimum bias events as discussed in Chapter 1 are defined as non-diffractive ones.
Type of the interaction is stored in specific variable in QGSJET. Events which were
denoted as diffractive were eliminated in order to produce only inelastic non-diffractive
collisions.

3.4 QGSJET-II

3.4.1 The Description of QGSJET-II

QGSJET-II model is a new developed MC model [11]. It is based on and similar
to QGSJET, but QGSJET-II accounts for non-linear corrections when calculating
hadron-hadron cross sections and treats non-linear effects explicitly in individual
hadronic and nuclear collisions. At very high energies and small impact parame-
ters, high parton densities emerge. Therefore parton cascades are not independent
as in Fig. 2.8. Parton cascades influence each other and overlap and these modifi-
cations give rise to non-linear effects. In particular, it can lead to merging of parton
ladders, see Fig. 3.2. At high energies, parton densities in the low virtuality region
are saturated. In other words, further parton branchings are compensated by the
fusion of other parton cascades. A description of non-linear effects in the QGSJET-II

27



3.4 QGSJET-11 TESTED MODELS

Figure 3.2: Diagrams of non-linear parton effects, taken from [42].

model is based on the assumption that saturation effects can be neglected for par-
ton virtualities bigger than some fixed, energy independent cut-off parameter Q.
In this approach multi-ladder graphs in Fig. 3.2 are described by interactions be-
tween Pomerons. Provided multi-Pomeron vertices are relevant for parton processes
at low virtualities |g?] < @3, all significant contributions of that kind can be summed.
QGSJET-II employs this scheme for treating hadronic and nuclear collisions. The
triple Pomeron coupling has been inferred from HERA data on hard diffraction in
deep inelastic scattering.

3.4.2 Use of QGSJET-II

QGSJET-II was obtained by private communication with S. Ostapchenko, the author
of the generator. Version ggsjet-II-08 was used. This is not the final version of the
program and therefore it is assumed that program will be tested and can be modified.
QGSJET-II is originally designed for cosmic ray interactions as well as QGSJET,
and it discerns between target and projectile particle. The natural frame for cosmic
ray collisions is the laboratory system, which is used to set colliding parameters in
QGSJET-II.

QGSJET-II produces only 14 types of secondary particles: 7°, n¥%, p, p, n, @,
K*, K9, K2, n, A, A. QGSJET-II does not work with charmed particles contrary
to the QGSJET. No subroutines for particle decays are included as well. For this
purpose subroutines included in program CORSIKA (version 6.2040) were used for
decay of 7% K2, n, A and A. Eventually, the output from QGSJET-II contains the
same particles as in cases of other used generators: 7%, K9, K*, v, p, p, n, A, u*, e*
and neutrinos.

Every nucleon participating in collision is characterized according to the type of
its interaction. Nucleons can be intact, recoiled from diffraction or they can suffer
from inelastic interaction or diffraction. Events without inelastic interaction were left
out. At least one inelastic interaction had to be among target as well as projectile
nucleons. Events, which contained diffracted nucleons were also omitted.
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3.5 Test of Generators at Tevatron Energy

Before tests of generators at LHC energies, it is useful to make simulations at lower
energies, in energy region, where data have been already obtained. Comparison of
simulation results at LHC energies with results at lower energies can demonstrate how
differences of generators will show up after increase of energy up to value achievable at
LHC. For purposes of making simulations at lower energies, pp collisions at Tevatron
energy /s = 1.8 TeV are very convenient. Some generators can be tuned to reproduce
the real data for mentioned energy region and differences among testing models can
appear at higher energies. Collisions were generated with initial momenta of primary
particles in z-axis. Fig. B.1 in Appendix B shows the orientations of momenta of
and p and the orientation of the z-axis. All unstable particles decayed as described
above and event output contained only particles: 7%, K?, K*, v, p, p, n, i, u*, e*
and neutrinos. Generators were set and used according to descriptions in particular
Subsecs.. The total of 5- 10° events were generated by every program.

There are comparisons of some quantities for particles: 7%, K%, v, p, u* below.
Statistical errors are drawn in all histograms, but they are very small in some cases on
account of large number of events. For lucidity, all histograms were normalized to 1000
events and also statistical errors were recalculated according to the normalization.
There are four histograms with distributions of quantities for pions in Fig. 3.3. The
y-axis denoted as Np,: represents the number of particles. E,,, which denotes
the y-axis in pseudorapidity histograms weighted by energy, means in other words
the energy carried by particles in corresponding pseudorapidity interval. The upper
left histogram represents multiplicity of pions produced per 1000 events. There is
apparent similarity between HIJING and PYTHIA and also between QGSJET and
QGSJET-II curves. On the other hand, two types of curves are of different shapes
from each other. QGSJET and QGSJET-II most frequently produce about 20 charged
pions, while PYTHIA and HIJING produce approximately two times more charged
pions. The multiplicity of produced pions ends at 95 pions for PYTHIA and HIJING,
whereas production of charged pions generated by QGSJET and QGSJET-II goes
behind this limit. The lower part of QGSJET-II histogram is very interesting, because
it is evident that in some events QGSJET-II produces no pions and production up to
10 charged pions is fairly frequent, while PYTHIA and HIJING produce in all cases
more than 10 pions per event. QGSJET produces in some cases less than 10 pions
per event, but it is insignificant. The QGSJET-II histogram is similar to the case
of collisions with diffractive interactions. As the diffraction was switched off, events
with small number of pions correspond to hard diffraction processes. The upper right
histogram in Fig. 3.3 shows pseudorapidity distributions. PYTHIA and HIJING
have almost the same pion pseudorapidity distribution, but QGSJET and QGSJET-
I differentiate in the central region. The smallest number of pions in region |n| < 3
produces QGSJET-II.

Transverse momentum distributions of charged pions shows two types of curves
again. In the region with p; > 0.8 GeV QGSJET and QGSJET-II produce more high
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Multiplicity of Pions Pseudorapidity of Pions
Multiplicity
P, Distribution of Pions Pseudorapidity of Pions Weighted by Energy

Pt [GeV]

Figure 3.3: Results of generated collisions of pp at energy y/s = 1.8 TeV, charged
pion distributions. Histograms are equivalent to 105 simulated events.

pt pions than other two generators.

Pseudorapidity distributions of ~ weighted by energy are in range ] < 4 the
same for all generators and differs in the very forward regions.

Displayed errors are so small, that they are almost not visible in histograms and
therefore the statistical errors do not influence conclusions. Histograms of mentioned
guantities in case of all charged particles are almost same as in the case of charged
pions, because pions represent the vast majority of charged particle production.

Fig. 3.4 comprises distributions of K = distributions. HIJING and PYTHIA have
very similar multiplicity distribution of kaons. They produce a non-zero number of
kaons (about 4) most frequently. QGSJET also produces non-zero number of kaons
most frequently, but smaller than in the latter case. The high multiplicity (more than
ten kaons) is more frequent for QGSJET than PYTHIA and HIJING. QGSJET-II
produces so small number of K~. that the most probable multiplicity is 0. Number
of events characterized by nonzero multiplicity decreases with increasing multiplicity.

Pseudorapidity distributions (upper right histogram in Fig. 3.4) are considerably
different for QGSJET-II and other generators. The discrepancy is caused by the total
K = production, which is almost two times smaller for QGSJET-II than for others.

The shape of transverse momentum distributions of K+ for PYTHIA, QGSJET
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Multiplicity of Kaons Pseudorapidity of Kaons

P, Distribution of Kaons Pseudorapidity of Kaons Weighted by Energy

Figure 3.4: Results of generated collisions of pp at energy y/s — 1.8 TeV, charged
kaon distributions. Histograms are equivalent to 105 simulated events.

and HIJING is similar to that as in the case of m*, but in general the width at half of
maximum is greater for K +. The curve corresponding to QGSJET-II is smaller due
to the total K~ multiplicity and the mean value is shifted closer to the zero.

Pseudorapidity weighted by energy in range Pr]< 5 is almost identical for HIJING.
PYTHIA and QGSJET and differs from curve belonging to QGSJET-II. But in the
range 5 < 7] < 6.5 all curves can be distinguished from each other and the highest
value corresponds to HIJING.

Fig. 3.5 shows four histograms with quantities, which describe proton distribu-
tions. It is apparent that all generators differ in proton multiplicity and the highest
is that of HIJING and the smallest values are those of QGSJET-II (see upper right
histogram in Fig. 3.5, which describes the pseudorapidity distribution). Differences
between QGSJET-II and HIJING is of the order of two in pseudorapidity range
Y\ < 5. QGSJET-II also produces most protons in the very forward region. In pseu-
dorapidity interval —9.5 < n < —6.5 there are peaks in pseudorapidity distribution
for all generators. The origin of this peak lies in leading particle effect. One of its
guark plays the role of leading parton and after hadronization this quark appears in
proton again. For instance in PYTHIA, this proton with —9.5 < n < —6.5 is almost
in half of all collisions and there is no rapidity gap.
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Multiplicity of Protons Pseudorapidity of Protons

P Distribution of Protons Pseudorapidity of Protons Weighted by Energy

Figure 3.5: Results of generated collisions of pp at energy y/s — 1.8 TeV, proton
spectra. Histograms are normalized to 1000 events.

Distributions of p are related to those of p. Multiplicity and p+ distribution are
almost the same for p and for p, but pseudorapidity distributions of p and p (and
of course pseudorapidity distributions weighted by energy) are mirror symmetric to
each other according to the axis n = 0. Symmetry is caused bv the fact, that incident
particles are just p and p and their momenta lies on the 2 axis with the opposite
orientation.

Differences in pseudorapidity in very forward region are more distinctive when
pseudorapidity is weighted by energy (see right down histogram in Fig. 3.5). HIJING
has mentioned peak closest to the central region and on the other hand QGSJET-II
has this peak most far from the central region. Pseudorapidity distribution histogram
compared with the same distribution weighted by energy shows that protons corre-
sponding to the forward peak are more energetic in QGSJET-II than in HIJING.

Properties of quantities corresponding to gamma particles can be seen in Fig.
3.6. The majority of gammas originates from 10. This can be seen in multiplicity
histogram as peaks for even multiplicities. m° decays most frequently into two 7 and
therefore even numbers of gammas are preponderant. PYTHIA produces gammas
up to multiplicities of about 120, but other generators produce events with more
gamma particles. The lower part of the QGSJET-II curve for 7 multiplicity is worth
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Multiplicity of Gammas Pseudorapidity of Gammas
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Figure 3.6: Results of generated collisions of pp at energy y/s = 1.8 TeV, gamma
distributions. Histograms are normalized to 1000 events.

discussing. There is indispensable production of small number of ®. It is caused by
specific collisions, in which small number of secondary particles are produced. For
example only p. p and m°. This interactions are marked as inelastic by means of vari-
ables in QGSJET-II program, but they are similar to diffractive ones. Pseudorapidity
distributions of 7 are very similar for HIJING, QGSJET and PYTHIA, but QGSJET-
Il produces again the smallest humber of 7 which is obvious in range YW\ < 5. It is
interesting, that accordance in pseudorapidity distribution is greater than in rapidity
distribution of charged pions.

Two upper histograms in fig 3.7 shows multiplicity and pseudorapidity distribu-
tions of muons. There are only three non-zero curves, because QGSJET-II produces
neither muons nor charmed particles, which are the only source of muons in QGSJET.
It is apparent from multiplicity distribution that in most events there are no muons.
It is obvious, that PYTHIA produces most muons among all generators, two times
more than QGSJET. which has the smallest production. Histograms of Fig. 3.7 in
which muon distributions are drawn are the only histograms, in which errors are not
negligible. On the other hand there are regions in which differences among generators
are so large, that statistical errors do not influence conclusions. In the range Y\ < 2
the pseudorapidity distributions have small fluctuations. In forward region, the pro-
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Multiplicity of Muons Pseudorapidity of Muons

18r

— Hijing
16
— QGSJET
“ — Pythia
12
r 10
~ 8
6
4
2
2 3 4 5 6
Multiplicity
P. Distribution of Muons Pseudorapidity of Muons Weighted by Energy
Figure 3.7: Results of generated collisions of pp at energy s/s — 1.8 TeV, muon
histograms. Distributions are rescaled to 1000 events. QGSJET-II is not included

because it does not produce muons.

duction of muons in QGSJET and HIJING is similar, but different from PYTHIA,
which is apparent from all histograms, however, in this region large fluctuations are

caused by energy weights.
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Cross section of charm production versus energy
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Figure 3.8: Cross sections of charm production in pp collision for QGSJET, PYTHIA
and HIJING.

3.6 Test of Charm Production

Test of charmed particle production in QGSJET, PYTHIA and HIJING has been
performed. In QGSJET charmed particles are the only source of muons (7% are
in this analysis considered as stable). QGSJET-II does not produce neither muons
nor charmed particles. Charm productions were compared at Tevatron energy /s =
1.8 TeV and at LHC energy /s = 14 TeV in pp collisions. Sample of N = 10° events
was generated inelastic collisions only. Every event was checked if some charmed
particles (or J/4 and its excitations) were produced. If oine; and o¢ represent inelastic
cross section and cross section for charmed production, respectively, then:

Ne  oc
N Oinel .
Inelastic cross sections were taken from [41]. In HIJING and PYTHIA there are
specific subroutines to make particles stable and they were used for particles with
charm. There are 46 and 84 particles with charm in HIJING and PYTHIA, respec-
tively. QGSJET produces only 6 types of charmed particles.
Charmed particle cross sections are plotted in Fig. 3.8. PYTHIA has the smallest
charm production at Tevatron energy. Cross sections of HIJING and QGSJET are

(3.3)
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very similar. Differences are larger at LHC energy. HIJING has at this energy the
highest charm cross section and PYTHIA the smallest again.
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Multiplicity of Pions Pseudorapidity of Pions

P, Distribution of Pions Pseudorapidity of Pions Weighted by Energy

Figure 3.9: Results of generated collisions oipp at energy y/i = 14TeV, charged pion
distributions. Histograms are normalized to 1000 events.

3.7 Test of Generators at LHC Energies

This section contains qualitative descriptions of simulation results of pp, pN, pS,
pFe and N Fe collisions generated at LHC conditions. Tables with mean values of
multiplicities, energy distributions and p+ distributions corresponding to each type
of collision and generator are included in Appendix B.

3.7.1 Proton-Proton Collisions

The LHC collider and ATLAS experiment at CERN are primarily being constructed
for pp collisions at CMS energy of s/s = 14 TeV. No present-day collider can provide
such energetic collisions, therefore information about particular particle productions
given by generators are predictions. All four generators — PYTHIA, QGSJET, HI-
JING and QGSJET-II were tested. In order to be able to make a comparison with pp
collisions at Tevatron energy (see Sec. 3.5) four-momenta of the same particles were
stored and also the same settings of generators were used as written in Sec. 3.5. The
total number of generated minimum bias events were 5 - 105, so that statistical errors
do not influence conclusions concerning differences between simulators. There are five
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Multiplicity of Kaons Pseudorapidity of Kaons

PtDistribution of Kaons Pseudorapidity of Kaons Weighted by Energy

Figure 3.10: Results of generated collisions of pp at energy yfs — 14 TeV, kaon spectra.
Histograms are normalized to 1000 events.

figures with histograms of distributions of m+. K+. p. n. yx. All histograms were
normalized to 1000 events. Charged pion characteristics are drawn in Fig. 3.9. The
upper left histogram describes m+ multiplicities. General properties of histograms are
the same as in pp collisions at Tevatron energy. Maximum multiplicity is two times
higher than in pp interactions for PYTHIA and even more for other generators. There
is also untypical amount of events with small number of pions (less than ten) among
events generated by QGSJET-Il. The peak representing events characterized by low
T+ multiplicity has approximately the same height as the peak between multiplicities
20 and 30, which represents the most frequent n+ production. Large differences be-
tween HIJING and PYTHIA appear as compared with multiplicity of m+ produced
in pp collisions at Tevatron energy (see the upper left histogram in Fig. 3.3).

Pseudorapidity distributions of charged pions are drawn in the upper right his-
togram in Fig. 3.9. It is obvious, that QGSJET and PYTHIA generate almost the
same rapidity distribution. Differences can be found in very forward regions if the
rapidity is weighted by energy (the bottom right histogram in Fig. 3.9). HIJING
produces the largest number of m+ and therefore also the most of charged particles.
On the other hand HIJING does not produce charged pions with absolute rapidity
larger than 9.
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P, Distribution of Protons Pseudorapidity of Protons Weighted by Energy

Figure 3.11: Results of generated collisions of pp at energy y/s = 14 TeV, proton
distributions. Histograms are normalized to 1000 events.

Four histograms concerning K £ are drawn in Fig. 3.10. PYTHIA. HIJING and
QGSJET produce in almost all events at least one charged K meson, but QGSJET-II
produces most frequently no K+. PYTHIA and HIJING do not have the same mul-
tiplicity curves as at Tevatron energy. Pseudorapidity distributions of kaons are very
similar for PYTHIA, HIJING and QGSJET. The quantity of K = in pseudorapidity
region Y\ < 5 generated by QGSJET-II amounts to about 70% of other simulator
production. It is more than in pp interactions, but it still represents distinctly smaller
amount.

Proton multiplicities (the upper left histogram in Fig. 3.11) differ from each other
more than in pp collisions. HIJING produces the highest amount of protons. In
central region (Z71< 2), production of protons in HIJING and PYTHIA is the same.
QGSJET and QGSJET-II generate less protons in mentioned range, but differentials
between HIJING and QGSJET-II are not so large as in pp interactions at lower energy.
On the other hand, HIJING production of protons in region 4 < \\ < 8 represents
about 170% of QGSJET-II production.

The upper left histogram in Fig. 3.12 shows multiplicities of gammas. General
shape of curves is in principle similar to the results at Tevatron energy. PYTHIA
differs markedly from HIJING in contrast to lower energy test. Gamma multiplicities
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Figure 3.12: Results of generated collisions of pp at energy /s = 14TeV, gamma
distributions. Histograms are normalized to 1000 events.

are quite similar in contrast to pp collisions. QGSJET-II increases the production of
gammas comparatively to other generators.

Muon production is shown in histograms in Fig. 3.13. Differences among simula-
tors are even larger than in test of generators at Tevatron energy. PYTHIA produces
approximately three times more muons than QGSJET. There are statistical errors
visible in histograms (see Fig. 3.13) in spite of 5 - 105 generated events. Fluctuations
which influenced pseudorapidity distribution weighted by energy in range ] > 6 (see
the bottom right histogram) are caused by weights. QGSJET produces almost all
muons with p+ up to ~ 1.5GeV, whereas p+ spectra of HIJING and PYTHIA are
wider.
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Figure 3.13: Results of generated collisions of pp at energy y/s = 14TeV, muon
spectra. Histograms are normalized to 1000 events. QGSJET-II is not included
because it does not produce muons.

3.7.2 Proton-Nitrogen Collisions

To test proton-nucleus interactions nitrogen was used. The atmosphere consists
of N2, O2 and Ar with the volume fractions of 78.1 %, 21.0 % and 0.9% [63]. Protons
represents the vast majority of particles (including nuclei) contained in comic rays.
Therefore pN collisions are very frequent and important for CR physics. PYTHIA can
not be employed, because it generates only interactions between elementary particles.
At LHC conditions nitrogen would have momentum of /Ay = 49TeV and proton
Pp = 7TeV. It corresponds to CMS energy y/s ~ 37TeV. After interaction four-
momenta of secondary particles were transformed from particular generator frame
to the frame, in which proton has momentum 7TeV and nitrogen 49TeV ('detector
frame’). Directions and orientations of initial particle momenta and the 2-axis after
transformation are drawn in Appendix B in Fig. B.l. QGSJET and QGSJET-II
are designed to generate p — A (or A —> B) collisions. Proton was the projectile
and nitrogen was the target, this type of collision is natural for CR physics. The
target nucleus is at rest in laboratory frame and non-interacting particles from target
nucleus are not stored in QGSJET and QGSJET-Il. Therefore only particles which
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Multiplicity of Pions Pseudorapidity of Pions

Pt Distribution of Pions Pseudorapidity of Pions Weighted by Energy

Figure 3.14: Results of generated collisions of pN at energy yf§ = 37TeV, charged
pion distributions. Histograms are normalized to 1000 events.

undergo some interaction were taken into account to set the same conditions for all
generators. The settings of generators are the same as in the previous simulations
and as described in Sec. 3.5. 350 - 103 of minimum bias events were generated and
histograms were rescaled to 1000 events for lucidity.

Some properties of pion production are drawn in four histograms in Fig. 3.14.
Number of particles is denoted as Npart, but in histograms describing pseudorapid-
ity (or rapidity) weighted by energy, each value in particular bins means energy.
Therefore y-axis is denoted as Eparf similarly to previous Subsecs.. The most notable
differences in pion multiplicities are in the region of small nhumber of particles (the
upper left histogram). Similarly to previous cases, HIJING does not produce events
with pion multiplicity smaller than 20. Relatively large amount of QGSJET-II events
has in the output less than 20 charged pions. The upper right histogram describ-
ing pseudorapidity distribution of pions demonstrates coincidence of results from all
generators. It indicates that all generators have almost the same charged particle
production, which is the very significant accordance.

Some differences can be found in px distribution and in pseudorapidity weighted
by energy in range ] > 6. There is apparent asymmetry of pN collisions in the
bottom right histogram.
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Figure 3.15: Results of generated collisions of pN at energy y/s = 37 TeV, kaon
spectra. Histograms are normalized to 1000 events.

Some K £ distributions are drawn in Fig. 3.15. They are very similar to those
of K[. QGSJET-II produces the smallest humber of charged kaons again, but now
there are differences even between HIJING and QGSJET of the order of 15% at
central region, QGSJET produces more K =, whereas in pp collisions, HIJING was
more productive in this regard.

QGSJET-II produces most frequently events with up to 5 secondary protons as
noticeable from Fig. 3.16. HIJING and QGSJET multiplicities are similar. HIJING
and QGSJET produce the same number of protons in central region, QGSJET-II
generates smaller number of protons. Considerable differences among generators are
apparent in the bottom right histogram, in which pseudorapidity weighted by energy
is drawn. There are more protons with momentum in nearly the same directions as
colliding particles in interactions generated by QGSJET and QGSJET-Il. HIJING
has more remnant protons than other generators. These protons are remnants from
nitrogen nucleus and they have pseudorapidity more than 6. They are visible as peak
in the pseudorapidity histogram (the upper right histogram in Fig. 3.16).

Gamma histograms are illustrated in Fig. 3.17. The general properties of mul-
tiplicity curves hold for all generators. Alternating numbers of events for even or
odd gamma multiplicities for QGSJET again indicate that most of gammas originate
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Figure 3.16: Results of generated collisions of pN at energy y/8 = 37TeV, proton
spectra. Histograms are normalized to 1000 events.

from m° decay. Pseudorapidity distribution shows, that QGSJET produces the most
gammas and HIJING and QGSJET-Il have the same gamma production, which is
interesting, because charged pion pseudorapidity distribution is nearly identical for
all generators. On the other hand not only m° are the source of gammas, of course.
For example n decays in several decay modes into gammas and neutral pions without
n+ production. In other words, n can change the equilibrium between production of
charged and neutral pions. The transverse momentum distribution of gammas does
not indicate significant differences. Pseudorapidity distributions weighted by energy
(the bottom right histogram in Fig. 3.17 are not symmetrical, because gammas go-
ing in the direction of incident nitrogen are more energetic that those with momenta
orientated oppositely.

Histograms with muon characteristics in Fig. 3.18 indicate similar conclusions
as in the case of pp collisions at y/s = 14TeV. QGSJET produces less than ap-
proximately half of muons than HIJING. Muons in QGSJET events originate from
D-mesons. whereas HIJING has beside charmed particles also other sources of muons,
for example B-mesons. This fact can be seen from charmed particle cross section (see
Fig. 3.8). HIJING has cross section for charmed particle production larger by coef-
ficient 1.4 in comparison with QGSJET at energy yfs = 14 TeV. However, HIJING
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Figure 3.17: Results of generated collisions of pN at energy s/s = 37TeV, gamma
spectra. Histograms are normalized to 1000 events.

produces two times more muons (see Fig. 3.13) than QGSJET. Therefore also in
pN collisions other sources contribute to the muon production in case of HIJING.
The shapes of pseudorapidity distributions are different as well. Muon production in
range Jr]< 1is smaller than in range 1 < Jf < 3 for QGSJET, while HIJING muon
production in range P|]< 3 is quite flat.
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Figure 3.18: Results of generated collisions of pN at energy y/s = 37 TeV, muon dis-
tributions. Histograms are normalized to 1000 events. QGSJET-II does not produce
muons and therefore it is not included in histograms.

3.7.3 Proton-Sulphur Collisions

In addition to proton-nitrogen collisions interactions of proton with heavier nuclei
of sulphur jIS were generated. Sulphur was chosen as nucleus with medium mass
number. Similarly to other pA collisions, the sample of 350 - 103 minimum bias
events were simulated by means of QGSJET, HIJING and QGSJET-II. Simulators
were used with the same settings as described in Sec. 3.5. Inputs of QGSJET and
QGSJET-II specify the incident and target particle (nucleus) as well as the energy
of particle (nucleus) in the laboratory frame (see Subsecs. 3.3.2, 3.4.2). Proton
was the incident particle with energy corresponding to the total CMS energy of the
system y/s & 56 TeV. Four-momenta of stored secondary particles were transformed
to the ’'detector frame’, in which proton has momentum pp = 7TeV and sulphur
has momentum ps = 112 TeV. After transformation to the ’'detector frame’ the
momentum of the incident sulphur nucleus had the same orientation as the 2-axis
(see Fig. B.l in Appendix B).

Some results of simulations are very similar as for instance in the case of proton-
nitrogen collisions, however spectra of the same particles are shown. Histograms
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Figure 3.19: Results of generated collisions of pS at energy y/s = 56TeV. charged
pion distributions. Histograms are normalized to 1000 events.

are drawn with the same notation as in Sec.3.5. Pion variables which are drawn
in Fig. 3.19 have similar characteristics as in the case of pAt collisions. However,
there are more charged pions, of course, as compared with previous simulations.
Curves of multiplicity belonging to QGSJET and QGSJET-II are not so in accordance
with each other in region with multiplicity > 300 as in histogram resulting from pX
collisions (see Fig. 3.14). Nevertheless, QGSJET-II and HIJING produce very similar
distributions of pion multiplicities in range of multiplicity > 100. The most prominent
increase of secondary 1z is in the central region, where HIJING and QGSJET-II give
almost the same results for pseudorapidity distribution. Their pion production for pS
collisions represent more than 50% of pion production in pX interactions. QGSJET
output data contain even more £~ than other two generators. In contrast to other
particles, pion rapidities weighted by energy have maximum for all simulators at
almost the same pseudorapidity values. QGSJET and QGSJET-II produce almost
the same pseudorapidity of charged pions weighted by energy in region with |5] > 8.
They produce more energy carried by charged pions into very forward regions.
Results describing kaons are depicted in Appendix C in Fig. C.2. As can be
seen in simulations described above. QGSJET-II produces most frequently no kaons.
whereas HIJING and QGSJET give events with more than 70 A’*, in other words.
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Figure 3.20: Results of generated collisions of pS at energy y/s = 56 TeV, proton
histograms. Distributions are normalized to 1000 events.

beyond the maximum K = multiplicity limit of QGSJET-Il. Except for the amount of
charged kaons. all four histograms are in general similar to those of proton-nitrogen
interactions. Differences in pseudorapidity distributions of kaons weighted by energy
are not so substantial, energy weight compensates or does not increase differences in
histograms.

Curves of proton multiplicities are shown in Fig. 3.20. HIJING and QGSJET give
similar results and QGSJET-II differs in total multiplicity and also in the shape of
curve. Pseudorapidity distributions are balanced for QGSJET and HIJING especially
in central region. QGSJET-IlI has the bigger peak in the proton pseudorapidity
weighted by energy in the direction of colliding proton, (the bottom right histogram).
HIJING events contain the largest number of proton corresponding to fragments after
nucleus disintegrations (the right peak in the upper right histogram in Fig. 3.20).
Whereas QGSJET-Il and HIJING produce protons with transverse momentum up
to px « 3GeV, HIJING produces even protons with higher p+ and its spectrum is
relatively shifted to higher px. QGSJET and QGSJET-II again produce more energy
into very forward regions.

Distributions of gammas are drawn in Appendix C in Fig. C.l. All three dis-
tributions of multiplicities meet at gamma multiplicity« 300. Gamma production
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Figure 3.21: Results of generated collisions of pS at energy y/s — 56 TeV, muon
distributions. Histograms are normalized to 1000 events. QGSJET-II is not included,
it does not produce muons.

of QGSJET-II in central region represents only 70% in comparison with amount
of gammas produced by QGSJET, which is again the most productive. In spite of
large differences in pseudorapidity distributions in the central region in QGSJET and
QGSJET-II (see the upper right histogram), pseudorapidities weighted by energy in
very forward regions are similar.

Fig. 3.21 shows four histograms of muon distributions. The total production
of muons are higher than in previous collisions. Differences in production between
HIJING and QGSJET are significant in all characteristics. QGSJET produces about
50% of amount produced by HIJING. px distribution of muons from HIJING are
wider than corresponding one from QGSJET.

49



3.7 Test of Generators at LHC Energies TESTED MODELS

Multiplicity of Pions Pseudorapidity of Pions

P(Distribution of Pions Pseudorapidity of Pions Weighted by Energy

Figure 3.22: Results of generated collisions of pFe at energy /s = 71 TeV, charged
pion spectra. Histograms are normalized to 1000 events.

3.7.4 Proton-lron Collisions

To compare differences among collisions of type pA with increasing mass number of the
nucleus A iron |®e was chosen as the heaviest nucleus. The upper limit of QGSJET
for mass number of the colliding particle is 56. This feature is not a flaw, because
of the characteristics of CR interactions. Type of these interactions is natural for
simulations by QGSJET and CR interactions are caused by primary particle, which
can be elementary particle or nucleus. The mass composition of cosmic rays is an
object of many studies, but it is supposed, that there are no extremely energetic
nuclei with mass number greater than 56, which corresponds to iron. Iron ~Fe is the
most stable nucleus at all. Nuclei with mass number significantly higher than 56 are
not so stable to pass through Galaxy without decay into stable nuclei.

The CMS energy of the pFe interaction is /s ss 71 TeV at LHC conditions pro-
vided that proton has momentum pp = 7 TeV and iron ppe = 182 TeV. According to
CMS energy the energy of incident particles was set for QGSJET and QGSJET-I1I or
the energy of nucleon-nucleon interaction in HIJING. Proton was the incident parti-
cle in events generated by QGSJET and QGSJET-II. All settings were identical with
simulations described in Sec. 3.5 and 350 - 103 minimum bias events were generated.
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Figure 3.23: Results of generated collisions of pFe at energy y/s = 71 TeV, proton
histograms. Distributions are normalized to 1000 events.

The resulting four-momenta of secondary particles were transformed to the specific
'detector frame’, in which colliding particles have momenta in the direction of the 2
axis. In this frame proton has mentioned pv momentum and iron has momentum ppe
orientated same as the z axis (see Fig. B.l in Appendix B). All histograms, which
are drawn below are rescaled to 1000 events.

Four histograms describing pion production are drawn in Fig. 3.22. There are
differences among generators in pion multiplicities up to 150 which are similar to
the previous cases. Beside this region, there is another, in which differences start to
appear in collisions of proton with heavier nucleus than nitrogen. QGSJET produces
events which contain 400 - 700 pions more frequently than other simulators. It can
be seen at first in pS interactions (see Fig. 3.19) and in pFe collisions it is more sig-
nificant. The pion pseudorapidity distributions are very similar for QGSJET-II and
HIJING. QGSJET produces relatively even more 1+ in comparison with other gener-
ators than in pS collisions (see the upper right histogram in Fig. 3.19). QGSJET-II
and QGSJET produce more energetic pions than HIJING in very forward regions
characterized by |?|] > 8. Pseudorapidities of charged pions weighted by energy for
QGSJET and QGSJET-II are again very similar in range \Y)\ > 8.

Kaon histograms do not differ except for multiplicity from those of proton-sulphur
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Figure 3.24: Results of generated collisions of pFe at energy y/s = 71 TeV, gamma
spectra. Histograms are normalized to 1000 events.

interactions described above. Kaon distributions can be found in Appendix C in Fig.
C.3. There are significant differentials among all generators which are caused mainly
by the kaon multiplicity.

QGSJET and HIJING produce more events characterized by the proton multiplic-
ities greater than 15 in comparison with QGSJET-II which generates most frequently
events with up to 15 secondary protons in the output (see Fig. 3.23). Proton pseu-
dorapidity histogram (the bottom left one in Fig. 3.23) shows that QGSJET-II gives
different results in central region. HIJING has again the most remnants from nu-
cleus, again. QGSJET-Il and QGSJET generate energetic protons in the direction
close to colliding axis more than HIJING. Especially QGSJET-II has peak with the
mean value at n « —10 in pseudorapidity histogram weighted bv energy (the bottom
right one). There is also indication of such protons in pseudorapidity histogram. It
signifies, that these protons are probably from interactions of low px (but they are
still denoted as inelastic) transfer which do not change distinctively the direction of
the colliding protons.

Fig. 3.25 shows how HIJING differs from QGSJET in muon production. QGSJET
produces approximately a half of the muon amount as compared with HIJING. More
muons are emitted in the direction of the primary nucleus which is apparent from
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Figure 3.25: Results of generated collisions of pFe at energy s/s — 71 TeV, muon

distributions. Histograms are normalized to 1000 events. QGSJET-II is not included
in histograms, it does not produce muons.

pseudorapidity distribution histogram (the upper right one). On the other hand
HIJING produces muons which are more energetic in the direction of the original
colliding proton (compare right histograms in Fig. 3.25). px distribution of HIJING
is again wide than one corresponding to QGSJET. Muon production in HIJING with
pL> 2GeV is non-negligible in contrast to muon distribution in QGSJET.
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Figure 3.26: Results of generated collisions of NFe at energy y/s — 189 TeV, charged
pion distributions. Histograms are normalized to 1000 events.

3.7.5 Nitrogen-lron Collisions

In addition to proton-nucleus collisions also nucleus-nucleus interactions are inter-
esting from point of view of CR physics. Nitrogen ~N and iron ~Fe are possible
ones in CR physics. Iron and nitrogen can be accelerated at LHC to momentum
Pf€ = 182TeV and py = 49 TeV. respectively. The CMS energy corresponding to
collision of nitrogen and iron with momenta pN and ppe is y/i ~ 189 TeV. Similarly
to tests described above, resulting distributions of secondary particles were compared
in the ’'detector frame’, in which incident nuclei have mentioned momenta ppe and
Px. Because of the vast number of produced secondary particles it was sufficient to
generate 10° of minimum bias events with the same settings as in all previous simula-
tions and as described in Sec. 3.5. Mainly QGSJET-II simulation is time-consuming
operation and also particle output of such amount of events demands storage space
of volume approximately 25 GB. Resulting histograms described below are drawn af-
ter transformation to the detector frame and the orientation of the incident nitrogen
momentum was the same as orientation of the z axis (see Fig. B.l in Appendix B).

Some distributions which differed only by total multiplicities in pA collisions
changes the also shapes in AB collisions. The shape of multiplicity distributions
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Figure 3.27: Results of generated collisions of NFe at energy y/s — 189 TeV. charged
kaon histograms, which are normalized to 1000 events.

changes dramatically compared to pA collisions as described below.

Fig. 3.26 shows four histograms describing distributions of charged pions. They
look very different from those, which originate from pA collisions. The upper left
histogram of the pion multiplicity demonstrates differences between QGSJET-II and
HIJING (QGSJET). The shape of QGSJET-II curve is quite flat in contrast to those
of HIJING and QGSJET and also to the pion multiplicities in the cases of pA col-
lisions. QGSJET-II produces the highest number of pions and therefore also the
number of charged particles. HIJING differs from other generators by the shape of
pseudorapidity distribution (see the upper right histogram in Fig. 3.26). The profile
of its peak is narrow in the region of |7f] < 3. QGSJET pion production in the central
region represents approximately 60% of the QGSJET-II production.

In spite of the verv similar pseudorapidity distribution of kaons of QGSJET and
QGSJET-II, their multiplicity is far from being equivalent (see Fig. 3.27). Whereas
HIJING and QGSJET distributions decrease rapidly at lower multiplicities, QGSJET-
Il rate of events decreases in some range almost linearly. Multiplicities belonging
to QGSJET and HIJING decrease in a similar way to QGSJET-II from multiplici-
ties higher than 1000. Although HIJING has the highest number of secondary A'-.
QGSJET-II produces more energetic charged kaons in regions with large pseudora-

55



3.7 Test of Generators at LHC Energies TESTED MODELS

Multiplicity of Protons Pseudorapidity of Protons

PtDistribution of Protons Pseudorapidity of Protons Weighted by Energy

Figure 3.28: Results of generated collisions of NFe at energy y/s = 189 TeV, proton
spectra. Histograms are normalized to 1000 events.

pidity.

Shapes of the multiplicity curves described in the case of kaons are similar to
those of proton production except for total number of produced particles (see Fig.
3.28). Pseudorapidity distribution of protons shows differences between generators.
HIJING produces the most protons, while QGSJET output contains approximately
half of this amount in region with )\ < 1. The bottom right histogram shows again
that QGSJET and QGSJET-II produce more energy into very forward regions.

The gamma distributions are in Fig. 3.29. QGSJET-II produces the highest num-
ber of produced gammas, which is evident from pseudorapidity distribution histogram
(the upper right one). The shape of the peak in gamma distribution of HIJING is
similar to that in the case of pion pseudorapidity distribution (see the upper right
histogram in Fig. 3.26). QGSJET produces approximately 60% of the amount of
gammas produced by QGSJET-II and the shape of multiplicity is similar to gamma
multiplicity of HIJING.

Fig. 3.30 shows muon distributions (QGSJET-II is not included, because it does
not produce muons). Differences in total muon production between QGSJET and
HIJING turn out to be the largest in nitrogen-iron collisions. The amount of muons
produced by QGSJET represents approximately 40 % of number of muons contained
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Figure 3.29: Results of generated collisions of NFe at energy s/s = 189 TeV, gamma
distributions. Histograms are normalized to 1000 events.

in the HIJING output. Pseudorapidity of muons weighted by energy shows even larger
discrepancies in range 3 < )\ < 6. It is not so influenced by fluctuations as in previous
collisions. Differences in px distributions are similar to those in pA interactions.
QGSJET does not almost produce muons characterized by px > 1.5 GeV.

It is obvious from all pseudorapidity histograms weighted by energy, that QGSJET-
Il (and QGSJET) produce most energy in very forward regions. This conclusion
coincides with pA simulations.
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Figure 3.30: Results of generated collisions of N Fe at energy s/§ = 189 TeV, muon
histograms, which are normalized to 1000 events. QGSJET-II is not included, because
it does not produce muons.

3.7.6 Test of Generators With All Processes Switched on

So far minimum bias events were generated with non-diffractive interactions were
generated. Nevertheless some events produced by QGSJET-Il were untypical (as
compared to other generators) and similar to those of diffractive ones, but they were
denoted by internal variables as inelastic collisions. In real experiment diffractive
events can be found out by means of so called rapidity gap, which is the rapidity
interval with no particle shower in calorimeter. It is useful to test generators with
all relevant processes switched on, but with additional conditions which simulate
the function of detector trigger. The conditions concern charged particles, which are
easier to detect. At least one particle has to be in pseudorapidity interval of 0 < n < 3
and one charged particle in region characterized by —3 < n < 0. Each of them has to
have energy more than 2 GeV. All events which did not satisfy the conditions were
excluded as diffractive ones.

To compare all four simulators, one has to generate proton-proton collisions. The
CMS energy of pp collision is ¥s = 14 TeV at LHC condition as described in Subsec.
3.7.1. The same secondary particles were stored by which previous interactions were
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Figure 3.31: Resulting pion spectra from pp collisions at y/s — 14 TeV with all pro-
cesses switched on. Histograms are normalized to 1000 events.

described. Diffractive dissociation was switched on in HIJING and PYTHIA and of
course diffractive events were not omitted in QGSJET and QGSJET-II. Beside single
and double diffraction and minimum bias processes, which were used in previous
interactions, there were another processes switched on in PYTHIA. These processes
are contained in process groups: open heavy production, closed heavy production, W/Z
production, production of prompt photons in PYTHIA. 5 - 105 events were generated.
All Histograms shown below are normalized to 1000 events.

Fig. 3.31 shows pion distributions. It is obvious, that a large number of PYTHIA
events did not satisfy the additional conditions on charged particles and therefore
PYTHIA produced the smallest number of pions. Except for QGSJET-Il which has
the pion multiplicity curve very similar to simulations with diffraction switched off,
the pion production of other generators starts at multiplicity equal to 10. QGSJET-
Il still produces non-negligible amount of events with small number of pions. All
interactions have to satisfy the conditions on charged particles in mentioned pseu-
dorapidity intervals. In means that even in collisions characterized by small number
of secondary particles high p+ has to be transferred. This interaction is call hard
diffraction. Differences in pseudorapidity between QGSJET and QGSJET-II is more
significant compared to pp minimum bias events (see the upper right histogram in
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Figure 3.32: Resulting kaon distributions from pp collisions at y/s — 14 TeV with all
processes switched on. Histograms are normalized to 1000 events.

Fig. 3.9). On the other hand QGSJET-IlI and HIJING produce similar pseudora-
pidity distributions, which are even more close to each other. PYTHIA has a little
peak in multiplicity which can be caused by single diffractive dissociation. Other his-
tograms show larger differences than in the case of minimum bias events. PYTHIA
has very different shape of the pseudorapidity weighted by energy. In region Y\ < 9
discrepancies can be incurred by the small multiplicity, in region I > 9 there is
accordance between all generators.

Kaon histograms are drawn in Fig. 3.32. There are substantial differences in
pseudorapidity distributions among all generators, although in minimum bias events
QGSJET, PYTHIA and HIJING gave very similar results. PYTHIA produces the
smallest number of K+. QGSJET-Il and HIJING have similar K £ productions with
those in case of pp minimum bias events. QGSJET and PYTHIA are more influenced
by switching on diffraction processes and by conditions and they produce distinctively
less K +. Pseudorapidity distribution weighted by energy shows that QGSJET-II is
not similar to PYTHIA as in case of minimum bias events of pp collisions (see the
bottom right histogram in Fig. 3.10), but it is more close to distribution produced
by HIJING and QGSJET.

Histograms in Fig. 3.33 illustrate proton characteristics. Except for QGSJET-
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Figure 3.33: Resulting proton distributions from pp collisions at y/s = 14 TeV with
all processes switched on. Histograms are normalized 1000 events.

I, multiplicity histograms are similar, however, pseudorapidity distributions repre-
sent the essential property, in which dissimilarities can be observed. QGSJET and
QGSJET-Il have almost the same pseudorapidity distributions in interval J| < s6.
QGSJET-II events contain the highest amount of protons in pseudorapidity region
Inj > 10 and they are so energetic that energy weights even increase differences to
other simulators and therefore QGSJET-II produce most energy carried by protons in
mentioned pseudorapidity range. HIJING produces non-negligible amount of protons
with px > 2.5, whereas other generators does not.

Fig. 3.34 describes gamma distributions. Even in gamma pseudorapidity distri-
bution (the upper right histogram) discrepancies among generators have increased
because of switching on all processes and due to the mentioned conditions. Similarly
to the previous histograms. PYTHIA has the smallest gamma production. Differences
between HIJING and QGSJET in pseudorapidity distribution are not so large as in
the case of minimum bias events of pp collisions (see the upper right histogram in Fig
3.12).

Muon distributions are shown in Fig. 3.35. Muon production does not dramati-
cally differ from results in Subsec. 3.7.1. PYTHIA produces smaller number of muons
than HIJING. QGSJET events contain less than half of muons seen in HIJING events
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Figure 3.34: Resulting gamma spectra from pp collisions at -/s = 14 TeV with all
processes switched on. Histograms are normalized to 1000 events.

which represents larger difference than in histogram from pp minimum bias collisions
(see the upper right histogram in Fig. 3.13).

As apparent from all histograms depicted above, individual generators approach to
diffractive dissociation in very different way, which causes large dissimilarities among
generators. Apparently authors use different definitions of diffractive events.
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3.7 Test of Generators at LHC Energies TESTED MODELS

Multiplicity of Muons Pseudorapidity of Muons
— Hijing
— QGSJET
— Pythia
RN EYRRNRY
4 5 6
Multiplicity
PtDistribution of Muons Pseudorapldity of Muons Weighted by Energy
Pt [GeV]

Figure 3.35: Resulting muon histograms from pp collisions at y/s = 14 TeV with all
processes switched on. Histograms are normalized to 1000 events.
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Chapter 4
The ATLAS Experiment

4.1 The ATLAS Detector Description

The ATLAS detector is designed to study proton-proton collisions at the LHC accel-
erator at 14 TeV in CMS. In Fig. 4.1 the ATLAS detector is shown, there are three
subsystems: inner tracker system, electromagnetic and hadronic calorimeters and full
coverage muon detection. Detectors which are closest to the interaction point, inner
tracker system, consist of 3 types of detectors: finely segmented silicon pixel detector,
semiconductor tracker and the transition radiation tracker [64]. The segmentation is
optimized for proton-proton collisions at design machine luminosity (1034 cm=2571).

To perform the primary goal of the experiment, to operate at such high luminosity,
the precision measurements is required. High precision measurements are demanded
especially around the vertex where the very large track density is expected at the
LHC. Therefore the momentum and spatial resolution are needed for these goals. The
inner detector is designed for such purposes. Semiconductor tracking detectors are the
closest to the vertex and there are used silicon microstrip and pixel technologies. The
highest granularity is achieved around the vertex region using semiconductor pixel
detectors. The continuous track-following is provided by the transition radiation
tracker based on the use of straw detectors. The overall inner detector provides full
tracking coverage over |n| < 2.5.

The calorimetry consists of an electromagnetic (EM) and hadronic sections and the
whole calorimeter system covers pseudorapidity region |n| < 4.9. All EM calorimeter
parts can cover pseudorapidity region of || < 3.2. They can be divided into a barrel
part with coverage || < 1.475 and two end-caps located in pseudorapidity region
1.375 < |p| < 3.2. The EM calorimeter is a copper LAr detector with accordion
geometry, which provides complete ¢ symmetry without azimuthal cracks. The EM
calorimeter is finely segmented both longitudinally and transversally. There are three
longitudinal sections. The first, so called strip section consists of narrow strips with
granularity of Anp x A¢ = 0.003 x 0.1 in the barrel part, while strips are slightly
coarser in the end-caps. The middle section is composed of square towers of size
AnxA¢ = 0.025x0.025. The back section has a granularity of AnxA¢ = 0.05x0.025.
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4.1 The ATLAS Detector.. THE ATLAS EXPERIMENT

Muon Deletlors Flectmmagnetir Calorimeters

. Forward Olonmeter*
Sulenuid

End Cap Toroid

BarrH Toroid Inner Deteclo» . ) Shielding
Had'onic Calorimeters

Figure 4.1: Overall layout of the ATLAS detector, taken from [65].

In addition a finely segmented presampler system with granularity A/; x A6 = 0.025 x
0.1 and coverage ] < 1.52 is located in front of the EM calorimeter. The energy
resolution of EM calorimeter was determined experimentally as 10%/%/£’ © 0.7%.

The ATLAS hadronic calorimeters can be roughly divided into three parts: barrel
calorimeter covering [?[ < 1.7, hadronic end-caps calorimeters covering 1.5 < Y\ <
3.2 and forward calorimeters, which provide measurement in pseudorapidity region
3.1 < b < 4.9. Different techniques are used to suit best to wide requirements. The
barrel calorimeter is a sampling type, it uses iron as the absorber and scintillating tiles
play a role of active material. The tiles are placed radially and staggered in depth.
Wavelength shifting fibres are used to read out signals from scintillating tiles into
separate photomultipliers. The hadronic calorimeter is longitudinally segmented in
three layers. The granularity in the first and middle layer is An x Ao = 0.1 x 0.1 and
0.2 X 0.1 in the last layer. Hadronic end-cap calorimeters and forward calorimeters are
liguid-argon ones to achieve radiation hardness. Granularity of end-cap calorimeters
is 0.1 X 0.1 in pseudorapidity interval 1.5 < Y < 2.5 and 0.2 x 0.2 in 25 < J] < 3.2.
Granularity of forward calorimeters is 0.2 x 0.2. The energy resolution of the hadronic
calorimeters is roughly 50%/VGeV © 3% for Y\ < 3 and 100%/\/GeV © 10% for
pseudorapidity region 3 < Y\ < 5.
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4.1 The ATLAS Detector... THE ATLAS EXPERIMENT

ATLAS muon spectrometers are located behind the calorimeters in order to be
shielded from hadronic showers. The muon spectrometer is based on the magnetic
deflection of muon tracks in the large superconducting air-core toroid magnets. Sev-
eral technologies for tracking devices are used. Over most of the 7-range, a precision
measurement is assured by the monitored drift tubes. At large pseudorapidities and
close to the interaction point, cathode strip chambers with higher granularity are used
in the innermost plane over 2 < || < 2.7. There are barrel and end-cap chambers.
Barrel chambers are arranged in the three cylindrical layers around the beam axis.
The barrel chambers cover pseudorapidity region of |n| < 1. In the end-cap regions,
three layers of chambers are installed vertically, which cover the range 1 < || < 2.7.
Muon system allows the reconstruction of high energy muons with p; from 6 GeV up
to the limit of the muon spectrometer (p, = 2 TeV). Muons with p, below 6 GeV can
be efficiently identified and measured combining the inner detector track reconstruc-
tion with the energy available in calorimeters [64]. Muon p; momentum resolution is
of the order of 2% for muons with transversal momentum 3GeV < p, < 100GeV
using combination of muon spectrometer and inner detector. The resolution of muon
spectrometer alone decreases from 8% for muons with p; = 3GeV to4 % for muons
with p; = 10GeV. For higher p; muons the resolution is almost constant up to
p1 = 100 GeV and then it increases.
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4.2 Differences.. THE ATLAS EXPERIMENT

Pseudorapidity of Charged Particles Pseudorapidity of Kaons

Pseudorapidity of Protons Pseudorapidity of Muons

Figure 4.2: Resulting histograms from pp collision at energy yfs — 14 TeV, pseudo-
rapidity coverage of detectors are drawn by dashed lines. HDC, EMC, MD and ID
denote hadronic and electromagnetic calorimeter, muon detectors and inner detector,
respectively. Histograms are normalized to 1000 events.

4.2 Differences Observable by The ATLAS

To demonstrate, in which parts of the ATLAS differences among generators are in
principle observable, the pseudorapidity coverage by particular detectors were used.
Cuts of overall pseudorapidity coverage of hadronic calorimeter (HDC), electromag-
netic calorimeter (EMC), muon detectors (MD) and inner detector (ID) are applied
to simulations from Sec. 3.7.

Fig. 4.2 shows how much generators differ from each other in predictions of pp col-
lisions at y/s — 14 TeV. There are no large differences in pseudorapidity distribution
of pions among all generators. Pions represent the vast amount of all charged par-
ticles. Distribution of charged particles according to their pseudorapidity are drawn
in the upper left histogram in Fig. 4.2. Differences between PYTHIA (HI1JIXG) and
QGSJET is of the order of 15% in the central region.

QGSJET-II gives K = production at level of 70 % in comparison with other gen-
erators, which all give almost the same pseudorapidity distribution. It is in principle
to distinguish between QGSJET-IlI and other generators, but it is very difficult to
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4.2 Differences.. THE ATLAS EXPERIMENT

Pseudorapidity of Antiprotons Pseudorapidity of Kaons

Pseudorapidity of Protons Pseudorapidity of Muons Weighted by Energy

Figure 4.3: Resulting histograms from pN collision at energy s/s - 37 TeV, pseudo-
rapidity coverage of detectors are drawn by dashed lines. HDC, EMC, MD and ID
denote hadronic and electromagnetic calorimeter, muon detectors and inner detector,
respectively. Histograms are normalized to 1000 events.

measure the total distribution of K £.

According to the number of secondary protons in central calorimeter one can
distinguish between HIJING (PYTHIA). QGSJET and QGSJET-II (see the bottom
left histogram). PYTHIA and QGSJET have very similar distribution of protons in
the region of forward hadronic calorimeters (3.1 < J|] < 4.9) and differ from HIJING
and QGSJET-II, but this region is out of the inner detector coverage.

The bottom right histogram shows the most apparent discrepancies, which con-
cerns pseudorapidity distribution of muons. They would be observable in muon de-
tectors. Muons are the best for testing generators because of large differences among
all generators over the whole coverage of muon detectors and because the ATLAS
detector is designed for muon detection. PYTHIA gives more than about double
amount of muons as compared with QGSJET.

Simulations ofpV collisions showed little differences in pion distribution and there-
fore even in charged particle distribution among generators (Subsec. 3.7.2). The
differences are visible in pseudorapidity distribution of antiprotons, kaons, protons
and muons. In the latter case energy was used as weight (see Fig. 4.3 ). Protons
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4.2 Differences.. THE ATLAS EXPERIMENT

Pseudorapidity of Charged Particles Pseudorapidity of Kaons

Pseudorapidity of Protons Pseudorapidity of Muons

Figure 4.4: Resulting histograms from pS collision at energy y/s = 56 TeV, pseudo-
rapidity coverage of detectors are drawn by dashed lines. HDC, EMC, MD and ID
denote hadronic and electromagnetic calorimeter, muon detectors and inner detector,
respectively. Histograms are normalized to 1000 events.

and antiprotons produced by HIJING and QGSJET turn out to be distributed very
similarly in the central region of hadronic calorimeter, however QGSJET-II gives
approximately 70% of the multiplicity of the other simulators, mu* production
together with muon pseudorapidity distribution weighted by energy seem to be the
best for finding generator which approximates best results from interaction. Signif-
icant differences can be found also in pseudorapidity distribution of A’=. but total
K* multiplicity is nearly indeterminable due to total number of particles and their
energy produced in interaction.

Different curves of charged particle pseudorapidity distribution appear in results of
pS collisions (the upper left histogram in Fig. 4.4). There is region outside the center
of the hadronic calorimeter, which is covered by endcaps (1.5 < J] < 3.2). where
differences are observable in the order of 10% . Similarly to the results from pX
interactions, pseudorapidity distribution of kaons exhibits strong dependence on used
generator in almost the whole range of the ATLAS calorimeters (and of course inner
detector, too). Pseudorapidity distribution of protons enables to distinguish between
QGSJET (HIJING) and QGSJET-II in central region of hadronic calorimeter. Muons
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4.2 Differences.. THE ATLAS EXPERIMENT

Pseudorapidity of Charged particles Pseudorapidity of Kaons

Pseudorapidity of Protons Pseudorapidity of Muons

Figure 4.5: Resulting histograms from pFe collision at energy y/s = 71 TeV, pseudo-
rapidity coverage of detectors are drawn by dashed lines. HDC, EMC, MD and ID
denote hadronic and electromagnetic calorimeter, muon detectors and inner detector,
respectively. Histograms are normalized to 1000 events.

are again optimal for finding the large discrepancies in generator results (the bottom
right histogram in Fig. 4.4).

Fig. 4.5 shows pseudorapidity cuts in four histograms, which come out from
results of pFe collisions. Charged particles (the upper left histogram) are distributed
similarly to the previous case. The central region seems to be occupied equally in
case of HIJING and QGSJET-II, whereas QGSJET produced approximately 20%
more charged particles in the range covered by barrel (\\\ < 1.7). Regarding forward
calorimeters, it is possible to find differences only in the direction of primary iron
momentum (J771 > 0). Curves of pseudorapidity distributions of protons from HIJING
and QGSJET are even more similar than in pS collisions, but QGSJET-II gives much
smaller multiplicity. Muons and kaons are still particles, where production is strongly
generator dependent and thus give the best opportunity to differentiate among them.

Pseudorapidity cuts in resulting histograms from N Fe collisions are drawn in Fig.
4.6. Larger differences among all generators than in previous cases are observable in
charge particle pseudorapidity distribution (see the upper left histogram). Therefore
detection of charge particle productions is now very convenient to compare generators
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4.2 Differences.. THE ATLAS EXPERIMENT

Pseudorapidity of Charged Particles Pseudorapidity of Kaons

Pseudorapidity of Protons Pseudorapidity of Muons

Figure 4.6: Resulting distributions from N Fe collision at energy s/s = 189 TeV,
pseudorapidity coverage of detectors are drawn by dashed lines. HDC, EMC, MD
and ID denote hadronic and electromagnetic calorimeter, muon detectors and inner
detector, respectively. Histograms are normalized to 1000 events.

with measured data. Charged particle production in QGSJET in the central region
represents only 60% of charged particle produced bv QGSJET-II. In contrast to pre-
vious case. QGSJET and QGSJET-II have very similar pseudorapidity distribution of
kaons in range covered by calorimeters and HIJING are more productive. Detection
of protons would distinguish all generators. Production of muons and their pseudo-
rapidity distribution are still the best for comparison of real data with simulations.
Muon production in HIJING differ from number of muons produced by QGSJET by
a factor ~ 2 or more in all range covered by hadronic calorimeter (see the bottom
right histogram).
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Chapter 5

Conclusions

Four Monte Carlo generators: PYTHIA, HIJING, QGSJET and QGSJET-II have
been tested at Tevatron and LHC energy regions. Different colliding particles were
used in simulation of pp, pp, pN, pS, NFe minimum bias events. The generators
were compared regarding production of 7%, K%, p, p, v, ut.

Each model treats diffraction differently. In order to test generators in as far as
possible similar conditions with mainly hard processes, which are the most important
for events detectable in accelerator detectors, diffraction was switched off. Minimum
bias events comprehend hard processes with low-p; production without diffraction
and elastic scattering.

Collisions with both diffraction dissociation and hard processes switched on were
also generated with additional conditions playing role of the trigger detector. The
aim was again to test models at same conditions, however, this time with all processes
included.

Histograms resulting from test at Tevatron energy can be found in Sec. 3.5,
Sec. 3.6 contains results of charm production test and resulting distributions from
collisions simulated at LHC energies are drawn in Sec. 3.7.Tables with the mean
values of multiplicities, energy distributions and p, distributions of 7%, K*, u* and
p are in Appendix B. Tab. B.1 contains the mentioned mean values of 7%, Tabs. B.2,
B.3, B.4 contains the mean values of K*, u* and p distributions.

Pseudorapidity distributions of pions corresponding to QGSJET, QGSJET-II and
HIJING (PYTHIA) differ from each other even at Tevatron energy (see Fig. 3.3).
On the other hand, QGSJET is able to successfully reproduce the CR data at this
energy. The discrepancies between HIJING (PYTHIA) and QGSJET (QGSJET-II)
are caused by pions with low energy, which are emitted into pseudorapidity region
|n| < 3. From the point of view of the shower development, such pions do not play
important role. The most important hadrons for the purposes of CR physics are very
energetic particles emitted longitudinally with respect to the direction of the shower.
Pseudorapidity of pions weighted by energy (the bottom right histogram in Fig. 3.3)
shows good accordance among all generators in pseudorapidity regions covered by
detectors.
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CONCLUSIONS

Simulations at LHC energies show, that there are no huge differences between
charged particle production generated by tested models. The differences are in prin-
ciple observable in pseudorapidity ranges showed in Chapter 4, but the largest dif-
ferences are of the order of =~ 10% , in other words, it is possible to denote charge
particle productions of all generators in accordance with each other. Particular gener-
ators are based on different theoretical approaches and philosophy and it is therefore
very interesting and quite remarkable, that predictions are so similar.

Generators seem to be most different in “heavier” flavour production (not only
charm, but already strangeness). This can be seen from large discrepancies in K*
and p*. Unstable particles decayed in simulations, and therefore sources of u* were
mainly charmed particles and B-mesons. The production of K* is important for CR
physics as kaons contribute differently than pions to muon production in extended
air showers. Particles with charm are significant sources of u* and therefore charm
production test was performed. HIJING produces almost twice as much charm than
QGSJET. Beauty production was not tested as it is not produced in both QGSJET
programs.

Regions where differences among generators can be seen in the ATLAS detector
are depicted in histograms in Sec. 4.2. Muons turn out to be the most convenient for
testing generators and comparison of simulation results with the real data. Muons
will be easily detectable in ATLAS and differences among all generators are of the
order of tens of percents.

MC generator HIJING does not produce as much energy in very forward regions
(Inl > 6) as other generators, which can be seen in pseudorapidity histograms weighted
by energy. Due to this fact, HIJING can not be suitable for generating CR showers.

QGSJET-II contains special processes, which other generators do not have. High
p: is transferred, but only a few secondary particles are produced and such events are
called hard diffraction.

Charged particle production is quite in accordance among all generators in proton-
nucleus collisions, but differences increase in nucleus-nucleus ones (nitrogen-iron),
which gives another opportunity to differentiate generators.

The conclusions can be summarized as follows:

1. There is reasonable agreement at Tevatron energy among tested generators.

2. Remarkable agreement appears at LHC in gross features of particle production.
One has to keep in mind that PYTHIA represents pure pQCD model, HIJING
is pQCD generator with stress on minijet production, QGSJET is based on
Gribov-Regge Theory and QGSJET-II is also based on GRT and includes also
some non-linear effects.
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CONCLUSIONS

3. The main differences are in production of strangeness and charm. The best
opportunity to differentiate all generators represents muon production, which
is dramatically different in each type of collision for all generators.

4. Particle distributions produced in nucleus-nucleus collisions (nitrogen-iron) are
significantly different from those in proton-nucleus collisions. Beside muon pro-
duction also charged particle distribution is very appropriate to compare real
data with simulations in this case.

5. Additional differences among generators can be found in diffractive dissociation
events, which is important for CR physics. Testing of such events will depend
on detector coverage in very forward region.
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Appendix A

Quantities and Variables

e Rapidity y is quantity which can be calculated from energy and longitudinal
momentum of particle. Let denote longitudinal direction as the the direction of
the z axis. Rapidity is then defined as

y=n (E‘Lp‘), (A1)

2 E—p,

where E is particle energy and p, is 2-momentum of particle. Under a boost in
the z-direction to a frame with velocity 8, y — y — tanh™' 3. Hence the shape
of the rapidity distribution dN/dy is invariant.

e Pseudorapidity 7 is defined as

y = —Intan (g) , (A.2)

where cos @ = p,/p. The pseudorapidity is approximately equal to the rapidity
y for p > m and 6 > 1/, and in any case can be measured when the mass
and momentum of the particle is unknown.

e Center of mass energy is an invariant quantity. For case of n particles with
masses m;, My, ..., M, and energies Ey, Ey, ..., E, center-of-mass energy can
be expressed in the Lorentz-invariant form

o . ~\211/2
\/§=[(El+E2+---+En)2—(P1+P2+---+Pn)2]/ (A.3)
The velocity of the center-of-mass is given in the frame where energies and
momenta are denoted identically as in the latter Eq.
Pi+pa+...+ D,
= A4
Bem E,+E+...+FE, ( )
and ~ factor of the center-of-mass
_ 1 _E1+E2+...+En

Yem = ,——l_ﬂcmz = E..
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QUANTITIES AND VARIABLES

e Transverse momentum p, is given for particle going in z-direction by

pL=1/Pi+p}, (A.6)

where p, and p, is Cartesian components of particle momentum.
e Transverse energy E, of a jet is given by
E, =Esin(0), (A.7)

where E is the energy of a jet and 6 is the angle between beam direction and
jet.
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Appendix B

Configuration of Collisions, Tables

(p,p, N, S, Fe, [N]) (p.p. b p p [Fe])
= -

+Z

Figure B.1: The configuration of collision simulations with orientation of the z-axis.
Each particle (nucleus) written in brackets collides with particle (nucleus) from the
second beam according to the sequence in brackets.
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CONFIGURATION OF COLLISIONS, TABLES

[ Collision [ Quantity | PYTHIA | HUING | QGSJET | QGSJET-II |
() 43.7 46.3 414 37.3
o Tovatron |(E)x 1372 | 1165 | 15.69 14.87
PP (PL)x 0.40 0.38 0.45 0.46
n)/2 | 257 7.6 78.0 2.3
() 90.6 1052 | 917 91.0
E), 5127 | 4160 | 57.12 50.87
pp at LHC ((m))w 0.47 0.42 0.47 0.52
n)/2 | 533 63.7 59.0 51.2
(n)n — 1633 | 1741 145.2
N (E)x - %6.70 | 3511 30.23
P L)n — 0.42 0.46 051
n)/2 — 97.9 115.0 83.7
) — 2043 | 227.7 1759
»S (E)x — 9753 | 32.82 37.83
L)n — 0.42 0.46 0.52
n.)/2 — 1225 | 1494 102.1
() — 9271 | 262.6 1958
oFe (E)x — %6.60 | 3056 36.40
L)s — 0.42 0.46 0.52
n.)/2 — 1371 | 1746 116.85
n)n — 10600 | 8521 1388.1
(E), — 1628 | 24.16 9557
NFe L)n — 0.40 0.43 0.52
) /2 — 639.5 | 5465 813.0
() 86.2 93.4 1059 91.6
(EY. | 5353 | 3703 | 5254 53.53
Pp at ATLAS (pL)x 0.47 0.42 0.47 0.52
n)/2 | 507 54.4 68.7 50.6

Table B.1: The mean values of 7% multiplicities, energy distributions and p, dis-
tributions according to particular collisions. Energies and momenta are written in
GeV units. There is the half of the average multiplicities of 7y corresponding to each
interactions.
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CONFIGURATION OF COLLISIONS, TABLES

Collision [ Quantity | PYTHIA | HDING | QGSJET | QGSJET-II
(n)k 438 5.5 5.3 3.6
Pp at Tevatron | (E)x 16.19 16.04 17.64 19.02
{p)k 0.55 0.52 0.56 0.53
T (@)« 10.2 12.2 11.5 8.0
pp at LHC (E)x 60.22 58.15 | 65.22 67.91
{p1)x 0.68 0.59 0.59 0.59
(n)k — 18.54 21.1 11.9
pN (E)x — 4035 | 4048 51.53
o)k — 0.59 0.58 0.59
(n)k — 23.1 27.2 14.3
pS (E)x — 3834 | 37.93 49.34
{pL)k — 0.59 0.58 0.59
(n)x — 25.6 31.3 15.1
pFe (E)x — 37.10 | 35.32 47.83
{p1)k — 0.59 0.58 0.59
n)k — 118.3 102.7 108.3
NFe (EYx — 2264 | 2757 33.42
{pL)k — 0.57 0.55 0.50
n)k 9.7 10.9 13.3 7.8
pp at ATLAS (E)x 62.45 | 54.62 59.40 68.53
(p1)K 0.68 0.60 0.59 0.59

Table B.2: The mean values of K* distributions (multiplicities, energies, transverse
momenta) according to the type of collision. Energies and momenta are written in

GeV units.
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CONFIGURATION OF COLLISIONS, TABLES

[ Collision [ Quantity | PYTHIA | HUING | QGSJET

(n), 0.011 0.006 0.005

Pp at Tevatron (E), 6.03 5.31 7.34
(PL) 0.57 0.66 0.46

(n), 0.027 | 0022 | 0011

pp at LHC (E), 23.74 17.29 25.81
1), 0.80 0.83 0.47

(n), — 0.036 0.020

pN (E), — 1463 | 13.17
L), — 0.79 0.47

(n), — 0.048 0.025

pS (E), — 1315 | 11.63
1), — 0.74 0.47

(n)y — 0.054 0.029

pFe (E), — 14.05 11.76
1), — 0.76 0.48

(n), — 0.253 | 0.098

NFe (E), — 1085 | 10.04
PL), = 0.66 0.46

T (). 0.027 | 0.021 | 0013

ppat ATLAS | (E), | 2715 | 2040 | 20.93
| (i)u 0.88 0.8 0.47

Table B.3: The mean values of u* multiplicities, energy distributions and p, distri-
butions calculated for all type of collisions. Energies and momenta are written in
GeV units.
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CONFIGURATION OF COLLISIONS, TABLES

Collision Quantity | PYTHIA | HLJING | QGSJET | QGSJET-II
(ny, 2.2 3.1 2.5 2.2
Pp at Tevatron || (E), | 133.50 | 97.49 | 150.01 164.30
{pL), 0.57 0.67 0.56 0.57
n), 48 6.3 5.0 45
pp at LHC (E), | 493.80 | 44450 | 355.70 399.50
{p1), 0.72 0.85 0.64 0.60
(n), — 9.3 8.4 6.3
pN (E), — 333.20 | 234.80 406.80
{p1), — 0.85 0.64 0.59
(n), — 115 10.7 7.5
pS (E), — 323.30 | 225.70 419.20
T01), — 0.85 0.65 0.59
ny, — 12.7 12.3 8.4
pFe (E), — 311.80 | 213.90 402.80
{pL), — 0.84 0.64 0.58
(n), — 55.8 389 43.2
NFe (E), — 200.20 | 169.20 222.40
{pL), — 0.83 0.63 0.60
(n), 48 5.6 5.5 44
pp at ATLAS | (E), | 551.70 | 41550 | 298.50 401.60
L), 0.71 0.90 0.66 0.59

Table B.4: The mean values of p multiplicities, energy distributions and p, distribu-
tions for all studied collisions. Energies and momenta are written in GeV units.
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Appendix C

Histograms

Multiplicity of Gammas Pseudorapidity of Gammas
P(Distribution of Gammas Pseudorapidity of Gammas Weighted by Energy
Figure C.I: Results of generated collisions of pS at energy y/s = 56 TeV. gamma

spectra. Histograms are normalized to 1000 events.
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HISTOGRAMS

Multiplicity of Kaons Pseudorapidity of Kaons

P Distribution of Kaons Pseudorapidity of Kaons Weighted by Energy

Figure C.2: Results of generated collisions of pS at energy yfs = 56 TeV, charged
kaon spectra. Histograms are normalized to 1000 events.
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HISTOGRAMS

Multiplicity of Kaons Pseudorapidity of Kaons

P, Distribution of Kaons Pseudorapidity of Kaons Weighted by Energy

Figure C.3: Results of generated collisions of pFe at energy y/s = 71 TeV, charged
kaon distributions. Histograms are normalized to 1000 events.
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