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Abstract

In this bachelor’s thesis the concept of microscopical black hole production at
colliders is investigated. By using extra dimensional models where the value of
the Planck mass can be reduced to the TeV scale, gravity can be made stronger
at small distances and the Hierarchy problem can be solved. Since gravity is
much stronger already at the TeV-scale, there is a possibility that microscopical
black holes are produced at the LHC. In this thesis the possibility to produce
Quantum Black Holes, black holes with masses around the Planck mass, is
implemented in the event generator Pythia. Events where the Quantum Black
Holes decay into two particles are simulated and studied. A main contribution
is successful colour connections between the final states. Something to solve in
future simulations is how to give the black holes a spectrum of masses.
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1 SAMMANFATTNING PÅ SVENSKA

1 Sammanfattning på svenska

Large Hadron Collider (LHC) vid CERN utanför Gèneve i Schweiz kolliderar par-
tiklar med en maximal energi på 14 teraelektronvolt (TeV), svarandes mot vikten
av 14 000 protoner∗. Aldrig tidigare har dessa höga energier utforskats inom fysiken
och förväntningarna är stora på vad man ska upptäcka. En av förutsägelserna som
gjorts för LHC är möjligheten att producera mikroskopiska svarta hål. I detta arbete
utforskas detta fenomen med fokus på en speciell sorts ”kvantmekaniska” svarta hål.

Bakgrunden till möjligheten till produktion av svarta hål på LHC ligger i det
senaste årtiondens utforskande av möjligheten att vårt universum i själva verket in-
nehåller fler dimensioner än vi kan se. Dessa extra dimensioner måste uppenbarligen
vara sådana att vi inte märker av dem i våra dagliga liv, och en lösning är att göra
dimensionerna mycket små och ”hoprullade”. Idén om extra dimensioner har väckt
stort intresse det senaste årtiondet som ett sätt att lösa det så kallade ”Hierarkipro-
blemet”, frågan om varför gravitationen är så otroligt mycket svagare än de andra
naturkrafterna.

Förhållandet mellan naturkrafternas styrkor är inte konstant utan beror på ener-
giskalan. Den energi där gravitationen förutsägs vara i samma storleksordning som
de andra krafterna kallas Planckmassan, och är jämfört med energierna i dagens ac-
celeratorexperiment en mycket hög siffra - värdet är cirka 1016 TeV, femton storleks-
ordningar högre än energierna vid LHC. Det betyder att utom vid extrema energier
kommer gravitationen vara en mycket svag kraft jämfört med de andra naturkraf-
terna.

Genom att göra antagandet att endast gravitationen påverkas av och kan tränga
in i de extra dimensionerna sänks däremot värdet på Planckmassan dramatiskt och
kan nå de storleksordningar där dagens experiment befinner sig. Priset man får betala
är att vår värld innehåller fler dimensioner än vi kan se. Dessa dimensioner söks nu i
experiment runt om i världen, till exempel genom att leta efter avvikelser i Newtons
gravitationslag som skulle förändras vid mycket små avstånd vid övergången till de
extra dimensionerna.

Ett svart hål är en gravitationens extrem - det är en punkt i rumtiden med en
oändlig krökning och en oerhört hög energidensitet. Den gravitationella attraktionen
i närheten av det svarta hålet är så hög att inte ens ljuset kan undkomma. Eftersom
gravitationen blir starkare vid små avstånd när man inför extra dimensioner finns
möjligheten att mikroskopiska svarta hål produceras när energierna övergår den nya,
lägre Planckmassan. Dessa svarta hål sönderfaller enligt teorin omedelbart till andra
partiklar och skulle inte utgöra någon fara för oss människor.

I detta arbete studeras möjligheten att producera mikroskopiska svarta hål med
massor i närheten av Planckmassan, där kvantgravitation behövs. Dessa ”kvantmeka-
niska” svarta hål implementeras i en ”kollisionsgenerator” (eng. event generator), ett
program som simulerar partikelkollisionerna vid en accelerator. Resultatet av des-
sa kollisioner analyseras för att se hur kollisioner som skapar dessa kvantmekaniska
svarta hål skulle kunna se ut vid LHC.

∗Inom partikelfysik mäts massor i eV/c2, där c betecknar ljushastigheten. Eftersom ljushastig-
heten sätts till c = 1 fås den bekväma konsekvensen att massor och energier mäts i samma enhet,
eV.
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2 INTRODUCTION

2 Introduction

The Large Hadron Collider (LHC) collides protons with a maximal energy of 14 tera-
electronvolts (TeV), equal to the mass of 14,000 protons. Never before have these high
energies been investigated and expectations are high for potential discoveries. One
of the more interesting predictions for the LHC is the production of microscopical
black holes. There has been rather a large media hype about this phenomenon and
fears that the Earth will be destroyed after inevitably being sucked into one of these
black holes, despite assurances from CERN scientists that the experiments pose no
harm to humanity [1]. This thesis will strive to explain the mechanism behind the
creation of these microscopic black holes, focusing on a particular model predicting so
called Quantum Black Holes (QBHs). Also, the possibility to produce black holes is
implemented in the Monte Carlo event generator Pythia, which simulates collisions
between subatomic particles such as those at the LHC. Results from the simulations
are also presented to get an idea of what the QBHs will look like in the detectors of
the LHC. A full understanding of the theoretical background requires knowledge in
theoretical high energy physics and a complete presentation is not possible in this
thesis. A theoretical overview is given below, presenting the ideas behind black hole
production at colliders without going into the mathematical details.

This thesis is written as documentation of the work done in my bachelor’s degree
project in the Theoretical High Energy Physics group at Uppsala University. The
goals of the project are 1) to present an overview of the theory behind black hole
production at colliders (the result of a literature study) and 2) to implement the
possibility to produce Quantum Black Holes in the event generator Pythia. The
result of 1) is the theoretical, rather extensive, introduction. The result of 2) is
mainly the fact that Pythia works correctly when producing QBHs, also graphs
with simulation results are presented in the Results section.

The work in this thesis is largely based on the ideas presented in the articles in
Refs. [2] and [3], ”Colourful quantum black holes at the LHC” by X. Calmet et al
and ”Black Holes and Quantum Gravity at the LHC” by L. Randall and P. Meade
respectively. The simulations are also similar to the work made in [4], where Monte
Carlo simulations of Quantum Black Holes are made∗.

The reader is assumed to be familiar with the basic ideas of the Standard Model,
as for example presented in [5], and also the basic principles of what a black hole
is. Throughout this thesis c and ~ are set equal to 1, so all masses, energies and
momenta are given in units of electronvolts, eV.

The outline of this thesis is the following: first, in section 3, a thorough theoretical
background is given, ending with the discussion of QBHs; in section 4 the Monte
Carlo method and event generators is discussed, as well as the description of how
QBH production was implemented in Pythia; section 5 contains histograms with
results of the simulations; in section 6 there is a general discussion about QBHs and
the results as well as a summary of this text; last but certainly not least the appendix
contains plots from all simulations and Fortran source code with the additions and
modifications to Pythia.

∗This paper was not discovered until late in this project and could therefore not be taken into
account.
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3 THEORY

3 Theory

In this section all background material necessary for this thesis is presented, ranging
from properties of QCD and collider physics to proposed extensions of the Standard
Model including extra dimensions. Although quite long, it is recommended to read
this section in order to fully understand the concept of a Quantum Black Hole and
from where it originates.

3.1 Properties of the Standard Model

3.1.1 Quarks and Quantum Chromodynamics

One of the four fundamental forces of nature∗, the strong force governs the inter-
actions between particles carrying colour charge - the quarks - through exchange of
gluons which are the force carrier particle for the strong force. The theory describ-
ing the properties of the strong force is called Quantum Chromodynamics (QCD),
a theory whose formulation draws inspiration from the theory of electromagnetic
interactions, Quantum Electrodynamics.

While most particles are colour-neutral colour singlet states, denoted by 1, quarks
carry a colour charge which can be red, blue or green. For each colour there is a
corresponding anticolour - antired, antiblue and antigreen. The colour charge of
quarks is an example of a gauge charge, a result of the fact that QCD is a theory
invariant under gauge transformations. Using the mathematics of group theory, one
can show that the quarks always exist in something called a colour triplet state,
denoted by 3, whereas anti-quarks always exist in the conjugate colour anti-triplet
states†, denoted by 3, or 3∗. The gluons carry a combination of colour-anticolour,
and are of eight different kinds‡. The gluons are in colour octet states, denoted by
8. These representations of the colour charge is flavour independent.

3.1.2 Quark combinations and the Lund String Model

The colour force between two quarks couples is attractive if the colors are opposite or
different from each other, that is a quark carrying red colour is attracted by a antired,
a blue or a green quark. A particle carrying one of each colour or a colour and its
anticolour is entirely colour-neutral and exerts no colour force on other particles.
All stable particles in nature are colour-neutral, singlet states. All singlet states are
bound states of quarks and must therefore arise as combinations of the triplet and

∗The four fundamental forces of nature are the electromagnetic, the weak, the strong and the
gravitational force. The electromagnetic and the weak force are unified into one electroweak force
and is together with the strong force described to great precision in a gauge invariant way in
the Standard Model. Gravity has not been described in a quantum mechanical framework and is
described in Einstein’s theory of General Relativity, which is not a gauge theory.

†In terms of group theory, the state 3 is the fundamental representation of the group SU(3)colour
and 3 its conjugate. SU(3)colour is the group in Quantum Chromodynamics representing colour
states and transformations between these.

‡You would think that there would be 9 gluons since there are three colours and hence 3 ×
3 = 9 combinations of colour-anticolour. However, one of these states is completely neutral and
doesn’t transfer any colour, this state is non-physical and therefore there are eight states remaining,
representing the eight gluons.
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3 THEORY 3.1 Properties of the Standard Model

triplet states. In the language of group theory, a combination of states is denoted
3⊗3. The possible combinations possible when combining a triplet and an antitriplet
state are

3⊗ 3 = 3⊕ 6

3⊗ 3 = 3⊕ 6

3⊗ 3 = 1⊕ 8

, (3.1)

where the ⊕ means that the combination can be either of the two right hand side
states (but only one of them), and 6 is another possible SU(3)colour state. So for
example, a quark (a triplet state) and an antiquark (antitriplet) can combine into a
singlet or an octet state. It is also evident from this that two quarks or antiquarks
can not combine into a stable hadron, which must be a singlet state. Other than from
an antiquark, a gauge charge of 3 can according to above be achieved by combining
two quarks. This combination can be seen as a single particle, a diquark, which
does not represent a physically bound state but is rather a way of hypothesising
the combination of two quarks as a single particle. Similarly, two antiquarks can be
grouped into an antidiquark with gauge charge 3. Thus, a singlet state can also be
achieved by combining a diquark and a quark, or an antidiquark and an antiquark.
The two possibilities to combine the 3 and the 3 into singlets thus correspond to the
known hadrons: mesons (quark and antiquark) and baryons (quark and diquark).

The electric field lines between two opposite charges make up the familiar bar-
magnet pattern. The colour force is not the same as the electromagnetic force and
hence the field lines between two colour charges is different, it is instead compressed
into a narrow, elongated flux tube. A visualisation of this can be seen in the upper
part of Fig. 3.1. When two quarks are pulled apart, the coupling between them
and the energy stored in the field increases, until the energy is sufficient to create
a quark-antiquark pair resulting in hadronic jets, collimated cone-like showers of
long-lived particles coming from the fragmentation of a quark or gluon. In the Lund
String Model the flux tube between the quarks is represented as a one dimensional
string (analogous to an elastic rubber band) going from a 3 state to a 3 state which
”breaks” into a quark pair when the string tension, representing the energy stored in
the force field, is enough to create the pair∗. Important in the context is that there
are always strings connecting a 3 to a 3, there can be no ”loose ends” on the strings.
More on fragmentation of quarks and the string model can be found in Ref. [6].

3.1.3 Symmetries and conservation laws

In physics, the concept of a symmetry means that if you change your system under
a certain operation, the system will remain unchanged. Familiar examples include
translational symmetry and rotational symmetry, saying that all laws of physics are
the same if you suddenly decide to move your experiment 517 kilometers away, or
if you rotate your system 180 degrees. Every symmetry in nature gives rise to a
conservation law†, stating that a certain quantity will remain the same before and
after an interaction. A well-known example is the conservation of energy, which

∗As can be seen from Eq. 3.1, both the string coupling, represented by a gluon 8 state, and the
quark-antiquark pair, represented by a 1 state can be obtained by combining a 3 and an 3 state.

†This is the content of what is called Noether’s theorem.
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3 THEORY 3.1 Properties of the Standard Model

Figure 3.1 – Figure showing how the flux tube between two quarks with gauge charges
3 and 3 is approximated by a string in the Lund String Model. The 3 can represent
either a quark or an antidiquark, and the 3 can represent either an antiquark or a
diquark.

simply states that the total energy must always be conserved in any interaction,
or translational symmetry, giving rise to the conservation of momentum. A lesser
known conservation law is for example the conservation of baryon and lepton number,
stating that the number of leptons and baryons must be the same before and after
an interaction. Lepton numbers are in addition specific to each of the three families -
there is an electron lepton number, a muon lepton number and a tau lepton number
- and each of these is separately conserved.

Symmetry transformation Conserved quantity
Translation in space Momentum
Rotation in space Angular momentum
Gauge transformation Gauge charge

Table 3.1 – Table giving some examples of conserved quantities and their corresponding
symmetries.

The symmetries in the Standard Model can be divided into different kinds of
symmetries, crucial for this thesis are two kinds: accidental symmetries and gauge
symmetries. The accidental symmetries are symmetries that we don’t impose on the
theory from the beginning, rather they arise when the theory is further investigated
and depend on the particles which are put in the theory. The other kind of symmet-
ries, gauge symmetries, are much more fundamental and are instead imposed on the
theory when it is created (this is called the gauge principle) - gauge invariance is in
that way a starting point for a theory of any interaction. As for any symmetry, the
gauge symmetries give rise to conserved quantities - gauge charges. For the strong
force this is conservation of colour charge, for the electromagnetic and weak it is
electric charge. If any of these quantities are not conserved you are therefore in
serious trouble since the theory would then not be gauge invariant.
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3 THEORY 3.2 Colliders and kinematics

As an example, consider the strong and the weak force. The strong force conserves
both colour and flavour of quarks, while the weak force conserves colour but violates
flavour conservation. So all in all flavour conservation, an accidental symmetry in
the strong interaction, is not conserved in the Standard Model while colour charge,
coming from a gauge symmetry, is. In the entire standard model conservation of
baryon and lepton number, which holds also for the weak force, is the accidental
symmetry that remains.

Since the gauge symmetries are in a sense much more fundamental than the ac-
cidental symmetries they are strictly conserved in any theory. This must also hold
for future theories of quantum gravity, but one could definitely imagine a theory of
gravity where accidental symmetries are broken∗. In this thesis, concentration lies
on Quantum Black Holes which naturally are intimately connected to the force of
gravity. As we shall see, for the QBHs all gauge charges are a priori assumed to
be strictly conserved while there is a degree of freedom concerning the accidental
symmetries, most notably conservation of baryon and lepton number. For example,
a QBH could in the theory described in [2] decay into a muon and a quark, clearly
violating conservation of lepton number (in this case muon number), since no anti-
neutrino is produced together with the lepton. Colour charge and electric charge are
however a priori assumed to be conserved since they come from gauge symmetries.
Signatures where lepton and/or baryon number is not conserved would therefore be
an obvious sign that physics beyond the Standard Model is at work.

3.2 Colliders and kinematics

The material in this section comes mainly from [7] and [8]. For a more thorough
overview of collider physics at hadron and lepton colliders, see any of these.

3.2.1 Basic concepts of experimental particle physics

Experiments in particle physics are mainly performed at accelerators, which are huge
machines designed to smash particles together at very high speeds in order to achieve
so high energies that new, heavier particles can be produced and studied. Two main
types of accelerators exist, linear and circular, with different properties good for
different purposes. A circular accelerator can easier achieve a high collision energy
since the particle beams can be circulated several times, each time increasing the
energy, whereas the energy of a linear accelerator is limited by its length. In the
accelerator, the colliding particles are made into beams. In the case of a circular
accelerator the particle beams are bent in a circular orbit using powerful magnets.
At certain points the beams are made to collide, creating a high energy shower of
other particles. Detectors are in place at these locations and detect the hundreds of
particles that come out of the collision, or event as a collision is usually called.

In an collider experiment one is interested in getting as many collisions as possible
creating the particle of interest. The reaction rate R, how many reactions occur

∗In fact, lepton number is not entirely conserved even now because of neutrino oscillations,
which imply non-conservation of lepton number since neutrinos of one flavour oscillate into other
flavours. A similar scenario for electric charge, where the charge of a particle would oscillate is not
possible because of gauge invariance.
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3 THEORY 3.2 Colliders and kinematics

per time, depends on two quantities, the luminosity L and the cross section σ.
Luminosity is a measure of the number of beam particles passing a part of the beam
pipe per time and area, it is an indication of how dense the beam is. The value of
the luminosity is determined solely by the accelerator properties. The cross section
has the dimension of area and contains all the physics in the reaction. It reflects the
probability for the reaction to happen and is in a sense a measure of the ”effective”
part of the area that the particles see when colliding. With these two quantities, the
rate of reactions can be written

R = Lσ. (3.2)

Clearly, to get a high reaction rate you need a high luminosity and a high cross
section. Since the luminosity is fixed by the machine, you need reactions with a high
cross section to produce enough events containing the particle you’re searching for.

3.2.2 Detectors and experimental signatures

The speeds of the beam particles in a particle accelerator is very close to the speed
of light. Because, as we all know, energy can be converted to mass and vice versa the
motional energy of the colliding particles can create new particles. Today’s colliders
are enormous machines - the LHC is for example 27 km in circumference - containing
very advanced technology in order to create the enormous energy densities achieved
in the collisions and analyse what happens in a collision. Beams of charged particles
are accelerated to a speed very close to the speed of light∗ and powerful magnets
are used to bend the paths of the particles into circular orbits. At the place of the
detectors the particles are then made to collide, and the resulting energy can create
new particles.

The purpose of the detectors is to measure energy and momentum of the hundreds
of particles that come out of the collision as a result of the interaction at the collision
point. Normally the particles produced initially in the collision decay fast into other,
lighter particles which are the ones measured in the detector. A typical particle de-
tector consists of different layers of different types of detectors that measure different
things. Innermost, closest to the collision itself, tracking detectors are placed. They
are used to measure momenta of particles. Outside the tracking detectors the calor-
imeters are placed. These are designed to stop incoming particles and measure the
deposited energy in the detector, giving the energy of a particle. There are two kinds
of calorimeters - the electromagnetic calorimeter, constructed to stop particles with
heavy electromagnetic interactions such as electrons and photons, and the hadron
calorimeter, mainly used to measure the energy of hadrons and jets†. Outermost in
the detector sits the muon detectors, which measure the energy of muons, particles so
penetrating that they can’t be stopped by the calorimeters. Fig. 3.2 shows a picture
of the ATLAS detector, one of the two main purpose detectors at the LHC. Fig. 3.3

∗For example, the speed of the protons in the LHC is approximately 0.999 999 991 times the
speed of light.

†A jet is a cone of low-energetic long-lived particles such as for example π mesons, protons,
neutrons, coming from the hadronisation of a produced quark. The quark fragmentation mainly
happens in the same direction as the quark was travelling in and results in a cone-like shower of
long-lived particles, called a jet. The hadronisation of quarks is a consequence of the confinement
property of the strong force, which makes it impossible for quarks to exist as free particle.
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3 THEORY 3.2 Colliders and kinematics

shows an event display from the ATLAS experiment, with a Z0 decaying into a µ+,
a µ− and three jets. The bars represent deposited energy in the calorimeters which
is high for the three jets, represented by orange, green and red tracks. The light blue
tracks represent the muons, which escape the detector.

Figure 3.2 – A computer generated picture of the ATLAS detector at the LHC. The
innermost tracking detectors are the SCT tracker, pixel detector and the TRT tracker.
The liquid argon calorimeter is an electromagnetic calorimeter, and the tile calorimeter
is a hadron calorimeter. To get a perspective of the size of the detector, two human-
sized persons can be seen standing right in front of the detector. Picture taken from
the website of the ATLAS experiment. ATLAS Experiment c© 2011 CERN

Different particles and their signatures

Normally, the particle which is searched for in an experiment is heavy and decays
very fast to many lighter particles. These particles may in turn decay to more stable
particles and what is seen in the detector are particles that are more or less stable∗.
The final states in an experiment are typically electrons, photons, muons, neutrinos
in the form of missing energy and jets.

Electrons and photons
Electrons and photons mainly interact electromagnetically and are seen in the elec-
tromagnetic calorimeter. Electrons furthermore leave curved tracks in the tracking
detector.

Muons
Muons are so penetrating that there are separate detectors for them placed outermost
in the detector. Since only muons are detected in these detectors, muons are easy to
spot in an experiment and signatures containing energetic muons are desirable.

∗A stable particle in an accelerator experiment would not be stable in the real sense, for example
a muon would be considered as a stable particle even though it has a lifetime of the order of 10−6

s, a millionth of a second.
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3 THEORY 3.2 Colliders and kinematics

Figure 3.3 – Event display for a Z0 → µ+µ−+3jets event. The leftmost plot is a plot of
deposited transverse energy in the η−φ-plane. The lower right plot shows the detector
from the side, and the upper right plot shows the detector along the beam direction.
Picture taken from the website of the ATLAS experiment. ATLAS Experiment c© 2011
CERN

Jets
When quarks are produced in an interaction they immediately hadronise into jets.
The jets mainly deposit their energy in the hadron calorimeter and consist of long-
lived particles such as electrons, protons, neutrons, pions, kaons and other hadrons.
Jets can be produced either by the particles produced in the hard interaction, these
would be called hard jets where ”hard” roughly means high energy, or jets can be
produced from initial state radiation or beam remnants, these are instead soft jets.

Neutrinos and missing energy
Neutrinos interact so weakly with matter that they are impossible to detect in the
detector. To infer the presence of neutrinos in an experiment conservation of mo-
mentum and/or energy is instead used. The momentum in the longitudinal z - dir-
ection of the parton rest frame is not known since it depends on the parton momenta
which are unknown, but the sum of transverse momenta is to a good approximation
zero. Therefore, if transverse momentum is missing when summing the momenta of
all final state particles, there must have been a particle in the experiment not detec-
ted, such as a neutrino. This missing momentum is normally denoted 6~pT . Similarly,
the energy must be conserved in the collision, so a missing (transverse) energy 6ET

can be defined for events where not all energy is detected.

3.2.3 Hadron collisions

In a collision between two hadrons, such as the proton-proton collisions at the
LHC, it is not the protons as a whole that collide, but rather the constituents of
the proton, usually called partons, which can be quarks, antiquarks or gluons. The
partons inside the proton are first of all the three valence quarks, which are the
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3 THEORY 3.2 Colliders and kinematics

familiar up, up, down combination, and secondly a constantly changing sea of
gluons and so called sea quarks. The sea quarks come from the fact that gluons
which are constantly produced and destroyed inside the proton sometimes form
quark-antiquark pairs. A collision between two protons is therefore a mess
containing the incoming colliding partons (which are the ones of interest) as well as
remnants of the protons and scattered particles. In this sense a hadron-hadron
collision is a lot more complicated to analyse than for example a e+e− collision.
Fig. 3.5 shows a schematic view of what is happening as two hadrons collide, in
Fig. 3.4 the same thing is depicted in a Feynman diagram. The collision of interest,
the one between the incoming partons, is called the hard process. The two partons
that are taken out of the hadrons radiate off quarks and gluons before the collision,
in a process called initial state radiation (ISR), determined by the parton
distribution functions (PDF:s) of the partons. These functions govern the dynamics
of the partons inside the protons and give the probability that a certain parton
occupies a certain fraction of the total proton momentum (see Fig. 3.6 for graphs of
the PDF:s for the different partons in the proton). The two partons that remain
after the ISR collide in the hard process, which produces the particles of interest.
Everything except the hard process (the remnants of the protons, scattered
particles, other partonic interactions etc.) is sometimes called the underlying event.
It is in the hard process that the interesting things happen, this is because most
of the energy transfer∗ takes place there. The underlying event consists mostly of
unwanted background. After the hard process the final state radiation (FSR) takes
place. Since quarks cannot exist in isolation because of the confinement property
of the strong force, any quark produced in the hard process immediately afterwards
fragments into jets. Also the remnants of the protons and other scattered particles
radiate in this way. Other than hadronisation, FSR also contains decays of other
unstable particles.

Since it is not the protons as a whole that collide, not all of the centre of mo-
mentum (c.o.m.) energy† (with a maximum of 14 TeV at the LHC) goes to the actual
collision - only a fraction of the total energy is available for particle production. If
the incoming protons travel towards each other along the beam direction, defined as
the z-direction, each with energy Ebeam, they have in the massless approximation
(so that |~P | ≈ Ebeam) four-vectors

P = (Ebeam, 0, 0, Ebeam), Q = (Ebeam, 0, 0,−Ebeam).

The incoming partons will then have four-vectors

p1 = (x1Ebeam, 0, 0, x1Ebeam), p2 = (x2Ebeam, 0, 0,−x2Ebeam), (3.3)

where x1,2 are the fraction of the total momentum that the parton carries. [This
fraction is determined by the parton distribution functions (PDF:s) which are dif-
ferent for every type of parton (gluons, upquarks, downquarks etc.) and give the

∗The energy, or momentum transfer is measured in terms of the four-momentum transfer Q2

which is the difference in four-momentum (squared) between the initial and final particle.
†The c.o.m. system is defined as the system where the sum of all particles three-momenta is

zero, i.e.
∑

i ~pi = 0 in this frame.
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3 THEORY 3.2 Colliders and kinematics

Figure 3.4 – A Feynman diagram of a proton-proton collision. In the diagram initial
and final state radiation is also indicated. Image made by R. Enberg.

Figure 3.5 – A schematic picture of what is going on in a collision between two protons.
The hard subprocess contains the most interesting interactions. Image taken from a
Herwig lecture by B. Webber at Fermilab National Accelerator Laboratory, Oct 25,
2004.

probability that a parton occupies a certain fraction of the hadron momentum at
a certain energym, see Fig. 3.6.] For the invariant mass squared of the incoming
partons, denoted ŝ, we then find

ŝ = (p1 + p2)
2

= ((x1 + x2)Ebeam, 0, 0, (x1 − x2)Ebeam)2

= (x1 + x2)
2E2

beam − (x1 + x2)
2E2

beam

= 4x1x2E
2
beam.

(3.4)
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3 THEORY 3.2 Colliders and kinematics

Figure 3.6 – The Parton Distribution Functions (PDF:s) at momentum transfer of
Q2 = 10002 GeV2, sufficient to create a particle with mass M ∼ 1 TeV. For high
momentum fractions, the most probable incoming partons in a proton-proton collision
are the valence quarks (up and down) and gluons, so the most probable case for high
energy collisions is a collision between two of the valence quarks.

13



3 THEORY 3.2 Colliders and kinematics

Denoting E2
CM , the invariant mass of the two incoming protons squared, by s we

have, since ECM = 2Ebeam,
ŝ = x1x2s = τs, (3.5)

with τ ≡ x1x2. The available energy for particle production is thus ŝ. Obviously, it
is then not a priori known how much energy is available in a hadronic collision, since
τ is not known beforehand, only the probability that the incoming parton occupies
a certain fraction xi of the proton momentum is known (but not xi itself). Note also
that the speed of the parton c.o.m. frame relative to the lab frame is not known (it is
not zero, as the speed of the proton c.o.m. frame is, since the partons have different
momenta).

Since the speed of the parton frame is not known it is of interest to work with
quantities that are invariant, or at least transform nicely, under longitudinal Lorentz
boosts along the beam direction (in the z-direction). The angle φ is invariant when
boosting between frames in the longitudinal direction, but the scattering angle θ is
not. Also, the spatial momentum ~p is not very good to use, since the component
in the z-direction is unknown because of the unknown speed of the parton frame.
Instead, the transverse momentum pT given by

pT =
√
p2x + p2y (3.6)

is used, since it doesn’t change under longitudinal boosts and is to a good approx-
imation zero when summing for all particles∗ . Another quantity with good trans-
formation properties is the rapidity y of a particle, defined by y = 1

2 ln E+pz
E−pz . Under

a longitudinal boost y → y′ in the z-direction the rapidity transforms additively,
y′ = y + y0, where y is in the lab frame and y′ the value in the transformed frame.
More common in particle physics than rapidity is the pseudo-rapidity η, which is the
massless limit of the rapidity. Since particles in accelerator experiments normally
have very high energies so that |~p| ≈ E this is normally a reasonable approximation.
The pseudo-rapidity has a further good property - it has a one-to-one correspondence
with the polar angle, or scattering angle, θ. We have in the massless limit

y → 1

2
ln cot

θ

2
≡ η. (3.7)

A pseudo-rapidity of zero corresponds to a polar angle of 90◦, so that the particle
travels perpendicular to the beam direction. In the beam direction, the pseudo-
rapidity goes to infinity. A detector normally has a range in pseudo-rapidity of about
|η| = 3.5− 4.5. The point in (η− φ)-space represents the direction that a particle is
traveling in, and the separation ∆R =

√
(∆φ)2 + (∆η)2 between two particles is a

measure of how close the particles are traveling. Since the pseudorapidity transforms
additively under longitudinal boosts and the azimuthal angle is invariant, the separ-
ation is the same in the rest frame of the colliding partons and the lab frame. The
separation is for example used in algorithms to determine which particles belong in
the same jet.

∗The partons in the hard process carry to a good approximation only momentum in the z-
direction since they travel so fast, so because of conservation of momentum

∑
i ~pT = ~0 both before

and after the collision to a good approximation.
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3.3 Extra dimensions and microscopical black holes

3.3.1 Beyond the Standard Model

Although in extraordinary agreement with performed experiments, the Standard
Model is not complete for several reasons and is generally regarded as a low-energy
approximation of a larger theoretical framework describing physics at higher energies.
One of the more famous problems for the Standard Model is the failure to detect the
Higgs boson, which has been searched for more than 20 years, and is predicted by the
mechanism of electroweak symmetry breaking which gives mass to the weak gauge
bosons. The Higgs is now being desperately hunted at the LHC, which reportedly is
designed to find the Higgs. Further unsolved questions that the Standard Model fails
to answer are for example what it is that is behind the dark matter in the universe,
or why our universe consists only of matter and no antimatter.

One other obvious limitation of the Standard Model is that it does not include a
gauge invariant description of the force of gravity. Many attempts have been made to
find a theory of quantum gravity and create a ”theory of everything” together with the
Standard Model, but so far gravity has been fiercely reluctant to all such attempts.
String Theory, arguably the most famous one, tries to explain all of physics by
replacing point particles by strings. While successful in some aspects, String Theory
has not yet been fully understood with its complicated mathematics and has failed to
show any experimental results. One of the more influential extensions of the Standard
Model is Supersymmetry, which assigns to all known particles a ”super-partner” with
a different spin (the partner is a fermion for bosons, and a boson for fermions),
presenting the universe with a new kind of symmetry∗. Supersymmetrical particles
are thought to have masses in the TeV regime and they presently searched for at the
LHC. Other extensions, such as Technicolor, introduce new gauge interactions to get
rid of the Higgs particle.

The Hierarchy problem

One striking difference between gravity and the other forces of nature is that grav-
ity is enormously much weaker. This is the reason why gravity can be completely
ignored in experiments at particle colliders, the effects are simply to small to even
be measurable. The difference between the forces depends on the energy scale used,
and it is at the energies probed by todays colliders that gravity is weak.The energy
scale where the force of gravity is thought to have a magnitude approximately equal
to the other forces is called the Planck scale, and is quantified by the Planck mass
MPl. The Planck mass is given by MPl =

√
~c/G and is compared to todays ex-

periments a ridiculously high number, it is of the order of 1016 TeV. The journey
from the energies of the LHC to the Planck scale thus takes us through 15 orders of
magnitude! The question of why gravity is so much weaker than the other forces is
a formulation of what is known as the Hierarchy problem.

A lot of energy has been devoted to explaining this puzzling fact. Among the
more prominent ones are the mentioned Standard Model extensions Supersymmetry,
Technicolor, and more recently the introduction of extra dimensions. In this thesis

∗It may be interesting to note that Supersymmetry is included in most versions of String Theory.
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Figure 3.7 – A schematic view of the curled-
up, circular dimensions introduced in the
Kaluza-Klein theory. The grid represents the
x, y, z-coordinates of the familiar three dimen-
sional world and for every point in the grid the
circle represents the extra spatial dimension.

focus lies on the latter case with extra dimensions, a concept which has exploded in
interest over the last decade.

3.3.2 Extra dimensions

The concept of extra dimensions dates back to the 1920s, when Theodor Kaluza
and Oskar Klein tried to unify the by then known fundamental forces gravity and
electromagnetism by introducing an extra spatial dimension. To solve the problem
with why our world appears four dimensional to us, the extra dimension was made
very small - it was compactified, curled up in the form of circle with a radius so
small that we could not see it. The Kaluza-Klein theory failed in its endeavour
and was forgotten. Many decades later, with the advent of String Theory and its
many dimensions, the Kaluza-Klein theory again became interesting. In this thesis
the ADD model described below is used, but the results of the simulations should
be an indication of behaviour also in other models. Ref. [9] and [10] give thorough
introductions to extra dimensional models.

The ADD model

Just before the turn of the millennium a new suggestion for a solution to the Hier-
archy problem was proposed by Arkani-Hamed, Dimopoulos and Dvali[11]. The
authors introduced extra dimensions of the Kaluza-Klein type as a way of solving
the problem with gravity, and the model is normally called ADD after the authors’
initials. The n extra dimensions were assumed to be as large as possible without
violating experimental constraints. Gravity had then not been probed to smaller
distances than of the order of 0.1 mm (the weakness of gravity at these distances
makes it hard to perform such measurements) so an upper bound for the size of the
extra dimensions was put at about 0.1 mm.∗ It was further demanded that only
gravity, and not the other forces, was able to extend into these extra dimensions,
since for example electroweak measurements have been performed at a much higher
energy, corresponding to short distances, without showing signs of extra dimensions.
The consequence of this is that the weakness of gravity is only apparent - at the dis-

∗This is now experimentally excluded, see below.
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tances r > R probed in experiments so far, gravity looks like it is four dimensional
and weak, while at shorter distances, or higher energies, gravity becomes higher
dimensional and thus stronger.

The assumptions of the ADD model can be summarised by the following two:

• There are n extra spatial dimensions, each with the same size RD, which are
compactified on a n-dimensional torus with the volume Vn = (2πRD)n

• Only gravity can extend into the extra dimensions, i.e. the extra dimensions
are not of the universal kind (where all particles and forces can extend into the
extra dimensions) and no interaction between the n extra dimensions and the
familiar 3+1-dimensional spacetime takes place.

Obviously the extra dimensions must be such that we can’t observe their effects in
our everyday life - after all, the world we see is four dimensional. This means that
the size (or if not size, impact at least) of the extra dimensions must be small enough
that we haven’t noticed their effect yet.

A consequence of the assumptions made is that the Planck massMPl ∼ 1016 TeV
is not the ”true” value, but only the value experienced by four dimensional observers
which are not able to see the effects of the extra dimensions. The relationship between
the standard, four dimensional value of the Planck mass and the 4 + n dimensional
value MD, the reduced Planck mass, is calculated to be

M2
Pl = Mn+2

D (2πRD)n. (3.8)

Since the Planck mass is given (in units where ~ = c = 1) by MPl = 1/
√
G, the

standard Newton gravitational constant can be expressed as G = 1/M2
Pl, and hence

the familiar Newton law of gravity can be rewritten as F = G(m1m2/r
2) er =

M−2Pl (m1m2/r
2) er, We then find that Newton’s inverse square law for gravity is

modified for small distances r < RD, so that gravity becomes stronger:

F =


M−2D

m1m2

r2+n
er , r > RD

M−2Pl

m1m2

r2
er , r < RD

(3.9)

where GD is the modified gravitational constant in 4 + n dimensions.∗ By investig-
ating the validity of the inverse square law one can therefore put upper bounds on
the maximum size of the extra dimensions. Searches for deviations from Newtonian
gravity are today subject of several experiments and the exclusion range as of 2007
is shown in Fig. 3.8(figure from Ref.[12]).

Another way of investigating the extra dimensions is in accelerator experiments.
The basis for these experiments is the Kaluza-Klein modes of the hypothesised grav-
iton - the gauge boson of gravity - which are a kind of standing waves in the extra
dimensions with a spectrum of masses corresponding to the different normal modes
of the graviton. If the extra dimensions are important in a collision, i.e. if the energy
surpasses the new, modified Planck scale, these particles would be produced and fly
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Number of extra dim. Size of extra dim.
n = 1 RD ∼ 1012 m
n = 2 RD ∼ 10−3 m
n = 3 RD ∼ 10−9 m

...
n = 6 RD ∼ 10−14 m

Table 3.2 – A table giving sizes of the extra dimensions as given by Eq. 3.10 for different
numbers of extra dimensions n, given that MD = 1 TeV and MPl = 1016 TeV.

off into the extra dimensions, taking energy with them. For us four dimensional
observers the Kaluza-Klein particles would therefore appear as missing energy.

Constraints

The size of the extra dimensions can by using Eq. 3.8 be written

RD =
1

2π

(
M2

Pl

Mn+2
D

)1/n

. (3.10)

Using the value of the Planck mass of MPl ∼ 1016 TeV, and fixing the value of the
otherwise arbitrary reduced Planck mass at MD = 1 TeV one can calculate the size
of the extra dimensions. Results of this for different values of n can be found in
Tab. 3.2. Inspecting the results for the sizes of the extra dimensions in Tab. 3.2
it is clear that the case n = 1 is excluded, since RD is of solar system size. The
case n = 2 has extra dimensions of a size on the millimeter scale. At the time
when the ADD model was proposed these lengths had not been probed, so this was
by then a possible scenario. Since then, experiments looking for deviations in the
inverse square law of gravity have found no indication of extra dimensions down to
a distance of 30 µm (as indicated in Fig. 3.8), giving the constraint n > 2 if MD ∼ 1

TeV ([12], [13]). If instead MD is allowed to have a higher value but n = 2, the size
of the two extra dimensions must be RD < 37µm, and the constraint is MD > 3.6

TeV for the reduced Planck mass. However, the leap in size to the case n = 3 is
large, so it is possible with 3 extra spatial dimensions. The prospects for a direct
discovery of a deviation from the 1/r2 behaviour at the distances corresponding to
the sizes of the extra dimensions in the cases n ≥ 3 are very small because of the
experimental difficulties. Instead the most stringent bounds come from astrophysical
and cosmic-ray experiments and cosmological considerations. The cases n . 5 are
then excluded if MD ∼ 1 TeV [14]. These constraints are not as certain however and
exhibit some model dependence. In collider experiments, the CMS collaboration at
CERN has excluded semi-classical black hole masses of 3.5- 4.5 TeV for ADD models
with n = 2, 4, 6 respectively for MD between 1.5 and 3.5 TeV, by looking for missing
energy events where the undetected Kaluza-Klein gravitons take the energy with
them [15].

∗The fact that G changes when the number of dimensions does can be seen from Eq. 3.8 using
that G ∼M−2

Pl and GD ∼M−2
D .
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To summarise, it appears that ADD models with equally large extra dimensions
have to have at least n & 4 if MD = 1 TeV. For other, higher values of MD the
constraints are not as severe.

Figure 3.8 – A plot showing the range of validity of the inverse square law of gravity. α
on the vertical axis is related to the number of extra dimensions as n = 3α/8, λ on the
horizontal axis is the size of the extra dimensions, λ = RD. The experiments exclude
the case n = 2 for MD = 1 TeV as indicated by the purple arrow but for higher values
of n there is no experimental exclusion so far. Figure from Ref. [12]

Other models

Besides the ADD model for extra dimensions, several other theories using the concept
of extra dimensions to solve the Hierarchy problem exist. Of these, the most com-
mon are Randall-Sundrum models, where our world has only one extra dimension
and spacetime is heavily warped. Another model is the one with Universal Extra
Dimensions. In this model, as indicated by the name, the extra dimensions are uni-
versal to all Standard Model particles and not only gravity is able to extend into
them. Obviously this puts tougher experimental bounds on the size of the dimen-
sions because of the precise electroweak measurements performed at previous particle
accelerators.

3.3.3 Microscopical black holes

Semi-classical theory

The most extreme gravitational objects we know of are black holes. These objects
have such a high gravitational attraction that at a certain distance from the black
hole (the event horizon) not even light rays can escape. Because of this black holes
can not be seen using electromagnetic waves, such as visible light. Their existence
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can only be inferred from their gravitational interaction with their surroundings. The
strength of gravity can be greatly increased when introducing extra dimensions, but
only for small distances on the order of the size of the extra dimensions. Since the
probed length scale gets smaller and smaller when the energy of a particle increases,
the extra dimensions and thus the true strength of gravity is not ”felt” if a particle
is not energetic enough. For the values of the Planck mass and the size of the extra
dimensions presented above, the collision energy of the LHC can be sufficient to
reach into the extra dimensions. The extra dimensional models therefore soon led
to investigations of the formation of microscopic black holes at the LHC ([16], [17],
[18], [19]). Since gravity becomes stronger at small distances and the Schwarzschild
radius therefore larger for a given mass, the possibility for black hole formation is
greatly increased.

A stellar black hole has a mass much larger than the Planck mass and so can
be described fairy well by a classical theory of gravity. When the mass gets smaller
and approaches the Planck mass, the validity of the classical theory decreases and
at the Planck scale a quantum theory of gravity is needed. However, by assuming
black hole masses well above the Planck mass one can use semi-classical arguments
based on general relativity. Doing this, it was discussed how a black hole will be
produced if the impact parameter b∗ of the incoming partons is smaller than rs, the
Schwarzschild radius that would be formed by a black hole with a mass equal to the
c.o.m. energy of the parton system

√
ŝ. The resulting energy density is then enough

to create an event horizon and a black hole will have formed. Fig. 3.9 shows the
formation of a microscopical black hole.

Figure 3.9 – A picture showing the formation of a microscopical black hole. When the
impact parameter b between the incoming partons is smaller than the Schwarzschild
radius rs of a black hole with a mass equal to the c.o.m. energy

√
ŝ of the incoming

partons a black hole is formed.

Important for this thesis is that the semi-classical arguments then used demanded
that the black hole mass is much larger than the reduced Planck mass, MBH �MD,
since it is unknown what happens as MBH → MD and quantum gravity is needed.

∗The impact parameter b is simply the transverse distance between the colliding beam particles.
For a head-on collision, b = 0. If b is very large the particles just pass by each other.
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According to the theory, these semi-classical microscopical black holes will then al-
most instantaneously decay through Hawking radiation∗. Unlike stellar black holes,
which radiate very little energy by Hawking radiation since the Hawking flux is in-
versely proportional to the black hole mass, the microscopical black holes would
radiate heavily and into all kinds of different particles because of their in comparison
very low mass. So a microscopical black hole would immediately decay ”democratic-
ally” into all kinds of Standard Model particles resulting in a spectacular event with
lots of high energetic decay particles and jets.

Studies show that production of semi-classical black holes at colliders is not as
probable at the LHC as was once believed (as summarised in [3]). This is partly
because since the first estimations of black hole production tighter bounds has been
put on for example the number of extra dimensions and the reduced Planck mass.
The large energies needed to create a semi-classical black hole, which must have a
mass well above the Planck mass (at least 3-5MD), may furthermore not be reached
at the LHC. This is mainly because not all energy in the collision can be used for
black hole creation (some of it may be radiated in form of gravitational shockwaves,
gravitons) and also because the PDF:s fall off very fast - it is more probable that the
partons carry smaller fractions of the proton momentum than the larger fractions
needed for large c.o.m. energies. Therefore most events where gravitational effects
are predominant will be at the lowest possible energy scale, and not the high energies
needed for well-defined semi-classical black holes.

Quantum Black Holes

The idea of Quantum Black Holes has been investigated in the recent years (for ex-
ample in [2] and [3]), after the realisation that any black holes produced at the LHC
would be on the lowest possible energy scale, just above the reduced Planck mass.
In the following, a summary of the concept of Quantum Black Holes is given, as
presented in for example [2] and [3]. Quantum Black Holes (QBHs) differ from the
semi-classical black holes mentioned above in the sense that their mass and Schwarz-
schild radius are at the quantum gravity scale, requiring a quantum gravitational de-
scription (hence the name Quantum Black Holes). The constraint that MBH �MD

is no longer imposed and QBHs have masses on the order of MD. Important to
note is that, for the lack of better suggestions, it is assumed that the expressions for
cross sections can be extrapolated from the semi-classical regime down to MD. The
validity of this assumption is unknown since no theory of quantum gravity exists.

The formation of a QBH would be similar to the formation of semi-classical black
holes described above (the c.o.m. energy of the partons

√
ŝ is enough to create an

event horizon which is approximately rs and if the impact parameter b < rs the
energy density is enough to create a black hole). The decay would however look
different. A semi-classical black hole decays to many different particles because of

∗Hawking radiation is a scenario proposed by Stephen Hawking wherein a black hole can actually
lose mass following quantum fluctuations just outside the event horizon. If a pair of particles is
produced, such as an e+e− pair, one of the particles can get sucked into the black hole while the
other flies away. The energy ”borrowed” by the vacuum to create the particles must then be taken
from the black hole mass, which then decreases. Hawking radiation is a thermal process similar to
the radiation of a black body.
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the properties of Hawking radiation. The decays of QBHs are not necessarily well
described by Hawking radiation and black hole thermodynamics, since this requires a
semi-classical description and therefore a mass well above MD, the quantum gravity
scale. Instead the QBHs are in many ways similar to short-lived resonances, decaying
to only a few particles and decays with a lot of final particles are suppressed [3]. The
analysis in [3] in particular shows how the most probable decays for a QBH is the
two-particle decay, and how multi-particle ”fireball” decays of the semi-classical black
holes are not likely to occur at the LHC.

QBHs are supposedly characterized by three quantities: their mass, spin and
gauge charges (electric charge and colour charge of the type discussed in section 3.1.1).
Furthermore, it is assumed that processes involving QBHs conserve gauge charges
but not necessarily other types of charges such as for example baryon or lepton
number, since baryon and lepton number conservation comes from an accidental
symmetry and not from a gauge symmetry (gravity is only assumed to conserve the
gauge charges in the Standard Model). A striking signature could therefore be decays
violating baryon and lepton number conservation∗.

A QBH is denoted by its gauge charges, QBHq
c, where q is the electric charge

and c the SU(3) charge (3, 3, 1 etc.). At a hadron collider the hard partons† can be
gluons, quarks or antiquarks. The most probable partons are the valence quarks, as
they are more likely to carry the large energy needed to form a QBH than sea quarks,
where the momentum and thus energy fraction is suppressed by the behaviour of the
PDF:s. In this thesis it is assumed that the hard partons are either quark-quark
(resulting in the combination 3⊗ 3), antiquark-antiquark (3⊗ 3) or quark-antiquark
(3⊗ 3), giving a spin zero or one state. These can according to Eq. 3.1 combine into
3⊕6, 3⊕6 or 1⊕8. Collisions between two gluons (8⊗8, this can result in a singlet)
are also included in the case of the neutral QBH0

1 state, but q+g → QBHq
c processes

are not considered. As an example, a QBH produced by two downquarks can result
in a QBH

−2/3
3

. Since baryon or lepton number need not be conserved, this can for
example subsequently decay into a charged lepton, such as a µ−, and a d, conserving
both electric and SU(3) charge since the d is in a 3 state and has a charge of +1/3,
giving q = −2/3 with the µ−.

Cross section and experimental signatures

To estimate the cross sections for interactions involving QBHs, it is assumed that the
expressions for the cross sections for semi-classical black holes can be extrapolated
down to the MD scale. The semi-classical expression is based on the geometrical
cross section for black hole production in a collision between two particles, equal
to σgeom = πr2s(

√
ŝ, n), where rs is the Schwarzschild radius created by the c.o.m.

energy of the colliding particles (rs is given in Eq. 3.13 below). This expression has

∗It should be noted however, that if some of the assumptions made in [2] are not made, there are
recent constraints on the Planck mass from the non-observation of decays violating baryon or lepton
number conservation up to and above the TeV-scale. Microscopic black holes could for example in
this case mediate proton decay, which results in tight bounds on these types of decays. See Ref. [20]
for some of these bounds. In this paper, some of the assumptions made in [2] are not made and
this results in tighter constraints on the Planck mass.

†The hard partons are the partons taking part in the hard process, after initial state radiation.
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been improved, for example taking the fact that not all of the c.o.m. energy will go
into the mass of the black hole into account.

When calculating the cross sections in a proton-proton collision one has to ac-
count for the fact that it is the partons in the proton that collide and form the black
hole. When going from the parton-level cross section, approximately equal to the
geometrical cross section σgeom, to the proton-level cross section one integrates over
the proton PDF:s. To account for inelasticity and different impact parameters b
there is also an additional integral included. The full semi-classical expression for
the proton-level cross section for production of a black hole when two protons collide
is given, as in for example [21], by

σpp(p+p→ QBHq
c) =

∫ 1

0
2zdz

∫ 1

(xminMD)2

y2s

du

∫ 1

u

dv

v
×F (n)πr2s

∑
i,j

fi(v,Q)fj(u/v,Q),

(3.11)
where the integral over z ≡ b/bmax for impact parameter b together with F (n)

accounts for inelasticity. fi,j are parton density functions for the incoming partons
and the integrals over u and v account for the transition from parton-level cross
section to proton-level cross section∗. The variable xmin = MBH,min/MD gives the
minimum black hole mass where the semi-classical approximation is still valid, here
it is assumed that xmin = 1 (the semi-classical cross section is assumed to be valid
also at the Planck scale).

However, what is needed in Pythia when the QBH is modeled as a Breit-Wigner
resonance is not the proton-level cross section but instead the parton-level expres-
sion, the cross section for black hole production between two incoming partons. The
transition from parton-level cross section to the full proton-level cross section (in-
tegration over the PDF:s) is then done in Pythia. The expression on parton-level
for the black hole production cross section is approximately the geometrical cross
section σgeom = πr2s . In this thesis the expression used for the cross section is the
geometrical σgeom modified by a numerical inelasticity factor introduced in [22], we
have then

σparton(s, n,MD) = F (n)πr2s(τs, n,MD) (3.12)

The Schwarzschild radius rs depends on the number of dimensions and is given by

rs(τs, n,MD) = k(n)
1

MD

[√
τs

MD

]1/(1+n)

, (3.13)

where k(n) is a constant depending on the number of extra dimensions,

k(n) =

[
2n
√
π
n−3Γ[(3 + n)/2]

2 + n

]1/(1+n)

, (3.14)

with Γ denoting the Riemann gamma function.
Since the decay of a QBH doesn’t necessarily conserve baryon or lepton number,

there are a number of decays which are of special interest experimentally. In Tab. 3.3
a number of these are listed, including the signatures in the detector.

∗In the notation here used, the variable v is equal to x1, one of the parton momentum fractions,
and the variable u is equal to τ ≡ x1x2, the product of the parton momentum fractions, so that
u/v = x2.
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Decay mode Experimental signature
QBH

4/3

3
→ l+ + d hard lepton + hard jet, back-to-back

QBH
−2/3
3

→ l− + d hard lepton + hard jet, back-to-back

QBH
1/3

3
→ νl + d lots of missing energy + hard jet

QBH0
1 → νi + νj lots of missing energy, soft jets from underlying event

QBH0
1 → e+ + µ− two leptons, different flavour

Table 3.3 – A table showing various decays of a QBHq
c of interest experimentally. QBH

production by two d or u quarks, such as d + d → QBH
−2/3
3

or u + u → QBH
4/3

3
, is

more probable since these are valence quarks and are favoured by the behaviour of the
PDF:s.
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4 Programs and simulations

This section contains a discussion of Monte Carlo methods and their use in particle
physics and a general description of the programs used, Pythia and ROOT. Fur-
thermore, the implementation of QBHs in Pythia, one of the main parts in this
thesis, is described here.

4.1 Monte Carlo event generators

Because of the inherently probabilistic nature of quantum mechanics - we can never
know for sure which of several things that will happen, only the probabilities - particle
physics is a science of stochastical nature. Collisions between particles are extremely
complicated and often several hundred particles participate in the result of a single
collision. Because of these reasons it is natural that so called Monte Carlo methods
are widely used. These methods use random numbers to generate a sample of the
desired quantity. This is repeated a large number of times to give a large number
of samples. Using statistical tools, one can then find numerical approximations
to average values or other quantities of interest. The main difference between the
stochastic methods, such as Monte Carlo methods, and deterministic methods is that
the results can differ for the same initial parameters in a stochastic method while
this is never true in a deterministic method, i.e. the Monte Carlo simulations will
give slightly different results for every time∗.

As a simple example of the Monte Carlo method, say you want to calculate an
integral of a function f(x) on a given interval [a, b]. To do this with a Monte Carlo
method, you would first generate a large number N of points distributed randomly
in [a, b]. The function is then evaluated at all these points and an average of f(x)

is then found by dividing by the total number of generated points N . To find the
value of the integral, you simply multiply by the length of the interval. That is, the
integral is approximated by∫ b

a
f(x)dx ≈ 1

b− a

∑N
i f(xi)

N
. (4.1)

In particle physics Monte Carlo methods are used in programs called Monte
Carlo event generators which, as the name implies, generate what happens in a
collision between two subatomic particles by using random numbers to generate
samples of important variables. The event generators normally simulate, besides the
hard process itself, for example decays of particles, hadronisation of quarks etc. Many
different event generators exist and some are general purpose while others specialize
in a specific part of the event. Monte Carlo generators used for simulations take the
role of the accelerators - instead of analysing real events from experimental data one
uses events simulated by the Monte Carlo generators. As in experiments, a large
number of events (collisions) are studied and the number of interesting events are

∗The random numbers are not entirely random of course, since they are generated by a com-
putational algorithm. Pseudo-random numbers in a sequence are generated by one particular seed,
and for the same seed the ”random” numbers will be exactly the same. This means that if the same
seed is used all simulations will show exactly the same result, like a deterministic method. If the
seed is different for every simulation however, the results will be different.
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4 PROGRAMS AND SIMULATIONS 4.1 Monte Carlo event generators

picked out and studied by using kinematical cuts as described in section 3.2.3. Monte
Carlo generators are used for many purposes, both to provide background estimates
for experimental results but also to implement theoretical processes to investigate
these further. They are also used to simulate the behavior of the detectors in the
experiments, to study imperfections and detector effects. They are an indispensable
tool in today’s particle physics research.

4.1.1 Pythia

Pythia is a general purpose Monte Carlo generator mainly developed by Torbjörn
Sjöstrand[23]. It was originally written in the Fortran77 programming language but
has been rewritten in the C++ language. Pythia handles the entire event gener-
ation including initial state radiation, final state radiation, decay of particles and
hadronisation of quarks (these are described above in section 3.2.3), making it a
rather large program with about 75000 lines in the Fortran version. The hadronisa-
tion is built upon the Lund String Model and often Pythia is used for hadronisation
purposes only in combination with other programs. Pythia handles an event in the
following order:

1. Choice of process according to incoming partons and cross sections

2. Simulation of the hard process between partons.

3. Decay of unstable particles.

4. Handling of initial state and final state radiation, building up what will
later be hadronised into jets.

5. Soft parton interactions, interactions between partons that are not part of
the hard process but part of the underlying event.

6. Hadronisation into jets and further particle decay.

What comes out of the event generator is thus the final state hadrons in the
jets, and other more or less stable particles such as electrons, muons, pions or other
hadrons.

A run of Pythia is made by calling the most important functions of the main
code from a separate steering program. A typical program to run Pythia might
look something like the following:

1. Declaration of variables, adjusting of settings and inparameters such as
beam energy, type of experiment (fixed-target or collider), beam particles,
turning on/off of processes etc.
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4 PROGRAMS AND SIMULATIONS 4.1 Monte Carlo event generators

2. Initialisation of event by calling the function PYINIT (inparameters are:
experiment type,beam particle 1, beam particle 2, beam energy).

3. Generation of an event by calling PYEVNT and calculation or extraction
of kinematical quantities connected to the event.

4. Repetition of step 3 a large number of times (typically more than 10000

events are generated).

5. Write results to text file and/or export to analysis program.

In this thesis the version of Pythia used is 6.425 (written in Fortran), the com-
plete manual can be found in [23].

Quark fragmentation in Pythia

Since it is important to understand certain aspects of the quark fragmentation part of
Pythia for an understanding of what was done in this project, the following describes
how hadronisation is done in Pythia, e.g. steps 4-6 in the list above. Pythia uses
the Lund String Model, as described briefly in section 3.1.1, to perform hadronisation
of quarks. After the hard process, the beam remnants and the final states in the
hard process are connected with strings going from 3 to 3 states, and these strings
are subsequently hadronised into jets. If for example two valence quarks have been
knocked out to partake in the hard process, what is left in the beam remnants are two
diquarks. To be able to connect all strings the final states in the hard process must
therefore in this case be at least two 3 states, since the diquarks are in 3 states. The
successful connection of all strings is a consequence of the conservation of baryon
number, and since processes involving QBHs do not necessarily conserve baryon
or lepton number this constitutes a problem when implementing these processes in
Pythia. For example, the process d + d → QBH

−2/3
3

→ d + µ− results in a 3

final state (the d) and, since two downquarks have been knocked out of the proton
the beam remnants are two diquarks, both in 3 states∗. These are not possible to
connect succesfully using the standard Pythia routines, as depicted in Fig. 4.1. A
possible solution, depicted in Fig. 4.2, is to split one of the beam remnant diquarks
into the two quarks which it is made up of. It should though be noted that there
exists something called string junctions, which connect three 3 or 3 states to each
other. This is more complicated however and was not used in this project.

The implementation of QBHs in Pythia

In this thesis, the possibility of QBH production is implemented in Pythia. Below,
the process for doing this is described. For each set of gauge charges q and c, the
QBHq

c is modeled as a new particle and added to Pythias list of particles. The

∗Here initial state radiation is neglected, so that the hard partons are the same as the ones
knocked out of the proton.
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Figure 4.1 – The figure shows the problem when trying to connect the strings in the
process d+ d→ QBH

−2/3
3

→ d+ µ−. The diquark beam remnants (uu) as well as the
final state d are all in 3 states, making it impossible to connect the strings since they
have to go from 3 to 3.

Figure 4.2 – The same situation as in Fig.4.1 is shown, with a possible solution to the
string connection problem. If one of the diquarks in the beam remnants is split into two
quarks this results in two 3 states, resulting in a successful connecting of the strings.
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possibilities QBH0
1, QBH

4/3

3
, QBH

−2/3
3

and QBH
1/3

3
are considered in this project.

Spin dependence is not investigated further but the QBH can be in a spin zero or
one state because of the assumption that the incoming partons are q+ q, q+ q, q+ q

or g + g (and not q + g). The processes where a QBH is produced is then added
to the possible processes that can occur. The QBH is categorised as a Breit-Wigner
type resonance particle, decaying gravitationally into two particles, giving in total a
2 → 1 → 2 type of hard process. The decay particles are any that conserve gauge
charges, for example one possibility is QBH

4/3

3
→ l+ + q, where l = e, µ or τ and

q = d, s, or b. It is assumed that gravity couples equally to all particles, so that all
decays equally probable, for example the branching ratios BR(QBH

−2/3
3

→ e−+d) =

BR(QBH
−2/3
3

→ e− + s) = BR(QBH
−2/3
3

→ µ− + s) = BR(QBH
−2/3
3

→ γ + u) etc.
are all equal. For the production cross section at the parton level, the geometrical
cross section σgeom modified by the F (n) factor from [22] is used,

σqq→QBH = F (n)πr2s(
√
ŝ, n), (4.2)

where the expression for the Schwarzschild radius is given in Eq. 3.13. The numerical
values used are presented in Tab. 4.1. For the case of QBH0

1 production, colour
connections do not have to be considered as Pythia can handle this already with
existing routines. However, in the case of a QBH carrying a 3 charge a special
treatment is needed as it is not possible by ordinary means to connect the Lund
strings between the final state particles, as indicated in the section above. One of
the diquark beam remnants is in this case split into two quarks, making it possible to
successfully connect the strings. Unfortunately however, initial-state radiation could
not be implemented in these cases because of the complications with the colour
connections. This means that the parton taken out of the proton is the same parton
as participates in the hard process, whereas with ISR the parton taken from the
proton can in principle evolve in such a way that it is another type of parton that
participates in the hard process. So for example even if a gluon is taken out of the
proton the hard parton can still be an upquark. The beam remnant is then different
than if an upquark was taken out of the proton.

For added source code, see the appendix (be warned though, if you are not
familiar with Pythia it will probably be difficult to understand).

Description Symbol Used value
Reduced Planck mass MD 1 TeV
Number of extra dimensions n 4-7
Total c.o.m. energy of LHC

√
s 14 TeV

Minimum QBH mass MBH,min MD

QBH decay width ΓBH 80 GeV

Table 4.1 – Various quantities used and their values. Note that the decay width is given
for a two-particle decay and numerically estimated in [2]. The width is also dependent
on the mass of the produced black hole.
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Values of F(n) n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7

F (n) 1.084 1.341 1.515 1.642 1.741 1.819 1.883

Table 4.2 – Numerical values of the inelasticity constant F (n). The effect is to boost
the cross section for higher n.

4.2 Analysis

4.2.1 ROOT

ROOT is an analysis program developed by CERN written in the programming
language C++. It is a powerful program used to analyse data, produce plots and
many other things in connection to data analysis. In this thesis ROOT is mainly
used to produce plots of kinematical quantities.
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5 RESULTS

5 Results

Seven different processes were simulated in Pythia. The simulated processes are
indicated below, where qd means a downtype quark, qu an uptype, and νi can be any
neutrino or antineutrino.

1. qu/d + qu/d → QBH0
1 → e± + µ∓

2. g + g → QBH0
1 → e± + µ∓

3. qd + qd → QBH
−2/3
3

→ µ− + qd

4. qd + qd → QBH
−2/3
3

→ νi + qu

5. qu + qu → QBH
4/3

3
→ µ+ + qd

6. qu + qd → QBH
1/3

3
→ µ+ + qu

7. qu + qd → QBH
1/3

3
→ νi + qd

The processes in principle give rise to three types of events: 1) events with two
charged leptons of different flavour, 2) events with a muon and a jet and finally 3)
events involving missing energy 6ET and a jet. From the above list, type 1 corresponds
to processes number 1 and 2; type 2 to processes 3, 5 and 6; and type 3 to processes 4
and 7. These event types are of particularly interesting since they have no Standard
Model background, i.e. they are forbidden within the Standard Model because they
violate conservation of baryon and lepton number.
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5.1 Histograms of kinematical data

The results of the simulations were very similar for the two values of the number
of extra dimensions n used, n = 4 and n = 7. Also, the results for all 2 → 1 → 2

processes simulated were very similar, whether the final states were a muon and an
electron, a muon and a jet or missing energy and a jet. As it would be superfluous
to show all results in this section only the results from the type of events where
a neutral QBH0

1 goes to an electron and a muon are shown. The results for the
µ+jet and 6ET+jet events are very similar in pseudo-rapidity η, azimuthal angle φ
and transverse momentum pT of the muon and neutrino respectively. Fig. 5.2, 5.3
and 5.4 show kinematical and other data from collisions resulting in a muon and an
electron/positron. Fig. 5.1 is general for all types of simulated processes.

There is practically no difference in the histograms for the kinematical variables
when changing the number of extra dimensions from n = 4 to n = 7. This is not so
strange, since the only thing that really depends on the number of dimensions is the
cross section (the results for cross section are also much larger for more number of
dimensions).
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Figure 5.1 – The histograms show the type of event for n = 4 (left plot) and n = 7
(right plot). The types of events are primarily missing energy+jet, followed by (in
order) µ+jet and µ + e. The signature is primarily missing energy+jet, since there
are many different neutrinos and quarks to choose from (all flavours of neutrinos were
included the simulations but only muon and electron/positron combinations for charged
leptons), giving many possibilities.
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Figure 5.2 – Kinematical data from simulation of e + µ events, where n = 4 and
MD = 1 TeV. The histograms show pseudo-rapidity η, azimuthal angle φ and transverse
momentum pT of the muon and the electron or positron from the decay of a QBH0

1. The
results indicate that the µe pair is emitted in the majority of all events back-to-back
primarily with low values of η and with pT ∼MBH/2, isotropically in azimuthal angle.
Since the mass of the black hole will be different for every event in a realistic case the
transverse momentum will not have such a clear peak at 500 GeV in a real experiment,
the peak is only because in this project the black hole mass was fixed at 1000 GeV.
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Figure 5.3 – Kinematical data from simulation of e + µ events, where n = 7 and
MD = 1 TeV. The histograms show pseudo-rapidity η, azimuthal angle φ and transverse
momentum pT of the muon and the electron or positron from the decay of a QBH0

1. The
results indicate that the µe pair is in the majority of all events emitted back-to-back
primarily with low values of η and with pT ∼MBH/2, isotropically in azimuthal angle.
Since the mass of the black hole will be different for every event in a realistic case the
transverse momentum will not have such a clear peak at 500 GeV in a real experiment,
the peak is only because in this project the black hole mass was fixed at 1000 GeV.
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Figure 5.4 – In the histograms the separation ∆R and angular separation ∆φ is
shown. It is clear that the electron/positron and the muon are in the majority of events
emitted back-to-back, corresponding to a separation of ∆R = π or angular separation
∆φ = 180◦. Also seen is that there is no difference for different values of n.
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5.2 Cross sections

This section shows the results of Pythias cross section calculations for production of
a specific type of QBH, as well as cross sections for some particular final states. In the
latter case, the cross section is calculated as σpp→ab = σpp→QBH×BR(QBH→ a+b),
where BR is the branching ratio for a QBH → a + b decay. The branching ratio is
calculated by simply adding up all possibilities∗ and finding the number of these
that give the specific final state, such as a neutrino or antineutrino and an antiquark
for 6ET+jet. Since it is assumed that gravity is democratic and couples equally
strong to all final state particles, all branching ratios for the possible decays are
taken to be equal. Note that not all possibilites of QBH states are included in
the simulations, a fact that changes numbers for cross sections into higher values
when further possibilities are added. The luminosity of the LHC is about 1034 cm−2

s−1 = 10−5 fb−1s−1. This means that for a cross section of 1 fb, 10−5 events occur
per second. Thus the results for the cross section indicate that up to 1000 QBHs can
be produced at the LHC every second.

Cross sections in fb n = 4 n = 7

σ(p+ p→ QBHq
c) 3.69 · 107 1.00 · 108

σ(p+ p→ QBH0
1) 7.85 · 106 2.16 · 107

σ(p+ p→ QBH
−2/3
3

) 4.09 · 106 1.12 · 107

σ(p+ p→ QBH
4/3

3
) 1.10 · 107 2.06 · 107

σ(p+ p→ QBH
1/3

3
) 1.40 · 107 3.80 · 107

Table 5.1 – Cross sections in fb for production of the QBHs implemented in this
project, calculated by Pythia. The top entry is the total cross section for producing
any of the four implemented QBHs. In total, with an LHC luminosity of 1034 cm−2,
up to 1000 QBHs can be produced every second at the LHC.

Cross sections in fb n = 4 n = 7

σ(p+ p→ QBH0
1)→ µ± + e∓ 1.87 · 105 5.15 · 105

σ(p+ p→ QBHq
c → µ±+ jet 5.68 · 106 1.23 · 107

σ(p+ p→ QBHq
c → missing energy + jet 1.20 · 107 3.28 · 107

Table 5.2 – Total cross sections in fb for some specific processes of interest, calculated
as σpp→ab = σpp→QBH × BR(QBH → a + b), where BR is the branching ratio for a
QBH→ a+ b decay. For the lower two processes, by jet it is meant a q in the final state
(corresponding to processes 2, 5 and 6 in the above list for µ+jet and processes 4 and
7 for missing energy+jet). The QBH can thus either be QBH

−2/3
3

, QBH
4/3

3
or QBH

1/3

3
(since the processes considered in this project are not all the possible QBHs going to
µ+jet or 6ET +jet, σ will be higher when all possibilites are taken into account).

∗When adding up all possibilities the different spin cases are not considered separately and both
spin zero and one states are summed together. The effect when considering conservation of spin in
the decay of the QBH is that the branching ratio for a specific decay will be slightly higher since
there are fewer possibilities in total.
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6 Conclusions, discussion and outlook

The conclusions of the simulations made in this thesis is that QBHs decay to highly
energetic particles, with low values of |η| centered around η = 0, and an isotropic
distribution in azimuthal angle φ. In the two-particle decays, the two particles are
emitted back-to-back and both take half of the QBHs momentum, peaking at a pT
of about MBH/2.

The cross sections are high - corresponding to hundreds of QBHs being pro-
duced every second at the LHC. Because of this the experimental difficulty to get
a significant number of events to study lies primarily in achieving an energy that is
sufficiently high that black hole production is possible (above the Planck mass). If
the multiparticle decays are indeed suppressed for QBHs as opposed to semi-classical
black holes, there should be a sizable increase in the two-particle cross section as a
signal that the Planck mass is reached. Quantum gravitational decays should be
clearly visible when this occurs, in particular if gravity ignores accidental symmet-
ries such as conservation of baryon and lepton number (the signature 6ET+jet would
be interesting because it is forbidden in the Standard Model and has a high cross
section).

However, in the latter case there can be constraints on the value of the Planck
mass from the non-observation of baryon and lepton number violating decays from
earlier experiments as the processes can be turned around so that for example a muon
can decay into an electron with mediation of a QBH. Other, more severe bounds
come from proton decay measurements, putting a lower bound on the Planck mass
of about 1000 TeV. [In Ref. [20]some bounds for the Planck mass are calculated,
making other assumptions about the QBHs than in [2], which this thesis is mainly
based on. As the assumptions are different in [20] compared to [2], and also because
[20] was not written when this project started, these constraints are not taken into
account in this thesis.] If these constraints are assumed to be valid, one solution to
this is to gauge the symmetry of baryon and/or lepton number, so that quantum
gravity conserves baryon and/or lepton number (or some combination of these) as a
gauge charge. Another possibility is instead to raise the value of the Planck mass,
so that it is not in the TeV-range.

The fact that ISR could not be included for QBHs with a non-singlet SUc(3)

charge has some effects. The number of soft jets will be lower since jets can now
only come from FSR of the hard process final state particles and the beam remnants.
Including ISR is more a technical issue which was not possible due to the limited
time for this project. It can probably be included with a little bit of work.

It can be questioned whether or not a QBH can be treated as a particle. Essen-
tially it is not well-defined particle but rather a quantum gravitational state which
can not entirely be described in terms of conventional particle physics since there
exists no theory of quantum gravity. In particular the mass of a QBH can differ
greatly and is not a fixed value - the mass of the black hole produced in a collision
is determined by the available energy

√
ŝ, which is different from event to event.

Because of this the results of the simulations can be cast in some doubt - it is not
entirely correct to implement QBHs in Pythia as resonance particles with a fixed
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mass value∗. Rather, the mass should be set to a new value in each collision. This
is not so easy to achieve in Pythia, and was outside the scope of this project.

One can also ask the question of why there is a sharp cut-off for QBH production
at MD when modelling the QBH as a Breit-Wigner type particle. If it is seen as
a virtual particle upwards in energy, why not downwards in energy as well? These
questions mainly arise because the QBH is, perhaps somewhat incorrectly, modeled
as a particle with a specific mass and not some other type of object where the mass
is a parameter which is not fixed (regardless of whether it is continous or quantized).

Further limitations of the results are the numerous assumptions made in order to
be able to finish the project in time, for example the neglect of inelasticity, spin (by
which it is meant that no difference was made between the two possible spins for the
QBH produced by two quarks, spin 0 and spin 1) and further corrections to the QBH

cross section. Spin contributions in particular give new channels of productions† and
could lead to other experimental signatures, with a different angular dependence.
Inelasticity lowers the cross section by some orders of magnitude ([3]) so even if
lower, the cross sections for black hole production should be very high also with
inelasticity accounted for. Other assumptions about the QBHs made in [2], such as
the assumption that the cross section can be extrapolated from the semi-classical
regime down to the Planck scale without modification, can be cast in doubt.

In the data analysed so far from the LHC there has been no sign of black holes.
The explanation to this is probably that the Planck mass has not yet been reached
(since the cross sections are so high), or that not enough events have been able to
reach this energy yet. So it seems that it is possible, although perhaps not probable,
that the Planck mass can be reached at the LHC, making investigations of quantum
gravity possible. Furthermore, if quantum gravity does not violate accidental sym-
metries such as baryon or lepton number, the constraints do not exclude a Planck
mass in the TeV-range.

7 Summary

Several recent models, employing the fact that our world could in fact be not four
dimensional but 4+n dimensional, predict the production of microscopical black holes
at the Large Hadron Collider. If these extra dimensions are sufficiently large, the
Planck scale, setting the scale of quantum gravity, can be as low as 1 TeV compared
to the earlier value of MPl ∼ 1016 TeV. The microscopical black holes are produced
when the impact parameter of the incoming partons in the hard interactions is such
that the partons are trapped inside a Schwarzschild radius created by the high centre-
of-momentum energy

√
ŝ of the partons. The Schwarzschild radius can be created

at very small distances, smaller than the size of the extra dimensions, since it grows
greatly when gravity is stronger because of the extra dimensions.

∗In the simulations the mass changes upwards according to a Breit-Wigner distribution, centered
around the fixed mass value of 1 TeV. This is not wrong in principle if the QBH can be treated
as a resonance particle, but the mass value should be allowed to change for every event and since
the decay width depends on the mass the Breit-Wigner distribution should therefore be different in
every event.

†Such as g + q → QBHq
c which are not possible with spin zero QBHs.
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In this thesis a particular model, predicting Quantum Black Holes (QBHs) is
studied. The QBHs are implemented in the event generator Pythia, as a resonance
particle with decays into two particles. The only constraint on the decay is taken
to be conservation of gauge charges, SU(3)c colour charge and electric charge. The
threshold for production of QBHs is taken to be the reduced Planck mass MD. The
value for the reduced Planck mass is set to 1 TeV, making QBH production within
reach of the LHC.

Simulations in Pythia are restricted to particularly interesting decays such as
for example decays violating conservation of baryon and lepton number and decays
containing energetic muons, as these are easy to detect. The results of the simula-
tions show, as predicted, two particles emitted back-to-back with a high transverse
momentum pT , with a majority of events at a pseudorapidity η ∼ 0 and an isotropic
distribution in azimuthal angle φ. The most common type of events are 6ET+jet
events, which are interesting since they violate conservation of lepton number when
a neutrino is produced together with an antiquark.

An important contribution made in this project is the successful colour connection
modification when a 3 charged QBH is produced and one of the diquarks from the
beam remnants is split into two quarks, as described in section 4.1.1 and shown
in Figs. 4.1 and 4.2. Something that has to be solved in future studies is how to
deal with the mass of the black hole in Pythia. As the mass of the black hole is
determined by the energy available in the event it will be different for every event
and thus the mass and width (which depends on the mass) of the black hole must
be allowed to change in every event.
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A ALL PRODUCED PLOTS

A All produced plots

A.1 General

This section contains plots that are general for all types of events.
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(a) Event type, n = 4.
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Figure A.1 – The histograms show the type of event for n = 4 (left plot) and n = 7
(right plot). The types of events are primarily missing energy+jet, since there are many
different neutrinos and quarks to choose from (all flavours of neutrinos were included in
the simulations but only muon and electron/positron combinations for charged leptons),
giving many possibilities.

41



A ALL PRODUCED PLOTS A.2 µ± + e∓ events

A.2 µ± + e∓ events

In this section, all plots from the QBH0
1 → µ± + e∓ are presented.
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Figure A.2 – Kinematical data from simulation of e + µ events, where n = 4 and
MD = 1 TeV. The histograms show pseudo-rapidity η, azimuthal angle φ and transverse
momentum pT of the muon and the electron or positron from the decay of a QBH0

1. The
results indicate that the µe pair is in the majority of all events emitted back-to-back
primarily with low values of η and with pT ∼MBH/2, isotropically in azimuthal angle.
Since the mass of the black hole will be different for every event in a realistic case the
transverse momentum will not have such a clear peak at 500 GeV in a real experiment,
the peak is only because in this project the black hole mass was fixed at 1000 GeV.
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Figure A.3 – Kinematical data from simulation of e + µ events, where n = 7 and
MD = 1 TeV. The histograms show pseudo-rapidity η, azimuthal angle φ and transverse
momentum pT of the muon and the electron or positron from the decay of a QBH0

1. The
results indicate that the µe pair is in the majority of all events emitted back-to-back
primarily with low values of η and with pT ∼MBH/2, isotropically in azimuthal angle.
Since the mass of the black hole will be different for every event in a realistic case the
transverse momentum will not have such a clear peak at 500 GeV in a real experiment,
the peak is only because in this project the black hole mass was fixed at 1000 GeV.
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Figure A.4 – In the histograms the separation ∆R and angular separation ∆φ is
shown. It is clear that the electron/positron and the muon are in the majority of
all events emitted back-to-back, corresponding to a separation of ∆R = π or angular
separation ∆φ = 180◦. Also seen is that there is no difference for different values of n.
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A.3 X+jet events

This section presents all plots from the simulation of QBHq

3
→ X+jet events, where

X is a muon or missing energy.
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Figure A.5 – Kinematical data from simulation of X+jet events, where X in this case
is a muon. The histograms show pseudo-rapidity η, azimuthal angle φ and transverse
momentum pT of the muon from the decay of a QBHq

3
. The results together with results

for the hard jet indicate that the µ-jet pair is in the majority of all events emitted back-
to-back primarily with low values of η, and with ET ≈ pT ∼ MBH/2, isotropically in
azimuthal angle. The transverse energy peaks at 500 GeV since the black hole mass
was fixed at 1000 GeV. In a more realistic simulation the mass of the QBH is different
for every event, since it is determined by the available energy in the event, so in this
case there will not be such a clear peak in the ET histogram.
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Figure A.6 – Kinematical data from simulation of X+jet events, where X in this
case is missing energy 6ET from a neutrino. The histograms show pseudo-rapidity η,
azimuthal angle φ and transverse momentum pT of the neutrino from the decay of a
QBHq

3
. The results together with results for the hard jet indicate that the 6ET -jet pair

is in the majority of all events emitted back-to-back primarily with low values of η with
ET ≈ pT ∼ MBH/2, isotropically in azimuthal angle. Since the mass of the black hole
will be different for every event in a realistic case the transverse momentum will not
have such a clear peak at 500 GeV in a real experiment, the peak is only because in
this project the black hole mass was fixed at 1000 GeV.
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(a) Jet center weighted η of hard jet, n = 4.
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(b) Jet center weighted η of hard jet, n = 7.
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(c) Jet center weighted φ of hard jet, n = 4.
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(d) Jet center weighted φ of hard jet, n = 7.
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(e) Transverse energy ET of hard jet, n = 4.
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(f) Transverse energy ET of hard jet, n = 7.

Figure A.7 – Kinematical data from simulation of X+jet events, where X is a muon
or missing energy and MD = 1 TeV. The histograms show pseudo-rapidity η, azimuthal
angle φ and transverse energy ET of the hard jet from the decay of a QBHq

3
into a state

X and an antiquark, where η and φ are weighted to give the direction of the center of
the jet (as opposed to the jet initiating antiquark). The results together with results for
the muon, photon or missing energy indicate that the X-jet pair is in the majority of
all events emitted back-to-back primarily low values of η and with ET ≈ pT ∼MBH/2,
isotropically in azimuthal angle. Since the mass of the black hole will be different for
every event in a realistic case the transverse momentum will not have such a clear peak
at 500 GeV in a real experiment, the peak is only because in this project the black hole
mass was fixed at 1000 GeV.
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Figure A.8 – In the histograms the separation ∆R and angular separation ∆φ between
the jet and the muon or neutrino is shown. It is clear that the muon/neutrino and the
jet are in the majority of all events emitted back-to-back (although the peak in the
angular separation is broader than that for µe events), corresponding to a separation
of ∆R = π or ∆φ = 180◦. Also seen is that there is no difference for different values of
n.
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B SOURCE CODE

B Source code

In this section the major parts of the added source code to Pythia can be found.
It should also be mentioned that the QBHs were added to the list of particles with
the Pyupda routine, where each set of gauge charges used corresponded to one new
particle.

B.1 Existing routines

Except for the larger bits of added code below there were also minor changes to some
more routines.

Routine Modifications
Pydata Added process numbers, process names and final state

particles for processes q + q → QBH0
1,q + q → QBH

−2/3
3

,q +

q → QBH
4/3

3
and q + q → QBH

−2/3
3

.
Pysigh Added new option for cross section calculations to incorpor-

ate own cross section routine Pysgbh.
Pyscat Added that QBHs decay as resonances.
Pyevnt Moved decay of resonances to before final state radiation,

added code to split diquark in two to be able to connect the
colour strings.

Pyresd Added a new quark (which I chose to call ”spurion quark”)
to the event record and colour connected this to the q from
a QBHq

3
decay, in order to make it possible with FSR of the

q. This ”spurion” quark is entirely non-physical and only
used as a tool, it is removed from the event record after its
use. The reason that is has to be inserted is that FSR is
only possible for colour connected partons, which the q is
not when FSR happens.

Table B.1 – Table with all modifications made to Pythia existing routines.

B.1.1 Code added to Pyresd, starting on line 1824

1824 C . . . ADDITION: Add " spur ion " quark to event record and j o i n to
C . . . decay product o f QBH

1826 IF (ISUB .GE. 4 0 4 .AND. ISUB .LE.410 ) THEN
IPSPUR=0

1828 IPQBAR=0
IPQBH=0

1830 KFRES=MINT(73)
IPSPUR=N+1 ! Line number f o r spur ion quark

1832 KFSPUR=1 !KF code f o r spur ion quark (d quark )
CALL PY1ENT(IPSPUR,KFSPUR,0 , 0 , 0 )
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1834 DO 201 J=1,N ! Line number f o r QBH
IF (K(J , 2 ) .EQ.KFRES) IPQBH=J

1836 201 CONTINUE
DO 203 J=1,2 ! Line number f o r qbar from QBH decay

1838 IF (K(IPQBH+J , 2 ) .LT. 0 ) IPQBAR=IPQBH+J
203 CONTINUE

1840 K(IPQBH,1)=3
K(IPQBH,4)=0

1842 K(IPQBH,5)=0
K(IPQBH,1)=13

1844 IJOIN(1)=IPSPUR
IJOIN(2)=IPQBAR

1846 K(IPQBAR,4)=0
K(IPQBAR,5)=0

1848 CALL PYJOIN(2 , IJOIN)
K(IPQBAR,1)=13

1850 K(IPSPUR,1)=13
ENDIF

1852
C IF(MSTP(71 ) .GE. 1 .AND.MINT(35 ) .LE. 1 ) THEN

1854 C . . . ADDITION: Fina l shower manual ly i n s t ead f o r ISUB .GE.404
IF (ISUB .LT. 4 0 4 .AND.MSTP( 7 1 ) .GE. 1 .AND.MINT( 3 5 ) .LE. 1 ) THEN

1856 IF (KFL3(JT ) .EQ. 0 ) THEN
CALL PYSHOW(NSD(JT)+1 ,NSD(JT)+2 ,P(ID , 5 ) )

1858 ELSE
CALL PYSHOW(NSD(JT)+1,−3 ,P( ID , 5 ) )

1860 ENDIF

B.1.2 Code added to Pyevnt, starting on line 248

248 C . . . ADDITION: S p l i t one o f BR d iquark s in t o two quarks
IF (ISUB .GE. 4 0 4 .AND. ISUB .LE.410 ) THEN

250 IPDIQ=0
IPBR2=0

252 IPU3=0
IPU4=0

254 IPQBH=0
DO 204 J=1,N

256 KFDIQ=K(J ,2 )/100
IF (KFDIQ.EQ. 2 2 .OR.KFDIQ.EQ. 2 1 .AND.K(J , 1 ) .NE. 2 1 ) THEN

258 IPDIQ=J
GOTO 204

260 ENDIF
204 CONTINUE

262 IF (KFDIQ.EQ. 2 2 .OR.KFDIQ.EQ. 21 ) THEN
DQMOTH=K(IPDIQ , 3 )

264 DO 205 J=1,N
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IF ( (K(J , 2 ) / 1 0 0 ) .GE. 2 0 .AND.
266 & K(J , 3 ) .NE.DQMOTH) THEN

IPBR2=J
268 GOTO 205

ENDIF
270 205 CONTINUE

IPU3=IPDIQ+1
272 IPU4=IPDIQ+2

EHALF=P(IPDIQ ,4 )/2
274 THETA=PYP(IPDIQ , 13 )

PHI=PYP(IPDIQ , 15 )
276 IF (KFDIQ.EQ. 22 ) THEN

KF1=2
278 KF2=2

ELSEIF(KFDIQ.EQ. 21 ) THEN
280 KF1=2

KF2=1
282 ENDIF

C . . . Create two quarks from diquark wi th h a l f d i quark energy
284 C . . . and same phi , e ta

CALL PY1ENT(IPU3 ,KF1,EHALF,THETA,PHI)
286 CALL PY1ENT(IPU4 ,KF2,EHALF,THETA,PHI)

KFRES=MINT(73)
288 DO 201 J=1,N ! Line number f o r QBH

IF (K(J , 2 ) .EQ.KFRES) THEN
290 IPQBH=J

GOTO 201
292 ENDIF

201 CONTINUE
294 DO 203 J=1,2

KFDCY=K(IPQBH+J , 2 )
296 IF (KFDCY.LT. 0 .AND.KFDCY.GE.(−6)) IPQBAR=IPQBH+J

203 CONTINUE
298 K(IPDIQ,1)=14

K(IPQBAR,1)=3
300 K(IPQBAR,4)=0

K(IPQBAR,5)=0
302 IJOIN(1)=IPU3

IJOIN(2)=IPQBAR
304 CALL PYJOIN(2 , IJOIN)

IJOIN(1)=IPU4
306 IJOIN(2)=IPBR2

CALL PYJOIN(2 , IJOIN)
308 IF (K(IPDIQ , 3 ) .EQ. 1 ) THEN

K(IPU3,3)=1
310 K(IPU4 ,3)=1
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ELSE
312 K(IPU3 ,3)=2

K(IPU4 ,3)=2
314 ENDIF

ENDIF
316 C . . . ADDITION: Manually perform FSR on QBH decay produc t s

C . . . assuming no ISR
318 IF (MSTP( 6 1 ) .EQ. 0 . ) CALL PYSHOW(IPQBH+1,IPQBH+2,VINT(55 ) )

ENDIF

B.2 Own implemented routines

B.2.1 Routine for cross section calculations - Pysgbh

C . . .PYSGBH
2 C . . . Subprocess c ro s s s e c t i o n s f o r QBH processes ,

C . . . Aux i l i a r y to PYSIGH.
4

SUBROUTINE PYSGBH(NCHN, SIGS)
6

C . . . Double p r e c i s i on and i n t e g e r d e c l a r a t i o n s
8 IMPLICIT DOUBLE PRECISION(A−H, O−Z)

IMPLICIT INTEGER( I−N)
10 INTEGER PYK,PYCHGE,PYCOMP

C . . . Parameter s ta tement to he l p g i v e l a r g e p a r t i c l e numbers .
12 PARAMETER (KSUSY1=1000000 ,KSUSY2=2000000 ,KTECHN=3000000 ,

&KEXCIT=4000000 ,KDIMEN=5000000)
14 C . . . Commonblocks

COMMON/PYDAT1/MSTU(200) ,PARU(200) ,MSTJ(200) ,PARJ(200)
16 COMMON/PYDAT2/KCHG(500 ,4 ) ,PMAS(500 ,4 ) ,PARF(2000) ,VCKM(4 ,4 )

COMMON/PYDAT3/MDCY(500 ,3 ) ,MDME(8000 ,2 ) ,BRAT(8000) ,KFDP(8000 ,5)
18 COMMON/PYSUBS/MSEL,MSELPD,MSUB(500) ,KFIN(2 ,−40:40) ,CKIN(200)

COMMON/PYPARS/MSTP(200) ,PARP(200) ,MSTI(200) ,PARI(200)
20 COMMON/PYINT1/MINT(400) ,VINT(400)

COMMON/PYINT2/ISET(500) ,KFPR(500 , 2 ) ,COEF(500 ,20 ) , ICOL(40 , 4 , 2 )
22 COMMON/PYINT3/XSFX(2 ,−40:40) , ISIG (1000 ,3 ) ,SIGH(1000)

COMMON/PYINT4/MWID(500) ,WIDS(500 ,5 )
24 COMMON/PYTCSM/ITCM(0 : 9 9 ) ,RTCM(0 : 9 9 )

COMMON/PYSGCM/ISUB , ISUBSV,MMIN1,MMAX1,MMIN2,MMAX2,MMINA,MMAXA,
26 & KFAC(2 ,−40:40) ,COMFAC,FACK,FACA,SH,TH,UH, SH2 ,TH2,UH2,SQM3,SQM4,

& SHR,SQPTH,TAUP,BE34 ,CTH,X(2 ) ,SQMZ,SQMW,GMMZ,GMMW,
28 & AEM,AS,XW,XW1,XWC,XWV,POLL,POLR,POLLL,POLRR

SAVE /PYDAT1/ ,/PYDAT2/ ,/PYDAT3/ ,/PYSUBS/ ,/PYPARS/ ,/PYINT1/ ,
30 & /PYINT2/ ,/PYINT3/ ,/PYINT4/ ,/PYTCSM/ ,/PYSGCM/

C . . . Own common b l o c k f o r QBH: s
32 COMMON/PYQBH1/NXDIM,PLKMAS
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34 C . . . Local v a r i a b l e s
C . . . k (n) f a c t o r in Schwarz sch i l d rad ius from n=1 to n=7

36 DOUBLE PRECISION RSKFAC(7)
DATA RSKFAC/ 0.4607D0 , 0 .9086D0 , 1 .3375D0 , 1 .7347D0 , 2 .1016D0 ,

38 & 2.4422D0 , 2 .7602D0/
C . . . Form f a c t o r from Yoshino&Nambu from n=1 to n=7

40 DOUBLE PRECISION FRMFAC(7)
DATA FRMFAC/ 1.084D0 , 1 .341D0 , 1 .515D0 , 1 .642D0 , 1 .741D0 ,

42 & 1.819D0 , 1 .883D0/

44 C . . . D i f f e r e n t i a l c ro s s s e c t i on e xp r e s s i on s .

46 IF (ISUB .GE. 4 0 3 .AND. ISUB .LE.410 ) THEN

48 FACQBH=COMFAC∗(SH/PARU(1 ) )∗FRMFAC(NXDIM)
EXPNT=1D0/(1D0+DBLE(NXDIM))

50 RS=(RSKFAC(NXDIM)/PLKMAS)∗ (SHR/PLKMAS)∗∗ (EXPNT)
RS2=RS∗∗2

52 SIGMA=FACQBH∗PARU(1)∗RS2 !PARU(1)= pi

54 IF (ISUB .EQ.403 ) THEN
C . . . q + qbar −> QBH_1

56 DO 100 I=MMINA,MMAXA
IF ( I .EQ. 0 .OR.KFAC(1 , I )∗KFAC(2 ,− I ) .EQ. 0 ) GOTO 100

58 DO 110 J=MMINA,MMAXA
IF ( J .EQ. 0 ) GOTO 110

60 KCH=KCHG(IABS( I ) , 1 )∗ ISIGN(1 , I )+KCHG(IABS(J ) , 1 )∗ ISIGN(1 , J )
IF (KCH.EQ. 0 . ) THEN

62 NCHN=NCHN+1
ISIG (NCHN,1)= I

64 ISIG (NCHN,2)=J
ISIG (NCHN,3)=1

66 SIGH(NCHN)=SIGMA
ELSEIF(MINT( 1 5 ) .EQ. 2 1 .AND.MINT( 1 6 ) .EQ. 21 ) THEN

68 NCHN=NCHN+1
ISIG (NCHN,1)= I

70 ISIG (NCHN,2)=J
ISIG (NCHN,3)=1

72 SIGH(NCHN)=SIGMA
ENDIF

74 110 CONTINUE
100 CONTINUE

76 ENDIF

78 IF (ISUB .EQ.404 ) THEN
C . . . q + q −> QBH_2/QBH_2_bar, q=d , s , b
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80 DO 200 I=MMINA,MMAXA
IF ( I .EQ. 0 .OR.KFAC(1 , I )∗KFAC(2 ,− I ) .EQ. 0 ) GOTO 200

82 DO 210 J=MMINA,MMAXA
IF ( J .EQ. 0 ) GOTO 210

84 IF (MINT( 1 5 ) .EQ. 2 1 .OR.MINT( 1 6 ) .EQ. 21 ) GOTO 210
KCH=KCHG(IABS( I ) , 1 )∗ ISIGN(1 , I )+KCHG(IABS(J ) , 1 )∗ ISIGN(1 , J )

86 IF (KCH.EQ.(−2)) THEN
NCHN=NCHN+1

88 ISIG (NCHN,1)= I
ISIG (NCHN,2)=J

90 ISIG (NCHN,3)=1
SIGH(NCHN)=SIGMA

92 ENDIF
210 CONTINUE

94 200 CONTINUE
ENDIF

96
IF (ISUB .EQ.405 ) THEN

98 C . . . q + q −> QBH_3/QBH_3_bar, q=u , c
DO 300 I=MMINA,MMAXA

100 IF ( I .EQ. 0 .OR.KFAC(1 , I )∗KFAC(2 ,− I ) .EQ. 0 ) GOTO 300
DO 310 J=MMINA,MMAXA

102 IF ( J .EQ. 0 ) GOTO 310
IF (MINT( 1 5 ) .EQ. 2 1 .OR.MINT( 1 6 ) .EQ. 21 ) GOTO 310

104 KCH=KCHG(IABS( I ) , 1 )∗ ISIGN(1 , I )+KCHG(IABS(J ) , 1 )∗ ISIGN(1 , J )
IF (KCH.EQ. 4 ) THEN

106 NCHN=NCHN+1
ISIG (NCHN,1)= I

108 ISIG (NCHN,2)=J
ISIG (NCHN,3)=1

110 SIGH(NCHN)=SIGMA
ENDIF

112 310 CONTINUE
300 CONTINUE

114 ENDIF

116 IF (ISUB .EQ.406 ) THEN
C . . . q + q −> QBH_4/QBH_4_bar, q=d , u , s , c , b

118 DO 400 I=MMINA,MMAXA
IF ( I .EQ. 0 .OR.KFAC(1 , I )∗KFAC(2 ,− I ) .EQ. 0 ) GOTO 400

120 DO 410 J=MMINA,MMAXA
IF ( J .EQ. 0 ) GOTO 410

122 IF (MINT( 1 5 ) .EQ. 2 1 .OR.MINT( 1 6 ) .EQ. 21 ) GOTO 410
KCH=KCHG(IABS( I ) , 1 )∗ ISIGN(1 , I )+KCHG(IABS(J ) , 1 )∗ ISIGN(1 , J )

124 IF (KCH.EQ. 1 ) THEN
NCHN=NCHN+1
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126 ISIG (NCHN,1)= I
ISIG (NCHN,2)=J

128 ISIG (NCHN,3)=1
SIGH(NCHN)=SIGMA

130 ENDIF
410 CONTINUE

132 400 CONTINUE
ENDIF

134 ENDIF

136 RETURN
END

B.2.2 Typical steering program - qbh.f

1
PROGRAMQBHPROG

3
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

5 ∗∗∗ Dec la ra t i ons
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

7
C . . . I , p e r sona l l y , l i k e to use IMPLICIT NONE and dec l a r e a l l

9 C . . . v a r i a b l e s e x p l i c i t l y , which g i v e s more con t r o l . But here
C . . . i t i s done the way they do i t in the Pythia code :

11 IMPLICIT DOUBLE PRECISION(A−H, O−Z)
INTEGER PYK,PYCHGE,PYCOMP

13
C . . .EXTERNAL statement l i n k s PYDATA on most machines .

15 EXTERNAL PYDATA

17 C . . . Common b l o c k s o f Pythia ( omit ted here )

...

72 C . . . Own common b l o c k f o r QBH: s
COMMON/PYQBH1/NXDIM,PLKMAS

74
C . . . Var iab l e s f o r n tup l e s

76 C . . . Note t ha t you have to use REAL fo r PAW and HBOOK
CHARACTER∗10 TAGS(NTAGS) ,INFO(NINFO)

78 REAL EVENT(NTAGS) ,RUN(NINFO)
INTEGER ISTAT,ICYCLE

80 DATA INFO/ ’n ’ , ’ c r o s s ’ , ’ s ’ /

55



B SOURCE CODE B.2 Own implemented routines

DATA TAGS/ ’ type ’ , ’ shat ’ , ’ that ’ , ’ nparton ’ , ’ ngluon ’ ,
82 & ’ ptparton ’ , ’ npart ’ , ’ ncharg ’ , ’ ptmean ’ , ’ ptchmean ’ ,

& ’pzQBH ’ , ’ptQBH ’ , ’ invmlep ’ , ’ p t e l e c ’ , ’ e t a e l e c ’ ,
84 & ’ ph i e l e c ’ , ’ptmu ’ , ’ etamu ’ , ’ phimu ’ , ’dPhi_mue ’ ,

& ’dR_mu_e ’ , ’ ptmu_jt ’ , ’ etamu_jt ’ , ’ phimu_jt ’ ,
86 & ’ptgamma ’ ,

& ’ etagamma ’ , ’ phigamma ’ , ’ ptEtms ’ , ’ etaEtms ’ ,
88 & ’ phiEtms ’ ,

& ’ Et_qjt ’ , ’ eta_qjt ’ , ’ phi_qjt ’ , ’ etaw_qjt ’ ,
90 & ’ phiw_qjt ’ ,

& ’ dPhi_jt ’ , ’ dR_jt ’ , ’ nhard j t s ’ , ’ n s o f t j t s ’ , ’ evnttp ’ /
92

C . . . Var iab l e s l o c a l to t h i s program
94 INTEGER NSIM, I , J

DOUBLE PRECISION PROB,BNRG
96 CHARACTER∗60 FILENAME

INTEGER PDFSET
98 INTEGER NPARTONS,NGLUONS,NFINAL,NCFINAL,NJET,

& KQBH,NHJETS,NSJETS, QJET,EVNTTP,KF1,KF2,KF1A,KF2A
100 DOUBLE PRECISION PTMIN,PTSUM,PT,CPT,CHARGE,

& PX,PY,PZ,PZQBH,PTQBH,
102 & M,PTE,ETAE,PHIE ,PTMU,ETAMU,PHIMU,

PTMU2,ETAMU2,PHIMU2,PTNU,ETANU,PHINU,
104 & ETAJT1,ETAJT2, PHIJT1 , PHIJT2 ,

& ETJT,ETAJT,ETAWJT,PHIJT ,PHIWJT,
106 & DPHI,DR,DPHIMUE,DRMUE

108 KQBH=7000000

110 FILENAME = ’ data/qbh . hbook ’

112 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
∗∗∗ I n i t i a l i s e hbook

114 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
C . . . Open hbook f i l e

116 CALL HLIMIT(NHBOOK)
CALL HROPEN(1 , ’ qbh ’ ,FILENAME, ’N ’ ,1024 ,ISTAT)

118 C . . . Book n tup l e s
CALL HBOOKN(10 , ’ F i l e ␣ in fo rmat ion ’ ,NINFO, ’ qbh ’ ,NPRIME, INFO)

120 CALL HBOOKN(20 , ’ Event␣ v a r i a b l e s ’ ,NTAGS, ’ qbh ’ ,NPRIME,TAGS)

122
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

124 ∗∗∗ I n i t i a l i s e PYTHIA
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

126
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C . . . Basic parameters
128 NSIM = 100000

PTMIN = 5 .
130 PDFSET = 7

BNRG = 14000D0
132

C . . . Set no . e x t ra dim . and reduced Planck mass ( in GeV)
134 NXDIM=4

PLKMAS=1000D0
136 XMIN=1D0 ! xmin=M_BHmin/M_Planck

138 C . . . No hadron i sa t i on ye t ( done a f t e r l o o k i n g at par tons )
MSTP(111)=0

140
C . . . Min sha t in s imu la t i on

142 CKIN(1)=PLKMAS∗XMIN

144 C . . . pT−cut
CKIN(3)=PTMIN

146
C . . . S e l e c t parton d i s t r i b u t i o n to use

148 C . . . In ve r s i on 6 , newer pdf ’ s are inc luded and
C . . . we don ’ t have to use p d f l i b f o r the most common ones .

150 C . . . For example , MSTP(51)=7 s e l e c t s CTEQ5L.
MSTP(51)=PDFSET

152
C . . . Act ive p roce s s e s :

154 C . . . 403: q+qbar −> QBH_1, q downtype or uptype
C . . . 404: q+q −> QBH_2, q downtype

156 C . . . 405: q+q −> QBH_3, q uptype
C . . . 406: q+q ’ −> QBH_4, q downtype , q ’ uptype

158 MSEL=0
MSUB(403)=1

160 MSUB(404)=1
MSUB(405)=1

162 MSUB(406)=1

164 C . . . Swi tches f o r in order : ISR ,FSR, mu l t i p l e i n t e r a c t i on s , hadron i sa t i on
MSTP(61)=0

166 C MSTP(71)=0
C MSTP(81)=0

168 C MSTP(111)=0

170 C . . . Set range o f p s eudo rap i d i t y f o r d e t e c t o r
PARU(51)=3.5

172
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C . . . Set # of b in s f o r f i n d i n g j e t s equa l to LHC s t a t s
174 C . . . (51−eta , 52−phi )

MSTU(51)=100
176 MSTU(52)=72

178 C . . . Output format o f j e t mom. vec t o r
C . . . (1)−( eta , phi , etaw , phiw ,ET) , (2)−(px , py , pz ,E,m)

180 MSTU(54)=1

182 C . . . Create PYUPDA− f i l e wi th a l l p a r t i c l e s
OPEN(9 ,FILE=’ /home/ n ib l a eu s /QBH/qbh_data . txt ’ ,STATUS=’OLD’ )

184 CALL PYUPDA(3 ,9 )

186 C . . . This c a l l s e t s up the s imu la t i on
CALL PYINIT( ’CMS’ , ’p ’ , ’ p ’ ,BNRG)

188
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

190 C . . . Generate NSIM events , Main Loop
DO 10 J=1,NSIM

192
C . . . No c l u s t e r formation

194 MSTJ(14)=−1

196 C . . . Generate an event
CALL PYEVNT

198
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

200 ∗∗∗ Parton l e v e l event i n f o
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

202 C . . . Mu l t i p l i c i t y and mean pt f o r a c t i v e par tons
PTSUM=0.0

204 NPARTONS=0
NGLUONS=0

206 DO 1000 I=1,N
IF (K( I , 1 ) .GE. 0 .AND.K( I , 1 ) .LT. 1 0 ) THEN

208 IF (ABS(K( I , 2 ) ) . LE . 6 .OR.K( I , 2 ) .EQ. 21 ) THEN
NPARTONS=NPARTONS+1

210 ENDIF
IF (K( I , 2 ) .EQ. 21 ) THEN

212 NGLUONS=NGLUONS+1
PTSUM=PTSUM+PYP( I , 1 0 )

214 ENDIF
ENDIF

216 1000 CONTINUE

218 C . . . Type o f event
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EVENT(1)=REAL(MSTI( 1 ) )
220 C . . . sha t o f event

EVENT(2)=REAL(PARI(14 ) )
222 C . . . t h a t o f event

EVENT(3)=REAL(PARI(15 ) )
224 C . . . Parton mu l t i p l i c i t y and mean pt

EVENT(4)=REAL(NPARTONS)
226 EVENT(5)=REAL(NGLUONS)

EVENT(6)=REAL(PTSUM/NPARTONS)
228

C . . . Hadronise
230 MSTJ(14)=1

CALL PYEXEC
232

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
234 ∗∗∗ Hadron l e v e l event i n f o

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
236

C . . . Find j e t i n f o (NJET=number o f j e t s )
238 CALL PYCELL(NJET)

240 C . . . D i s t i n gu i s h between d i f f e r e n t event t ype s
C . . . EVNTTP=1: two charged l e p t on s d i f f e r e n t f l a v ou r

242 C . . . =2: charged l e p t on + j e t
C . . . =3: miss ing energy + j e t

244 KF1=MSTI(25)
KF2=MSTI(26)

246 KF1A=IABS(KF1)
KF2A=IABS(KF2)

248 EVNTTP=0

250 IF ( (KF1A.EQ. 1 1 .AND.KF2A.EQ. 1 3 ) .OR.
& (KF1A.EQ. 1 3 .AND.KF2A.EQ. 1 1 ) ) EVNTTP=1

252
IF ( ( (KF1A.EQ. 1 1 .OR.KF1A.EQ. 1 3 ) .AND.KF2A.LT . 7 ) .OR.

254 & ( (KF2A.EQ. 1 1 .OR.KF2A.EQ. 1 3 ) .AND.KF1A.LT. 7 ) ) EVNTTP=2

256 IF ( (KF1A.LT. 2 0 .AND.KF1A.GT. 1 0 .AND.MOD(KF1 , 2 ) .EQ. 0 .AND.
& KF2A.LT . 7 ) .OR. (KF2A.LT. 2 0 .AND.KF2A.GT. 1 0 .AND.MOD(KF2 , 2 ) .EQ.

258 & 0 .AND.KF1A.LT. 7 ) ) EVNTTP=3

260 C . . . Find mean pT fo r a l l p a r t i c l e s and q f o r charged p a r t i c l e s
NFINAL=0

262 NCFINAL=0
PT=0.0

264 CPT=0.0
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DO 2000 I=1,N
266 IF (K( I , 1 ) .GE. 0 .AND.K( I , 1 ) . LE. 1 0 ) THEN

CHARGE=PYP( I , 6 )
268 PT=PT+PYP( I , 1 0 )

NFINAL=NFINAL+1
270 IF (CHARGE.NE. 0 ) THEN

NCFINAL=NCFINAL+1
272 CPT=CPT+PYP( I , 1 0 )

ENDIF
274 ENDIF

2000 CONTINUE
276

EVENT(7)=REAL(NFINAL)
278 EVENT(8)=REAL(NCFINAL)

EVENT(9)=REAL(PT/NFINAL)
280 EVENT(10)=REAL(CPT/NCFINAL)

282 C . . . Pz and Pt o f QBH
IPQBH=MSTI(7)−1

284 IF ( (K(MSTI(4)+1 ,2 ) .GT.KQBH.AND.K(MSTI(4)+1 ,2 ) .LT.
& (KQBH+10)) .AND.K(MSTI(4)+1 ,1) .NE. 2 1 ) IPQBH=MSTI(4)+1

286 PZQBH=P(IPQBH, 3 )
PTQBH=SQRT((P(IPQBH,1))∗∗2+(P(IPQBH, 2 ) )∗∗ 2 )

288 EVENT(11)=REAL(PZQBH)
EVENT(12)=REAL(PTQBH)

290
C . . . In fo on type 1 even t s

292 IF (EVNTTP.EQ. 1 ) THEN
IPE=0

294 IPMU=0
M=0D0

296 PTE=0D0
ETAE=0D0

298 PHIE=0D0
PTMU=0D0

300 ETAMU=0D0
PHIMU=0D0

302 DPHIMUE=0D0
DRMUE=0D0

304 DO 260 I=IPQBH,IPQBH+10
IF (IABS(K( I , 2 ) ) .EQ. 13 ) THE

306 IPMU=I
ELSEIF(IABS(K( I , 2 ) ) .EQ. 11 ) THEN

308 IPE=I
ENDIF

310 260 CONTINUE
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312 C . . . Invar i an t mass o f ch . l e p t on s from QBH_1 decay
IF (IPMU.EQ. 0 .OR. IPE .EQ. 0 ) GOTO 10

314 PX=P(IPE,1)+P(IPMU, 1 )
PY=P(IPE,2)+P(IPMU, 2 )

316 PZ=P(IPE,3)+P(IPMU, 3 )
E=P(IPE,4)+P(IPMU, 4 )

318 M=SQRT(E∗∗2−PX∗∗2−PY∗∗2−PZ∗∗2)
EVENT(13)=REAL(M)

320 C . . . Kinematics f o r muon and e l e c t r on from QBH_1 decay
ETAE=PYP(IPE , 1 9 )

322 PHIE=PYP(IPE , 15 )
PTE=PYP(IPE , 1 0 )

324 ETAMU=PYP(IPMU,19 )
PHIMU=PYP(IPMU,

326 PTMU=PYP(IPMU,10 )

328 EVENT(14)=REAL(PTE)
EVENT(15)=REAL(ETAE)

330 EVENT(16)=REAL(PHIE∗(180/PARU(1 ) ) )
EVENT(17)=REAL(PTMU)

332 EVENT(18)=REAL(ETAMU)
EVENT(19)=REAL(PHIMU∗(180/PARU(1 ) ) )

334 C . . . Angular s epara t i on and de l taR fo r mu/e−pa i r
DPHIMUE=ABS(PHIMU−PHIE)

336 DRMUE=SQRT(DPHIMUE∗∗2 + (ABS(ETAMU−ETAME))∗∗2)

338 EVENT(20)=REAL(DPHIMUE∗(180/PARU(1 ) ) ) !PARU(1)= pi
EVENT(21)=REAL(DRMUE)

340 ENDIF

342 C . . . Eta , phi , Pt o f muon i f muon+j e t decay
IF (EVNTTP.EQ. 2 ) THEN

344 IP1=0
IP1=IPQBH+2

346 IF (KF1A.EQ.13 ) IP1=IPQBH+1
PTMU2=PYP( IP1 , 1 0 )

348 ETAMU2=PYP( IP1 , 1 9 )
PHIMU2=PYP( IP1 , 1 5 ) ! in rad ians

350
EVENT(22)=REAL(PTMU2)

352 EVENT(23)=REAL(ETAMU2)
EVENT(24)=REAL(PHIMU2∗180/PARU(1 ) )

354 ENDIF

356 C . . . Eta , phi , Pt o f neutr ino i f miss ing energy decay
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IF (EVNTTP.EQ. 4 ) THEN
358 IP1=0

IP1=IPQBH+2
360 IF (KF1A.GT. 1 0 .AND.KF1A.LT. 2 0 .AND.MOD(KF1A, 2 ) .EQ. 0 )

& IP1=IPQBH+1
362 PTNU=PYP( IP1 , 1 0 )

ETANU=PYP( IP1 , 1 9 )
364 PHINU=PYP( IP1 , 1 5 ) ! in rad ians

366 EVENT(28)=REAL(PTNU)
EVENT(29)=REAL(ETANU)

368 EVENT(30)=REAL(PHINU∗180/PARU(1 ) )
ENDIF

370
C . . . In fo f o r event t ype s 2 ,3

372 C . . . Eta , ph i o f 2 h i g h e s t Et j e t s (muon/gamma counts as j e t ! )
IF (NJET.GE. 2 .AND.EVNTTP.NE. 1 ) THEN

374 ETJT=0D0
ETAJT=0D0

376 PHIJT=0D0
ETAWJT=0D0

378 PHIWJT=0D0
ETAJT1=P(N+1 ,1)

380 PHIJT1=P(N+1 ,2)
ETAJT2=P(N+2 ,1)

382 PHIJT2=P(N+2 ,2)
C . . . Compare separa t i on dR to determine which j e t i s muon

384 C . . . and which i s quark j e t
C . . . Save quark j e t i n f o

386 IF (EVNTTP.EQ. 2 ) THEN
ETA1=ETAMU2

388 PHI1=PHIMU2
ELSEIF(EVNTTP.EQ. 3 ) THEN

390 ETA1=ETANU
PHI1=PHINU

392 ENDIF
JT1GMUDR=SQRT((ETA1−ETAJT1)∗∗2 + (PHI1−PHIJT1)∗∗2)

394 JT2GMUDR=SQRT((ETA1−ETAJT2)∗∗2 + (PHI1−PHIJT2)∗∗2)
QJET=2

396 IF ( (JT2GMUDR.LT.JT1GMUDR) .OR.EVNTTP.EQ. 3 ) QJET=1
ETAJT=P(N+QJET, 1 )

398 PHIJT=P(N+QJET, 2 )
ETAWJT=P(N+QJET, 3 )

400 PHIWJT=P(N+QJET, 4 )
ETJT=P(N+QJET, 5 )

402
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EVENT(31)=REAL(ETJT)
404 EVENT(32)=REAL(ETAJT)

EVENT(33)=REAL(PHIJT∗180/PARU(1 ) ) !PARU(1)= pi
406 EVENT(34)=REAL(ETAWJT)

EVENT(35)=REAL(PHIWJT∗180/PARU(1 ) )
408

C . . . Separat ion in d e l t a p h i and de l taR btw ch . l e p t on / neutr ino
410 C . . . and j e t

DPHI=ABS(PHI1−PHIJT)
412 DR=SQRT(DPHI∗∗2 + (ABS(ETA1−ETAJT))∗∗2)

EVENT(36)=REAL(DPHI∗180/PARU(1 ) )
414 EVENT(37)=REAL(DR)

ENDIF
416

C . . . Je t m u l t i p l i c i t y f o r j e t Et>50 GeV
418 NHJETS=0

DO 210 I=1,NJET
420 IF (P(N+I , 5 ) .GT. 50 ) NHJETS=NHJETS+1

210 CONTINUE
422 C . . . Remove ch . l e p t on s from hard j e t s ( neutr ino u s u a l l y does

C . . . not count as j e t )
424 IF (EVNTTP.EQ. 1 ) NHJETS=NHJETS−2

IF (EVNTTP.EQ. 2 ) NHJETS=NHJETS−1
426 EVENT(38)=REAL(NHJETS)

428 C . . . So f t j e t mu l t i p l i c i t y , Et<50 GeV
NSJETS=0

430 DO 220 I=1,NJET
IF (P(N+I , 5 ) . LE. 5 0 ) NSJETS=NSJETS+1

432 220 CONTINUE
EVENT(39)=REAL(NSJETS)

434
C . . . Event type

436 EVENT(40)=REAL(EVNTTP)

438 C . . . F i l l n tup l e
CALL HFN(20 ,EVENT)

440
C . . . Occas iona l l y l i s t event record

442 IF (MOD(J , 1 0 0 0 ) .EQ. 0 ) THEN
WRITE(∗ ,∗ ) ’ Event␣number ’ , J , ’ : ’

444 CALL PYLIST(2)
WRITE(∗ ,∗ )

446 ENDIF

448 C . . . L i s t event record i f an error occurred
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IF (MSTU( 2 4 ) .NE. 0 ) THEN
450 WRITE(∗ ,∗ ) ’ Error ! ␣MSTU(24)= ’ ,MSTU(24)

CALL PYLIST(2)
452 ENDIF

454
C . . . Next event

456 10 CONTINUE

458
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

460 ∗∗∗ Finish
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

462 C . . . F i l l t he run in format ion n tup l e
RUN(1)=NSIM

464 RUN(2)=REAL(PARI( 1 ) )
RUN(3)=REAL(PARI(12 ) )

466 CALL HFN(10 ,RUN)

468
C . . . Write h i s tograms to f i l e and c l o s e i t

470 CALL HROUT(0 ,ICYCLE, ’T ’ )
CALL HREND( ’ qbh ’ )

472 CLOSE(1 )

474 CALL PYSTAT(1)

476 END

64


	Sammanfattning på svenska
	Introduction
	Theory
	Properties of the Standard Model
	Quarks and Quantum Chromodynamics
	Quark combinations and the Lund String Model
	Symmetries and conservation laws

	Colliders and kinematics
	Basic concepts of experimental particle physics
	Detectors and experimental signatures
	Hadron collisions

	Extra dimensions and microscopical black holes
	Beyond the Standard Model
	Extra dimensions
	Microscopical black holes


	Programs and simulations
	Monte Carlo event generators
	Pythia

	Analysis
	ROOT


	Results
	Histograms of kinematical data
	Cross sections

	Conclusions, discussion and outlook
	Summary
	All produced plots
	General
	+e events
	X+jet events

	Source code
	Existing routines
	Code added to Pyresd, starting on line 1824
	Code added to Pyevnt, starting on line 248

	Own implemented routines
	Routine for cross section calculations - Pysgbh
	Typical steering program - qbh.f



