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Preface

Theories that include extra dimension, may change the Planck scale to the order of the
electroweak symmetry breaking scale. This may allow for the creation of black hole and
string balls at particle physics experiments, like those at the Large Hadron Collider. The
decay of black holes and sting balls will have unique signatures, that allows us to discover
them. The main focus for this thesis have been to studying the decay of simulated black
holes and string balls. Where we have been focusing on methods to remove standard model
backgrounds from our signal selection. If black hole and string balls are able to be produced
at the Large Hadron Collider, we conclude that ATLAS will have great discovery potential
for black holes and string balls.

In Chapter 1 a very short introduction to black holes are given, while in Chapter 2 a short
description of the Standard Model of particle physics is given. In Chapter 3, we introduce
the concept of extra dimensions and explain black hole and string balls in more details.

In Chapter 4 and 5 we give a short description of LHC and explain the ATLAS detector in
more detail. We introduce the data formats and analysis framework that are used within
the ATLAS experiment. The concept of Monte Carlo generated data is also introduced
here.

Results from our black hole analysis is presented in chapter 6, and the string balls results
are presented in chapter 7. Finally, a summary is given in chapter 8.
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Chapter 1

Introduction

When one thinks about black holes, the first that often comes to mind is astronomical black
holes, these galactic objects with its enormous gravitational force. While these objects seem
far away, and our possibility of studying them is only through astrophysical observation,
it may be that mini black holes can be produced in particle collision. Thus, at particle
physics experiments, like those at the Large Hadron Collider, we may be able to create and
observe mini black holes. If these mini black holes exist and are observed at LHC, black
holes can teach us much about our universe. For instance, they may give us evidence for
existence of extra dimensions as well as a better understanding of the fundamental forces
of nature. Figure 1.1 shows a simulated black hole that decays inside the ATLAS detector.
The decay of such a black hole is expected to be one of the more spectacular events in
particle physics, because it decays into many particles and will deposit a huge amount of
energy in a particle detector.
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Figure 1.1: Simulated black hole decaying in the ATLAS detector [1].



Chapter 2

Standard Model

There are four fundamental forces of nature, the strong, the electromagnetic, the weak and
the gravitational force. The standard model of particle physics is today our basic theory
of fundamental particles, and their interactions. The model incorporates three of the
fundamental forces, the strong, the electromagnetic and the weak force. The elementary
particles can be classified into groups called leptons and quarks (spin % fermions), and the
gauge bosons which are the force carriers (spin 1 particles). The strong force is responsible
for binding quarks together into hadrons, while the electromagnetic force is responsible
for the interaction between electric charges (binding of electrons to nuclei in atoms). The
weak force is responsible for processes like 3-decay.

2.1 Leptons and Quarks

There are three families of quarks and leptons, each with increasing mass, but only the
first family is considered stable. The first family consists of the lepton electron (e) and the
electron neutrino (v, ), and the quarks up (u) and down (d). The second family consists of
the lepton muon (x) and the muon neutrino (v,), and the quarks charm (c) and strange
(s). The third family consists of the lepton tau (7) and the tau neutrino (v;), and the
quarks top (t) and bottom (b). To each particle there exists an anti-particle, where the
anti-particle will have the same properties as the particle, but opposite charge.

The quarks build up hadrons, which are divided into two classes, the baryons (half integer
spin) and the mesons (integer spin). A baryon consist of three quarks, while a meson con-
sists of a quark and an anti-quark. Quarks carry an extra degree of freedom, a color charge
(red, green, and blue). Hadrons have no color charge, making the quarks that build them

3



CHAPTER 2. STANDARD MODEL

Table 2.1: Leptons in the standard model, with some important quantum numbers. In the
standard model neutrinos have no mass, but evidence for neutrino masses exist from observation
of neutrino oscillations. Neutrinos masses are given by the upper limit from [2]. These data are
based on PDG (Particle Data Group) 2008 information [3].

Leptons
Name Mass Charge | Isospin | Hypercharge

l (MeV/e?) | (Q) | ()| (1s) (Y)
Electron(e™) | ~ 0.511 -1 5|3 -1
Ve <2-1076 0 % % -1
Muon(u~) | ~ 105.658 -1 5 | -3 -1
vy, <0.19 0 % % -1
Tau(r~) [~ 1776.990 [ -1 5 | -3 -1
Uy <18.2 0 % % -1

up to be of color neutral combination. Thus mesons are color anti-color combinations while
baryons are combinations of three different colors, thus giving a neutral color combination.

Table 2.2: Quark content in the standard model with some important quantum numbers. These
data are based on PDG 2008 information.

Quarks
Name Mass Charge | Isospin | Hypercharge
a MeV/) | (Q D[] ).

p (u) 1.5~ 3.3 % % % %
Down (d) 3.5 ~ 6.0 -5 1] - :
Charm (c) 1270779, 2 N :
Strange (s) 104126 -1 T !

Top (t) (171.2 +2.1) - 10° % % % %
Botton (b) | (4.2010:47) - 10 -1 1] -4 !

Tables 2.1 and 2.2 list the quantum numbers for the weak isospin (I) and the third compo-
nent of weak isospin (I3), for left handed fermions. The weak hypercharge is directly related
to the charge and the third component of isospin by the Gell-Mann-Nishijima formula [4]
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2.2 Gauge Bosons

Gauge bosons are known as force mediating particles. The gluons (g) mediate the strong
force, the photon () mediates the electromagnetic force, while the Z° and W mediate
the weak force. Table 2.3 gives some details for the gauge bosons. The coupling constant
are known as running couplings, because their numerical value changes with energy.

Table 2.3: The fundamental forces in nature and their mediating particles. Gravity is not included
in the standard model.

Force Range (m) | Strength | Mediator | Coupling constant
Electromagnetic | Infinite % Photon aq
Weak ~ 1071 1076 W#, 70 Qs
Strong ~ 1071 1 Gluons 3
Gravitational Infinite 107 | Graviton -

2.3 The Standard Model Gauge Group

The mathematical description of the standard model is the gauge invariant theory of
SU(3)c x SU(2);, xU(1)y, which is commonly called the Standard Model. QCD de-
scribes the strong interaction which is represented with SU(3)¢, where C denotes color.
SU(2),xU(1)y is the electroweak part of the standard model, which is the unified theory
for the weak and the electromagnetic forces. Left handed fields transform as doublets
under SU(2), while right handed fields transform as singlets and Y is the hypercharge.

2.4 The Higgs Mechanism

In the standard model, fermions and gauge bosons acquire masses via their interaction with
a Higgs field. In the simplest case this is achieved by introducing an SU(2) scalar doublet
field. Its self-interactions provide the necessary mechanism for spontaneous symmetry
breaking. Spontaneous symmetry breaking of SU(2)xU(1) symmetry and gauge invariance,
give masses to the gauge bosons, while the Yukawa couplings give masses to the fermions.
In the simplest scenario this gives one massive particle, the Higgs particle. Search for the
Higgs particle is one of the main priorities of the Large Hadron Collider.

5



CHAPTER 2. STANDARD MODEL

2.5 Physics beyond the Standard Model

Although the standard model gives a good description of low energy phenomena, it fails to
describe the large difference in the coupling constant. The Grand Unified Theory (GUT)
suggests that the standard model groups SU(3)¢, SU(2), and U(1)y are subgroups of a
larger symmetry group called, G. GUT suggests that symmetries are unbroken above a
certain very large mass scale, Mx. Above this mass scale M x, the coupling constant can
be related to a single gauge coupling. Below the GUT scale, symmetries become sponta-
neously broken, and the coupling constants evolve separately.

An extension to the standard model is the concept of supersymmetry. It introduces a
symmetry between fermions and bosons. Its algebra consists of both commutation and
anti-commutation relations. Supersymmetry in its simplest form is a self-conjugate spin %
Majorana generators QQ,, that turns boson fields into fermion fields, and vice versa. Su-
persymmetry provides us with supersymmetric partner to all the standard model particles,
the squarks, sleptons, gauginos and the higgssinos [5]. Supersymmetric particles have not

yet been discovered, but is a popular theory for physics beyond the standard model.

Another theory for physic beyond the standard model is the theory of superstring. At-
tempts to unify all fundamental forces and include theory of quantum gravity is found in
superstring theory. The relevant scale for this unification is at the planck scale. Here all
fundamental objets are 1-d dimensional strings, with dimensions of length. Vibration of
the sting gives the particles flavor, charge, mass and spin. All masses, couplings and other
properties are in principle predictable in superstring theory.



Chapter 3

Black Holes

Physics beyond the standard model scenarios which include extra space dimensions, offer
a new way to solve outstanding problems in the standard model. In these models, the
Planck scale gets reduced to the order of the electroweak symmetry breaking scale. One
exiting consequence of these models, is that mini black holes may form in particle physic
experiments, like those at the LHC.

3.1 Hierarchy Problem

The hierarchy problem is one of the major questions in particle physics. It refers to the
following question; Why is the observed gravity so weak compared to the other forces of
nature (strong, weak, electromagnetic)? Attempts to unify gravity with the other forces,
becomes problematic due to the enormous energy gap between the electroweak symmetry
breaking scale (Mg ~ 10%GeV) and the scale where gravity is expected to become as
strong as the other forces. This is known as the Planck scale (Mp;)

Mp; = /Gy ~1.22-10"°TeV, (3.1)

where Gy is the Newton gravitational constant. We will now discuss some extra dimen-
sional scenarios, where the observed Planck scale is not the fundamental energy scale, but
rather a consequence of being observed by a 3 dimensional observer.

7
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3.2 ADD scenario

In 1998 Nima Arkani-Hamed, Savas Dimopoulos and Gia Dvali [6] proposed a scenario
involving large extra spatial dimensions. The motivation for this scenario was to solve the
hierarchy problem. In the ADD scenario, one assumeds that there exists n extra compact
spatial dimensions. These extra dimensions have a radius 12, and the Planck scale Mpj(44.1)
in this (4 + n) dimensional theory is of the order of ~ Mgy .

The relationship between the four dimensional Planck (Mp;) scale and the M Pi(44n) Can be
derived by using Gauss law. If two test masses m; and my are placed at a distance from
each other r < R, the gravitational potential they feel is

mi1Mme 1
Vr) ~ — =7 - (3.2)
MP?(_ern) et

If the two test masses were placed at a distance r > R, the gravitational potential changes
to

mims 1
VI(r) ~ —5 - (3-3)
MP?Eern)Rnr

By comparing the last equation to Newtons gravitational potential, one finds the relation-
ship between Mp; and Mpy41p).
2 24n n
Mpy ~ Mpjy R". (3.4)
The size of this extra dimension can then be calculated. If n = 1 the size of the extra
dimension is of the order R ~ 10 m, but if n = 2 the radius is of the order of R ~ 100 pm.

With increasing numbers of extra dimensions the size of these dimensions are decreasing,
thus explaining why they are not discovered yet. Later, we will refer to Mp41y) as Mp.

The current 95% C.L. on the planck scale Mp has been set by using the data from CDF II
detector, which used pp collision with a center of mass energy of /s = 1.96 TeV. It used
v + Er (jet+Er) with and integrated luminosity of 2.0 fb~! (1.1 fb™') to set combined
limits at Mp < 1.4 TeV (Mp < 0.940 TeV) for n=2 (n=6) [7].

3.3 The Randall-Sundrum model (RS)

Another way of solving the hierarchy problem was proposed by Lisa Randall and Raman
Sundrum [8]. It relies on the existence of one compact extra dimension. To achieve this, one
places two 3-dimensional branes with equal and opposite tensions at fixed points S;/Z5, in
a five dimensional anti-deSitter space-time (AdSs). Anti-de Sitter space is the maximally

8
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symmetric solution of Einsteins field equation with an attractive cosmological constant.
The given metric for this AdSs is

ds* = e 20y, dztdz” + ride? (3.5)

where 0 < |¢| < 7 is the coordinate along the compact dimension of radius r.. The
parameter k is referred to as the warp factor, (it is the curvature of the AdSs), n,, is the
metric tensor and z# are the normal (3+1) space-time coordinates. One of these branes are
known as the Planck brane, placed at ¢ = 0. Gravity originates from this Planck brane.
The other brane is the standard model brane, which is located at ¢ = . In this scenario,
gravity will become exponentially suppressed away from the Planck brane, along the fifth
dimension, due to the warp factor,

A7r = Mple—wkrc7 (36)

where Mp; is the reduced Planck mass, Mp, = Mp, / V8. The hierarchy between the
electroweak and the Planck scale can be removed if Ay ~ 1 TeV. This can be achieved if
kr. ~ 12. One often introduces a dimensionless parameter k = k/Mp;, which represents
the strength between the standard model fields and the graviton.

In the simplest RS model, gravitons are the only particles that are allowed to propa-
gate in the extra dimensions. As a consequence they appear as massive Kaluza-Klein
(KK) modes, and can be produced in p — p collisions. In the RS model the KK tower will
decay to fermion-antifermion pairs or diboson pairs. These towers will give a characteristic
resonance structure in the invariant mass spectrum. Only the zero mode remains massless
and couples to the standard model fields as 1/Mp;, while the exited mass modes couple
to the standard model fields with strength 1/A,. CDF and D@ have searched for these
modes using dimuon, dielectron, and diphoton channels. They have set the current upper
limits at 95% CL limits of 1/A, <4.3 (2.6) TeV for m; =500 (700) GeV [9, 10], where m;
is the first exited mass state for the KK tower.

3.4 Black Holes in large extra dimensions

For an object to become a black hole, the mass of the object has to be compressed into a
sphere with radius Rg. This solution was first obtain by Karl Schwarzschild, thus known as
the Schwarzschild radius. For a four dimensional object the solution for the Schwarzschild
radius was found by applying general relativity to a static non-spinning massive object

GM

Rs =27,

(3.7)

where G is the gravitational constant, M is the mass of the object and ¢ is the speed of
light. Equation 3.7 can be used to calculate the Schwarzschild radius for all four dimen-
sional objects. For the earth the Schwarzschild radius is approximately 1 cm, while for the

9
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sun it is approximately 3 km.

In the case of large extra dimensions, the solution for Schwarzschild radius changes to

[11]
1 [ Mgy
Ry = M_D ( ]\Zf) f (n), (3'8)
with 1
2" T (2£2) \
f@p:( Wn+§2)> , (3.9)

where Mgy is the mass of the black hole, n is the number of extra dimensions, Mp is the
Planck scale in (4 + n) dimensions and I' (z) is the gamma function. In order to fulfill a
thermodynamic description the black hole must have an entropy greater then 25, leading
to the requirement that the mass of the black hole must satisfy Mgy > 5Mp [12].

The Schwarzschild radius is an important factor in the creation of a black hole, considering

two partons traveling towards each other, with a center of mass energy of \/§ > Mpy. If
the colliding partons pass within a distance of r< Rg, a black hole may form with mass
Mpg. The parton level cross section for creation of a black hole in (n 4 4) dimensions, can
be approximated by geometrical arguments as [12]

2 M %H
& (Mpy) = nR% = wa(f) ( ]\Z{) . (3.10)
D

Figure 3.1 a, b, shows the parton cross section, as well as the differential production cross
section produced at the LHC. For n=4, and Mgyg= 5 TeV, we expect the parton cross
section to be in the order of ~ 10 pb.

3.4.1 Black Hole Evaporation

Classically, black holes do not emit particles, only absorb them. But Steven Hawking
showed that black holes can evaporate by emitting Hawking radiation [14]. Hawking found
that the black hole radiation spectrum is almost like a black body radiation spectrum. It
is categorized by the Hawking temperature

he

Ty =
a 47‘(’]{7"5’

(3.11)

where £ is the Boltzmann constant. For later references, natural units are used; ¢ = h =
k=1.

10
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Figure 3.1: a) Parton level cross section. b) Differential production cross for pp collision. c)
Hawking temperature. d) Average number of decay products. a)-c¢) Assumed that the number of
extra dimensions is n=4. a)-b) Made with a center of mass energy of 14 TeV, from [13].

It is expected that a black hole produced at the LHC will decay almost instantaneously,
with a life time of the order of 1072"s ~ 10726 s [15]. In this short life time, one expects a
black hole to go through four phases [16, 17].

e Balding phase: When a black hole is formed, it first enters a stage where energy
is lost via emission of gauge and gravitational radiation. At the end of this phase
the final state is a black hole with no ‘hair‘. This refers to the fact that only the
observable quantities for an external observer are mass, electric charge and angular
momentum. It is estimated that the black hole looses 16% of its energy in this phase.

e Spin-down phase: Due to the conservation of angular momentum, the black hole is
expected to be formed with non-zero angular momentum. In this phase the black

11
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hole looses energy via Hawking radiation of quanta that preferentially have an angu-
lar momenta of [ ~ 1. It is expected that a black hole looses about 25% of its energy
in this phase.

o Schwarzschild phase: The black hole continues to loose its energy via Hawking radi-
ation. As a result, the mass is gradually decreasing while the Hawking temperature
is increasing.

e Planck phase: When the mass of a black hole reaches a mass M ~ Mp, Hawking
calculations fail, because the last stage of a black hole life is fairly unknown, since
quantum gravity becomes important, but it is expected that the black hole will decay
into a few fundamental particles like: ¢, [, v, v, g, W, Z and H.

The average number of particles produced in a black hole decay can be estimated from the
Hawking temperature, as a function of numbers of dimensions. Note that this argument is
based on the assumption that the decay of a black hole is a blackbody radiation process
[13]. The Hawking temperature can be expressed as

1

Mp n+2 e n+1l n+1
Ty = — . 3.12
" (MBH 8T ("T%)> 47 4rRs (3.12)

The average number is then given by

n+2 1
M 2 M w1 (8 (nE3) |
< N on M _ 2T ( BH ) <M> . (3.13)

2TH n+1 MD(4+n) n+ 2

In Figure 3.1 ¢,d, the Hawking temperature, as well as the number of decay product is
shown as a function of Mp, Mgy and number of dimensions.

3.5 RS Black Hole

Black holes can also be produced in the RS scenario, and will be quite similar to that of
black hole production in ADD with n=1 [15]. Here one defines a five dimensional Plank
scale M, and relates this to the reduced four dimensional Planck scale by [15]

M3 —27kRc M3

Mp, = o (1—e )~ - (3.14)

12
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The Schwarzschild radius for a RS black hole is

Re_ 1 Mpy
ST TMe—7kRe \| 30 e—ThR:

(3.15)

3.6 Black Hole Event Properties

To discover black holes in particle physics experiments, the approximate signature looked
at, is this high mass scale. The high mass scale combined with its thermal decay process
results in a large number of high pr final state particles. The resulting objects range be-
tween all standard model particles, also including the Higgs particle. Emission of graviton
is also expected, thus resulting in a contribution to the missing energy. From Equation
3.13 one finds that for increasing Hawking temperature the number of decay products is
decreasing, thus resulting more energetic decay products.

3.7 String Balls

If we assume a scenario which includes large extra spatial dimensions, and then if Mp >
1TeV, and the requirement for a black hole in the context of the requirement from general
relativity (GR) Mpy > 5Mp [12], this may lead to the case that black hole production is
out of reach to the energies at the LHC. The range between Mp and the GR threshold for
creating a black hole, can be treated in the context of weakly coupled string theory.

When a black hole evaporates, the mass of the black hole gets gradually reduced. When
it crosses the GR threshold, according to string theory, it can make the transition into
weakly couples string state, known as string balls. The relationship between the Mp and
the string scale Mg can be obtained by

n+2
Mg

M2~
D 2
9s

) (3.16)
where n is the number of large extra dimensions, and g is the string coupling. For string
theory to be perturbative, g, <1. One finds that Mp >Mg for all n. According to string
theory, the minimum mass of a black hole that can be treated as a GR object yielding

My

s

At this energy scale, the properties for a black hole with mass M,,,;,, has to match those of a
string ball with the same mass. The minimum mass requirement for string ball production,

13
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is Mgp > 3Mg [12]. The parton level cross section for a string ball has to match that of a
black hole at Mg/g2. The production of string balls and black holes depend on Mg, g5, n
and Mp, where

M M
Ms < Mp < =2 < =2 (3.18)
gs gs
The parton cross section is given as a function of the mass range (M) [12]
2772
~ gsM MS
o="n Ms <M< (3.19)
1 M M
b= S<M< =2 (3.20)
MS gS gs
. I ( M > .
o= — <M 3.21

and The first two equations show the string ball cross sections, while the last equation
represent the previouslt stated back hole cross section in Equation 3.10. Figure 3.2 shows

104 ET I I L B A R
E . Black Holes String Balls E
103?5: —n=2 ---n=2 =
E E ) —n=3 ==-n=3 3
=y C ]
— 2 —n=4 ---n=4
.g 10 EE —n=5 n=5 EE
E 10;7 .. —n=6 ---n=6 7;
172} E NN\ e e Tl E
»n - m
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10 "4
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Figure 3.2: Total proton-proton cross section versus planck scale, M p, for black hole and string
ball production. Assuming that Mgp > 3Mg and Mpyg > 5Mp. Various scenarios of extra
dimensions n is shown [12].

the production cross section of string balls and black holes as a function of the planck scale
(Mp). The center of mass energy of the colliding protons was assumed to be 14 TeV. For a
string ball production, in n = 6 extra dimensions and Mp=1.3 TeV, the production cross
section is of the order of ~ 100 pb.

Once a string ball has been formed, it will decay into massless and massive particles.
By averaging over all string excitations, one finds that the radiation spectra from a string
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evaporation is a black body radiation spectra, characterized by the Hagedorn temperature
[18]. The Hagedorn temperature is given by

NC

The average number of decay products is approxamently the mass divided by the Hagedorn
temperature (M/Tg) [19]. It is expected that a string ball will decay into all types of
standard model particles with equal probability. The result of this is that approximately
10% of the decay products will be charged leptons, and 2% will be photons.

Ts (3.22)
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Chapter 4

The ATLAS Experiment

To gain a better understanding of the elementary particles and the forces between them,
particle accelerators and detectors are used. This chapter will give a short description
of the Large Hadron Collider (LHC) and a more detailed description of the ATLAS (A
Toroidal LHC ApparatuS) detector.

4.1 CERN

The European Organization for Nuclear Research CERN (Conseil Europen pour la Recherche
Nuclaire) is the largest particle physics laboratory in the world. It is located on the French-
Swiss border, near the city of Geneva. CERN was founded in 1954 and consists today of
20 member states. Form the first accelerator the Synchrocyclotron to the Large Hadron
Collider, CERN has made some remarkable contributions to science and technology.

4.2 LHC

The Large Hadron Collider (LHC) is located in the old LEP tunnel, which crosses the
border between France and Switzerland. It is located below ground, varying from 175 m
under Jura mountains, to about 50 m towards Lake Geneva. The LHC is a storage ring,
in which protons collide with protons at a center of mass energy of 14 TeV. The LHC can
also collide heavy ions (A), at an energy of 5.5 TeV per nucleon pair. But only proton-
proton collision will be discussed further here. Four experiment operate simultaneously at
the LHC. There are two multipurpose experiments: ATLAS and CMS (Compact Muon
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Solenoid). A dedicated B-physic experiment: LHCb. There is also an experiment dedi-
cated to heavy ion collisions: ALICE.

The number of events per second created by the LHC collisions, is given by
Nevent = go_p ) (41)

where .Z is the luminosity for the machine, and o, is the cross section for the process
under study. The luminosity is only dependent on the machine properties. The luminosity
can be calculated from the number of particles per bunch (N,), the number of bunches per
beam n;, , the revolution frequency f,., and the horizontal and vertical beam sizes (o, o),

1 Te'UN2
_ LmfrelVy. (4.2)
dm o0y
For proton-proton collisions the design luminosity is 1034 cm~2s~!, which corresponds to an

integrated luminosity of 100 fb~!. Figure 4.1 shows the expected cross section for different

Pp/pp cross sections
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Figure 4.1: Shows the cross section for different processes as a function of /s, from [20].

standard model processes, as a function of 1/s. Note that the low energy scale cross section
is for the Tevatron, which is a proton anti-proton collider experiment, at fermi lab. The
thin dotted line is indicating the change between proton anti-proton and proton-proton
collisions, which is the case for the LHC experiment.
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4.2.1 The LHC Injection Chain

In order to accelerate the protons up to the design center of mass energies, the LHC needs
several pre-accelerators. Each of them is designed to increase the energy, before sending
the beam to the next accelerator. Figure 4.2 illustrates the accelerator structure that is
used. First, a linear accelerator (LINAC2) accelerates protons to 50 MeV. Before sending
them to the booster, a synchrotron, that accelerates them to 1.4 GeV. The beam is the
injected into the Proton Synchrotron (PS) that accelerates them to 25 GeV. Next the
protons are sent to the Super Proton Synchrotron (SPS) which provides acceleration to
450 GeV before the protons enter the 27 km long LHC tunnel [21]. Here the protons are
accelerated there final energy. Though the maximum beam energy is 7 TeV, in the first
period of data taking 2010/2011, the protons will collide with a beam energy of 3.5 TeV.

CMS

I | I‘ No:rthArea

@ ALICE LHCh @
TT40 TT41
- S PS neutrinos
iy AN ATLAS CNGS
1760 o Gran Sasso

e AD
BOOSTER
G D ISOLDE

TP Exl s,

n-ToF 4 e=) 9 T
LINAC 2 PS CTF3
neutrons =
: LEIR
LINAC 3

Figure 4.2: The LHC Injection Chain [21]

4.3 The ATLAS Detector

The ATLAS detector consist of three main sections. Inside a solenoid lies the inner detector,
providing tracking information. On the outside of the solenoid are the electromagnetic
and hadronic calorimeters, providing energy measurement. In the outer layers is the muon
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Figure 4.3: Overview of the ATLAS Detector

spectrometer, placed in a toroid magnetic field. Figure 4.3 shows a three-dimensional
illustration of the ATLAS detector. Including the muon chamber endcaps, the ATLAS
detector is approximately 44 m long and 25 m high, and weights about 7000 tonnes.
In table 4.1 the performance goals of the ATLAS detector is shown. The layout and
expected performance of the ATLAS detector was extracted from referance [22], unless
stated otherwise.

Table 4.1: General performance goals for the ATLAS detector. All units for £ and pr are in
GeV.

Detector component Required resolution 7 coverage
Measurement Trigger
Tracking 0pr/pr = 0.05%pr & 1% +2.5
EM calorimeter op/E =10%/VE ® 0.7% +3.2 +25
Hadron calorimeter
barrel and endcap op/E =50%/VE & 3% +3.2 +3.2
forward og/E =100%/VE®10% |31<|n <49 |31<|n <49
Muon spectrometer | o, /pr = 10% at py = 1TeV +2.7 +2.4
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4.3.1 ATLAS Geometry

The geometric layout of the ATLAS detector is a right handed coordinate system. The
origen is placed in the interaction point. The z-axis points along the beam direction. The
positive x-axis points towards the center of the LHC ring and the positive y-axis points up
towards the surface. The azimuthal angle (¢), is defined as

¢ = tan~! (&) , (4.3)

T

where p, and p, are the x and y-components of the particle momentum. The pseudorapidity

(n) is defined as
2 -ta (i (%)) »

where 6 is the angle between the beam axis and the particle, for relativistic particles the
pseudorapidity is a good approximation of the rapidity, difiend by

1 E+pp

where E is the energy of the particle, and p; is the momentum parallel to the beam
axis. The transverse momentum is a often used observable in ATLAS, it is the momentum

orthogonal to the beam direction,
pr = /P2 + p. (4.6)

Er is the energy deposit in the transverse plane, compared to the beam direction. K7 is the
missing energy in the transverse plane. Missing energy comes from conservation of energy.
Before collision the proton carry only momentum in the longitudinal direction, so pr = 0.
After collision particles have momentum in all directions. Do to momentum conservation
> pr = 0. Contribution to the missing energy comes form particles that is not discovered
by the detector, such as neutrinos, and from the detector geometry.

4.3.2 The Inner Detector

Located closest to the interaction point, is the inner detector (ID). Figure 4.4 shows a illus-
tration of the ID and its sub systems, while Figure 4.5 shows a two dimensional projection
of the ID, indicating the regions it covers. Figure 4.6 shows how the inner detector elements
are placed in R direction, with respect to each other. There are three subdetectors: the
Pixel Detector (PD), Semi Conductor Tracker (SCT) and the Transition Radiation Tracker
(TRT). The ID is designed to provide primary and secondary vertex measurements. It
covers |n| < 2.5, and gives an excellent momentum resolution for charged particles with a
transverse momentum pr > 0.5 GeV.
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End-cap semiconductor tracker

Figure 4.4: The ATLAS inner detector, showing all major detector elements of the inner detector.
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Figure 4.5: Plane view of a quadrant of the ATLAS inner detector, showing all major detector
elements, in R and Z position. The 7 coverage of the individual elements is shown by the dashed

lines.

The Pixel Detector

The PD is the inner most detector, containing 1744 identical pixel sensors, with external
dimensions of 19 x 63 mm?. The pixel sensors are arranged in three cylindrical layers in a
barrel and three endcap disks on each side. It covers a region of |n| < 2.5. For 90% of the
pixels the dimensions are 50 x 400m?, while for the remaining 10% they are 50 x 600um?.
The intrinsic position resolution in the barrel is 10 um (R — ¢) and 115 pm (2), in the
endcaps it is 10 ym (R — ¢) and 115 pm (R).
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Figure 4.6: Three-dimensional layout of the different subdetectors of the ID.

The SemiConductor Tracker (SCT)

The SCT consists of four double-layers barrels and two end-caps, each consisting of nine
disks. Built from 4088 modules, it covers |n| < 2.5. Thus, at least four space points are
measured. The SCT consists of silicon microstrips. The double-layer barrels are arranged
with one layer being parallel to the beam direction, while the other layer is rotated by an
angle of £20 mrad, providing both (R — ¢) and (z) measurements. The silicon microstrips
in the end-cap is arranged in the radial direction, compared to the beam direction. The end-
caps disks consist of nine disks of back-to-back silicon microstrips, where one is rotated
by an angle of £20 mrad, giving measurement in both (R — ¢) and (R). The intrinsic
resolution in the barrel is 17 pm (R — ¢) and 580 pm (z) and in the disks 17 um (R — ¢),
and 580 um (R).
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Figure 4.7: The ATLAS calorimeters

The Transition Radiation Tracker (TRT)

The TRT consists of 52 446 Polymide drift tubes (straw), that are stacked in three cylin-
drical layers in a barrel, with the straws being parallel to the beam direction. Each endcap
consists of 122 880 straws that are placed radiantly in wheels, compared to the beam direc-
tion. Each tube has a radius of 0.4 cm. In the barrel (end-cap) the straws have a length of
144 cm (37 cm). The drift tubs are filled with a gas mixture of 70% Xe, 27% CO4 and 3%
O, covering the pseudorapidity of n < 2.0. Charged tracks in > 2.0 will typically give
36 hits per track. The TRT gives an intrinsic posision resolution of 130 ym in (R — ¢).

4.3.3 The Calorimeters

Figure 4.7 shows an enlarged three-dimensional view of the electromagnetic and hadron
calorimeters, that are located around the central solenoid. Both calorimeters are sampling
calorimeters and are designed to yield energy measurements with high accuracy.
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The Electromagnetic Calorimeter (EM)

The EM calorimeter is a lead-LAr sampling calorimeter, segmented into a barrel and two
endcaps. The depth is > 22 (24) radiation lengths (Xy) in the barrel (endcaps). The
barrel is divided in two identical half-barrels, separated at z = 0 with a gap of 4 mm.
The coverage in pseudorapidity is |n| < 1.475. EM calorimeter endcaps are divided into
two coaxial wheels, where the inner (outer) wheels have a pseudorapidity coverage of
2.5 < |n| < 3.2 (1.375 < |n| < 2.5). The geometry provides the EM calorimeter with a
complete ¢ symmetry without azimuthal cracks.

The Hadronic Calorimeter

The hadronic calorimeter is located on the outside of the EM calorimeter. It consists of
three sub-systems, the tile barrel, LAr hadron end cap calorimeter, and the LAr the for-
ward calorimeter.

The Tile Calorimeter consists of steel as the absorber and uses scintillating tiles as the
active material. It is arrange into a barrel, and two extended barrels. The barrel (ex-
tended barrels) are 5.8 m (2.6 m) long, and have an inner (outer) radius of 2.28 m (4.25
m). The tile calorimeter has a radial depth of approximately 7.4\ (interaction lengths).
Each of the barrels consists of 64 modules, where each of the modules is covering 5.625
degrees in azimuth angle. The barrel covers the pseudorapidity of |n| < 1.0 and the two
extended barrels cover 0.8 < |n| < 1.7.

The LAr hadronic end-cap calorimeters consist of two independent wheels per end cap.
Covering the range 1.5 < |n| < 3.2, it slightly overlaps the forward calorimeter. Each end
cap consists of 32 identical wedge-shaped modules. Closest to the IP it is built up by 25
mm thick copper plates, with spacing of 8.5 mm filed with LAr. Further away from the IP
the copper plates size changes to 50 mm.

The LAr forward calorimeters consist of three modules in each end cap, it covers the
pseudorapidity range 3.1 < |n| < 4.9. Covering the high 1 region, it is exposed to high
particle fluxes, therefor the LAr gaps are reduced to >2 mm. The first module, consists
of copper, and is built for electromagnetic measurements, while the last two modules are
made of tungsten, and are designed to predominantly measure hadron interactions. The
LAr forward calorimeter is approximately 10\ deep.
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Figure 4.8: Overview of ATLAS muon system, indicating where the different detector are located.

4.3.4 The Muon Spectrometer

Figure 4.8 shows the ATLAS muon spectrometer, which is the largest sub system in the
ATLAS detector. It is designed to detect muons and measure their momentum in the
range |n| < 2.7. The muon spectrometer uses magnetic deflection in order to bend the
charged particles track in (R-z) direction, thus making momentum measurement possible.
To do so, it uses a large superconducting air-core toroid magnet. Four different systems
are used to provide precision tracking and a fast trigger system. The tracking is done by
the Monitored Drift Tubes (MDTs) and Cathode-Strip Chambers (CSC), while the trigger
system consists of the Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC)

The Monitored Drift Tubes cover most of the pseudorapidity range. They consist of three
to eight layers of drift tubes, covering |n| < 2.7 (except for the innermost end-cap layer,
where |n| < 2.0). The MDT give an average spatial resolution of 80 um per tube, and
about 35 um per chamber (in z).

The Cathode-Strip Chambers are multiwire proportional chambers, and is used in the
forward region (2.0 < |n| < 2.7). The CSCs have a high rate capability and time resolution
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of about 7 ns. Providing both R and ¢ measurement, the CSCs have a position resolution
of 40 ym in R and 5 mm in ¢.

The Resistive Plate Chambers are gaseous parallel electrode-plate detectors, which cover
In| < 1.05. The RPC have a spatial resolution of 10 mm (z) and 10 mm (¢), and a time
resolution of 1.5 ns.

The Thin Gap Chambers are multi-wire proportional chambers. They covers the pseu-

dorapidity range of 1.05 < |n| < 2.4. They have a spatial resolution of 2-6 mm (R) and
3-7 mm (¢), while the time resolution is 4 ns.

4.3.5 The Magnet System

Figure 4.9: Overview of the geometry for the ATLAS magnetic system. The eight coils in the
barrel and the end-cap are visible, located around the tile calorimeter steel. The solenoid windings
are located inside the calorimeter volume.

The magnetic system of the ATLAS detector consists of the central solenoid and the air-
core toroids. Figure 4.9 shows the geometry of the magnets. Together they will provide
the ATLAS detector with the necessary magnetic field to bend charge track, thus making
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momentum measurements possible.

The Central Solenoid is located around the Inner Detector. Providing a magnetic solenoidal
field to the inner detector with a magnetic field strength of 2 T. Thus, charged track are
deflected in the transverse plane, providing pr measurement. The inner (outer) diameter
of the solenoid is 2.46 m (2.56 m). The total length of the central solenoid is 5.8 m.

The air-core toroids are segmented into a barrel and two end caps. They are designed
to deflect muons in the (R-z) plane. Each of the three toroids consists of eight coils, placed
symmetrically around the beam axis. The central toroid provides a magnetic field of 0.5
T, while the end cap provide a magnetic field of 1.0 T. The barrel has a length of 25.3 m,
and has a inner (outer) diameter of 9.4 m (20.1 m).

4.3.6 The Trigger System

The design luminosity of 103*cm~2?s—1 will correspond to approximately a interaction rate
of 1 GHz. This is a huge amount of data, that needs to be reduced to a rate of 200 events
per second. The trigger consists of three levels of online event selection, the Level-1 Trig-
ger, Level-2 Trigger and Event Filter. The Level-2 Trigger and the Event Filter together
make up the High-Level Trigger. Figure 4.10 gives an short overview of the ATLAS trigger
system, indicating the rate, and latency for each trigger level.

The Level-1 Trigger is based on the information provided by a subset of the detectors.
It searches for signatures from high Pr muons, photons, electrons, jets and tau decaying
to hadrons. It also searches for large missing energy and large total transverse energy. For
the muon momentum search it uses the muon trigger system. It also uses information of
all the calorimeters, for identify electromagnetic clusters, jets, 7-leptons, EZ*¢ and total
transverse energy. Events that pass the Level 1 Trigger will define a Regions of Interest
(Rols) and the information is sent to the Level 2 trigger. The Rols is characterized by
there coordinates in n and ¢. The Level-1 Trigger accept rate is 75 kHz, with a design
latency 2.5 us.

The Level-2 Trigger receives the Rols from the Level-1 Trigger. It uses the full granu-
larity and precision of all the data, including the inner detector, to further reduce the
amount of data. It uses the information from the inner detector to confirm track and
energy cluster found in the Level-1 trigger. The Level-2 Trigger is designed to reduce the
trigger rate to approximately 3.5 kHz, with processing time of 40 ms.

The Event Filter is the last stage in the online selection, and it will decide which events

will go to permanent storage. The Event Filter reduces the trigger rate further, to ap-
proximately 200 Hz, with a processing time of 4 s. Once an event is selected by the event
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Figure 4.10: Schematic for the ATLAS trigger system, with rate and latency for each level.

filter it will be send to permanent storage, and is available for future physic analysis, the
average event size is 1.3 MB.

4.4 Current Performance

ATLAS and the LHC is currently in the start phase of colliding protons whit a center of
mass energy of 7 TeV. Data have just recently be started analyzing, Figure 4.11 shows the
invariant mass distribution for two opposite charge muons. This plot was made by the
ATLAS muon group, and was made by using 320 ub™! of data. The mean value for the
gauss curve is at 3.06 = 0.02 GeV.
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Figure 4.11: Di-muon invariant mass distrubution [23]
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Chapter 5

Data Production and Analysis Tools

5.1 Monte Carlo Event Generators

Monte Carlo simulations are an analysis tool to study signatures of specific processes
in a detector. This allows development of selection criteria for optimizing the signal to
background ratio. Monte Carlo simulations use random sampling as a way simulate a
given process. Fwvent generators are buildt to simulate hypothetical events taking place
in the real detector. In ATLAS, a number of different event generators are used, for a
general-purpose MC generators like PHYTHIA, HERWIG, Sherpa, AcerMC, ALPGEN,
MadGraph/MadEvent and MC@NLO are used. There are also event generators that are
used to simulate specific processes, like Charybdis, BlackMax etc.

e PYTHIA is a general purpose event generator [24].
e HERWIG is often used to simulate SUSY events [25].

e Sherpa is used for simulation of electroweak bosons events, which also include jets
26].

e AcerMC is often used for processes that involve heavy quarks, like Zbb and Ztt [27].

e ALPGEN is used for generation of multi-parton processes in hadron collisions, which
include electroweak bosons and jets [28].

e MadGraph/MadEvent is used for processes where multiple electroweak bosons are
simulated, as for example the pair production of ZZ [29].

o MC@NLO includes next to leading QCD corrections, and is used to simulate a num-
ber of different processes like W or Z production, Higgs production and decay [30].

33



CHAPTER 5. DATA PRODUCTION AND ANALYSIS TOOLS

5.2 Detector Simulation

Specific decay modes are generated by special event generators. In addition a simulation of
the detector response is necessary in order to produce simulated samples that are as close
to real data as possible. The full simulation, simulat all particles as they move through the
ATLAS detector, simulating hits in the different detector elements. Through procedure is
not perfect, it counts for most effect. However this is time consuming and does not allow for
creation of large data samples. To create large samples with less accurate detector model,
Atlfast was developed. The full simulation is accomplished whit the Geant4 program [31],
that generates hits and depositing energy in the calorimeters. Figure 5.1 shows the full
chain for production of MC events, as done by Geant4. It also show that Atlfast skip some
of the steps that Geant4 uses, making Atlfast 4 or 5 orders of magnitude faster than a full
simulation [32].

Digitization

Figure 5.1: The full chain Monte Carlo production [33].
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5.3 Charybdis

Charybdis is a Monte Carlo simulation tool, designed to simulate the production and
decay of mini black holes, in p — p or in p — p collisions. The black hole sample used in
this analysis was simulated with Charybdis [34, 35]. Within Charybdis there are several
different options for the condition for producing a black hole. The input parameters for
the production of the signal sample used in this analysis, are shown in Table 5.1. Grey
body factor is a modification to the energy spectrum due to the space-time curvature
surrounding the black hole.

Table 5.1: List the input parameter used with Charybdis in creation of the black hole signal
sample.

Description Value
Planck Mass 1 TeV
Total number of dimensions 6
Minimum mass 5 TeV
Maximum mass 10 TeV
Number of particles in remnant decay 2
Beam energy 5 TeV
Time variation of temperature True
Grey body factors True
Kinematic cut of True
Use all Standard Model particles as decay product | True

5.4 BlackMax

BlackMax simulates the production and evolution of mini black-holes and string balls. The
BlackMax generator includes options for simulating black holes with gray-body factor. It
can simula black-hole rotation, splitting between the fermions, non-zero brane tension and
the black hole recoil due to Hawking radiation [36]. The string ball signal was generated
by the BlackMax generator, and Tabel 5.2 shows some of the input parameters used in
creation of the signal sample.
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Table 5.2: List the input parameter used with BlackMax in creation of the string ball signal
sample.

Description Value
Planck Mass Mp 1.3 TeV
String Scale Mg 1 TeV
String coupling gg 0.4
Number of extra dimensions 6
Minimum mass 3 TeV
Maximum mass 7 TeV
Center of Mass energy 7 TeV

5.5 Data Formats

Several data formats are in use within the ATLAS experiment, each containing different
level of information. In this section a short overview is given:

e Raw Data Object (ROD):
The ROD is a data format used only for Monte Carlo simulations. It is a form of
simulated data that closely should reproduce the real bytestream data [37].

e Raw Bytestream Data (RAW):
The RAW data come from the triggers and online reconstruction. The size of the
RAW data is about 1.6 MB per event, and arrives from the Event Filter with a rate
of 200 Hz. The RAW data is written to a 2 GB file containing 1250 events [37].

e Event Summary Data (ESD):
ESD is produced from the RAW data, and is considered as the most basic form of
data used for physic analysis. The size of the ESD data is about 500 kB per event
137].

e Analysis Object Data (AOD):
AOD is produced from the ESD, but are considerable slimmed down in size to about
100 kB per event. The AOD contains data that are necessary for physic analysis [37].

e Derived Physics Data (DPD):
DPD are slimmed events derived from AOD, on which the end user can perform
physics analyses on. They are n-tupel style representations that can be used easily
with analysis tools such as ROOT (see section 5.7). The analysis in this thesis has

been preformed on DPD with ROOT [37].
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5.6 The Athena Framework

Athena is the common software framework for the ATLAS experiment [38]. It is based on
the Gaudi framework, which was originally developed by LHCb, but today it is a common
kernel of software for both the ATLAS and the LHCb experiments, with Athena including
some ATLAS specific program enhancements. All levels of data processing in the ATLAS
experiment, are done in the Athena framework [37], that includes software for example for
event simulation, event trigger, event reconstruction, and physic analysis tools.

5.7 ROOT

ROOQOT is a analysis program that is used in all high energy particle physic experiments.
It is based on Object Oriented programming, and has a built-in C++ interpreter (CINT).
This makes small C++ programs that run, without being compiled. ROOT is designed
to handle large amounts of data in a very efficient way. ROOT provides a large amount
of analyses tools such as histograms plotting and histogram fitting. ROOT has been used
extensively throughout this study, and all plots produced in this study have been done
with ROOT.
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Chapter 6

Black Hole Reconstruction

We have been studying black hole production and decay in the ATLAS detector. In this
study we have used a beam energy of 5 TeV. Our simulated black hole is a non-rotating
black hole in 2 extra spatial dimensions, and assumed signal cross section of 3 pb. The
signal sample consists of 14750 events, and correspond to a luminosity of ~ 4.9 fb~!. Our
goal has been to separate a black hole signal from that of standard model background

processes.

6.1

Event selection

Table 6.1: The selection criteria used in the reconstruction of black holes [39].

Selection criteria

Muon (p); Electron(e);
pr > 15 GeV pr > 15 GeV
In| < 2.5 In| < 2.5 except

track match 0 < x? < 100
Isolation Er, ..., < 0.2pr+20 GeV

1.00 < |n| < 1.15 and 1.37 < || < 1.52

Electron Medium [39]

Photon (7)
pr > 15 GeV
In| < 2.5
Photon Tight [39]
Isolation Er, < 0.2p7r+20Gev

one0.2

Jets
pr > 20 GeV
In| < 2.5
ConedTopoJets
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A black hole will decay via Hawking radiation to every type of standard model particles.
Thus, we need to reconstruct muons (p), electrons (e), photons () and jets. Our recon-
struction of objects is done in this order. Once an object is chosen, any other object that

is within AR < 0.1 is removed, where AR = \/(An)2 + (A¢)*. The fundamental objects
we select has to pass certain selection criteria, which are listed in Table 6.1.

A black holes will decay into all standard model particles, including the gauge bosons, W
and Z. The W boson will decay to either W — [v, or to hadrons, While the Z boson
will decay to Z — ll, Z — vv or Z — qq. The decay products of W and Z will be
reconstructed, and give a contribution to the reconstruction as electrons, muons, jets or

Pr.

\ Muon n, before and after event selection
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Figure 6.1: The n and pr distributions of muon tracks, before and after the event selection.
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Figure 6.2: The n and pr distributions of electron tracks, before and after the event selection.
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Figure 6.3: The n and pr distributions of photon tracks, before and after the event selection.
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Figure 6.4: The n and pr distributions of Jets, before and after the event selection.

41



CHAPTER 6. BLACK HOLE RECONSTRUCTION

6.1.1 Electron and Photon reconstruction

Selection criteria for electrons and photons are dependent on loose, medium and tight cuts.
The selection for electrons and photons is done by applying the IsEM variable, which is
a boolean variable that includes several selection criteria, such as Hadron energy leakage,
energy cluster, track matching, and E/p. Using predefine selection criteria is a standard
way in the ATLAS experiment to identify photons and electrons. For a full description of
these selection criteria, see [39] The medium cut for electrons has an expected efficiency of
77.29 £+ 0.06 % and a jet rejection factor of 2187 + 7. The photon reconstruction efficiency
for tight selection, is for Ez > 40 GeV expected to be 86.3 £ 0.2 %.

One of the selection criteria that enters in all of loose, medium and tight, is an observable
that is called hadron leakage. Hadron leakage is defined as the ratio of transverse en-
ergy deposit in the first layer of the hadron calorimeter, divided by the transverse energy
deposited in the electromagnetic calorimeter. Since photons and electrons are electromag-
netic showers, they deposit their energy in the electromagnetic calorimeter and not in the
hadron calorimeter. Thus, the hadron leakage is an excellent separation of electrons and
photons from jets. Figure 6.5 shows the hadron leakage, calculated by using the string
ball MC sample discussed in chapter 7. The sample labeled ” Before” contains all the
electron candidates, while the sample label ” A fter” removes all the candidates that have
not passed the selection criteria from Table 7.1.
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Figure 6.5: Shows the Hadronic Leakage from electrons, calculated from the string ball signal.
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6.1.2 Jets

There are several reconstruction algorithms used in the identification of hadronic jets in
ATLAS. For this analysis we used the ConedTopolJets. This cone algorithm collects the
topological clusters and tracks in a cone of AR = /An? + Ap? < Reone, where Reppe is a
fixed cone radius. In Coned4TopolJets a narrow radius of Re,,.=0.4 is chosen, to determine

the four-momentum of the jet.
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6.2 Invariant Mass Reconstruction

Our signal sample, consists of 14 750 simulated black hole events. For each event we use
all the objects that pass our selection criteria listed in Table 6.1. The black hole mass
reconstruction is done by calculating the four-momenta of all reconstructed final state
objects (Muons, Electrons, Photons and jets). To improve the mass resolution the missing
transverse energy is included in the mass calculation, which distribution is shown in Figure
6.6. Thus, the black hole mass is simply calculated by

_ 2
MBH = \/Ppm>

PBH = sz' + (Er, B, Br,.0), (6.1)

Figure 6.7 shows the resulting invariant mass distribution calculated for all objects that
passed the selection criteria listed in Table 6.1, while Figure 6.8 shows the same distribu-
tion without the missing energy included in the calculation. Note that the distribution
that omits Fr is peaked at lower mass and is wider.

1)
@ r
IS
®10°E
© E
5 -
o r
e |
=}
Z 102
10?
1
0 500 1000 1500 2000 2500
MET [GeV]

Figure 6.6: Missing energy distribution from signal sample
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Figure 6.7: Invariant Mass distribution, calculated by using equation 6.1.
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Figure 6.8: Invariant Mass distribution, without including the missing transverse energy in the
calculation.
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6.2.1 The Background Samples

The relevant background to a back hole signal, will be highly energetic events. Events with
high > [pr|, and high multiplicity of fundamental objects, are of interest. The main back-
ground that we have studied is ¢¢ production, dijet production, W — lv-+jets production,
and Z — ll+jets production.

Dijet production is one of the most common processes in particle physics experiments.
Since dijet have a large production cross section, they provides a considerable source of
background for many rare processes. To the lowest order it is a 2 — 2 scattering process
between two partons, resulting in the production of hadronic jets. In ATLAS MC dijet
samples are often called JN (where N is 1,2...8), and indicate the momentum range for
the leading jets. Since the multiplicity of a black hole depends on the number of extra
dimensions, dijet contribution need to be considered. With increasing n, the multiplicity of
the decay product is decreasing, making the decay more like a jet-jet like event, as shown
in Figure 3.1.

[ Invariant mass, signal and background |

- = ZHets
signal

R PR T R S iv iy L il 0 L
0 1 2 3 4 5 6 7 8 9 10
Mass[TeV/c?]

Figure 6.9: Invariant mass distribution, with background without cut

6.2.2 Normalizing the signal and background samples

In order to option the right ratio between signal and background, we have to normalize
the signal and background. In this study we normalized the background to the signal, by
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scaling the background to the same luminosity as that corresponding to the signal. These

weights are given by

J initial signal histogram
W=+ : , (6.2)
J initial background histogram

where w is the weight (listed in Table 6.2), and a is the normalization factor based on the
cross section for the separate processes (Opackgroun/Csignat)-

Figure 6.9 shows the invariant mass distributions for signal and various backgrounds. The
dijet background clearly provides the largest contribution to the background, before any
selection criteria is applied. In the lower mass region the background is dominating, but
at around 4.2 TeV the signal is also larger then the dijet background.

Figure 6.10 shows the ) |pr| distribution from all the objects that pass the selection
criteria listed in Table 6.1. We find that the signal becomes larger than the background
at about 2.8 TeV. Figure 6.11 shows the number of objects (N), that pass the selection
criteria from table 6.1.

| Sum transverse moment, signal and background I

11111
3000 4000 5000 6000 7000 8000
sum pT[GeV/c]
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Figure 6.10: > |pr| of all the fundamental object, plotted for the signal and background.
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Figure 6.11: Number of reconstructed objects .
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Table 6.2: Different background samples that are included in this study. The different dijet sets
have their own py range for the momentum of the leading jets, J4 has (140 GeV < pr < 280
GeV), J5 have (280 GeV < ppr < 560 GeV), J6 has (560 GeV < pp < 1120 GeV), J7 has (1120
GeV < pr < 2240 GeV), J8 has (pr > 2240 GeV).

Background Samples
type name cross section (pb) | Number of events | scale factor w
tthar tt 2.05 x 10? 99 947 10.085
Dijet J4 1.5 x 10° 71 649 10258
Dijet Jb 5.122 x 10? 77 043 325.76
Dijet J6 1.119 x 102 75 952 7.22
Dijet J7 1.075 76 312 0.069
Dijet J8 1.112 x 1073 58 120 0.0000938
W —ev. | We, +1jet | 2112.30 200 977 01.5
W —ev, | We, 4+ 2 jets | 676.00 19 952 166.0
W —ev, | We, + 3 jets | 203.30 13 992 71.1
W —ev, | We, +4 jets | 56.10 20 000 13.7
W —ev. | We, 4+ 5 jets | 16.60 13 992 0.8
W = jw, | W,y + 1 jet | 2155.50 19 957 529.2
W — v, | W + 2 jets | 682.30 19 958 167.5
W — pv, | W, + 3 jets | 202.00 19 972 19.6
W — pv, | Wy, +4 jets | 55.50 19 973 13.6
W — pv, | W, + 5 jets | 16.30 12 975 6.16
W — v, | Wo, +1jet | 2106.90 19 000 043.4
W — v, | W, + 2 jets | 672.80 19 884 105.8
W — v, | W, + 3 jets | 202.70 19 457 51.0
W — v, | W, +4 jets | 55.30 19 815 13.7
W — v, | W, + 5 jets | 17.00 12 913 6.45
Z — ee Zee + 1 jet 206.60 19 861 50.8
Z — ee Zee +2 jets | 72.50 19 921 17.8
Z — ee Zee + 3 jets | 21.10 19 916 5.2
Z — ee Zee +4 jets | 6.00 18 470 1.6
7 — ee Zee + 5 jets | 1.70 5 500 1.5
7 = | Zup+1jet | 205.20 19 087 50.3
Z =i | Zyy+ 2 jets | 69.40 19 262 17.7
Z =y | Zyp+ 3 jets | 21.60 19 987 5.3
Z | Zy+4jets | 6.10 18 440 1.6
Z = | Zyy+5 jets | 1.70 5 471 15
4 —TT Zer+1jet | 209.30 19 928 50.8
4 —TT Zrr+ 2 jets | 70.20 19 378 17.8
4 — TT Zrr+ 3 jets | 21.10 19 457 5.2
Z —717 | Zyr +4jets | 6.00 18 500 1.6
4 =TT Z.r+5jets | 1.70 5 479 1.5
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6.2.3 Selection criteria

We optimize the signal yield using the significance,

R= \/% , (6.3)

where S is the number of signal events and B is the number of background events. Be-
cause of the high mass and an isotropic decay to a large number of final state objects, a 5
TeV black hole will decay so that each object has a high pr. Three independent selection
criteria were used for this selection, the > |pr|, pr of the 4th leading object, and pr of
the 5th leading object. No other requirements apart from the selection of e, u, v and jets,
as given in Table 6.1, are imposed. The significance plots are made for a luminosity of 1 fb~!

The optimization with R is done for each observable separately. Figure 6.12 shows R
as a function of > |pr| > > |prl,,;n, Where > |prl,.;, is the minimum requirement on the
summed transverse momentum. The range starts form 2 TeV/c and ends at 4.2 TeV/c,
separated into interval of 200 GeV /c. The highest significance is achieved at approximately
~ 2.8 TeV/ec.
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Figure 6.12: Sensitivity for 3 |pr| cut, for 1 fb~! of data.

Figure 6.13 shows the significance for a minimum requirement on the pr of the 4th leading
object. We studied the range from 40 GeV/c to 400 GeV/c, in steps of 40 GeV/c. The
highest significance is found for pr > 330 GeV/c. Figure 6.14 shows the significance for a
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minimum requirement on the py of the 5h leading object. We studied the range from 40
GeV/c to 400 GeV/c, in steps of 40 GeV /c. The highest significance is found for pr > 200
GeV/c.
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Figure 6.13: (Left:) significance as a function on the minimum transverse momentum of the 4th
highest momentum object, for 1 fb=! of data. (Right:) pr distribution for signal and background
for the 4th highest transverse momentum object.
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Figure 6.14: (Left:) significance as a function on the minimum transverse momentum of the 5th
highest momentum object, for 1 fb=! of data. (Right:) pr distribution for signal and background
for the 5th highest transverse momentum object.
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In order to get a better understanding of the background and signal, we made some scatter
plots for the black hole versus the variable we optimize the signal yield on. In Figure
6.15 we have plotted the Y |pr| vs the mass, for the signal, and for the J4 and J7 dijet
backgrounds. The J4 background has low ) |pr| compared to the signal, while the J7 will
have a larger number of events that pass a > [pr| > 2.8 TeV requirement. The horizontal
line shows the optimum selection requirement.
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Figure 6.15: (Upper left:) shows the black hole invariant mass vs Y [pr| for the J7 background.
(Upper right:) shows the black hole invariant mass vs ) |pr| for the J4 background. (Lower
center:) shows the black hole invariant mass vs ) |pr| for the black hole signal.

In Figure 6.16 the pr of the 4th leading object vs the mass was plotted. J4 will give a little
contribution to the signal region, while J7 have a great number of events that will pass a
requirement on the 4th leading object, pr > 330 GeV/c.
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Figure 6.16: (Upper left:) shows the black hole invariant mass vs pp for the 4th leading object,
for the J7 background. (Upper right:) shows the black hole invariant mass vs ppr for the 4th
leading object, for the J4 background. (Lower center:) shows the mass black hole invariant vs
pr for the 4th leading object, for the black hole signal.
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Figure 6.17 shows the pr of the 5th leading object vs the mass. The J4 background can
be neglected if a pr > 200 GeV/c is required on the 5th leading object. From the J7
distribution we find that not many J7 events will pass a requirement on the 5th leading
objet pr > 200 GeV/c, while most of the signal passes this requirement. A requirement
on the pr for the 5th leading object will have more affect on the J7 background, compared
to that of a ) |pr| requirement.
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Figure 6.17: (Upper left:) shows the black hole invariant mass vs pp for the 5th leading object,
for the J7 background. (Upper right:) shows the black hole invariant mass vs pp for the 5th
leading object, for the J4 background. (Lower center:) shows the black hole invariant mass vs
pr for the 5th leading object, for the black hole signal.
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6.2.4 Invariant Mass Reconstruction after optimization

Applying the selection criteria from Table 6.1, and requiring that > |pr| > 2.8 TeV/c, we
reconstruct the invariant mass for the black hole. Figure 6.18 shows the invariant mass
distribution for a black hole. Note that the ¢f background has been completely removed,
and only a few events of W and Z background remain. The dijet background is quite small,
but large compared to the W and Z backgrounds. Table 6.3 shows the number of events
that survive the Y |pr| > 2.8 TeV/c requirement. The background is normalized to the
signal.
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Figure 6.18: Invariant mass distribution after requirement > |pr| > 2.8 TeV

Table 6.3: Black Hole selection reconstruction efficiencies, after applying the selection criteria in
Table 6.1 and requiring Y |[pr| > 2.8 TeV/c. The final number of events are rounded off to the
closest integer number.

Black Hole reconstruction efficiency
Signal Efficiency | Initial number of | Number of events after require
events > lpr| > 2.8
Black Hole Signal | 86.1% 14750 12714
Dijet 7.7-10% 1527 4+ 54
Wtjets 4.5-107 91 + 72
Z+jets 4.5-10° 6+3
tt 1.0- 106 0
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Figure 6.19 show the invariant mass after requiring that the ) [pr| > 2.8 TeV/c and
the 5.th leading object has pr > 200 GeV/c. Here the W background is also completely
removed, while Z and the dijet backgrounds are also reduced compared to Figure 6.18.
Table 6.4 shows the number of events that survive a requirement on the Y |pr| > 2.8
TeV /c and the pr > 200 for the 5th leading object. The background is normalized to the
signal.
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Figure 6.19: Invariant mass distribution after requiring that ) [pr| > 2.8 TeV and that the 5.th

leading object has pr > 200 GeV.

Table 6.4: Black Hole selection efficiencies, after applying the selection criteria from Table 6.1
and requiring > [pr| > 2.8 TeV/c, and the pr > 200 GeV/c for the 5.th leading object. The
final number of events is rounded off to the closest integer number.

Black Hole reconstruction efficiency
Signal Efficienscy | Initial number of | Number of events after require
events > |pr| > 2.8 and the 5.th
leading object has
pr > 200 GeV/c

Black Hole Signal 73.0% 14750 10765
Dijet 7.7-108 53+16
Wtjets 4.5-107 0
Z+jets 4.5-10° 949
tt 1.0-10¢ 0
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CHAPTER 6. BLACK HOLE RECONSTRUCTION

Although the LHC is not going to be colliding protons at a center of mass energy of 10
TeV, this was a previously planed to be the start up energy. This is the reason why this
study was preformed, at this energy. We wanted to look at the discovery potential for black
hole production, at this energy. Figure 6.20 shows the significance plotted as a function of
luminosity, when we require ) |pr| > 2.8 TeV/c, and pr > 200 GeV/c for the 5th leading
object. The horizontal line shows where the significance (S/v/S + B) gives a 5o value. This
is achieved for an luminosity of ~ 12 pb™!. Figure 6.21 shows the significance R, plotted

x 10

O b N W A O O N _® ©

P I E N E S P B B R B
2 4 6 8 10 12 14 16
Luminosity [ pb?]

Figure 6.20: Significance R, plotted as a function of luminosity.

as a function of cross section, when we require Y |pr| > 2.8 TeV/c, and the pr > 200
GeV /c for the 5th leading object. Here we assume an integrated luminosity of 1 fb~!. The
horizontal line is plotted at 50. A 50 discovery is possible, if the black holes cross section
is larger than ~ 0.023 pb. If ATLAS was operating at a center of mass energy of 10 TeV,

x 10

——
——

P N W M O O N o ©
T[T [T T[T [T I T IO I T[T 7T
— ]

1o by b b b b b b by
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Cross section [ pb ]
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Figure 6.21: Significance R, plotted as a function of cross section.

and no black hole events were found in the first 1 fb~! of data, limits could be set on the
cross section by using the Bayesian approach [3], and taking our reconstruction efficiency
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CHAPTER 6. BLACK HOLE RECONSTRUCTION

in to account (from Table 6.4). Assuming a Poisson distribution, and zero observed event,
the 90% upper limit can be calculated by

Vup 2.30
e- L 0.73-1fb"1

= 3.15b. (6.4)

If no observed black holes are found in the first 1 fb~! of data, 90% upper limit (95%) can
be set at opy < 3.15 tb (4.11 fb).

6.2.5 FErrors

There are factors that will affect the discovery of black holes, that have not been taken in
to account in this study. A statistical error will affect the background distributions, due
to the fact that these distributions get scaled. Each background sample will get its own
scaling factor w (see Table 6.2), due to the different cross section, and the number of events
in the MC samples. In the worst case, one event can get scaled with a factor of 10258.
Although, after the final selection criteria, the background is dominated by the J6, J7, J8
backgrounds, and here the scaling factors are small, and J7 and J8 will get down scaled.
This error may effect our optimization.

There is also an error in the cross section for the background. The cross sections for the
different background samples are calculated from known processes at lower energies, and
then they are extrapolated to higher energies. Thus, there is a systematic error from this.
However in the final selection the background contribution is small, and hence the impact
of this error is small.

The reconstruction of black holes (and string balls, see Chapter 7) will also be affected by
the ATLAS trigger. But since the decay of black hole include multiple high pr jets. The

efficiencies for trigger on a black hole event is expected greater then 99% [40].

There is also be an error in our selection procedure, which are not taken in to account.
The same errors will also effect the string ball reconstruction in Chapter 7.

o8



Chapter 7

String Balls

In the first period of data taking (1 fb~'), the LHC is operating with a center of mass
energy at 7 TeV. At this energy, black hole production is rather unlikely, but highly exited
string states may be produced. In the light of this we have performed a study to detect
string ball. In this chapter, all plots are normalized to an integrated luminosity of 1 fb~!.

7.1 Signal

The string ball signal sample used in this section contains 4966 simulated Monte Carlo
events. The sample is simulated with a mass of 3 TeV/c? in 6 spatial dimensions. The
String scale was set to Mg = 1.0 TeV/c?, while the Planck mass was set to Mp = 1.3
TeV/c? The cross section used for the signal is 2 pb [41]. The decay of a string ball
is expected to have many of the same characteristics as the decay of a black hole. So
reconstruction of string balls have many of the same observables as those for black hole
reconstruction. We select muons, electrons, photons and jets in this order. Once an object
is selected, any other object that passes within a cone of radius AR< 0.1 is removed.

7.2 Invariant Mass

To calculate the invariant mass of a string ball, one uses all objects that pass the selection
criteria listed in table 7.1. For selected objects the invariant mass of a string ball is then
calculated using Equation 6.1. Figure 7.1 shows the invariant mass distribution from string
balls with background without any requirements on the selection criteria other then those
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CHAPTER 7. STRING BALLS

Table 7.1: The selection criteria used in the reconstruction of string balls.

Selection criteria

Muon (p);

pr > 15 GeV/c

In| < 2.5

track mach y? < 100

Isolation Er ., < 0.2pp+20 GeV

Electron(e);

pr > 15 GeV/c

In| < 2.5 except

1.00 < |n| < 1.15 and 1.37 < |n| < 1.52
Electron Medium

Photon ()

pr > 15 GeV/c
In| <2.5
Photon Tught

Jets

pr > 20 GeV/c

In| <5

ConedTopoJets

Invariant mass, signal and background |

Number of entries
=
o
2,

[ ]Dijet
[]Signal

60

Mass[TeV/c?]

Figure 7.1: Invariant mass distribution string ball signal and background, with no cuts applied.

listed in Table 7.1. At 3 TeV/c? the signal is 3 orders of magnitude smaller than the
background. At higher mass values the S/B is < 1072, and at lower masses this ratio is
considerable smaller. As shown later, the background can be suppressed. Figure 7.2 shows
the transverse missing energy that is included in the calculation for the invariant mass.

Table 7.2 shows the background sample in this analysis, which consists of different dijet
samples!. The tf, W plus jets and Z plus jets are omitted, since these backgrounds were
found to be negligible in the black hole analysis.

If it exist, higher transverse momentum dijet set should be included. But for 7 TeV collisions we have not
been able to locate it.
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10?
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Figure 7.2: Missing transverse energy from the string ball signal.

Table 7.2: List of 7 TeV background samples used as backgrounds in the string ball study. For
each background sample the range in pr is listed.

Background Samples
type name cross section (pb) | Number of events
Dijet | J3(70 GeV/c < pr < 140 GeV/c) 2.193 x 10° 339874
Dijet | J4(140 GeV/c < pr < 280 GeV/c) 8.784 x 10* 366164
Dijet | J5(280 GeV/c < pr < 560 GeV/c) 2.328 x 103 361174
Dijet | J6(560 GeV/c < pr < 1120 GeV/c) 33.846 365709

7.2.1 Background Rejection

In order to reduce the background we involved the same observables as used in the black
hole analysis. Figure 7.3 shows the > |pr| of all observable objects in an event. The
background drops rapidly with increasing Y |pr|, while the signal is slowly increasing
before dropping. At ~ 2TeV /c the signal exceeds the background. While Figure 7.4 shows
the number of objects that passes the selection criteria from Table 7.1. At N > 14, the signal
exceeds the background. Another quantity used for separating signal from background is
the number of high-pr objects. Figures 7.5 and 7.6 show the pr distributions for the 4th
and 5th highest pr objects. Again a clear separation is found between the signal and
background. In Figure 7.5 the signal becomes larger than the background at py > 250
GeV/c and for Figure 7.6 we find that the signal becomes larger than the background at
pr > 160 GeV/c.
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Sum P, signal and background
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Figure 7.3: The Y |pp| distributions for signal and background.

| Number of object, signal and background |

10

L P I .
15 20 25
Number of reconstructed objects

Figure 7.4: The number of reconstructed objects for signal and background.

Optimization

The observables in Figures 7.3-7.6 can all be used to optimize the signal yield. We follow
the same procedure that was used in the black hole analysis (see section 6.2.3), for the

> |pr| and pr of the 5th leading object.

Figure 7.7 shows the significance as a function

of the minimum requirement on Y |[pr|. The highest significance is achieved for > |pr| >
2 TeV/c. This is the value where signal and background are equal (see Figure 7.3). The
optimization for pr for the 5th leading object is shown in Figure 7.8. The best significance
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l 4.th higest transvers momentum object, signal and background I
[ ]Dijet
[ ]Signal

o o
C) ©
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o
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>
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Figure 7.5: Transverse momentum of the 4th leading object.

l 5.th higest transvers momentum object, signal and background l
[ ]Dijet
[ ]Signal

ik SN 1N At i Bl S G St P IR RN R

0 100 200 300 400 500 600 700 800
P [GeVic]

Figure 7.6: Transverse momentum of the 5th leading object.

is achieved for pr > 160 GeV /c. Here again the signal and background is equal (see Figure
7.6).
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Sensitivity for cut on the sum of transvers momentum
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Figure 7.7: Significance R = (S/v/S + B) as a function of ) [pr| > > [p7|,in-
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Figure 7.8: Significance R = (S/v/S + B) as a function of pr > prp
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We plotted the > |pr| and the pr of the 5th leading object vs the mass, for the string ball
signal and the J5 dijet background. Figure 7.9 show the > |pr| plotted against the mass.
The horizontal line indicate the optimal selection requirement. Figure 7.10 shows the pr
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Figure 7.9: (Left:) > |pr| vs string ball invariant mass for J5 background. (Right:) > |pr| vs
string ball invariant mass for the string ball sample.

of the 5th leading object, plotted against the mass for the J5 background and the signal.
The horizontal line indicate the optimal cut value. Not manny J5 background event is
above the horizontal lien.
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Figure 7.10: (Left:) pr for the 5th leading object vs the invariant mass for the J5 background.
(Right:) pr for the 5th leading object vs the invariant mass for the string ball signal.
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Invariant Mass Reconstruction after optimization

The final selection for the reconstruction of string balls with a mass of 3 TeV/c?, is done
by requiring that »_ |pr| > 2 TeV/c, pr > 160 GeV/c for the 5th leading object and at
least 5 object passes selection requirement from Table 7.1. Figure 7.11 shows the invariant
mass distribution, with and without log scale. As shown, the signal is about 2 orders of
magnitude larger than the background. Table 7.3 shows the different selection efficiencies,
and the number of signal and background events that pass the different selection criteria
for 1 fb=! of data. See Appendix A, for more info on the different selection criteria.

[ Invariant mass, signal and background | [ Invariant mass, signal and background |
g100F i 8 i
s [ ]Dijet Sk [ ]Dijet
@ . G .
3 gl [ ]Signal 5 [ [ ]Signal
2 [ g L
£ E
=] - =]
Z 60— % ok
40— F
B 1
20— E H
P I s S P B L. Ll ”H
0 1 2 3 4 5 6 7 0 1 6 7
Mass[TeV/c?] Mass[TeV/c?]

Figure 7.11: (Left:)the invariant mass distribution. (Right:) the invariant mass distribution with
log scale.

Table 7.8: String ball selection efficiencies, the event number is rounded of to the closes integer
number. The background uncertainties are rounded up to closes integer number.

String ball reconstruction efficiency
Cut value Efficiency | Signal events | Background events
Spr>20TeV | 562 % 1124 718 £ 17
Leading 5.th order: | 46.9 % 938 318 £ 55
pr > 160 GeV
Combined cut 39.1 % 782 20 + 4
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To find the discovery potential for string balls in ATLAS, we calculated the significance as a
function of luminosity, see Equation 6.3. We require that > |pr| > 2 TeV/c, and pr > 160
GeV/c for the 5th leading object. Figure 7.12 shows the significance as it variates with
luminosity. We find that for string balls signal with a cross section of 2 pb and mass of 3
TeV /c?, the significance gives 50 value, for an luminosity of 35 pb™!.

x 8

7

6

5

——
——
——
——
—x

[

IS
T [T [T T[T T[T T[T T[T TTTT
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Luminosity [ pb™]

Figure 7.12: Significance for string ball discovery as a function of luminosity

If string balls are not found in first period of data taking with ATLAS, limits on the cross
section can be set. We plotted the significance, Equation 6.3, as a function of the signal
cross section. Figure 7.13 shows the significance as a function of signal cross section, when
require that > |pr| > 2 TeV/c, and pr > 160 GeV/c for the 5th leading object. If the
signal cross section is larger then 0.1 pb, a 50 discovery is possible. If no sting ball events
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Figure 7.13: Significance as a function of cross section.

are discovered in the first 1 fb™! of data, limits could be set on the cross section. Using the
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Bayesian approach for the case if we have no observed events after 1 fb~!, and assuming
our reconstruction efficiency. The 90% upper limit is then set by

Vup 2.30
-  0.391-1fb!

= 5.88b. (7.1)

If no observed sting balls are found in the first 1 fb=! of data, 90% upper limit (95%) can
be set at opy < 5.88 tb (7.67 fb).
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Chapter 8

Conclusion

In this thesis we have reconstructed black hole and string balls from Monte Carlo sim-
ulated data. We have been studying ways to remove standard model background, from
the signal. Black holes and string balls will have a quite remarkable characteristic feature
compared to standard model processes. This allows for a good separation between signal
and background.

For the black hole study, we derived a reconstruction requirement that relay on a minimum
of five reconstructed object, > |pr| > 2.8 TeV/c and the transverse momentum for the 5th
leading object is pr > 200 GeV/c. At a center of mass energy of 10 TeV, ATLAS has a
great discovery potential for black holes.

We have also studied string ball production and decay, which are more likely to be produced
at lower energy collisions. We have developed selection criteria for reconstruction of string
balls, which relay on > [pr| > 2 TeV/c, and pr > 160 GeV/c for the 5th leading object.
ATLAS will have a great possibility of discovering string balls, already in the first period
of data taking.

Future steps in this analysis will be to start looking at real data. Where we will start to

search for black holes and string balls. If not found, limits can be set on their production
cross section.
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Appendix A

A.1 String ball mass reconstruction

In Chapter 7 we reconstructed the invariant mass for string balls, after requirng > |pr| >
2 TeV and pr > 160 GeV for the 5th leading object. In this chapter the individual
distributions are shown. All plots in this chapter are normalized to an integrated luminosity

of 1 fb—1.

Figure A.1 shows the invariant mass distribution after requiring > [pr| > 2 TeV, while
Figure A.2 shows the invariant mass distribution after the require the 5th leading object to
have pr > 160 GeV. The significance can also be calculated as a function, when one of the

[ Invariant mass, signal and background |

8 - .
£k [ |Dijet
[ L .
10k []Signal
5t
100
z r

80—

60[—

40—

201

OV‘ TR S BV

0 1 5 6 7

Mass[TeV/c?]

Figure A.1: Invariant mass distribution with requirement that Y [pr| > 2 TeV/c.

selection requirement have a constant value, and the the other changes in steps. Figure
A.3 shows the significance when ) |pr| is constant, and when the pr for the 5 leading
objet is constant.
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Figure A.2: Invariant mass distribution with requirement that pr > 160 GeV for the 5th leading
object.
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Figure A.3: (Left) Shows the significance (S/v/'S + B) when the pr for the 5th leading object
is greater then 160 GeV/c as a function of ) [pr| > > |p7|,- (Right) Shows the significance
when > |pr| > 2 TeV/c and the pr for the 5th leading object is pr > pr,

min*

We also attempted to optimize the signal and background yield using the momentum of
the 4th leading object. This was found not to give as nice result as for the 5th leading
object. Figure A.4 shows the optimum value for a py cut on the 4th leading object. It
gives the highest significance for pr > 240 GeV/c. In Figure A.5 we used this value to
reconstruct the invariant mass of the string ball. Table A.1 shows the number of events
that pass the selection criteria for the signal and background.
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Sensitivity for cut on the 4.th highest P, object
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Figure A.4: Significance (S/+v/S + B) as a function of pr > pr, . for pr the 4th leading object.
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Figure A.5: Invariant mass distribution with requirement that pr > 240 GeV for the 4th leading
object.

Table A.1: String ball selection efficiencies with 4th leading object.

String ball reconstruction efficiency
Cut value Efficiency | Signal events | Background events
pr > 240 GeV/c | 372 % 743 414
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A.2 Leading object

We have optimized our signal selection using the 4th and 5th leading object. We find that
the optimization using the 1th, 2th and 3th leading object are not good observables to
separate the signal and background. Figure A.6 shows the pr for the 1th, 2th and 3th
leading object for the string ball study. The distributions are normalized to 1 fb=! of data.
The background dominates in all these distributions (which also is the case in the black
hole study).
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Figure A.6: (Upper left:) transverse momentum of the leading object. (Upper right:) transverse
momentum of the 2th leading object. (Lower center:) transverse momentum of the 3th leading
object.
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