
Studies of Higher DimensionalBla
k Holes with the ATLASdete
tor at the LHC

Robindra PrabhuDepartment of Physi
sUniversity of Oslo
A thesis submitted for the degree ofCandidatus S
ientiarumJune 2005

ThesisFigs/uio_logo_stor.eps


2



Abstra
tIn some theories involving extra dimensions and a TeV fundamentalPlan
k s
ale, miniature bla
k holes may produ
ed at the Large HadronCollider (LHC). On
e produ
ed, these bla
k holes rapidly de
ay to aspe
trum of parti
les through the Hawking evaporation pro
ess. Thisthesis explores various aspe
ts of bla
k hole produ
tion and de
aywithin the 
ontext of the ATLAS experiment through a fast simula-tion study with the CHARYBDIS bla
k hole generator. A parton levelstudy is presented to shed light on 
hara
teristi
s of the generatorde
ay model. Signatures of bla
k hole events at the dete
tor level areinvestigated and des
ribed. Finally the bla
k hole hole dis
overy po-tential is evaluated using both a simple �xed-temperature, bla
kbodyapproximation to the bla
k hole de
ay and a more re�ned model witha time-evolving temperature and greybody spe
tra.
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Prefa
eThis thesis is organised in the following manner. Chapter 1 reviews the theoreti
alba
kground for the studies presented in the later 
hapters. The �rst part provides abrief des
ription of the 
urrent leading theory of elementary parti
les, the so 
alledStandard Model, and highlights some of its short
omings. The se
ond part introdu
esa new 
lass of models whi
h, if realised in nature, may solve some of the problems ailingthe Standard Model. One possible 
onsequen
e of these models, is the produ
tion oftiny bla
k holes at future 
olliders. The last part 
on
erns itself entirely with theprodu
tion and de
ay of these bla
k holes.Chapter 2 sets the experimental 
ontext for the studies presented in subsequent
hapters. It provides a brief des
ription of the Large Hadron Collider and a moreextensive des
ription of the ATLAS dete
tor1.Chapter 3 des
ribes the simulation tools employed in this thesis. In parti
ular,it des
ribes the bla
k hole produ
tion and de
ay model used by the CHARYBDIS bla
khole event generator. A signi�
ant amount of time was spent trying to interfa
e theCHARYBDIS bla
k hole generator to the PYTHIA Monte Carlo program. This work 
ul-minated in the dis
losure of a bug in one of the subroutines of PYTHIA. The problemsen
ountered and the tests performed are therefore given some mention.Chapter 4 presents the simulation studies performed after su

essfully interfa
ingCHARYBDIS to PYTHIA. The �rst part des
ribes the parton level studies undertaken to
he
k the performan
e of CHARYBDIS and to visulalise its bla
k hole de
ay model. These
ond part fo
uses on bla
k hole 
hara
teristi
s and observables in the 
ontext of theATLAS experiment at the LHC. The third part presents an evaluation of the bla
k holedis
overy potential. This work is based on (1), but involves the use of an improvedbla
k hole generator and an evaluation of the impa
t of in
luding new e�e
ts previouslynot 
onsidered. Finally, the various limitations of analyses are presented are dis
ussed.1This 
hapter is slightly modi�ed version of term paper written for the 
ourse FYS4550.
1



Chapter 1Theory
1.1 The Standard ModelThe Standard Model (SM) of parti
le physi
s provides an ex
eptionally su

essfulmathemati
al des
ription of the elementary parti
les and the intera
tions betweenthem. The theory seeks to des
ribe matter and for
es by way of fundamentalpoint-like parti
les 
hara
terised by a spin quantum number (internal angularmomentum) s. Parti
les are 
lassi�ed as either matter parti
les or for
e mediatingparti
les. Matter is 
omposed of s= 12 fermions, while the for
es between thefermions are mediated by integer spin gauge bosons.The three fundamental for
es of the SM in
lude the ele
tromagneti
, weak andstrong for
es. Ele
tromagneti
 intera
tions o

ur via massless photon ex
hangeand are reserved for ele
tri
ally 
harged fermions. In a similar manner the strongintera
tions o

ur only between fermions 
arrying a 
olour 
harge. The for
e
arriers of the strong for
e are 
oloured gluons. The weak for
e is felt by allparti
les and mediated by three massive gauge bosons: W� and Z0.The fermions are further divided into quarks and leptons. The quarks repre-sent the only 
lass of fermions sensitive to the strong for
e and 
ome in six dif-ferent 
avours: up, down, 
harm, strange, top and bottom. The leptons in
ludethree 
harged parti
les (the ele
tron, muon and tau) and three 
orrespondingun
harged neutrinos.The fermioni
 
ontent of the SM 
an be grouped in three families or genera-tions. Ea
h family exhibits similar properties, but di�er in mass. Ea
h leptoni
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1.1 The Standard Modelfamily 
onsists of a 
harged lepton and its 
orresponding neutrino. Weak intera
-tions between leptons are restri
ted to leptons within the same family. Unlike theleptons, the quark mass eigenstates are not eigenstates of the weak for
e. While aquark will, via the weak for
e, 
ouple most strongly to its family member, 
hargedweak intera
tions 
an o

ur between generations.The SM fermions and gauge bosons are listed in Table 1.1 and Table 1.2respe
tively. Leptons QuarksFamily Mass (GeV) Ele
tri
 
harge Family Mass (GeV) Ele
tri
 
harge �ee ! < 7� 10�90:000511 0�1  ud ! 0:0050:01 23�13 ��� ! < 0:0030:106 0�1  
s ! 1:50:2 23�13 ��� ! < 0:031:7771 0�1  tb ! 1744:7 23�13Table 1.1: The fermioni
 
ontent of the SM (2).Intera
tion Gauge bosons Mass (GeV) Ele
tri
 
hargeEle
tromagneti
 
 (photons) 0 -1Weak W�; Z0 80.22, 91.19 �1,0Strong g (gluons) 0 0Table 1.2: The bosoni
 
ontent of the SM.1.1.1 The unbroken Standard ModelAt the mathemati
al level, the SM is a 
olle
tion of quantum �eld theories (QFT)where the elementary parti
les appear as ex
itations of the quantum �elds. Theele
tromagneti
 intera
tions are des
ribed by quantum ele
trodynami
s (QED),while quantum 
hromodynami
s (QCD) depi
ts the strong intera
tions. Finallythe ele
troweak theory provides a uni�ed a

ount of the ele
tromagneti
 and weakfor
es.
3



1.1 The Standard ModelThe parti
le 
ontent of the SM is 
losely 
onne
ted to the symmetries of thelagrangian des
ribing the physi
s. The gauge bosons whi
h mediate the for
esbetween fermions se
ure the invarian
e of the lagrangian under lo
al gauge trans-formations su
h as: �(x)! �0(x) = U(x)�(x) (1.1)While the lagrangian of a free fermion is not invariant under su
h a trans-formation, its invarian
e is salvaged by the introdu
tion of ve
tor �elds whi
hrepresent the for
e mediating gauge bosons.The unbroken SM is a gauge �eld theory involving massless fermions whi
hintera
t through three fundamental for
es via massless ve
tor boson ex
hange.Asso
iated with ea
h for
e, is a symmetry of the SM lagrangian. All of thefundamental intera
tions are des
ribed by a gauge theory and the symmetriesimposed on the theory \result" in 
onserved 
urrents and 
harges. The requirednumber of mediating gauge bosons is pre
isely the number of generators of the
orresponding symmetry group.There are three prin
ipal symmetries of the SM:� The U(1) hyper
harge symmetry is an Abelian symmetry with one gauge�eld B�. The asso
iated 
onserved quantity is the so 
alled hyper
harge Y.� The SU(2)L weak isospin symmetry is a non-Abelian symmetry with threeasso
iated gauge �elds: W �1 ;W �2 and W �3 . These gauge �elds 
ouple onlyto left handed fermions. The 
onserved 
harge is the third 
omponent ofthe weak isospin I3.� The SU(3)C is a non-Abelian symmetry of Quantum Chromodynami
s(QCD) with eigth asso
iated gauge �elds A�a (a=1,...,8). The 
onserved
harge is 
olour and the eigth di�erent SU(3) gauge bosons (gluons) them-selves 
arry 
olour 
harge.Ea
h of the three SM for
es are asso
iated with a lo
al symmetry operationof a parti
ular Lie-group.The strong for
e is des
ribed in terms of QCD whi
h has a lo
al gauge in-varian
e labelled SU(3)C . The generators of SU(3)C give rise to eight massless
4



1.1 The Standard Modelgluons whi
h 
ouple to quarks with a strength determined by the 
olour of theparti
les at a quark-quark-gluon vertex and the strong 
oupling 
onstant �s.The uni�ed ele
troweak theory is invariant under SU(2)L � U(1)Y , wherethe symmetry group of the ele
tromagneti
 for
e enters as a subgroup of theele
troweak se
tor. The three gauge �elds of SU(2)L and the single generator ofU(1)Y give rise to four mediators of the ele
troweak intera
tions.The SM is then a gauge theory of three independent symmetry groups andis invariant under SU(3)C � SU(2)L � U(1)Y . The three families of quarks andleptons in the SM ea
h transform identi
ally under these gauge groups. Table 1.3lists the relevant gauge quantum numbers of the fermioni
 
ontent of the SM.The requirements of gauge invarian
e, Lorentz invarian
e and renormalizabil-ity imposed on all terms of the SM lagrangian leads to two further symmetries and
onsequently two 
onserved quantities. Baryon number (B) and lepton number(L) are both 
onserved by all terms of the SM lagrangian.Families Colour I I3 Q YuR;dR; 
R;sR; tRbR �3�3 00 00 23�13 23�13 ud !L, 
s !L, tb !L 3 12 12�12 16 23�13eR , �R , �R 1 0 0 �1 �1 �ee !L, ��� !L, ��� !L 1 12 12�12 �12 0�1Table 1.3: Relevant quantum numbers of the SM fermions.1.1.2 Mass generationThe unbroken SM as des
ribed above is 
learly in
omplete as most parti
les areexperimentally observed to be massive. The di�erent families of quarks andleptons are observed with widely di�ering masses. Experiments have measuredve
tor boson masses at �100 GeV and re
ently quark masses up to 178 GeV (3).
5



1.1 The Standard ModelThe addition of fermion and gauge boson mass terms to the unbroken SMlagrangian destroys the gauge invarian
e and results in non-renormalizable theo-ries.A remedy is provided through the Higgs me
hanism, whereby an SU(2) dou-blet with two 
omplex s
alars and a total of four degrees of freedom is added tothe theory. This �eld is known as the Higgs �eld. If the Higgs �eld obtains anon-zero expe
tation value in the va

uum state, it 
onfers e�e
tive masses tomost parti
les through their intera
tions with it.The self-intera
tions of the Higgs �eld 
ause spontaneous ele
troweak sym-metry breaking. As a result new mass eigenstates arise as linear 
ombinations ofthe original gauge eigenstates of the gauge groupsW� = (W 1� � iW 2� )p2 (1.2)� Z0
 � = � 
os �W sin �W� sin �W 
os �W �� W 2�B� � (1.3)where �W � tan�1(g0=g) is the Weinberg angle and g0 and g are the 
oupling
onstants for the U(1) and SU(2) parts respe
tively.After the ele
troweak symmetry breaking, three of the four degrees of freedomof the Higgs doublet �eld are spent in mass generation for the isosping gaugebosons W� and Z0. The remaining degree of freedom gives rise to a massiveneutral s
alar, the so 
alled Higgs boson (s = 0).The SM fermions a
quire their masses through Yukawa 
ouplings to the Higgs�eld where the 
oupling is proportional to the mass. Re
ent experimental in-vestigations suggest that neutrinos have non-vanishing masses (�few eV)(4; 5).Although the SM as des
ribed above renders the neutrinos massless, there areseveral ways of in
orporating neutrino masses and neutrino mixing into the SMlagrangian.The Higgs boson is the only SM parti
le whi
h remains undete
ted. Parti
lemasses are free parameters of the SM, as is the mass of the Higgs boson. Unitarityarguments related to theW+W� ! W+W� s
attering amplitude, pla
e an upperlimit on the Higgs mass of mH �1 TeV. Dire
t experimental sear
hes provide alower bound of mH > 114:4 GeV (95% CL). Loop 
orre
tions to the Higgs mass
6



1.1 The Standard Model

Figure 1.1: The ��2 global ele
troweak pre
ision �t as a fun
tion of the Higgsmass. The verti
al band indi
ates the region ex
luded by experiment (114.4GeV at 95% CL). The dotted line shows the results with the improved top massmeasurement (mt = 178:0 � 4:3 GeV), and is seen to shift the most probablehiggs mass out beyond the experimentally ex
luded region. Obtained from (3).are sensitive to ele
troweak observables. Global �ts to ele
troweak pre
ision datafavour a low Higgs mass. A re
ent ele
troweak pre
ision �t (3), whi
h favoursa Higgs mass of 117 GeV, is shown in Figure 1.1. A 
entral task of the LHCprogramme will be to sear
h for this parti
le a
ross the entire energy range.1.1.3 Short
omings of the Standard Model and new physi
sbeyondAlthough the SM has been extensively tested and found to agree with all 
on-�rmed experimental data, there are several reasons to believe that it is merely ane�e
tive theory restri
ted to a spe
i�
 energy regime and not an ultimate theory
7
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1.1 The Standard Modelof fundamental intera
tions. Some of the short
omings of the SM that motivatethe sear
h for new physi
s beyond the SM are brie
y outlined below:� The SM has at least 19 free parameters, whose value the theory o�ers nopredi
tion, and whi
h 
an only be determined through empiri
al investi-gations. These in
lude the quark, 
harged lepton and weak boson masses(6 + 3 + 2), the gauge 
ouplings of the SM for
es (3), the Cabibbo weakmixing angles (3) and the CP-violating parameters (2)1.� The SM fails to explain why there are pre
isely three families of quarksand leptons, as well as why the weak intera
tions mix in the pe
uliar wayobserved. The SM does not explain the origin of QCD 
on�nement2, northe observed asymmetry between matter and antimatter in the universe.� In order to unify the strong and ele
troweak intera
tions in a single gaugetheory, the three asso
iated gauge 
ouplings must unify into a single value�G. Beyond this uni�
ation s
ale all intera
tions will o

ur by way of a sin-gle for
e with strength �G. So 
alled Grand Uni�ed Theories (GUT) predi
tthat su
h a uni�
ation will o

ur at � 1016 GeV. The parti
le 
ontent ofa model determine the evolution of the gauge 
ouplings with in
reasingenergy. As shown in Figure 1.2, the SM 
ouplings fail to unify, when ex-trapolated from experimental measurements to higher energies. Additionalparti
le 
ontent (e.g as predi
ted by SUSY) or other new physi
s may serveto modify the running of the 
ouplings to su

essfully a
hieve uni�
ation.� Gravity is entirely emitted from the SM theory of fundamental intera
tions.At energies � 100 GeV, gravity 
an be safely negle
ted in a des
ription offundamental intera
tions on a

ount of being orders of magnitude weakerthan the SM for
es. However, at the Plan
k s
ale MP � 1019 GeV, thee�e
ts of gravity 
an no longer be ignored and parti
le intera
tions mustbe des
ribed by a theory of quantum gravity. At high energies, the SMwill therefore break down and need to be repla
ed by an alternative theorywhi
h in
ludes a des
ription of quantum gravity.1Nine additional parameters must be introdu
ed to a

ount for neutrino os
illations.2
omment on quark-gluon plasma
8



1.1 The Standard Model� There appears to be a hierar
hy of mass s
ales in parti
le physi
s. Theele
troweak mass s
ale (MW � 100 GeV) of the SM is separated by ordersof magnitude from the s
ale of gravity, the Plan
k s
ale (MP � 1019 GeV).In a fundamental theory all the mass s
ales would be expe
ted to be of thesame order. The question then arises as to whyMW �MP , or alternativelywhy gravity is weak in 
omparison to the other gauge for
es? This problemis 
ommonly known as the hierar
y problem.The hierar
hy problem originates in one-loop 
orre
tions to the higgs mass.Within the SM, su
h radiative 
orre
tions arise from quadrati
ally diver-gent diagrams su
h as those shown in Figure 1.3. In order to regulate thedivergen
es, a 
uto� � is introdu
ed in the loop momentum integral. The
uto� may be interpreted as the s
ale at whi
h the SM breaks down andnew physi
s be
omes important. The one-loop 
orre
tions to the higgs masssquared are quadrati
ally proportional to the 
uto� of the theory:Æm2H = O(�2) + O(ln �) + ::: (1.4)That is to say, that quantum 
orre
tions tom2H are quadrati
ally dependenton the mass s
ale of an underlying, more fundamental theory. The Plan
k-ian energy regime marks the entry of quantum gravity and the redu
tionof the SM to an e�e
tive �eld theory. If � � MP , then the bare higgs masswould be for
ed to the same s
ale. However, if the Higgs me
hanism isresponsible for ele
troweak symmetry breaking, then the mass of the higgsboson should be related to the ele
troweak mass s
ale MW � 100 GeV, asindi
ated by Figure 1.1. In order to reprodu
e a higgs mass of mH � 100GeV, the bare higgs mass would have to be pre
isely tuned to an a

ura
yof one part in 1016.

9



1.1 The Standard Model

Figure 1.2: Evolution of the running gauge 
ouplings of the SM (6).
�ffH0 H0
�WWH0 H0
�Z0Z0H0 H0
�H0H0H0 H0

Figure 1.3: Feynmann diagrams for the loop 
orre
tions to the bare Higgs mass.10
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1.2 Extra Dimension Models1.2 Extra Dimension ModelsThe re
ent years have seen a surge of interest in various models involving extraspatial dimensions. While the various models di�er in their makeup, they all pro-vide solutions to the hierar
hy problem by invoking the geometry of spa
etimewhereby the presen
e of extra dimensions are believed to explain the large hier-ar
hy between the ele
troweak and Plan
k s
ales. Although a wealth of di�erentmodels have been 
onstru
ted, most share some 
hara
teristi
 
ommon features.The SM and other non-gravitational �elds are 
on�ned to a four-dimensionalsubmanifold (brane) of the higher-dimensional spa
etime (bulk)1. Gravitons aretypi
ally not 
onstrained to the brane and are free to propagate throughout thehigher-dimensional volume. At distan
es smaller than the size of the extra di-mensions, gravity no longer abides by the Newtonian inverse-square for
e law. Inorder to re
over the three-dimensional inverse-square law at distan
es larger thanthe size of the extra dimenions, the additional dimensions are usually 
ompa
t-i�ed to small sizes. The 
ompa
ti�
ation of the extra dimensions also serve toexplain why they have es
aped dete
tion at earlier experiments.The history of extra dimension models is usually tra
ed ba
k to the 1920'swhen T. Kaluza and O. Klein proposed a s
heme to unify 
lassi
al ele
tromag-netism and general relativity by invoking one additional 
ompa
ti�ed dimension2.Failing to in
orporate the quantum theories of QED and QCD, Kaluza-Klein(KK) theories fell into disinterest. In re
ent years however, extra dimensionmodels have been revived and attra
ted 
onsiderable interest as alternative solu-tions to the hierar
hy problem with intriguing potential experimental signaturesat the TeV s
ale.Extra dimension models 
an also be motivated by superstring theory. Super-string theory (ST) has emerged as the most promising 
andidate for a 
onsistenttheory of quantum gravity and involves 10 spatial dimensions, 6 of whi
h are1There are models in existen
e where the SM �elds are not lo
alised on the brane.2Before the advent of General Relativity, G. Nordstr�om tried to unify Newtonian gravityand 
lassi
al ele
tromagnetism in a �ve-dimensional theory of ele
tromagnetism. In this s
hemethe �fth 
omponent of the ve
tor potential was identi�ed with the gravitational s
alar potential.By 
ontrast, the KK photon is a 
omponent of the higher-dimensional graviton.
11



1.2 Extra Dimension Models
ompa
ti�ed on small s
ales. In addition to strings, ST also predi
ts the exis-ten
e of non-perturbative, higher-dimensional extended obje
ts 
alled Diri
hletbranes (D-branes) whi
h de�ne the allowed set of endpoints of open strings. STeasily a

omodates the lo
alisation of SM �elds on 3-branes and the hierar
hy ofs
ales: SM �elds are represented by open strings with endpoints �xed to a brane.Gravitons, by 
ontrast, are des
ribed by 
losed strings free to propagate in allspatial dimensions1.Di�erent 
ompa
ti�
ation models vary by way of size and geometry of theextra dimensions. Similarly the pre
ise parti
le 
ontent 
on�ned to the brane orfree to propagate throughout the higher-dimensional volume, di�ers from modelto model. The many s
enarios proposed to date may be 
ategorised a

ording towhether the (4 + n)-metri
 (where �; � = (0; :::; 3) and i; j = (4; :::; n� 1))ds2 = gab(x)dxadxb = e2A(y)dx�dy���� + hij(y)dyidyj (1.5)is fa
torizable (A(y) = 0) or not (A(y) 6= 0).The prin
ipal extra dimension s
enarios in
lude large extra dimensions andwarped extra dimensions. The work presented in this thesis is performed withinthe framework of the ADD model with large extra dimensions. This theory isoutlined in further detail in Se
tion 1.2.2.1.2.1 Kaluza-Klein TheoriesBefore presenting the ADD model with large extra dimensions, it is instru
tiveto �rst study a generi
 feature of theories with 
ompa
ti�ed extra dimensions.Consider the simplest 
ase of one additional dimension 
ompa
ti�ed on a 
ir
leof radius R su
h that the higher-dimensional 
oordinates satisfy the periodi
identi�
ation y = y + 2�R.The a
tion of a massive s
alar �eld �(x�; y) isS = 12 Z Ld5x = 12 Z �(x�; y)(�5 +m2)�(x�; y)d5x (1.6)1Although extra dimension models 
an be in
luded in ST, they should be regarded asindependent theories.
12



1.2 Extra Dimension Modelswhere �5 is the �ve-dimensional d'Alembert operator�5 = �2�x20 � �2�x21 � �2�x22 � �2�x23 � �2�y2 (1.7)and � obeys the periodi
 boundary 
ondition �(x�; y) = �(x�; y + 2�R).Expanding the �eld in a Fourier series over the 
ompa
ti�ed dimension�(x�; y) =Xn2N �n(x�)�n(y) (1.8)where �n(y) = einy=R are the orthonormalized eigenfun
tions of �2�y2 a
ting onthe 
ompa
ti�ed dimension1, �2�y2�n(y) = � n2R2�n(y) (1.9)inserting in Equation 1.6 and integrating over y, one obtains an e�e
tive four-dimensional a
tion:S = 12 Z d4xXn2N �n(x�)��4 +m2 + n2R2��n(x�) (1.10)The a
tion 1.10 des
ribes a tower of states of in
reasing massesm2n = m2 + n2R2 (1.11)with a mass splitting 1=R2 determined by the 
ompa
ti�
ation radius of the extradimension. Mu
h like a parti
le in a box, the momentum of the �eld propagatingin the bulk is quantized in the 
ompa
ti�ed dimension~p52 = �n � �nR2 (1.12)su
h that from the perspe
tive of an observer on the brane the set of allowedmomenta in the 
ompa
ti�ed dimension apppears as a tower of massive KK ex
i-tations of the propagating �eld. From the �ve-dimensional perspe
tive however,there is only one state of mass m.1R dy�m�n = Æm;n
13



1.2 Extra Dimension Models1.2.2 Large Extra Dimensions (ADD models)Models with large extra dimensions 
onstitute perphaps the earliest and simplest
lass of extra dimension models. They are often 
alled ADD models after N.Arkani-Hamed, S. Dimopoulos and G. Dvali who in 1998 spawned new interestin extra dimensions by proposing a novel solution to the hierar
hy problem byway of a me
hanism whi
h served to redu
e the Plan
k s
ale to the ele
troweaks
ale (7).The original ADD proposal involved n toroidally 
ompa
ti�ed extra dimensinswith radius R1. The SM �elds are lo
alised on a four dimensional brane embeddedin a higher-dimensional spa
etime and only the gravitational �eld is free to prop-agate in the bulk. The presen
e of n 
ompa
t extra dimensions serve to modify
lassi
al gravity and alleviate the hierar
hy between the ele
troweak and Plan
ks
ales.The ADD me
hanism is perhaps best illustrated by 
onsidering the gravita-tional for
e between two point masses, m1 and m2, separated by a distan
e r.If the separation between the point masses is smaller than the 
ompa
ti�
ationradius (r� R) of the extra dimensions, then appli
ation of Gauss' Law in (4+n)dimensions gives the potentialV (r) = �G(4+n)m1m2rn+1 (1.13)where G4+n is the (4+n) dimensional gravitational 
onstant. For large dis-tan
es (r� R) the traditional Newtonian potentialV (r) � �G(4+n)Rn m1m2r = �G4m1m2r (1.14)is re
overed, where Rn is the volume of the 
ompa
ti�ed n-dimensional man-ifold and G4 is the e�e
tive four-dimensional gravitational 
onstantG4 � G(4+n)Rn (1.15)Equation 1.15 
learly suggests that the weakness of gravity may be understoodas a \leakage" into a bulk spa
e of volume Rn. Rewriting equation 1.15 in terms1This is tantamount to assuming a 
at metri
 for the higher-dimensional spa
e.
14



1.2 Extra Dimension Modelsof the four-dimensional Plan
k massM2P (4) = (G(4))�1 = (1:2�1019 GeV )2 and afundamental mass s
ale of the higher-dimensional theory M2P (4+n) � (G(4+n)) �2n+2 ,one obtains M2P (4) � RnM2P (4+n) (1.16)whi
h relates the e�e
tive four-dimensional Plan
k mass to the fundamentalPlan
k mass MP (4+n) of the higher-dimensional theory. Relation 1.16 expli
tlyshows that if the extra dimensions are suÆ
iently large as 
ompared to the fun-damental Plan
k mass, the latter may be as low as the ele
troweak s
ale. TheADD me
hanism is thus seen to trade the hierar
hy of s
ales by a new hierar
hyin extra dimensions1The experimental bounds on the size of the extra dimensions strongly dependon whether the SM �elds are 
on�ned to brane or free to propagate in the bulk. Ifthe latter be the 
ase, then R < 1 TeV�1 as no signatures of extra dimensions havebeen observed at present or past a

elerator experiments. If however, only gravityis free to a

ess the higher-dimensional volume, dire
t test of the gravitationalfor
e at small distan
es permit extra dimensions as large as R < 0:1 mm. Thesize of the extra dimensions as a fun
tion of the number of extra dimensions islisted in Table 1.4, assuming MP (4+n) �MW � 1 TeV.Table 1.4 indi
ates that the 
ase of n=1 is 
learly ruled out on a

ount ofyielding 
ompa
ti�
ation radii 
omparable to the solar distan
e. Higher valuesof n (> 2) 
annot just as easily be ruled out as dire
t tests of gravity have onlyprobed distan
es down to r � 10�4m. Experimental 
onstraints on large extradimensions are dis
ussed in greater detail in Se
tion 1.2.3.1.2.3 Experimental limits on large extra dimensionsCurrent experimental bounds on the fundamental Plan
k mass Mn+2P (4+n) are de-rived from short-range tests of the gravitational for
e law, 
ollider experiments1This is arguably only a reformulation of the hierar
hy problem. To fully resolve the hier-ar
hy problem, an explanation would be required as to why the bulk has the pre
ise volumethat it has.
15



1.2 Extra Dimension Modelsn R [m℄1 � 10132 � 10�33 � 10�84 � 10�115 � 10�126 � 10�137 � 10�14Table 1.4: The approximate size of extra dimensions as a fun
tion of the numberof extra dimensions assuming MP (4+n) � 1 TeV.and various astrophysi
al and 
osmologi
al 
onsiderations. Among these, the lat-ter provide the most stringent 
onstraints, but with large systemati
 errors. The
ollider limits are milder and more a

urate.The aim of this se
tion is to brie
y 
omment on re
ent experimental 
on-straints on the ADD model. More exhaustive overviews of 
onstraints on extradimension models are provided in (8),(9),(6) and (10). (All values in this se
tionare taken from (10)).1.2.3.1 Limits from tests of the gravitational for
e lawDeviations from the four-dimensional inverse-square law of Newtonian gravityare expe
ted at distan
es smaller than the 
ompa
ti�
ation radius of the extradimensions. Torsion-balan
e experiments performed by the E�OT-WASH 
ollabo-ration have found no deviations from Newton's inverse-square down to distan
esof 150 �m.In the 
onventions of this thesis (see Appendix), this results in a lower boundof M2+2P (4+2) >1.5 TeV. For higher values of n, the extra dimensions be
ome in-
reasingly small and are 
onsequently rendered ina

essible to me
hani
al exper-iments. At small s
ales gravity 
eases to be the dominant for
e and gives way to
ontributions form Casimir for
es, van der Waals for
es, et
.
16



1.2 Extra Dimension Models1.2.3.2 Limits from astrophysi
s and 
osmologyAstrophysi
al and 
osmologi
al 
onsiderations provide the most stringent boundson the fundamental Plan
k mass.The emission of KK graviton modes in astrophysi
al pro
esses are expe
tedto a�e
t the evolution of supernovae and neutron stars.The graviton bulk emission rate must not be su
h as to violate the observed
ooling rates of supernovae remnants. Observations of supernova SN1987A pla
e
onstraints on the fundamental Plan
k mass listed in Table1.5n=2 n=3 n=4Mn+2P (4+n) �45 TeV �3 TeV � 1 TeVTable 1.5: Limits on the fundamental Plan
k mass from the 
ooling of supernovaSN1987A.Large systemati
 errors a

ompany these estimates, the prin
ipal un
ertaintybeing asso
itated with the temperature of the remnant 
ore.Massive KK-gravitons are also produ
ed in the formation of neutron starsthrough the 
ollapse of a supernova 
ore. The 
ollapse leaves behind a neutronstar halo of gravitationally trapped KK-gravitons whi
h de
ay into e+e�, 

 and���. These de
ay produ
ts in turn heat the neutron star through 
ollisions. Therequirement that neutron stars are not ex
essively heated by the de
ay parti
lesof trapped KK-modes, pla
es stringent bounds on the fundamental Plan
k mass.These bounds are listed in Table1.6 n=2 n=3Mn+2P (4+n) �1300 TeV �30 TeVTable 1.6: Limits on the fundamental Plan
k mass from neutron star surfa
etemperatures.KK gravitons produ
ed in astrophysi
al pro
esses may de
ay into SM par-ti
les, where G ! 

 is the favoured de
ay mode for low-mass KK-modes.Measurements of the 
osmi
 di�use gamma ray ba
kground by the EGRET andCOMPTEL 
ollaborations, indi
ate that the total energy emitted into gravitons
17



1.2 Extra Dimension Modelsmust not ex
eed �1% of the total energy emitted by all supernovae in the historyof the universe. These 
onsiderations pla
e bounds on the fundamental Plan
kmass listed in Table1.7 n=2 n=3Mn+2P (4+n) �60 TeV �3 TeVTable 1.7: Limits on the fundamental Plan
k mass from the 
osmi
 di�use gammaray ba
kground.ADD models fa
ilitate bla
k hole produ
tion at TeV energies. High-energy
osmi
 rays 
ould potentially produ
e bla
k holes through high energy 
ollisionswith nu
lei in the atmosphere of the Earth, their subsequent de
ay to energti
showers dete
table at ground based experiments. The nonobservation of su
hbla
k hole events by the AGASA experiment have pla
ed the limitsMn+2P (4+n) �0.4-0.6 TeV in the 
ase of n = 5.1.2.3.3 Limits from 
ollidersSear
hes for real graviton produ
tion provide lower bounds for the fundamentalPlan
k mass. Su
h sear
hes have been performed at the LEP, Tevatron andHERA 
olliders.Even though the graviton 
oupling is small (� 1=pMP (4)), the abundan
e ofKK-modes at 
ollider energies render graviton emission pro
esses su
h ase+e� ! 
=Z +Gq�q ! g +GZ ! f �f +Gdete
table where the graviton appears as missing energy in the dete
tor.The best limits from the L3 
ollaboration at LEP and CDF experiment at theTevatron are listed in Table1.8.
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1.3 Higher-dimensional bla
k holesExperiment n=2 n= 4 n=6L3 (LEP) >1.3 TeV >0.46 TeV >0.25 TeVCDF (Tevatron) >0.95 TeV >0.4 TeV >0.28 TeVTable 1.8: Limits on the fundamental Plan
k mass from 
ollider experiments.1.3 Higher-dimensional bla
k holesIf extra dimension models are realised in nature and the fundamental Plan
k massis suÆently low (MP (4+n) � 1 TeV), the LHC will provide 
ollision energies farin ex
ess of MP (4+n). Amongst others, an ex
iting, plausible 
onsequen
e is theprodu
tion of tiny bla
k holes. Su
h bla
k holes are higher-dimensional quantum-s
ale obje
ts and are somewhat di�erent from their astrophysi
al analogues. Thefollowing se
tions des
ribe the produ
tion and de
ay me
hanisms of bla
k holes atthe LHC. (Most of the information is drawn from (6; 11; 12) and more thoroughreviews 
an be found therein).In this Se
tion and throughout the remainder of this thesis, the fundamentalPlan
k mass MP (4+n) will be denoted simply by MP .1.3.1 Transplan
kian s
attering and bla
k hole produ
-tionIf the fundamental Plan
k mass is suÆ
iently low, the LHC will enter the plan
k-ian energy regime and probe quantum gravity. An understanding of the plan
kianpro
esses 
an only be attained throught a 
omplete theory of quantum gravity.To date, su
h a theory is sadly la
king.It is possible, however, to provide des
riptions of gravitational e�e
ts in the
isplan
kian(ps < MP ) and transplan
kian (ps � MP ) regions using model-independent general prin
iples (13).In the 
isplan
kian regime, single graviton emission provides a model-independenthandle on graviton propagation in extra dimensions. The theory is des
ribed byan e�e
tive �eld-theory and graviton emission 
an be treated with perturbationtheory.
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1.3 Higher-dimensional bla
k holesTransplan
kian 
ollisions are believed to lend themselves to semi-
lassi
altreatment. A simple dimensional analysis (in units where 
 = 1 and ~ 6= 1) maybe 
onsidered to illustrate this 
hara
teristi
 of transplan
kian kinemati
 regime(13; 14). Using the relation between the higher-dimensional Newton 
onstantG(4+n) and the fundamental Plan
k massMn+2P � ~n+1G(4+n) (1.17)the Plan
k length �n+2P � ~G(4+n) (1.18)
an be 
onstru
ted. The Plan
k length �P marks the distan
e below whi
h thee�e
ts of quantum gravity be
ome non-negligible. Similarly, the de Broglie wave-length �B � ~ps (1.19)spe
i�es the quantum me
hani
al length s
ale of the parti
les 
olliding with 
enterof mass energy ps. The S
hwarzs
hild radius asso
iated with this 
ollision energyrS � (G(4+n)ps) 1n+1 (1.20)indi
ates the length s
ale where 
urvature e�e
ts be
ome important. Two obser-vations 
an now be made in the limit ~ ! 0, keeping G(4+n) and ps 
onstant.Firstly, transplan
kian energies (ps � MP ) are ma
ros
opi
 and seen to relateto the 
lassi
al limit be
ause MP ! 0. Se
ondly, rS is found the be the s
alethat 
hara
terizes the dynami
s in this regime, while �P and �B are both seento vanish. The transplan
kian regime is therefore essentially des
ribed by (semi-)
lassi
al general relativity, and insofar may provide a model-independent handleon large extra dimensions.Physi
s in the transplan
kian energy regime will depend on the parameterrS=b, where b is the impa
t parameter of the 
ollision. Collision with b� rS willresult in gravitational elasti
 s
attering, giving dijet events 
lose to the beam withlarge 
enter of mass energy (13). Su
h pro
esses may be treated in the eikonalapproximation, however this approximation breaks down when b � rS (14). Inthis regime gravity be
ome strong and 
urvature-e�e
ts are non-negligible. No
20



1.3 Higher-dimensional bla
k holes
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i

j
b

S2rFigure 1.4: S
hemati
 illustration of the bla
k hole formation pro
ess. Twoparti
les/partons i and j pass within the horizon asso
iated with the 
ollisionenergy ps. If the impa
t parameter is small b < rS a bla
k hole will form.exa
t solution is 
urrently available for this regime. However, plausibility argu-ments suggest that 
ollisions where b � rS are expe
ted to result in gravitational
ollapse and bla
k hole formation, be
ause the initial state with energy ps istrapped behind a radius rS. Bla
k hole formation is a generi
 nonperturbativefeature of any theory involving gravity.1.3.1.1 Bla
k hole produ
tionThe 
olliding parti
les are typi
ally des
ribed by two in
oming gravitational sho
kwaves with impa
t parameter b. In the limit where the speed of the parti
lesapproa
hes the speed of light, the parti
les are massless and 
urvature e�e
ts arenegligible before and after sho
ks. The geometry is then examined for trappedsurfa
es (15).Sin
e the transplan
kian bla
k hole formation pro
ess is semi-
lassi
al, the
ross-se
tion is given by the geometri
 
ross se
tion of an absorptive bla
k diskof radius rS1: �ij!BH(s;n) = Fn(s)�r2S (1.21)1The 
ross se
tion is simply taken as the e�e
tive target area de�ned by the impa
t param-eter b: � � �b2 � �r2S
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1.3 Higher-dimensional bla
k holesas illustrated in Figure 1.4. Here, Fn(s) is a dimensionless form fa
tor oforder O(1)1 whi
h re
e
ts the theoreti
al un
ertainties related to the dynami
sof the bla
k hole produ
tion pro
ess, su
h as the amount of the 
ollision energyps 
aptured behind the horizon, the bla
k hole mass distribution as a fun
tionof ps and 
orre
tions to the geometri
al 
ross-se
tion (16). In this thesis, these
orre
tions are negle
ted and Fn(s) is set to unity.Bla
k hole produ
tion at the LHC would ne
essarily involve 
omposite 
ollid-ing parti
les, and the 
ross se
tion must therefore involve a sum over all partonpairs 
arrying a suÆ
ient fra
tion of the 
enter of mass energy ps to produ
e abla
k hole of lower mass MminBH :�pp!BH(�m;s) =Xi;j Z 1�m d� Z 1� dxx fi(x)fj(�x)�ij!BH(�s) (1.22)Here, fi(x) are the parton distribution fun
tions (see 2.1), � = xixj is theparton-parton 
enter of mass energy squared fra
tion and p�ms is the minimum
enter of mass energy required for 
reation of the minimum bla
k hole massMminBH ' p�ms (for whi
h the semi-
lassi
al 
ross-se
tion is valid).The bla
k hole 
ross se
tions in Equations 1.21 and 1.22 merit some 
omm-ments. Unlike 
ross se
tions of perturbative physi
s whi
h de
rease like 1=s, thebla
k hole 
ross se
tion grows with 
enter of mass energy. The event horizonforms before the partons 
ome in 
ausal 
onta
t and perturbative hard s
atteringpro
esses are therefore hidden behind the horizon. Finally, the sum over partonpairs in Equation 1.22 does not dis
riminate between di�erent parti
les types or
avours and enhan
es the bla
k hole 
ross se
tion greatly with respe
t to pertu-bative Standard Model pro
esses. If MP=1 TeV, proton-proton s
attering at theLHC yields produ
tion 
ross se
tions of � 105 fb for MminBH =5 TeV (11). Thisrelatively large 
ross se
tion is 
omparable to that of t�t event.1.3.2 Properties of higher-dimensional bla
k holesIn the absen
e of extra dimensions, the 
reation of semi-
lassi
al bla
k holesrequires su
h enormous 
enter-of-mass energies that their produ
tion is rendered1F0 = 0:647,F7 = 1:883 (6)
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1.3 Higher-dimensional bla
k holesfar beyond the te
hni
al 
apabilities of any a

elerator experiment. The presen
eof extra dimensions however, fa
ilitates bla
k hole produ
tion in a two fold way;on the one hand by lowering the s
ale of quantum gravity and on the other byproviding a larger S
hwarzs
hild radius rS for a given 
enter of mass energy pS,thereby improving a

ess to the bla
k hole 
reation regime b � rS.In what follows, the treatment of higher-dimensional bla
k holes will make useof two simplifying assumptions. Firstly that the S
hwarzs
hild radius is smallerthan the size of the extra dimensions rS � R, su
h that the bla
k hole is 
om-pletely submerged in the higher dimensional spa
etime. Se
ondly, that the bla
kholes resulting from parton 
ollisions are non-spinning (spheri
ally symmetri
).Su
h a higher-dimensional bla
k hole would be surrounded by a gravitationalba
kground given by the generalized S
hwarzs
hild line-elementds2 = �1� �rSr n+1�� dt2 � �1� �rSr n+1���1 dr2 � r2d
22+n (1.23)where n is the number of extra dimensions and d
22+n is the area of the (2+n)-dimensional unit sphered
22+n = d�2n+1 + sin2 �n+1(d�2n + sin2 �n(:::+ sin2 �2(d�21 + sin2 �1d'2):::)) (1.24)with 0 < ' < 2� and 0 < �i < � for i = 1; :::; n+ 1.The S
hwarzs
hild radius of a higher-dimensional bla
k hole, may then befound by extending the four-dimensional 
al
ulation into the (4+n)-dimensionalspa
etime using Gauss' law:rS = 1p�MP �MBHMP � 1n+1 �8�(n+32 )n+ 2 � 1n+1 : (1.25)Clearly the presen
e of extra dimensions (n 6= 0) renders the relation betweenthe S
hwarzs
hild radius rS and the bla
k hole massMBH non-linear. The radiusis also larger in n 6= 0 than it is in n = 0. It is the presen
e of the fundamentalPlan
k massMP in Equation 1.25, rather than the four dimensional Plan
k massMP (4) whi
h allows for the produ
tion of low-mass bla
k holes.
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1.3 Higher-dimensional bla
k holesIn (11) it is shown that for MP = 1 TeV, a 5 TeV bla
k hole will have a sizerS � 104 fm. That is to say that a parton 
ollision with 
enter of mass energypŝ � 5 TeV will result in bla
k hole formation, provided the partons 
ollidewithin a distan
e of � 104 fm, a sub-nu
lear distan
e well within the rea
h of theLHC.The properties of (4+n)-dimensional, spheri
ally symmetri
 S
hwarzs
hildbla
k holes di�er somewhat from their four dimensional 
ounterparts. The Hawk-ing temperature TH = (n + 1)4�rS (1.26)is inversely related to the S
hwarzs
hild radius rS and hen
e mu
h lower inn 6= 0 than it is in n = 0. A bla
k hole with temperature TH emits thermalradiation and de
ays through the emission of ordinary parti
les. The radiationspe
trum for this de
ay is roughly that of a bla
kbody peaking at energies 
loseto its temperature. LHC bla
k holes are expe
ted to have temperatures of theorder of a few hundred GeV.The rate of the bla
k hole de
ay in
reases with the bla
k hole Hawking tem-perature and high temperatures 
orrespond to a short lifetimes. However, thelifetime of higher-dimensional bla
k holes� � 1MP �MBHMP � (n+3)n+1 (1.27)is extended by a low-s
ale MP , making them more long-lived than four-dimensional bla
k holes of equal mass.All in all, higher-dimensional bla
k holes are larger (greater rS), 
older (lowerTH) and have longer lifetimes than their four-dimensional 
ounterparts.Even so, higher-dimensional bla
k holes with masses of a few TeV have life-times of just O(10�26)se
, thus de
aying instantaneously on LHC dete
tor time-s
ales. The bla
k hole de
ay pro
ess is dis
ussed in greater detail in Se
tion1.3.3
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1.3 Higher-dimensional bla
k holes
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Figure 1.5: The di�erent phases of the bla
k hole de
ay.1.3.3 De
ay of Higher-dimensional Bla
k Holes1.3.3.1 De
ay PhasesThe de
ay pro
ess is assumed analogous to that of four-dimensional bla
k holesand takes pla
e in a series of di�erent phases (12), ea
h of whi
h is given briefmention below.1. Balding PhaseInitially, the ex
ited bla
k hole state will 
arry gauge quantum numbersinherited from the in
oming parton pair. Furthermore, the inital horizon isvery asymmetri
 as 
onsequen
e of the violent produ
tion pro
ess. In a briefbalding phase the bla
k hole sheds 'hair' (multipole momenta) inheritedfrom the bla
k hole forming partons and the asymmetry resulting from theviolent produ
tion pro
ess, 
hie
y through the emission of gravitationalradiation. In four dimensions the mass loss by way of gravitational radiationin the balding phase is estimated at � 16% (11) 1. After balding, when thebla
k hole has shed most of its 'hair', it is des
ribed by a spinning Kerrsolution in terms of its mass and angular momentum.1This estimate 
an in
rease signi�
antly depending on the value of the impa
t parameterand the dimensionality of spa
etime (11).
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1.3 Higher-dimensional bla
k holes2. Spin-down PhaseSin
e the in
oming partons typi
ally 
ollide with non-zero impa
t param-eters the resulting bla
k hole will 
arry angular momentum dire
ted per-pendi
ularly to the 
ollision axis. During the spin-down phase the bla
khole sheds angular momenta by Hawking radiating Standard Model parti-
les on the brane. In four dimensions the spin-down phase is estimated toa

ount for some 25% of the total mass loss (11). At the end of the phase,the bla
k hole state is des
ribed by a non-rotating spheri
ally symmetri
S
hwarzs
hild solution.3. S
hwarzs
hild PhaseAfter the spin-down phase the de
aying bla
k hole (J=0) enters the S
hwarzshildphase wherein it 
ontinues to lose mass by Hawking emission of SM parti-
les. As the bla
k hole de
ays, its mass gradually de
reases while its 
har-a
teristi
 Hawking temperature in
reases. Sin
e the radiation spe
trumpeaks around the Hawking temperature, it is expe
ted that later emissionwill typi
ally be of higher energy than earlier emissions. The S
hwarzs
hildphase is the longest of the de
ay phases and is expe
ted to a

ount for themajority of the mass loss (60%) (11).4. Plan
k PhaseOn
e the mass of the bla
k hole (and/or its temperature) approa
hes thefundamental Plan
k s
ale MBH �MP the semi-
lassi
al des
ription breaksdown and the properties of the bla
k hole be
ome 
omplex and \stringy".A full-
edged theory of quantum gravity is required to fully understand theterminal stages of the bla
k hole de
ay. However it has been argued thatupon approa
hing the fundamental Plan
k mass the bla
k hole will de
ay
ompletely through the emission of a few quanta of the order of the Plan
ks
ale (12). Alternatively a stable reli
 may form (15).The various phases of the bla
k hole de
ay are s
hemati
ally shown in Figure1.5. It is important to note that the above mass loss estimates for the di�erentde
ay phases are all derived in four dimensions. In higher-dimensional spa
etime
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1.3 Higher-dimensional bla
k holesthese �gures may alter signi�
antly1. Further analyses are required to shed lighton the nature of the de
ay of higher-dimensional bla
k holes.Another point of interest is the relative proportion of emission to the bulk andto the brane. In (17) it is argued the bla
k hole de
ays primarily to modes on thebrane. Sin
e the wavelength 
orresponding to the Hawking temperature is largerthan the size of the bla
k hole (� = 2�TH = 8�2n+1rS), the bla
k whole may be viewedas a point radiator emitting mostly s-waves. Be
ause only the radial 
oordinateis a

essible to the bla
k hole it does not make use of any additional angular bulkmodes. Consequently bla
k holes de
ay equally in all modes, both in the bulk andthe brane. In the simplest ADD model, SM �elds are 
on�ned to the brane andonly gravitonspropagate in the bulk. Hen
e the number of available modes foremission on the brane ex
eeds the number of modes available for bulk emission.The majority of the mass loss is therefore expe
ted to take pla
e through theemission of visible Standard Model parti
les on the brane.Apart from the spin-down and S
hwarzs
hild phases2, the dynami
s of thebla
k hole de
ay is poorly understood. The remainder of this thesis will 
on
ernitself only with the S
hwarzs
hild phase. The 
hara
teristi
s of this phase isdis
ussed in Se
tion 1.3.3.2.1.3.3.2 The S
hwarzs
hild de
ay phaseBla
k hole mass loss in the S
hwarzs
hild phase o

urs through the Hawking evap-oration me
hanism (18). The pro
ess of Hawking radiation may be understoodin terms of the 
reation of virtual parti
le pairs 
lose to the bla
k hole horizon.The parti
le with positive energy es
apes the gravitational pull of the bla
k hole,while its partner 
arrying the same magnitude \negative" energy is absorbed bythe bla
k hole thereby de
reasing the mass of the latter by the same amount
arried away by es
aping parti
le. As already mentioned, the resulting bla
k holeradiation spe
trum is bla
kbody-like and des
ribed by the 
hara
teristi
 Hawkingtemperature (1.26).1It has been argued that, depending on the impa
t parameter and dimensionality of spa
e-time, the mass loss through gravitational radiation during initial balding may be as high as55% of the total energy (11).2These two phases are often 
olle
tively referred to as the Hawking evaporation phase.
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1.3 Higher-dimensional bla
k holesThe energy spe
trum1 for a higher-dimensional spheri
ally symmetri
 bla
khole is given by: dE(s)(!)dt =Xj �(s)j;n(!) ![exp(!=TH)� 1℄ dn+3k(2�)n+3 (1.28)In the above, s is the spin of the degree of freedom emitted by the bla
k holewhile j is its angular momentum quantum number. The denominators 
ontain aspin statisti
s fa
tor whi
h is -1 for bosons and +1 for fermions. Massless parti
les(jkj = !) redu
e the phase-spa
e integral to an integral over the parti
le energy!. For massive parti
les (jkj2 = !2 �m2) however, the rest mass appears in theenergy ! in the denominator to the e�e
t that a Hawking temperature TH � mis required for the emission of a parti
le with rest mass m.As the de
ay progresses the bla
k hole mass de
reases and its Hawking tem-perature rises. The radiation spe
trum is therefore expe
ted to harden, su
h thatlater emission will typi
ally be more energeti
. This time-evolution of TH(t) as-sumes the validity of the so 
alled quasi-stationary de
ay model, where the bla
khole has time to equilibrate at a new temperature between su

essive emissions.By 
ontrast, the rapid de
ay approximation (19) assumes that TH remains �xedthrougout the de
ay.The term �(s)j;n(!) in Equation 1.28 distorts the bla
k hole radiation spe
trumfrom that of a perfe
t bla
kbody. Suitably, it is 
alled the greybody fa
tor. Thisfa
tor is seen to depend on the energy of the emitted parti
le (!), its spin (s),its angular momentum (j) and also dimensionality of spa
etime. The greybodymodi�
ation of the parti
le emission spe
tra may be understood in the followingqualitative terms:Unlike radiation emitted from a bla
kbody in 
at spa
etime, a parti
le emit-ted by a bla
k hole will ne
essarily have to traverse a very strong gravitationalba
kground before rea
hing the observer at in�nity. The number of parti
les su
-
essfuly rea
hing in�nity (and hen
e also the radiation spe
trum) will depend onthe energy of the propagating parti
le and the shape of the gravitational barrierit has to traverse.1The energy emitted per unit time, derived from the number of parti
les emitted 
ombinedwith the energy they 
arry.
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1.3 Higher-dimensional bla
k holesParti
le dsQuarks 72Gluons 16Charged leptons 12Neutrinos 6Photons 2Z0 2+1W� 4+2Higgs 1TOTAL 118Table 1.9: Degrees of freedom (ds) asso
iated with elementary parti
les of theSM.The greybody fa
tors then signify the transmission 
ross-se
tion for a parti
lepropagating in the gravitational ba
kground surrounding the bla
k hole, or inother words represent the probability for parti
le transmission through 
urvedspa
etime outside the bla
k hole horizon. The greybody fa
tor will yield slightlydi�erent spe
tra for di�erent parti
le spe
ies, moreover its dependen
y on thenumber of extra dimensions entails information on the spa
etime stru
ture sur-rounding the bla
k hole. Higher-dimensional greybody fa
tors have re
ently been
omputed, the pro
edure for whi
h is des
ribed in (11) and (6).It is important to note that it is the individual degrees of freedom rather thanelementary parti
les that enter Equation 1.28, the latter of whi
h may 
ontainmore than one polarization. Table 1.9 lists the number of degrees of freedomasso
iated with SM parti
les1, where for ea
h of the massive gauge bosons oneof the degrees of freedom 
ome from the Higgs me
hanism (6). The relativeproportions and energies of di�erent elementary parti
les emitted by the bla
khole 
an then be 
omputed by 
ombining the ne
essary degrees of freedom withtheir 
orresponding 
ux/power spe
tra (6).1Table 1.9 does not take the possible existen
e of right-handed neutrinos into a

ount.
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1.3 Higher-dimensional bla
k holes1.3.4 Experimental SignaturesThe bla
k hole de
ay pro
ess des
ribed in 1.3.3 gives rise to 
hara
teristi
 ex-perimental signatures whi
h provide for the identi�
ation of bla
k hole events atthe LHC. These signatures are extensively dis
ussed in (16). Some of the mostdistin
tive experimental features of bla
k hole events at 
ollider experiments arelisted below:� Large Produ
tion Cross Se
tionsBla
k hole produ
tion enjoys unusually large 
ross se
tions for exoti
 pro-
esses. Be
ause the 
ross se
tion grows with energy (at a rate determinedby the dimensionality of spa
etime), this is parti
ularly true at high ps.� Ratio of hadroni
 to leptoni
 a
tivity of roughly 5:1The Hawking evaporation gives a ratio of hadroni
 to leptoni
 a
tivity ofapproximately 5:1. Bla
k hole events will exhibit only a very small fra
tionof missing energy in the dete
tor.� Large multipli
ityBla
k hole events are typi
ally 
hara
terised by large multipli
ities withmany hard jets and hard prompt leptons.� High spheri
itySin
e most bla
k holes are believed to be produ
ed with only a moderateboost fa
tor in the laboratory frame, bla
k hole events are expe
ted toexhibit highly spheri
al topologies1.� High ETThe total energy deposited is a 
onsiderable fra
tion of the beam energy.The high spheri
ity of bla
k hole events implies visible transverse energy ofthe order � 13 of the total deposited energy2 (12).1Complete spheri
ity is only a
hieved in events 
orresponding to the 
ompletely inelasti

ollision ij ! BH produ
ing a non-spinning bla
k hole at rest in the laboratory frame.2In 
ompletely spheri
al events the transverse energy a

ounts for 12 of the total energy.
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1.3 Higher-dimensional bla
k holes� Suppression of hard perturbative s
attering pro
essesBla
k hole produ
tion at high energies is a non-perturbative pro
ess whi
hsuppresses hard perturbative s
attering pro
esses by 
loaking the latter be-hind the event horizon formed during 
ollision. (Su
h a suppression shouldbe
ome visible in e.g Drell-Yan or two jet 
ross se
tions at transplan
kianenergies (12).)Based on the above 
hara
teristi
s of bla
k hole events at high energy 
olliders,experimental 
uts have been proposed to sele
t bla
k hole events with negligibleStandard Model ba
kground. The experimental 
uts employed in this analysisare dis
ussed in Se
tion 4.3.2.

31



Chapter 2Experiment
2.1 The Large Hadron ColliderWhen 
ompleted, the Large Hadron Collider (LHC), 
urrently under 
onstru
tionat the CERN laboratory near Geneva, will be the most powerful parti
le a

el-erator to date. Two operative modes are forseen, one using protons as 
ollidingparti
les, the other heavy ions. Only the former is 
onsidered in this thesis.With the intent to advan
e our understanding of fundamental physi
s and 
on-strain existing theoreti
al models, the LHC will 
ollide proton-on-protons witha 
enter of mass energy of 14 TeV. To a
hieve su
h high 
ollision energies, thefull 
hain of a

elerators at CERN is employed (2.1). The protons are initiallyextra
ted from hydrogen gas using a deoplasmatron and subsequently a

eleratedto energies of 50 MeV in the LINAC2 linear a

elerator. The protons are thengiven an additional boost to 1.4 GeV in the Proton Syn
hrotron Booster (PSB)before inje
tion into the Proton Syn
hrotron (PS) 
omplex. The PS \groups"the protons into bun
hes of nb � 1011 protons. Separated by � 25 ns, ea
h bun
his a

elerated to 25 GeV and passed on to the Super Proton Syn
hrotron (SPS)where the energy is in
reased further to 450 GeV. Finally, the proton bun
hesare inje
ted into the LHC ring to form two 
ounter rotating beams of 7 TeV. Thebeams are made to 
ollide at four di�erent points along the ring around whi
hdi�erent dete
tor installations are 
onstru
ted. The ATLAS and CMS dete
torsare general-purpose experimens with wide physi
s programmes, while LHCb andALICE are dedi
ated to B-physi
s studies and heavy ion physi
s, respe
tively.
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2.1 The Large Hadron ColliderThe work in this thesis is performed within the framework of the ATLAS exper-iment. The ATLAS dete
tor is therefore des
ribed in greater detail in Se
tion2.2.With a bun
h frequen
y of fb � 40 MHz and transverse spread �b � 16�m, theLHC is designed to operate at a luminosity ofL = 14� �n2b�2b � fb � 1034
m�2s�1 (2.1)This is orders of magnitude higher than any previous or 
urrent a

elera-tors1. (In the �rst three years of running, during the \low luminosity phase", theLHC will operate at �1033
m�2s�1). The LHC design luminosity 
orrespondsto a staggering 109 events produ
ed per se
ond, a small fra
tion of whi
h will
orrespond to hard s
attering intera
tions between two partons of the in
omingprotons, as shown in Figure 2.2.The 
olliding partons (A,B) ea
h 
arry a fra
tion of the proton momentum(xa,xb), and hen
e 
ollide at 
enter of mass energies pŝ = pxaxbs < 14 TeV.In order to produ
e a 5 TeV obje
t, the 
olliding partons must therefore ea
h
arry a momentum fra
tion x �0.35 (20). The momentum fra
tion 
arried bythe 
onstitutent partons at a given momentum transfer Q2 is di
tated by theparton distribution fun
tions. The CTEQ5M parton distributions is shown as afun
tion of x in Figure 2.32. Hard s
attering events at the LHC are dominatedby the produ
tion of QCD jets, and these provide a 
hallenging ba
kground tomany interesting signals at the LHC, in
luding bla
k hole events.The large majority of events at the LHC will however not be hard s
atteringevents, but rather so 
alled \soft events" resulting from large distan
e intera
-tions, where the 
olliding parti
les are s
attered at small angles and most of the
ollision energy is lost down the beamline. Su
h events are 
alled minimum biasevents and though they are largely unintersting from a theoreti
al point of view,they still present a formidable 
hallenge to the experimental apparatus. A bla
khole event produ
ed in a given bun
h 
rossing will on average be overlapped by25 minimum bias events, an e�e
t known as pile up. In order to study bla
k holes1By 
omparison, the Tevatron (p�p 
ollider) delivers peak luminosities of � 1032 
m�2s�12Note that CTEQ5L, rather than CTEQ5M have been used in the analyses presented inthis thesis.
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2.1 The Large Hadron Collider

Figure 2.1: The CERN a

elerator 
omplex. (From CERN webpages).
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2.1 The Large Hadron Collider

Figure 2.2: Hard s
attering pro
ess at the LHC (20).
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2.2 The ATLAS dete
torat the LHC, the bla
k hole events must not only be distinguished from the QCDba
kground, but must also be \extra
ted" from pile-up. Pile-up e�e
ts impa
tthe design of the LHC dete
tors in a threefold way:� fast response times are required to avoid integrating over serveral 
onse
u-tive bun
h 
rossings and thereby in
rease pile-up� �ne readout granularity is required to allow for the separation of signal andpile-up� radiation hard material is required to withstand the high 
ux of parti
lesfrom both hard s
attering and pile-up.The rest of this 
hapter will dis
uss the design of the ATLAS dete
tor in moredetail.2.2 The ATLAS dete
torThe ATLAS dete
tor is a general purpose dete
tor designed to take full advan-tage of the physi
s potential at the LHC. Its ambition is to operate at full LHCluminosity (1034
m�2s�1) and provide pre
ision measurements over a range ofdi�erent physi
s 
hannels. The ATLAS physi
s program has a wide s
ope andin
ludes:� Various Higgs bosons sear
hes and exploration of ele
troweak symmetrybreaking.� Sear
hes for physi
s beyond the Standard Model, su
h as SUSY and extradimension s
enarios.� Pre
ision measurements of the t quark and W boson masses, in
ludingele
troweak gauge boson 
ouplings.� QCD measurements of �S and parton distribution fun
tions over a large Q2range
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2.2 The ATLAS dete
tor

Figure 2.4: Cutaway view of the ATLAS dete
tor revealing its various subdete
-tors (From (22)).� B-physi
s studies in
luding pre
ision measurements of CP-violatingB-mesonde
ays.The study of the above physi
s is performed by identifying and measuringrelevant properties of de
ay produ
ts registered in the ATLAS dete
tor and �nallyinterpreting these measurements within the 
ontext of the theoreti
al model ofinterest.Figure 2.4 shows a 
utaway view of the ATLAS dete
tor with its three prin
i-pal subdete
tors: a tra
king 
hamber (Inner Dete
tor) 
losest to the beam pipesurrounded by 
alorimeters and �nally a muon spe
trometer in the outermostlayer. A brief des
ription of ea
h of these dete
tor subsystems is given below.In addition, ATLAS possesses two super
ondu
ting magnet systems; a 
entralsolenoid providing a 2 T magneti
 �eld to the Inner Dete
tor and several air-
ore toroids operating in the muon spe
trometer. All in all, the ATLAS dete
tormeasures a stunning 44 m in length and 22 m in diameter.
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2.2 The ATLAS dete
tor2.2.1 ATLAS GeometryATLAS is roughly 
ylindri
ally symmetri
 about the beamline and 
entered atthe intera
tion point, with the z-axis de�ned by the beam dire
tion. The x-axispoints from the intera
tion point to the 
entre of the LHC ring with the y-axispointing upwards. The 
ylindri
al symmetry renders a R; �; z 
oordinate systemmore 
onvenient, where R measures the transverse distan
e from the beamlineand � measures the azimuthal angle around the beam. The polar angle � isthen measured as the angle from the beam axis, allowing for a de�nition of thepseudorapdity � = � ln � tan � �2��. Parti
le momenta are 
ommonly des
ribed bythe �; �; and pT 
oordinates, where the latter re
e
ts the parti
le's momentumin the transverse plane, pT =pp2x + p2y.2.2.2 The Inner Dete
torPla
ed in the inner regions of the ATLAS dete
tor, the Inner Dete
tor (ID) isdesigned for high-pre
ision tra
k and vertex re
onstru
tion of 
harged parti
les,measuring both primary and se
ondary verti
es. In addition, the ID will pro-vide measurements of parti
le momenta and 
harge and 
ontribute to parti
leidenti�
ation. This tra
king e�ort requires numerous pre
ision measurements ofa parti
le's positions along its tra
k. For these points to allow for a

urate re-
onstru
tion, all the individual a
tive elements must in turn be able to dete
tparti
les with high eÆ
ien
y. Fine granularity (and low o

upan
y) dete
tormodules ensures eÆ
ient re
onstru
tion of a given hit pattern into tra
ks.The typi
al LHC intera
tion is expe
ted to yield a very high tra
k densityin the regions 
lose to the intera
tion point. The high multipli
ity 
hara
ter ofbla
k hole de
ays makes eÆ
ient and a

urate tra
k re
onstru
tion all the moreimportant (Figure 2.5). However, the ID introdu
es material between intera
tionpoint and the surrounding 
alorimetry system. A

urate tra
king thus 
omesat the 
ost of degraded energy measurements. Consequently the total numberof pre
ision layers in the ID is restri
ted by the 
on
i
ting desires for a

urateenergy measurements and high-pre
ision tra
king.The ID 
omprises three subsystems:
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2.2 The ATLAS dete
tor

Figure 2.5: Simulation of a BH event showing the high tra
k density in theATLAS Inner Dete
tor region. The Pixel Dete
tor is marked in turqoise, theSCT in orange and the TRT in purple (X-Y proje
tion).
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2.2 The ATLAS dete
tor� The Sili
on Pixel Dete
tor� The Semi
ondu
tor Tra
ker� The Transition Radiation Tra
kerea
h of whi
h 
onsists of a 
entral \barrel" region with two \end
aps" atlarger jzj (Figure 2.6). Furthermore, all three subsystems are spe
ially designedto endure the very high radiation levels su�ered in the ID region. The entiresystem forms a 
ylindri
al volume (7 m � 1.5 m) 
ontained within a solenoidalmagneti
 �eld of 2T dire
ted along the beam axis. Tra
ks of 
harged parti
lespassing through the dete
tor will 
onsequently be bent into the transverse plane.Brief mention of the subdete
tors is given below.2.2.2.1 The Pixel Dete
torThe Pixel Dete
tor provides high-pre
ision tra
king and vertexing in regions 
loseto the intera
tion point. It determines impa
t parameters whi
h in turn help toidentify parti
les produ
ed at se
ondary verti
es as daughters of b-quarks and� -leptons1.The 
lose proximity to the intera
tion point and the high o

upan
y envi-ronment requires radiation hard dete
tors and read-out ele
troni
s. The PixelDete
tor barrel 
omprises three 
on
entri
 
ylindri
al layers, the innermost at aradius of 5 
m. Five disks on either side of the barrel form the barrel end
aps,providing angular 
overage out to j�j=2.5. A parti
le tra
k with j�j <2.5 willtherefore be pre
isely measured in three a
tive layers. Both barrel and end
apsare made up of modules of size 62.4 mm � 21.4 mm. The sensitive part of themodule is a sili
on wafer instilled with 61 440 50 pixel elements with dimensions�m� 350 �m. The entire system 
omprises more than 2000 su
h modules, provid-ing the high density of a
tive elements required for tra
king in a high o

upan
yenvironment.1b-tagging/� -tagging
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2.2 The ATLAS dete
tor2.2.2.2 The Semi
ondu
tor Tra
kerNot unlike the Pixel Dete
tor, the the Semi
ondu
tor Tra
ker (SCT) measuresparti
le positions by dete
ting ele
tri
al 
harges liberated by 
harged parti
lespassing through a sili
on diode. While its te
hnology is similar to that of thePixel Dete
tor, its design is modi�ed by its operation at larger radii with lowertra
k densities. At the SCT distan
e from the beam pipe, a measurement of �yields a higher pT resolution than would a measurement of � (23). Lower tra
kdensities and greater area of 
overage favours sili
on mi
rostrip dete
tors withfewer read-out 
hannels and less material than found in the Pixel Dete
tor.The SCT barrel 
omprises four 
entral layers and two end
aps, the lattermade from wedge-shaped modules. The modules of the SCT barrel are madeup from sili
on wafers instilled with 768 read-out strips of 6 
m aligned alongj�j and arrayed in � at a 80 �m pit
h. Ea
h module 
onsists of four one-sidedp-n dete
tors (sili
on wafers) bonded ba
k-to-ba
k in pairs. The dete
tor (wafer)pairs in a module are pla
ed one above the other, with the upper wafer misalignedby a 40 mrad stereo angle w.r.t. the lower wafer to provide some resolution in �(Figure 2.8). Inside the SCT barrel, the strips of the ba
k plane (lower wafers)are pla
ed parallel to the beam axis. The R-� 
omponent is then a

uratelymeasured from the hit strip while the se
ond tra
k 
oordinate is determined fromthe slight misalignment of the two dete
tor planes.All in all, the SCT will provide eight pre
ision measurements of ea
h tra
k,thereby 
ontributing to momentum, impa
t parameter and vertexing measure-ments.2.2.2.3 The Transition Radiation Tra
kerThe Transition Radiation Tra
ker o

upies the bulk of the ID volume. It is adrift tube system designed to provide numerous measurements of 
harged parti
lepostions and to 
ontribute to their identi�
ation.The TRT is a gas �lled straw dete
tor 
omprising over 370 000 
ondu
tingstraws, ea
h of whi
h 
onsists of a thin wire anode immersed in a Xe/O2/CO211The original proposal(22) involved a Xe=CH4=CO2 gas mixture. This has sin
e beenmodi�ed (24).
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2.2 The ATLAS dete
tor(70:20:10) gas mixture. Aluminium straw walls a
t as 
athodes. A potential dif-feren
e of 1.6 kV is maintained between wire and straw to 
olle
t 
harge liberatedby 
harged parti
les passing through the gas mixture.The spa
e between the straws is �lled with polypropylene/polyethylene �bres,a medium with abruptly varying refra
tive index. Traversing ele
trons emit tran-sition radiation (soft x-rays) dete
table in the straw tubes. Using a lower 
harge
olle
tion threshold for suÆ
iently ionising parti
les and a higher threshold forele
trons and asso
iated transition radiation, the TRT is able to perform elemen-tary parti
le identi�
ation tasks su
h as dis
riminating ele
trons from pions.The TRT 
omprises roughly 5300 axially oriented straws in the barrel and320000 radially oriented straws in the end
aps. Hen
e a parti
le with j�j <2.5(and pT >0.5 GeV) will 
ross an average of 36 straws generating 36 low energy hitsper tra
k. The large number of measurements 
ompensates for redu
ed pre
isionand fa
ilitates improved tra
king and momentum resolution.2.2.3 ATLAS CalorimetryThe ATLAS 
alorimetry measures ele
tron, photon and jet energies by 
ompletelystopping in
ident parti
les and measuring the energy loss of the de
elerationpro
ess. It also 
ontributes to EmissT measurements and triggering.Parti
les in
ident on the 
alorimeters lose energy through various pro
esses
reating a shower of low energy parti
les whose energy is measured by the 
alorime-ters. The total energy of a shower is equal to that of the in
ident parti
le. A
-
urate EmissT measurements therefore rely on a hermeti
ally sealed 
alorimetersystem.ATLAS will make use of only sampling 
alorimeters. The deposited energyis measured in a
tive layers interleaved with dense absorber layers. The energyfra
tion deposited in the a
tive layer is used to determine parti
le energies, whilethe absorbers are used to bring parti
les to a hault.Bla
k hole events are typi
ally 
hara
terized by a large number of energeti
parti
les and low missing energy. A

urate measurements of jet, ele
tron andphoton energies are essential for an a

urate bla
k hole re
onstru
tion (Figure2.12).
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2.2 The ATLAS dete
tor

Figure 2.6: The ATLAS Inner De-te
tor (From ATLAS webpages). Figure 2.7: Cutaway view of thePixel Dete
tor revealing its three a
-tive layers (From ATLAS webpages).

Figure 2.8: An SCT module witha stereo rotation of the upper wafer(From ATLAS SCT webpages). Figure 2.9: The TRT end
ap withradially oriented straws (From AT-LAS webpages).
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2.2 The ATLAS dete
torThe ATLAS 
alorimetry 
onsists of two subdete
tors,� The Ele
tromagneti
 Calorimeter (ECAL)� The Hadroni
 Calorimeter (HCAL)ea
h of whi
h are given brief mention below.2.2.3.1 The Ele
tromagneti
 CalorimeterEle
trons and photons are stalled sooner than hadrons. The Ele
tromagneti
Calorimeter therefore forms the innermost dete
tor of the ATLAS 
alorimetry.The barrel 
alorimeter 
ontains three sampling layers. Lead and liquid argon(LAr) are used as absorber and a
tive material, respe
tively. To ensure 
ontinuousazimuthal (�) 
overage and hermeti
ity, the absorber and a
tive layers in ea
hsampling are folded into an a

ordian geometry, a novel te
hnique �rst utilizedat large s
ale in ATLAS.The ID, solenoid and 
ryostat provide �2 radiation lengths of material infront of the main 
alorimeter. To 
orre
t for energy losses in material upstreamof the 
alorimeter, a presampler (j�j < 1.8) is pla
ed in front of the ECAL barrel.The preshower and �rst sampling enhan
e parti
le identi�
ation, providinggood �0=
 and e=� separation. Ele
trons are identi�ed by way of shower shapesand tra
k information from the ID.The se
ond sampling is transversely segmented into square towers sized 4��4� = 0.025� 0.025 (�4
m�4
m at �=0). The third sampling has a twi
e 
oarsergranularity.The high granularity region may be used to separate pions, ele
trons andphotons, while the 
oarser regions may assist in EmissT measurements and jetre
onstru
tion.2.2.3.2 The Hadroni
 CalorimeterThe Hadroni
 Calorimeter is designed to identify jets and measure their energyand dire
tion. In addition, it will perfrom EmissT measurements and enhan
e theparti
le identi�
ation 
apabilities of the ECAL by measuring leakage, et
.The HCAL may be divided into three subdete
tors,
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tor
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alorimetry (Adapted from (25)).
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2.2 The ATLAS dete
tor� The Hadroni
 Tile Calorimeter (j�j < 1:7)� The Hadroni
 End
aps (1:5 < j�j < 3:2)� The Forward Calorimeter (3:2 < j�j < 4:9)The Hadroni
 Tile Calorimeter 
overs the barrel and \extended barrel" re-gions and 
onsists of steel absorber plates interspersed with plasti
 s
intillatortiles. The s
intillating material emits light when traversed by in
oming radia-tion. The s
intillator light is 
olle
ted by photomultiplier tubes and 
onverted toele
troni
 signals. The Tile Calorimeter is divided into two se
tions, the barrel(j�j < 1) and the \exteded barrel" (0:8 < j�j < 1:7) separated by a small gapto allow for feed-out of ele
troni
s from the inner regions of ATLAS. The s
in-tillator tiles are subdivided into 
ells arranged nearly 
onstant in � and pla
edperpendi
ularly to the beamline.The end
aps are required to withstand higher radiation levels than the bar-rels. The Hadroni
 End
aps therefore 
onsist of parallel 
opper absorber plates�lled with LAr. The Forward Calorimeter fa
e the highest radiation levels andis therefore made up of three dense 
ompartments: one Cu and two tungstenabsorber matri
es with regularly spa
ed high-voltage rods subsumed in groundedtubes. The rods are separated from the tube walls by a thin a
tive layer of LAr.It measures high-rapidity (3:2 < j�j < 4:9) hadroni
 and ele
tromagneti
 a
tivity,thereby 
ontributing to pmissT and forward jet dete
tion.The HCAL must be of suÆ
ient thi
kness to 
ontain hadroni
 showers andredu
e leakage into the muon system to a minimum. At �=0 the thi
kness totals11 intera
tion lenghts (�) (�2 m) where �10� suÆ
es for a good high energyjet resolution. This thi
kness alongside its wide � 
overage will also enable theHCAL to provide good EmissT measurements.2.2.4 The Muon Spe
trometerThe ATLAS 
alorimeter is surrounded by the Muon Spe
trometer, designed toidentify muons and perform high-pre
ision muon momenta measurements. Muonsare relatively long-lived and heavy with no strong intera
tions, and thereforelose energy mainly by way of ionization pro
esses. Unlike the large majority of
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2.2 The ATLAS dete
tor

Figure 2.12: R-� proje
tion of a bla
k hole event in the ATLAS 
alorimetersystem. The presampler and ECAL are marked in green, while the hadroni

alorimeter is marked in red. A 
oarser granularity is 
learly observed in thelatter. The far left 
olumn shows simulated tra
ks in the ID region.
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2.2 The ATLAS dete
torparti
les, far rea
hing muons pass through the ATLAS 
alorimetry making themavailable for dete
tion in the Muon Spe
trometer.The Muon Spe
trometer is the largest of the ATLAS dete
tor subsystems.It is immersed in a toroidal magneti
 �eld sustained by 8 super
ondu
ting air
ore toroids arranged radially about the beam axis to produ
e a magneti
 �elddire
ted perpendi
ularly to the muon traje
tory. The resulting bending of themuon tra
ks improves the a

ura
y of the ID momentum measurements whi
hare limited by the relatively small size of the ID.Pre
ise determinations of muon momenta require measurements of tra
k po-sition in the bending plane of the magneti
 �eld. The muon spe
trometer's pre-
ision measurements therefore 
onsists of Monitored Drift Tube 
hambers (MDT)aligned symmetri
ally about the beamline in the barrel and verti
ally in the end-
aps.Closer to the intera
tion point and around the beamline (2< j�j <2.7), theMDTs are repla
ed by high-granularity multiwire proportional 
hambers with
athode strip read-out designed to 
ope with higher rates.Sin
e the drift tube 
harge 
olle
tion time ex
eeds the 25 ns LHC bun
hspa
ing, the Muon Spe
trometer requires an independent trigger system. Thetrigger system 
onsists of Resistive Plate Chambers in the barrel and Thin GapChambers (
athode strip) in the end-
aps, arranged so that a muon tra
k willpass through three su
h trigger 
hambers with positions optimized to mat
h thea

eptan
e of the pre
ision 
hambers. The trigger information may thereforesupplement the measurements of the pre
ision 
hambers with an extra 
oordinate(�) to assist in tra
k �tting and pattern re
ognition. The trigger system extendsout to j�j <2.4 and triggering is a
hieved with >6 GeV muons with a timeresolution of �4 ns. There is therefore ample opportunity to 
onne
t the eventto its 
orresponding bun
h 
rossing.2.2.5 The TriggerThe ATLAS dete
tor has a staggering � 108 ele
troni
 
hannels and a bun
h
rossing frequen
y of 40 MHz. If all events were read out this would yield 40terabytes of data per se
ond. This is an amount beyond our storage 
apabilities,
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2.2 The ATLAS dete
tor
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14161820 21012 468 mFigure 2.13: Side view of one quadrant of the muon spe
trometer (From (26)).moreover the speed at whi
h an event may be written to storage is only of theorder of 10 Hz. Clearly a fast and powerful event sele
tion is required, whi
h alsoretains ex
ellent eÆ
ien
y for rare new physi
s, in
luding bla
k hole events.The ATLAS Trigger is designed to remove minimum bias events to enable datastorage without loss of interesting physi
s. It redu
es the event rate by a fa
torof 107, thereby redu
ing the data rate from 40 TB/s to 100 MB/s. The triggersystem 
omprises three trigger levels of online event sele
tion. Ea
h subsequentlevel fa
es a lower event rate and 
an thus a�ord a higher level of sophisti
ationthan the previous level.The �rst level trigger (LVL1) redu
es the event rate from 40 MHz to lessthan 100 kHz using redu
ed granularity data from the 
alorimeter and muonspe
trometer. LVL1 looks for high pT leptons and photons, jets, � ! hadrons,large EmissT and �ET and passes the sele
ted events on to the next trigger level.The se
ond level trigger (LVL2) has the full pre
ision and granularity dataavailabe, in
luding tra
king data from the ID. However, it fo
uses on so 
alledregions-of-interest (RoI) presele
ted by LVL1, thereby redu
ing the data rate to�1 kHz.The third level trigger (Event Filter) terminates the online sele
tion pro
essand re
onstru
ts the 
omplete event, making use of all the total data set fromall the subdete
tors. Sophisti
ated algorithms based on physi
s 
riteria de
idewhether the event is to be kept or dis
arded. Sele
ted events are passed on forpermanent storage, along with the latest alignment and 
alibration data.
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Chapter 3Simulation SoftwareSimulation studies form a 
riti
al part of any experiment in high energy physi
s.They serve to guide the design and 
onstru
tion of dete
tors and provide thereferen
e required for a proper analysis of re
orded data, both before, during andafter the running of an experiment. To best serve their purpose, the simulationtools employed in an experiment like ATLAS are 
ontinually improved and 
ali-brated with experimental data.The simulation of physi
al pro
esses in ATLAS may be 
onveniently thought ofas a three stage pro
ess involving the event generation, dete
tor simulation andre
onstru
tion.The event generation is typi
ally handled by general-purpose Monte Carlo pro-grams and involves the \
onstru
tion" of events as seen by a perfe
t and 
awlessdete
tor, from the initial intera
tions of the 
olliding parti
les to the subsequentde
ay of new parti
les produ
ed, in
luding radiation emitted by both initial and�nal state parti
les.The response of the dete
tor to the event is simulated using a GEANT (27)based framework whi
h provides an extensive des
ription of the dete
tor designand geometry as well as the many di�erent intera
tions of parti
les with matterat the relevant energies. The stable parti
les of the generated event pass throughthis dete
tor and intera
t with its various parts leaving behind a trail of hits inthe tra
king devi
es and energy deposits in the 
alorimetry. From the hits anddeposits, the event is digitized and stored in the same format provided by theele
troni
 read-out of a real event.
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3.1 Event Generation: PYTHIAFinally the original event is re
onstru
ted from the digitized data. This pro
ess isinitially performed separately in ea
h subdete
tor where hits are translated into
harged tra
ks, parti
le momenta are determined, energy deposits are 
ombinedto form jets and so on. Finally the event is re
onstru
ted in its entirety by 
om-bining information from all the subdete
tors.While su
h detailed \full simulations" of parti
le passage through a dete
tor agreewell with experiment, they are typi
ally CPU intensive and very time-
onsuming1.For many studies it is legitimate to trade the full simulation with the less a

urate,but far more rapid, \fast simulation" whereby the detailed dete
tor simulation isex
hanged for a simpli�ed parametrization of the overall dete
tor performan
e.Indeed the relatively high statisti
s required in the this study, render fast simu-lations more appropriate.This se
tion provides brief des
riptions of the simulation tools employed in thisthesis: the PYTHIA (28) event generator, the CHARYBDIS (29) bla
k hole eventgenerator and the ATLFAST (30) fast simulation program.3.1 Event Generation: PYTHIAPYTHIA is a general-purpose Monte Carlo event generator whi
h in
ludes an ex-tensive library of subpro
esses, parton showering, underlying event simulationand hadronization. This ma
hinery is employed when simulating the evolution ofan event. The stru
ture of a typi
al generated LHC event is shown s
hemati
allyin Figure 3.1 with time ordering from bottom to top.Initially two protons are brought to 
ollide. One parton is resolved from ea
hof the protons at a s
ale Q and momentum fra
tion x di
tated by the partondistribution fun
tions (PDFs) f(Q; x). The two partons produ
e a heavy, shortlived state whi
h subsequently de
ays to lighter parti
les. This part of the eventis 
alled the hard subpro
ess and 
orresponds to the lowest order hard intera
tion.Sin
e the in
oming partons of the hard subpro
ess are 
oloured and 
harged,higher order QCD (/QED) e�e
ts su
h as gluon (/photon) radiation introdu
esigni�
ant 
ontributions to the event topology. These e�e
ts are implemented in1Pro
essing speeds are today in
reased with the advent of grid te
hnologies.
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3.1 Event Generation: PYTHIA

f(x,Q2) f(x,Q2)
Parton
Distributions
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Figure 3.1: The evolution of a generated event. See text for details. Adaptedfrom (31) and modi�ed.PYTHIA through the parton shower method, whereby the initial and �nal statepartons of the hard subpro
ess initiate a sequen
e of bran
hings a ! b
 (e.gq ! qg and q ! q
) whi
h evolves into a shower of partons. Showering initiatedby the in
oming partons is labeled initial state radiation (ISR), while showeringfrom �nal state partons is 
alled �nal state radiation (FSR). The in
oming partonsalso 
arry a small primordial transverse momentum (k?) a
quired from the motionof the partons in the original proton.After parton showering, the event 
ontains� hard �nal state partons� soft gluon and some quarks and photons from ISR and FSR� remnants of the 
olliding protons whi
h do not take part in the hard inter-a
tion and largely move in opposite dire
tions along the beam pipe.Colour 
on�nement requires all free quarks, antiquarks and gluons be groupedinto 
olourless, 
omposite hadrons. In the 
on�nement regime, perturbative
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3.2 Bla
k Hole Simulation: CHARYBDISQCD breaks down and various phenomenologi
al models1 are employed to group
oloured partons into hadrons. This pro
ess is known as fragmentation2 The pro-ton remnants are 
olour-
onne
ted to the hard subpro
ess and must therefore bein
luded in the fragmentation system of the rest of the event.In PYTHIA, fragmentation takes pla
e through a su

essful framework known asthe \Lund string fragmentation model". This model assumes a linear 
on�nementpotential where 
oloured partons are 
olour 
onne
ted by 
olourless obje
ts 
alledstrings. The string may be thought of as 
olour 
ux tube with a behaviour similarto that of a spring. The simplest system 
orresponds to a q�q pair moving apart,thereby in
reasing the potential energy of the string until it �nally breaks by theprodu
tion of a new q0�q0 pair resulting in two systems q�q0 and q0�q. The string-breaking terminates on
e all string pie
es have masses suÆ
iently small to preventfurther breakup and 
onvert into hadrons.The �nal step of the event generation involves the de
ay of unstable hadronsprodu
ed in the fragmentation pro
ess to lighter parti
les. In this pro
ess theaverage parti
le mass is de
reased, but the multipli
ity of parti
les signi�
antlyin
reased, leaving only parti
les that ultimately traverse the dete
tor, su
h asprotons, neutrons, pions, kaons, photons, ele
trons, muons, neutrinos and theirantiparti
les.3.2 Bla
k Hole Simulation: CHARYBDISBla
k hole produ
tion and de
ay is not in
luded in the library of subpro
essesprovided by general purpose event generators su
h as PYTHIA or HERWIG(32). Afew simple event generators have been developed for the purpose of simulating theprodu
tion and de
ay of miniature bla
k holes at hadron 
olliders. TRUENOIR(33)is one su
h a Monte Carlo pa
kage written as a plug-in module to PYTHIA3. It1These models 
ommonly make use of several non-physi
al parameters tuned to experimen-tal data.2This pro
ess is also often referred to as hadronization. In this thesis, hadronization under-stood as the 
ombination of fragmentation and subsequent de
ay of unstable parti
les.3I am indebted to K.Baker for providing me with the TRUENOIR 
ode.
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3.2 Bla
k Hole Simulation: CHARYBDISsimulates bla
k hole in the \rapid de
ay approximation" where the Hawking tem-perature remains �xed throughout the de
ay. The de
ay is assumed \demo
rati
",but required to 
onserve baryon and lepton numbers as well as 
olour.CHARYBDIS(29) is an improved bla
k hole event generator whi
h in
ludeshigher-dimensional greybody e�e
ts, time-evolution of the Hawking temperature,bla
k hole re
oil against emitted parti
les and lepton number violation. It simu-lates bla
k hole produ
tion and de
ay, and interfa
es to PYTHIA (or HERWIG) viathe Les Hou
hes a

ord (34) for parton showering, hadronization and de
ay. Thevarious features of the generator are des
ribed in greater detail below.3.2.1 Model and assumptionsCHARYBDIS (29) is a bla
k hole event generator whi
h uses a simpli�ed model ofbla
k hole produ
tion and de
ay whi
h may perhaps allow for an adequate simu-lation of bla
k hole events, despite the many un
ertainties that plague the theory.CHARYBDIS models bla
k hole produ
tion as a semi-
lassi
al pro
ess (MBH �MP )in a higher dimensional spa
etime with large extra dimensions (where R � rS).Bla
k holes are formed when two partons pass within the horizon radius of aS
hwarzs
hild bla
k hole set by their 
enter of mass energy pŝ:rS(pŝ) = 1p�MP �MBHMP � 1n+1  8� �n+32 �n + 2 ! 1n+1 (3.1)CHARYBDIS employs the semi-
lassi
al parton-level 
ross se
tion�̂(pŝ =MBH) = �r2S (3.2)thereby negle
ting the balding phase where a fra
tion of pŝ is expe
ted lostthrough the emission of gravitational radiation.CHARYBDIS attempts to model only the S
hwarzs
hild phase and treats onlynon-spinning bla
k holes. The energy spe
trum of the bla
k hole de
ay produ
tsis either greybody 
orre
ted or plain bla
kbody 1. The energy spe
trum of the1CHARYBDIS provides re
ently 
al
ulated greybody fa
tors and greybody modi�ed emis-sion probabilities.
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3.2 Bla
k Hole Simulation: CHARYBDISde
ay parti
les has a 
hara
teristi
 Hawking temperature TH :TH = n + 14�rS (3.3)whi
h is allowed to vary as the de
ay progresses to the e�e
t that later emis-sions will be more energeti
. If the time variation of TH is swit
hed on, TH isre
al
ulated after every emission. If it is swit
hed o� the initial Hawking tem-perature is maintained throughout the de
ay (35). The time evolution of THpresumes the validity of a quasi-stationary approa
h to the bla
k hole de
ay,whereby after ea
h parti
le emission, the bla
k hole has time to equilibrate at anew temperature before emitting a new parti
le 1.CHARYBDIS also implements the re
oil of the bla
k hole against emitted parti-
les. The bla
k hole re
oil leaves subsequent emissions in a boosted frame, moreso in the later stages of the de
ay as the bla
k hole gets lighter.The bla
k hole de
ays to all SM parti
les in
luding the Higgs boson2 3. Anymass loss through emission of gravitons or other non-SM parti
les is negle
ted.If greybody e�e
ts are swit
hed o�, parti
les are sampled from a bla
kbody spe
-trum and the probability of emitting a given parti
le spe
ies is di
tated by theasso
iated degrees of freedom (see Table 1.9). If greybody e�e
ts are swit
hed on,parti
les are emitted a

ording to greybody modi�ed emission spe
tra and prob-abilities. Thus far the de
ay may be regarded \demo
rati
", however 
onstraintsarise from various 
onservation laws.To 
onserve overall 
harge, the 
harged parti
les emitted are sele
ted in su
ha way that the magnitude of the bla
k hole 
harge de
reases. CHARYBDIS also
onserves baryon number, even though bla
k hole de
ays may involve baryonnumber violation. Colour 
harge is also 
onserved. Lepton number however, isviolated.Although CHARYBDIS does not model the �nal Plan
k phase, it provides vari-ous options for terminating the bla
k hole de
ay pro
ess. The termination of thede
ay is 
ontrolled by the swit
h KINCUT. If KINCUT is swit
hed on, the de
ay is1(6) indi
ates that the quasi-stationary approa
h may be invalid for n � 3.2Throughout this analysis, the mass of the Higgs boson is set to 130 GeV.3The produ
tion spe
tra of heavy parti
les may be unreliable if the parti
le rest massex
eeds the initial Hawking temperature (29).
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3.2 Bla
k Hole Simulation: CHARYBDIS
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Figure 3.2: The CHARYBDIS-PYTHIA bla
k hole de
ay model. Two partons (p1 andp2) are resolved from the 
olliding protons. After ISR emissions, the two partons (p01 and p02)
ollide to form a bla
k hole BHGEN . The generated bla
k hole emits a SM parti
le through thepro
ess BHGEN ! BH 0 +X1, thereby de
reasing its mass to MBH0 < MBHGEN . This pro
ess
ontinues until the mass of the bla
k hole drops below the Plan
k mass MBH < MP . At thispoint a 2-body de
ay is performed on the bla
k hole remnant BHREM . The de
ay produ
tsX1; X2; :::; Xi; Xi+1 are �nally passed on to PYTHIA for showering and hadronization.terminated when the energy 
hosen for the emitted parti
le is ex
luded by thekinemati
s of a two-body de
ay. If it is swit
hed o�, parti
les are emitted a

ord-ing to the spe
i�ed energy spe
trum until the bla
k hole mass MBH drops belowthe Plan
k mass. The latter option is used in all analyses presented in this thesis.Upon termination, an isotropi
 NBODY de
ay is performed on the remnant,where parti
les are 
hosen a

ording to the same probabilities used in the �rstpart of the de
ay. The parameter NBODY may be set between 2 and 5. If theparti
les sele
ted for the NBODY de
ay 
onserve overall 
harge and baryon numberthe de
ay is a

epted; otherwise a new set of parti
les are sele
ted. If 
harge andbaryon number is not 
onserved after NHTRY sele
tions the whole de
ay is reje
tedand a new de
ay generated. If the whole de
ay fails after MHTRY attempts, thewhole bla
k hole state is dis
arded and a new state is generated.A two-body de
ay (NBODY=2) of the bla
k hole remnant is used throughoutthis analysis.The CHARYBDIS de
ay model employed in this thesis is s
hemati
ally illus-trated in Figure 3.2.
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3.2 Bla
k Hole Simulation: CHARYBDIS3.2.2 Swit
hes and 
ontrolsCHARYBDIS provides the user with several parameters and swit
hes to 
ontrol themodeling of the bla
k hole produ
tion and de
ay. These features are detailedin (29). For ease of referen
e, a few of the parameters and swit
hes frequentlyreferred to in this analysis are summarized in Table 3.11. (Note that the param-eters MPLNCK and MINMSS allow the user to stipulate the region of validity for thesemi-
lassi
al 
ross se
tion given by Equation (3.2)).Swit
h Des
ription ValueMINMSS Minimum bla
k hole mass MminBH xMAXMSS Maximum bla
k hole mass MmaxBH 14000 GeVMPLNCK Fundamental Plan
k mass MP xTOTDIM Total number of dimensions xTIMVAR Time evolution of TH xGRYBDY Greybody e�e
ts xKINCUT Kinemati
 
ut-o� on de
ay .FALSE.NBODY Number of to whi
h remnant de
ays 2Table 3.1: Swit
hes that govern the produ
tion and de
ay of the generated bla
kholes. Values given are �xed throughout the analysis. If the parameters arevaried, an x is given instead.3.2.3 Running CHARYBDIS with PYTHIACHARYBDIS relies on PYTHIA for showering, hadronization and de
ays and inter-fa
es to the latter through the Les Hou
hes a

ord. A Les Hou
hes 
ompliantversion of PYTHIA is therefore required for simulating bla
k holes with CHARYBDIS.An error in PYTHIA 6.225 (Les Hou
hes 
ompliant) disturbed the interfa
eto CHARYBDIS disrupting simulations of high multipli
ity event topologies. Aftersome investigation, the error was found to originate in the PYTHIA subroutine1For all remaining CHARYBDIS parameters not mentioned above, default settings as de-s
ribed in (29) are used throughout this thesis.
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3.2 Bla
k Hole Simulation: CHARYBDIS
(Initialization)

(Run) (Interface)

(ntupple)

PYTHIA / HERWIGCHARYBDIS

HEPRUP

ATLFNTUP

ATLFEVNT

ATLFAST

Les Houches

Interface

HEPEUP

Figure 3.3: The CHARYBDIS interfa
e to PYTHIA.PYSHOW and the bug-�x has later been implemented in PYTHIA versions 6.226 andabove1. This se
tion summarizes the work done to ensure a stable interfa
e.Communi
ation between CHARYBDIS and PYTHIA o

urs in two steps. Firstupon initialization to establish the basi
 parameters of the run, then for ea
h newevent transferred from CHARYBDIS to PYTHIA. These two steps 
orrespond to twodistin
t Fortran 
ommon blo
ks:HEPRUP: 'User Pro
ess' Run Common Blo
kHEPEUP: 'User Pro
ess' Event Common Blo
kboth of whi
h are des
ribed in detail in (34). The 
ommon blo
ks have asso-
iated dummy routines UPINIT and UPEVNT whi
h are 
alled from PYTHIA. Thesesubroutines then �ll their 
orresponding 
ommon blo
k with information drawnfrom the output of CHARYBDIS. After the bla
k hole de
ay, the hard subpro
essinformation is written into the HEPEUP 
ommon blo
k and passed on to PYTHIAfor showering and hadronization.When the lower mass (MINMSS) of the generated bla
k holes was set to a valuedi�erent from the Plan
k mass (MPLNCK), e.g.:1I am indebted to T.Sj�ostrand for help and assistan
e on running CHARYBDIS withPYTHIA.
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3.2 Bla
k Hole Simulation: CHARYBDISMPLNCK = 1000.0D0MINMSS = 5000.0D0PYTHIA eventually aborted the simulation with the error message1:Error type 2 has o

ured after 48 PYEXEC 
alls:(PYPREP:) 
olour rearrangement failedExe
ution will be stopped after listing of last event!The problem was not observed when MPLNCK and MINMSS were set to the samevalue. Another interesting point of observation was that the abortion did noto

ur when generating events with a large number of extra dimensions. Both theredu
tion in bla
k hole mass (with respe
t to the Plan
k mass) and an in
rease inthe number of extra dimensions, result in a redu
tion in average parti
le multipli
-ity. 2 This observation led to the suspi
ion that PYTHIA fails to handle the largenumber of primary partons produ
ed in bla
k hole events. However, while LesHou
hes 
ompliant Pythia 6.200 restri
ted the number of outgoing parti
les to7, PYTHIA versions 6.220 and above should ideally fully support the Les Hou
hesa

ord and allow the user-de�ned system to 
ontain upto 80 new parti
les. MostCHARYBDIS events do not ex
eed 25 parti
les.To 
he
k for the number of parti
les produ
ed in the event PYTHIA fails tohandle, a 
all to PYLIST(7) was introdu
ed in the CHARYBDIS subroutine CHEVNTin order to obtain a listing of the bla
k hole de
ay produ
ts as they are fed intothe HEPEUP event re
ord. These listings are reprodu
ed in Appendix BTwo points of 
omment are in order:1. The de
ay produ
ts in lines 33 and 34 of the �nal event listing (beforeaborting simulation) point to the top quark in line 20. The 
orre
t de
ayprodu
ts of the top enter lines 25 and 26.2. The entries of the HEPEUP 
ommon blo
k enter the �nal PYTHIA listingafter line number 4. While the mass values are identi
al, the four-momenta1The pre
ise event that PYTHIA failed to handle would ne
essarily depend upon the initialrandom generator seed used.2I am indebted to P.Ri
hardson for his 
omments and dis
ussion.
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3.2 Bla
k Hole Simulation: CHARYBDISISR (MSTP(61)) on o� o� on on o� o� onFSR (MSTP(71)) on o� on o� on o� on o�k? (MSTP(91)) on o� on on o� on o� o�Simulation Abort Run Hang Run Hang Run Abort Run4-momenta mat
h No Yes N/A No N/A No Yes NoTable 3.2: E�e
ts of swit
hing o� ISR, FSR and primordial k?sometimes di�er by > 100 GeV (e.g. the �+ in line 11). (A similar o�set invalues was observed when 
omparing a PYLIST(7) and PYLIST(1) for anevent that runs).The errati
 behaviour in mother-pointers was found to owe itself to in
onsis-tent do
umentation. It is as
ribed to a PYTHIA bookkeeping error that does notrelate to the error messages issued. The solution is implemented in PYTHIA 6.224.The o�set in the four-momenta are attributable to the e�e
ts of ISR, FSR, andprimordial k?. Expli
itly swit
hing o� these e�e
ts (MSTP(61)=0, MSTP(71)=0and MSTP(91)=0) 
ause the �nal PYTHIA four-momenta listings to agree pre
iselywith the input values. Moreover, it avoids the 
rash and no error messages areprodu
ed. The listings are reprodu
ed in Appendix B.The individual and 
ombined e�e
ts of ISR, FSR and primordial k? are sum-marized in Table 3.2. Table 3.2 indi
ates that the �nal PYTHIA four-momentamat
h the input values from HEPEUP only when ISR and k? are both swit
hedo�. This is expe
ted sin
e in PYTHIA the evolution of these is performed in \re-verse time-order"1. Moreover, PYTHIA aborts the simulation only when FSR isnot expli
itly swit
hed o�. A further 
urious point of observation is that the pro-gram 
omes to a halt without produ
ing error messages (\hangs") when eitherISR or k? are swit
hed o� and all other settings are left un
hanged.3.2.3.1 Compiler optimization levelIt was suggested that the problem of running CHARYBDIS with PYTHIA might relateto the optimization level of the 
ompiler or some other 
ompiler-related problem1The in
oming partons are sele
ted from PDFs whi
h in
lude ISR and primordial k? e�e
ts.ISR and k? e�e
ts are then implemented through a ba
kwards evolution algorithm.
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3.2 Bla
k Hole Simulation: CHARYBDISsu
h as e.g. the alignment of double pre
ision variables. Options were originallynot set to for
e optimization. An attempt was still made to relax optimizationfurther by lowering the optimization level of the f77 
ompiler from the defaultvalue -O3 to -O1 and -O0. No 
hanges were observed.3.2.3.2 Entry by EntryTo establish whether the sour
e of the problem originated in CHARYBDIS, theinterfa
e to PYTHIA or within PYTHIA itself, the 
ontents of the HEPEUP 
ommonblo
k of the event 
ausing the abortion was fed into PYTHIA entry-by-entry forsubsequent showering and hadronization. While the PYTHIA four-momenta didnot agree with the HEPEUP values to the last de
imal, the same event still ran 104times without aborting the simulation or produ
ing any error messages. Clearly,the event as generated by CHARYBDIS and read into HEPEUP was not at fault.The origins of the problem were most likely to be found in the interfa
e be-tween CHARYBDIS and PYTHIA.3.2.3.3 Pythia Bug-�xThe error was eventually found to be \Les Hou
hes-related" and to originate inthe PYTHIA subroutine PYSHOW. The subroutine allows the user-de�ned HEPEVNTsystem to shower. It 
ontains swit
hes that 
ontrol the emission of gluons andphotons from the user-de�ned parti
les. Normally these swit
hes should �rst bereset to 0 and then set to 1 for those parti
les whose emission PYTHIA knows howto handle.In 
omplian
e with the Les Hou
hes a

ord the user-de�ned system was ex-panded to 
ontain a total of 80 parti
les. In expanding from a maximum of 7to 80 user-de�ned parti
les in one and the same showering system, the initialresetting was not expanded a

ordingly. Consequently, HEPEVNT entry number11 onward were never reset properly1. If entry 11 of a given event 
ontained aquark and the same entry of a subsequent or later event 
ontained a e.g a Z0,1The �rst four entries in
lude the two in
oming protons and the two resolved partons beforeISR emission.
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3.3 Dete
tor Simulation: ATLFASTthe latter would now be free to emit a gluon and hen
e disrupt the 
olour 
ow,thereby 
ausing PYTHIA to abort the simulation.The problem is easily solved by resetting the relevant swit
hes(ISCOL(IR),ISCHG(IR) and KSH(IR)) to zero in the subroutine PYSHOW as indi
ated in Figure3.4. The bug-�x is implemented in PYTHIA subversion 6.226 and above.3.3 Dete
tor Simulation: ATLFASTATLFAST is a fast simulation program for the ATLAS dete
tor. It aims to 
apturethe overall dete
tor response and resolution without tra
ing in detail the passageof ea
h parti
le through the various layers of the dete
tor. In parti
ular, ATLFASTstrives to a

ord with the full simulation results with respe
t to:� mass resolution for all important physi
s 
hannels� jet re
onstru
tion eÆ
ien
ies (in parti
ular b-jets)� EmissT resolutionand most parameters are tuned to the results of full simulations.In ATLFAST the dete
tor is \repla
ed" by a grid in (�; �) spa
e representing
alorimetri
 
ells. The resolution of ea
h 
ell resembles the average resolution ofthe dete
tor: �� ��� = � 0:1� 0:1 j�j < 3 (barrel)0:2� 0:2 3 < j�j < 5 (forward)Using the event re
ord supplied by the event generator, ATLFAST depositsthe pT of all stable parti
les (save muons and neutrinos) within the dete
tora

eptan
e, in the appropriate 
alorimetri
 
ell in the (�; �) grid.After all appropriate 
ells are �lled, ATLFAST groups the 
ells into 
lustersusing a simple 
one algorithm. Cells with pT > 1:5 GeV are lo
ated in de
reasingorder and marked as potential initiators of 
ell 
lustering. If the total pT depositedin a 
one with half angle �R � p(��)2 + (��)2 = 0:4 of the initiator with the
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3.3 Dete
tor Simulation: ATLFAST
C...Che
k on phase spa
e available for emission.IREJ=0DO 140 J=1,5PS(J)=0D0140 CONTINUEPM=0D0KFLA(2)=0DO 160 I=1,NPAKFLA(I)=IABS(K(IPA(I),2))PMA(I)=P(IPA(I),5)C...Spe
ial 
utoff masses for initial partons (may be a heavy quark,C...squark, ..., and need not be on the mass shell).IR=30+IIF(NPA.LE.1) IREF(I)=IRIF(NPA.GE.2) IREF(I+1)=IR
***NEW:RESET SWITCHES HEREISCOL(IR)=0ISCHG(IR)=0KSH(IR)=0
***END NEWIF(KFLA(I).LE.8) THENISCOL(IR)=1IF(MSTJ(41).GE.2) ISCHG(IR)=1Figure 3.4: Corre
tions to the PYTHIA subroutine PYSHOW required for itsproper interfa
e to CHARYBDIS. See text for details.
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3.3 Dete
tor Simulation: ATLFASThighest pT is greater than 10 GeV, the a 
luster is formed 
omprising all 
ellswithin the 
one1.The next step is parti
le identi�
ation, where the event re
ord is s
anned �rstfor muons, then ele
trons and �nally photons. The four-momenta of these par-ti
les are smeared a

ording to an energy-, luminosity- and parti
le-dependentparametrization, (whi
h also a

ounts for noise and pile-up e�e
ts at design lu-minosity). Parti
les satisfying the a

eptan
e 
riteriaj�j < 2:5 and pT > � 6 GeV for �5 GeV for e; 
after smearing are kept, while those who fail are dis
arded.To 
omplete the re
onstru
tion, two separate isolation 
riteria are imposed:� The smeared position of the parti
le must be separated from all other 
lus-ters by a distan
e �R > 0:4.� The total pT deposited in 
ells within a 
one �R < 0:2 surrounding theparti
le must not ex
eed 10 GeV (not 
ounting the smeared pT ) of theparti
le itself).Parti
les satisfying these isolation 
riteria are then deemed as \re
onstru
ted"and their four-momentas are re
orded. Clusters belonging to ele
trons and pho-tons are removed from the list of 
lusters so as to not take part in the re
on-stru
tion of the rest of the event. A parti
le failing to meet the requirements ofisolation is labeled non-isolated if it is a muon, and dis
arded if it is an ele
tronor a photon.The next step is jet re
onstru
tion. After the removal of ele
tron and photon
lusters, the remaining unidenti�ed 
lusters with pT > 10 GeV are labeled asjets and smeared with a typi
al hadroni
 resolution a

ording to an energy andluminosity dependent parametrization (whi
h again a

ounts for noise and pile-up at design luminosity). The momenta of non-isolated muons situated within ajet 
one are added to the jet momenta. After all appropriate non-isolated muons1While a 
luster is always 
entered on the initiator 
ell, the position of the 
luster is takenas the weighted bary
entre of the 
luster 
ell deposits.
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3.3 Dete
tor Simulation: ATLFASThave been added to a jet, the jets are reexamined and 
onsidered \re
onstru
ted"if found to satisfy j�j � 5:0 and pT > 15 GeV.Lastly, pmissT is determined by summing ve
torially over all the visible mo-menta in the event. This in
ludes the pT of all jets, isolated leptons and photons,non-isolated muons not asso
iated with jets and any 
ells whi
h were never in
or-porated into 
lusters. (The latter are �rst smeared a

ording to the same resolu-tion applied to jets and in
luded in the sum only if found to 
ontain smeared pTabove a 
ertain threshold). The negative of this sum is then the pmissT returnedby ATLFAST.Lepton and photon re
onstru
tion eÆ
ien
ies in ATLFAST are not optimisedfor agreement with the full simulation results. Apart from those des
ribed above,other e�e
ts likely to modify the lepton and photon eÆ
ien
ies su
h as misiden-tifying a jet for e=
 are la
king and should ideally be added by hand (36). Thelepton eÆ
ien
y is usually estimated to 90%.For la
k of knowledge, appropriate 
orre
tions to lepton and photon eÆ
ien-
ies in ATLFAST have unfortunately been omitted in this thesis.The ATLFAST low luminosity option has been employed throughout this thesis.A 
one based jet algorithm was 
hosen, with 
one size �R =0.5. Otherwise, onlyATLFAST default settings have been used.
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Chapter 4Simulation StudiesThis 
hapter 
on
erns itself with the simulation studies performed with CHARYBDISand PYTHIA. The �rst part presents a parton level study to shed light on theCHARYBDIS bla
k hole model and the properties of the generated bla
k holes.The se
ond part aims to visualise bla
k hole events at the level of the ATLASdete
tor and studies the 
hara
teristi
 features of bla
k hole events. The thirdpart presents an evaluation of the potential to dis
over bla
k holes with the AT-LAS dete
tor and brie
y dis
usses some of the un
ertainties and limitations ofthe analysis.4.1 Parton Level StudiesParton level simulations provide a qui
k means of determining event topologies byway of primary partons and leptons. The partons and heavy leptons undergo nohadronisation; parton level studies are therefore unable to draw a

urate pi
turesof dete
tor response. They are, however, very well suited for examining theperforman
e of the event generator.This se
tion provides a study of the performan
e and output of the CHARYBDISbla
k hole event generator. Unless otherwise stated, CHARYBDIS default settingsare used throughout this analysis.
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4.1 Parton Level StudiesParti
le spe
ies Bla
kbody (%) Greybody (%)n = 2 n = 3 n = 5 n = 7Quarks 56.5 61.8 59.6 57.0 55.5Gluons 16.8 12.2 14.1 16.3 17.5Charged leptons 9.4 10.3 9.9 9.5 9.3Neutrinos 4.7 5.2 5.0 4.8 4.6Photons 2.1 1.5 1.8 2.0 2.2Z0 bosons 3.1 2.6 2.8 3.1 3.3W� bosons 6.3 5.3 5.8 6.2 6.6Higgs 1.1 1.1 1.1 1.1 1.1Table 4.1: Theoreti
al bla
kbody and greybody emissivities. Values are given toone de
imal pla
e.4.1.1 Parti
le EmissivitiesCHARYBDIS emits di�erent types of SM parti
les a

ording to preset theoreti
alprobabilities. This se
tion 
ompares the generator output to the preset theoreti
alvalues. As dis
ussed in Se
tion 1.3.3.2, the relative numbers of di�erent SMparti
les emitted from a bla
k hole 
an be 
omputed from the number of degreesof freedom asso
iated with ea
h parti
le. These 
onsiderations give rise to apredi
ted ratio of hadroni
 to leptoni
 a
tivity of roughly 5:1. If greybody e�e
tsare swit
hed on, parti
les are emitted a

ording to greybody modi�ed emissionprobabilities (whi
h vary a

ording to parti
le type and the dimensionality ofspa
etime). If greybody e�e
ts are swit
hed o�, parti
les are emitted a

ordingto 
onstant bla
kbody emission probabilities. For ease of referen
e, the theoreti
albla
kbody and greybody parti
le emissivities (emission probabilities) are shownin Table 4.1.Primary partons emitted from generated bla
k hole events were 
ounted forvarious sets of initial parameter settings (MP [TeV℄, MminBH [TeV℄, n). Table 4.2shows the parton emission ratios obtained with event topology (2,2,3).The generated bla
kbody emissivities are seen to agree with theoreti
al prob-abilities to within � 10%. A sizable deviation (> 30%) is however observed for
harged leptons. Deviations from theoreti
al values may be attributed to several
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4.1 Parton Level Studiesfa
tors. Firstly, the values in Table 4.2 in
lude the remnant de
ay partons. Withdefault settings CHARYBDIS terminates the bla
k hole de
ay when the bla
k holemass MBH falls below the Plan
k mass, upon whi
h a 2-body de
ay is performedon the remnant. The remnant de
ay partons are assigned the same emissionprobabilities as the early emissions, but the remnant de
ay is 
onstrained bythe requirement that overall bla
k hole 
harge and baryon number be 
onserved.Sin
e the generated bla
k holes may often have fra
tional 
harges (see Table 4.7),
harge 
onservation may prevent 
harged leptons from being emitted in the �nalstage of the bla
k hole de
ay1.The bla
kbody emission ratios of the un
onstrained de
ay (ex
luding the rem-nant de
ay) and of the 2-body remnant de
ay for the same topology presented inTable 4.2, are shown in Table 4.3.Contrary to expe
tations, Table 4.3 indi
ates that the un
onstrained de
ayexhibits more radi
al deviations from the theoreti
al emissivities than the 
on-strained remnant de
ay. These deviations are symptomati
 of the 
hosen initialparameters and may be understood in terms of the low multipli
ity of de
ay par-ti
les in the un
onstrained de
ay. When the lower bla
k hole mass limit (MminBH )is set at the Plan
k mass (MINMSS=MPLNCK) the generated bla
k holes will onaverage only emit one parti
le before MBH < MP after whi
h an NBODY de
ayis performed on the bla
k hole remnant, where NBODY may be set to any valuebetween 2 and 5. In su
h 
ases, a 
hoi
e of NBODY=2 will therefore typi
ally givea total of 3 de
ay partons, while NBODY=3 will give 4 and so on. In
reasing valuesof the parameter NBODY therefore in
rease parton level de
ay multipli
ities 
orre-spondingly. Table 4.4 shows the relative parti
le emissivities (remnant in
luded)for NBODY=2,3,4 and 5 with all other parameters as quoted in Table 4.2.Table 4.4 suggests that the simulated parti
le emissivities tend toward the the-oreti
al emission probabilities when the multipli
ity of de
ay parti
les in
reases.Independently of the 
hosen value of the parameter NBODY, the multipli
ityof de
ay produ
ts may be augmented by in
reasing the threshold for bla
k holeprodu
tion MminBH and/or lowering the number of extra dimensions n.1I am indebted to M.J.Palmer for his 
omments.
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4.1 Parton Level StudiesParti
le spe
ies Bla
kbodyTheory GeneratorQuarks 0.5654 0.5885 (+4%)Gluons 0.1675 0.1857 (+11%)Charged leptons 0.0942 0.0613 (-35%)Neutrinos 0.0471 0.0405 (-14%)Photons 0.0209 0.0229 (+10%)Z0 bosons 0.0314 0.0347 (-10%)W� bosons 0.0628 0.0551 (-12%)Higgs 0.0105 0.0113 (+8%)Table 4.2: Relative emissivities of primary partons from generated bla
k holesfor the topology (MP ;MminBH ; n) =(2,2,3). Bra
keted values show per
entage de-viation from the theoreti
al emissivities.Table 4.5 lists the parti
le emissivities obtained for event topology (2,9,3), aswell as the extreme (2,13.9,2)1.Table 4.5 indi
ates that the relative proportions of parti
le types approa
hthe theoreti
al values when in
reasing the multipli
ity of primary partons emittedfrom the generated bla
k hole. Deviations in high multipli
ity events are found tobe typi
ally < 10% and may be attributed to the imposed 
onservation of 
hargeand baryon number as well as kinemati
 
onstraints on massive parti
les (6).It is important to bear in mind however, that a 
hoi
e of initial parame-ters yielding a low average multipli
ity per event may signi�
antly 
onstrainthe bla
k hole de
ay and alter the relative proportions of de
ay parti
les. IfCHARYBDIS is permitted to generate bla
k holes with masses down to the Plan
ks
ale (MINMSS=MPLNCK) only one parti
le is on average emitted before the rem-nant de
ay, giving a typi
al average total de
ay multipli
ity of �NBODY+1. Forthe 
hoi
e of parameters (2,2,3) an o�set of > 30% is observed for 
harged leptons.1These topologies are not intended to be indi
ative of typi
ally bla
k hole events at theLHC. They are \tools" to study the generator performan
e.
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4.1 Parton Level Studies
Parti
le spe
ies Theory Un
onstrained de
ay 2-body remnant de
ayQuarks 0.5654 0.4234 (-25%) 0.5334 (-6%)Gluons 0.1675 0.2381 (+42%) 0.1982 (+18%)Charged leptons 0.0942 0.0853 (-9%) 0.0816 (-13%)Neutrinos 0.0471 0.0421 (-11%) 0.0413 (-14%)Photons 0.0209 0.0312 (+49%) 0.0189 (-10%)Z bosons 0.0314 0.0485 (+54%) 0.0372 (+18%)W�bosons 0.0628 0.0955 (-52%) 0.0719 (+15%)Higgs 0.0105 0.0159 (+51%) 0.0124 (+18%)Table 4.3: Relative bla
kbody emissivities of the un
onstrained de
ay (de-
ay ex
luding the remnant) and the remnant de
ay for initial parameters(MP ;MminBH ; n) =(2,2,3). Bra
keted values show per
entage deviation from theo-reti
al emissivities.

Parti
le spe
ies Theory NBODY2 (105) 3 (104) 4 (103) 5 (102)Quarks 0.5654 0.5885 0.5846 0.5729 0.5285Gluons 0.1675 0.1857 0.1817 0.1849 0.2055Charged leptons 0.0942 0.0613 0.0675 0.0715 0.1060Neutrinos 0.0471 0.0405 0.0435 0.0480 0.0375Photons 0.0209 0.0229 0.0230 0.0239 0.0147Z bosons 0.0314 0.0347 0.0323 0.0312 0.0310W�bosons 0.0628 0.0551 0.0556 0.0564 0.0636Higgs 0.0105 0.0113 0.0119 0.0113 0.0131Table 4.4: Relative bla
kbody emissivities of primary partons for di�erent NBODYterminations of the de
ay, with initial parameters (MP ;MminBH ; n) =(2,2,3). Bra
k-eted values indi
ate the number of events generated with ea
h value of NBODY.(For NBODY>2 CHARYBDIS/PYTHIA is unstable with 
ertain events 
ausing thesimulation to hang without error messages.)
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4.1 Parton Level StudiesParti
le spe
ies Theory A BQuarks 0.5654 0.5981 (+6%) 0.5789 (+1%)Gluons 0.1675 0.1641 (-2%) 0.1670 (-.3%)Charged leptons 0.0942 0.0760 (-9%) 0.0869 (-8%)Neutrinos 0.0471 0.0435 (-8%) 0.0466 (-1%)Photons 0.0209 0.0205 (-2%) 0.0202 (-3%)Z bosons 0.0314 0.0318 (-1%) 0.0318 (+1%)W�bosons 0.0628 0.0558 (-11%) 0.0586 (-7%)Higgs 0.0105 0.0103 (-2%) 0.0100 (-5%)Table 4.5: Relative emissivities of the de
ay produ
ts in two high multipli
itytopologies: A:(MP ;MminBH ; n) =(2,9,3) and B:(MP ;MminBH ; n) =(2,13.9,2). Bra
k-eted values show per
entage deviation from theoreti
al emissivities.PDG 
ode Parti
le spe
ies1 d quark2 u quark3 s quark4 
 quark5 b quark6 t quark11 e�12 �e13 ��14 ��15 ��16 ��21 gluon22 photon23 Z0 boson24 W+ boson25 higgs bosonTable 4.6: Parti
le spe
ies and their PDG 
odes. Antiparti
les have the 
orre-sponding negative values.
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4.1 Parton Level Studies4.1.2 Charge AsymmetryThe relative proportions of primary partons emitted from the de
aying bla
k holeis dis
ussed in 4.1.1. The distribution of di�erent parti
le types (PDG 
odes)emitted from the bla
k hole for the topology (MP ;MminBH ; n) =(3,3,2) is plottedin Figure 4.1. The various parti
les and their PDG 
odes are listed in Table 4.6.Two asymmetries are apparent in Figure 4.1. Firstly, there is an asymmetrybetween the number of quarks and antiquarks. Se
ondly, there is an ex
ess of u,
and t quarks in the quark se
tor.The quark-antiquark asymmetry may be understood as a 
harge asymmetry.Bla
k holes are formed primarily from valen
e quarks and most bla
k holes willtherefore 
arry non-zero ele
tri
 
harge and baryon number. Table 4.7 providesa sample listing of �ve generated bla
k hole events along with the 
harge (Q)and baryon number (B) of the in
oming parton, the resulting bla
k hole and theemitted de
ay parti
les.Table 4.7 indi
ates how the imposed baryon number 
onservation 
reates aquark-antiquark asymmetry in the distribution of emitted parti
les. The �rstpair of events are of the form:� q�q ! BH ! x1 + x2 + :::When the bla
k hole is formed by a quark and an antiquark, BBH = 0and baryon number 
onservation requires an equal number of quarks andantiquarks in the de
ay.The se
ond pair of events are of the form:� qq ! BH ! x1 + x2 + :::When the bla
k hole is formed by a pair of quarks, BBH = 2=3 and baryonnumber 
onservations requires the total de
ay to in
lude at least two morequarks than antiquarks.The last event is of the form:� qg ! BH ! x1 + x2 + :::When the bla
k hole is formed by a gluon and a quark, BBH = 1=3 andbaryon number 
onservation requires the total number of quarks in thede
ay to ex
eed the total number of antiquarks by at least one.
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4.1 Parton Level Studies
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4.1 Parton Level Studies
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Figure 4.3: PDG 
ode distributions of de
ay parti
les from bla
k holes generatedwith di�erent initial parameters (MP ;MminBH ; n). Triangles mark the theoreti
albla
kbody emissivities.
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4.1 Parton Level Studies

Event In
oming partons Emitted de
ay parti
lesd �t BH e� �b d1 Q -13 -23 -1 -1 +13 -13B +13 -13 0 0 -13 +13�b u BH �d g u2 Q +13 +23 +1 +13 0 +23B -13 +13 0 -13 0 +13u u BH W+ t b3 Q +23 +23 +43 +1 +23 -13B +13 +13 +23 0 +13 +13u u BH Z0 g 
 u4 Q +23 +23 +43 0 0 +23 +23B +13 +13 +23 0 0 +13 +23u g BH g t ���5 Q +23 0 +23 0 +23 0B +13 0 +13 0 +13 0Table 4.7: Sample listing of 
harge and baryon number in �ve generated bla
khole events.
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4.1 Parton Level StudiesBaryon number 
onservation is seen to 
onstrain the de
ay and generate anasymmetry in the number of quarks and antiquarks.In a similar manner, the slight ex
ess of u, 
 and t quarks may be understoodin terms of the 
onservation of ele
tri
 
harge. Being formed largely from valen
equarks, the bla
k hole will normally 
arry a (fra
tional) ele
tri
 
harge. Theremaining proton 
harge is expe
ted to disappear along the beam pipe or at highj�j (35). As des
ribed in Se
tion 3.2, CHARYBDIS employs a 
harge bias to 
onserveoverall bla
k hole 
harge. During the bla
k hole de
ay, if a 
harged parti
le issele
ted for emission, it is 
hosen so that the magnitude of the bla
k hole 
hargede
reases (6). Finally, the remnant de
ay is only a

epted if it 
onserves overall
harge and baryon number.The se
ond pair of events serve to indi
ate how a slight ex
ess in u, 
 and tquarks arises. In both events the total bla
k hole 
harge is +43 . If CHARYBDIS de-
ays the generated bla
k hole by emitting a 
harged parti
le, it will preferentiallysele
t a positively 
harged parti
le in order to redu
e the magnitude of the bla
khole 
harge. Furthermore, baryon number 
onservation requires the net de
ay to
ontain at least two more quarks than antiquarks. This leaves open the followingoptions for the 2-body de
ay of the remnant with 
harge Qrem:� if Qrem = +43 , any pair 
ombination of u/
/t may be emitted� if Qrem = +23 , either of u/
/t may be emitted� if Qrem = +13 , either of u/
/t may be emitted together with either of d/s/b� if Qrem = +1, either of e+=�+=�+=W+ may be emittedFigure 4.2 shows the PDG distribution of emitted parti
les of the de
ay ex-
luding the remnant and the distribution of the 2-body remnant. The formerindi
ates no d, s and b quark-antiquark asymmetry, as no baryon number 
on-servation is imposed on this part of the de
ay. The ex
ess quantities of u, 
 andt quarks, arise from the 
harge bias. The remnant distribution displays a slightex
ess of d, s and b quarks and a more prominent quark-antiquark asymmetry.Figure 4.3 show distributions of de
ay parti
les from bla
k holes generatedwith di�erent lower produ
tion thresholds MminBH = MP . The quark-antiquark
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4.1 Parton Level Studiesasymmetry and the u/
/t substru
ture is seen to be
ome more prominent athigh energies, a pattern whi
h re
e
ts the parton distributions (PDFs) at highenergies.4.1.3 Parton Level DistributionsThis se
tion presents distributions of various properties and 
hara
teristi
s ofthe generated bla
k holes and their de
ay produ
ts. Unless stated otherwise,time-variation and greybody e�e
ts are always swit
hed o�.4.1.3.1 Bla
k hole invariant mass distributionsThe invariant mass of the generated bla
k holes may be expressed asM2BH = (Ei + Ej)2 � (~pi + ~pj)2 (4.1)where i; j are the 
olliding partons.Figure 4.4 shows invariant mass distributions of bla
k holes generated withthree di�erent produ
tion thresholds. A range of masses are produ
ed. In all
ases, the threshold is set at the Plan
k mass (MminBH = MP ). Insofar, a strongdependen
e on MP is observed. The distributions are seen to rise sharply at theprodu
tion threshold1 and fall o� rapidly with in
reasing bla
k hole mass. Themajority of the generated events have masses within � 1 TeV of the produ
tionthresholds. It is worth noting that ifMP = 1 TeV and the region of semi-
lassi
alvalidity (MBH � MP ) is interpreted to imply MminBH � 5 TeV, then Figure 4.4indi
ates that only a very small fra
tion (� 10�4) of events generated with aprodu
tion threshold MminBH � 1TeV may be safely regarded as semi-
lassi
al.Figure 4.5 shows that the invariant mass distributions depend only veryweakly on the dimensionality of spa
etime.1The sharp rise is 
learly arti�
ial and re
e
ts the need for theory of quantum gravity.
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4.1 Parton Level Studies

M_BH (GeV)

0 2000 4000 6000 8000 10000 12000

E
ve

n
ts

/1
00

 G
eV

/ (
n

o
rm

 t
o

 u
n

it
y)

-510

-410

-310

-210

-110

 > 1 TeVBHM

 > 3 TeVBHM

 > 5 TeVBHM
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4.1 Parton Level Studies4.1.3.2 Bla
k hole 
harge (QBH) and baryon number (BBH)The generated bla
k holes inherit their 
harge from the in
oming partons1. Figure4.6 shows 
harge distributions for four di�erent bla
k hole produ
tion thresholdsMminBH . Low produ
tion thresholds (� 1 TeV) are seen give bla
k holes with arange of di�erent 
harges. Higher produ
tion thresholds shift the distributionstoward hQBHi � +43 . This pattern re
e
ts the CTEQ5L PDFs at high x, wherethe u valen
e quark distribution is most dominant. By 
ontrast, high energy, hards
attering intera
tions at the LHC are expe
ted to o

ur mainly through valen
eu quarks and gluons. The average bla
k hole 
harge at the LHC is thereforeestimated at hQBHi � +23 .The bla
k hole baryon number shows a similar PDF governed energy depen-den
e. Baryon number distributions for the same topologies shown in Figure4.6, are plotted in Figure 4.7. With high produ
tion thresholds, the majority ofgenerated bla
k holes 
arry a baryon number of +23 .4.1.3.3 Multipli
ity of de
ay produ
tsThe average multipli
ity of parti
les emitted by a bla
k hole in the Hawkingevaporation phase, may be approximated by (33):hNi � MBH2TH (4.2)For any �xed MP and n, the multipli
ity of de
ay produ
ts will grow within
reasing bla
k hole mass, as shown in Figure 4.9. Conversely, for any �xedMP and MBH the de
ay multipli
ity de
reases with in
reasing numbers of extradimensions. The latter e�e
t may be attributed to the fa
t that high-dimensionalbla
k holes are hotter (have higher Hawking temperatures) and hen
e by Equation4.2 have lower average multipli
ities. Figure 4.8 shows multipli
ity distributionsfor various n with (MP ;MminBH ) =(1,1). Although a range of masses are gener-ated, the majority lie 
lose to the produ
tion threshold and the number of de
ayparti
les is seen to drop signi�
antly with in
reasing n.1In a real bla
k hole forming 
ollision, the resulting bla
k hole would inherit its 
harge fromwhatever is trapped behind the horizon.
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Figure 4.6: Bla
k hole 
harge (QBH) distributions for various parameters(MP ;MminBH ; n).
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Figure 4.7: Bla
k hole baryon number (BBH) distributions for various parameters(MP ;MminBH ; n).
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4.1 Parton Level StudiesBla
k holes generated in the semi-
lassi
al regime MBH � MP will typi
allyyield high multipli
ity (> 10) and high spheri
ity events. Figure 4.9 indi
ates thatbla
k holes with masses 
lose to the fundamental Plan
k mass will typi
ally yieldmu
h lower multipli
ities and are further expe
ted to be dominated by quantumgravity e�e
ts. To avoid the un
ertainties of the quantum gravity regime, itis 
lear that an analysis of bla
k hole events at the LHC should limit itself toevents with large multipli
ities. These 
onsiderations are guiding for the analysespresented in later se
tions.4.1.3.4 De
ay pT distributionsFigure 4.11 shows the distribution of transverse momenta for parti
les emittedby bla
k holes generated at three di�erent produ
tion thresholds. Even relativelylight bla
k holes will produ
e de
ay produ
ts with transverse momenta of sev-eral hundred GeV. As the bla
k holes be
ome more massive, the pT distributionstret
hes to higher pT values, giving de
ay produ
ts with transverse momenta inthe TeV range. A large total transverse momentum is a 
hara
teristi
 feature ofbla
k hole de
ays at the LHC.4.1.3.5 Time variation and Greybody e�e
tsAs dis
ussed in Se
tion 1.3.3.2, the bla
k hole temperature TH in
reases as theS
hwarzs
hild de
ay phase evolves. Sin
e energy distribution of the emitted par-ti
les peaks at � TH , the time evolution of TH is expe
ted to harden the partonlevel energy spe
tra.Greybody fa
tors quantify the probability that an emitted parti
le of a givenenergy will su

essfully es
ape the gravitational pull of the bla
k hole. Their spindependen
e implies that the spe
tral 
hanges will di�er for parti
les of di�erentspin. The e�e
t of time variation and greybody fa
tors is dis
ussed in (6; 29), andsome of the plots produ
ed therein are replotted here for illustrative purposes.Figure 4.10 shows the impa
t of these e�e
ts on the parton level energy spe
traof spin-0 Higgs bosons, spin-12 e� and spin-1 
 from the de
ay of bla
k holesgenerated in the restri
ted mass range 5 TeV � MBH � 5.5 TeV with MP = 1TeV. The in
lusion of greybody e�e
ts is seen to slightly soften the spe
tra of
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Figure 4.8: De
ay multipli
ities for various n with (MP ;MminBH ) =(1,1).
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4.2 Bla
k hole de
ays in ATLASs
alars and fermions, while hardening the spe
tra of gauge bosons. The e�e
t oftime variation is to slightly harden the spe
tra of all parti
le spe
ies, as expe
ted.These spe
tral 
hanges are exa
erbated in a wider (unrestri
ted) bla
k hole massrange, as is shown in Figure 4.12.Figures 4.10 and 4.12 indi
ate that analyses whi
h aim to make use of thebla
k hole energy spe
tra to derive information about the original bla
k hole state,
annot fully disregard the e�e
ts of a time-evolving TH and greybody modi�edemission spe
tra. These 
onsiderations are dis
ussed in greater detail in (35).They are however less important for dis
overy. Their impa
t on the ATLASsensitivity to bla
k holes is treated in Se
tion 4.4.4.2 Bla
k hole de
ays in ATLASWhile Se
tion 4.1.3 fo
used on the 
hara
teristi
s of bla
k hole events at the par-ton level, the 
urrent se
tion will dis
uss bla
k hole signatures at the level of theATLAS dete
tor. After hadronisation, fragmentation and de
ay, the generatedevents are passed through the ATLFAST parametrization of the ATLAS dete
tor,as des
ribed in Se
tion 3.3. ATLFAST is unfortunately not optimized, nor tunedto the high energies 
hara
teristi
 of bla
k hole events and further full simulationstudies are required to draw more a

urate pi
tures of dete
tor response and res-olutions in this regime. Even so, ATLFAST simulations should adequately 
apturethe overall features of bla
k hole observables in ATLAS. The aim of this se
tion isto tra
e some of the expe
ted experimental signatures dis
ussed in Se
tion 1.3.4on the dete
tor level.4.2.1 Multipli
ityBla
k hole events are 
hara
terised by large multipli
ities. On the level of theATLAS dete
tor, the multipli
ity of an event is understood as the total numberof jets, ele
trons, muons and photons in the event1. As seen in Figure 4.13,the multipli
ity of a bla
k hole event will depend on the relative mass of the1The dete
tor level multipli
ity should not be 
onfused with the number of parti
les emittedby the bla
k hole at the parton level.
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4.2 Bla
k hole de
ays in ATLAS
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Figure 4.10: Impa
t of a time-evolving TH and greybody e�e
ts onthe parton level energy spe
tra of spin-1 photons (top), spin-12 ele
-trons/positrons (middle) and spin-0 Higgs bosons (bottom) emitted by� 5 TeV bla
k hole withMP = 1 TeV and n = 2. Bla
k-solid lines depi
tbla
kbody spe
tra with �xed TH , red-dashed lines depi
t bla
kbody spe
-tra with time-varying TH(t) and blue-dotted lines show greybody spe
trawith �xed TH . 85
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4.2 Bla
k hole de
ays in ATLASbla
k hole with respe
t to the fundamental Plan
k mass and in
rease with thebla
k hole mass. The average total event multipli
ity for bla
k holes generatedwith di�erent produ
tion thresholds and �xed MP = 1 TeV, is shown in Figure4.14 in the 
ase of three and seven extra dimensions. A slight de
rease in eventmultipli
ity is observed for in
reasing numbers of extra dimensions. Averagetotal multipli
ities are listed in Table 4.8, along with average jet, lepton photonmultipli
ities. Table 4.8 indi
ates that if the fundamental Plan
k mass is as lowas �1 TeV, then bla
k hole events will yield multipli
ities of �10-20, the largemajority of whi
h will be jets. Due to the relatively high degree of spheri
ity,su
h high multipli
ity events should be experimentally manageable with goodjet separation and ele
tron/photon isolation. Further full simulation studies arerequired to verify this, but are sadly out of s
ope for this thesis.Table 4.8 further indi
ates a mu
h larger ratio of hadroni
 to leptoni
 a
tivitythan the predi
ted ratio of roughly 5:1. For all topologies, the ratio hNjeti=hNlepiis found to be � 23. This result reveals the weakness of ATLFAST. As des
ribed inSe
tion 3.3, after the removal of ele
tron and photon 
lusters ATLFAST labels allunidenti�ed 
lusters as jets. This does not re
e
t a true experimental situationand a proper handle on bla
k hole jet topologies 
an only be attained throughfurther full simulation studies1.Table 4.9 lists average multipli
ities obtained when the lower threshold forbla
k hole produ
tion is set to the fundamental Plan
k s
ale. Again, the eventsare seen to be dominated by jets. In su
h 
ases, the average total multipli
ity willbe lower as the majority of bla
k holes will have masses 
lose to the fundamentalPlan
k mass. This will be true for any value of MP , and 
onsequently eventmultipli
ities are roughly 
onstant for in
reasing MP (and n).1From the experimental viewpoint, a jet is not de�ned in stri
t terms. Jet re
onstru
tionand topologies are sensitive to the jet algorithms employed. Bla
k hole events may requirere�ned algorithms.
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Figure 4.13: Multipli
ity distributions for various lower produ
tionthresholds and (MP ; n) = (1; 3).
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4.2 Bla
k hole de
ays in ATLASMBH � 2 TeV MBH � 4 TeV MBH � 6 TeV MBH � 8 TeV MBH � 10 TeVn = 3 n = 7 n = 3 n = 7 n = 3 n = 7 n = 3 n = 7 n = 3 n = 7hNtoti 9.9 9.5 12.3 10.8 14.8 11.8 17.8 13.1 20.6 14.3hNjeti 9.3 8.9 11.5 10.1 13.9 11.1 16.7 12.3 19.4 13.5hNlepi 0.4 0.3 0.5 0.4 0.6 0.4 0.7 0.5 0.8 0.5hNphoi 0.2 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.4 0.3Table 4.8: Average jet, lepton, photons and total event multipli
ities for variouslower produ
tion thresholds and �xed MP = 1 TeV.MminBH =MP MBH > 1 TeV MBH > 3 TeV MBH > 5 TeV MBH > 7 TeVn = 2 n = 7 n = 2 n = 7 n = 2 n = 7 n = 2 n = 7hNtoti 8.8 8.6 8.0 8.0 7.5 7.5 7.1 7.2hNjeti 8.3 8.1 7.6 7.6 7.1 7.1 6.8 6.9hNlepi 0.3 0.3 0.2 0.2 0.2 0.1 0.1 0.1hNphoi 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2Table 4.9: Average jet, lepton, photon and total event multipli
ities for variousMP . In all 
ases MminBH =MP .4.2.2 Event shapeHigh multipli
ity bla
k holes events will tend to have spheri
al event shapes1. Ameasure for the spheri
al 
hara
ter of an event is provided by the event shapevariable R2. R2 is de�ned through a Fox-Wolfram moment ratio:R2 � H2H0 (4.3)where the Fox-Wolfram moments are given asHk �Xi;j jpijjpjjE2vis Pk(
os�i;j): (4.4)In Equation 4.4, pi and pj are the momenta of parti
les i and j respe
tivelyevaluated in the bla
k hole rest frame where the two are separated by an opening1Large mass bla
k holes will have very small boosts. Less massive bla
k holes are likely tohave a moderate boost fa
tor. Low boosts and high multipli
ity, together provide for a highspheri
ity.
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4.2 Bla
k hole de
ays in ATLASangle �i;j. Pk(x) are the Legendre polynomials and Evis is the total visible energyof the event in the rest frame of the bla
k hole.The event shape variable R2 will range from 0 to 1 (0 � R2 � 1) and tendto zero (R2 ! 0) for highly spheri
al event topologies. By 
ontrast R2 ! 1represents ba
k-to-ba
k like event topologies.Figure 4.15 shows R2 distributions for bla
k hole events generated with dif-ferent lower thresholds and �xed (MP ; n) =(1,2). Figure 4.16 show the samedistributions with (MP ; n) =(1,7). Large mass bla
k holes are seen to be morespheri
al than bla
k holes with masses 
lose to the fundamental Plan
k mass.For higher values of n, events be
ome less spheri
al, an e�e
t whi
h is more pro-noun
ed for large mass bla
k holes. The spheri
al event shapes may be relatedto the magnitude of the event multipli
ity and the bla
k hole boost. Large massbla
k hole events enjoy larger multipli
ities and smaller boosts than low massbla
k holes, and are 
onsequently more spheri
al. As the multipli
ity drops within
reasing n, events be
ome somewhat less spheri
al with in
reasing numbers ofextra dimensions. Figure 4.17 expli
itly shows the relation between the totalevent multipli
ity and the event shape variable R2. Events with multipli
ities inex
ess of �15 are seen to have very spheri
al topologies (R2 <� 0:2). Bla
k holeswith masses 
lose to the fundamental Plan
k mass, typi
ally produ
e events withlower multipli
ities and far less spheri
al event topologies. Even so, su
h lowmultipli
ity events are found to be separable from SM hard QCD pro
esses, asshown in Figure 4.18.4.2.3 Sum pT and pmissTThe high energies asso
iated with bla
k hole produ
tion allow for fairly energeti
(� 1 TeV) de
ay produ
ts, as shown in in the parton level distribution in Figure4.12. Sin
e bla
k hole de
ays are dominated by jets, the majority of this en-ergy should be observable as a large total transverse momentum in the ATLAS
alorimetry. Figure 4.19 shows the total transverse momentum (P pT ) distribu-tions for various bla
k hole produ
tion thresholds and SM QCD. TheP pT is seento in
rease with bla
k hole mass (and peak roughly a the produ
tion threshold).
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Figure 4.15: R2 distributions for various produ
tion thresholds and �xed(Mp; n) =(1,2).
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4.3 The ATLAS sensitivity to bla
k holesAlthough, neutrinos have only � 5% probability of being emitted, some bla
kholes may o

asionallly emit neutrinos whi
h 
arry away a signi�
ant portion ofthe bla
k hole energy. As 
an be seen from Figure 4.20, the pmissT may at timesbe on the order of several TeV and ex
eed expe
tations from SUSY pro
esses.However, the large majority of bla
k hole events (� 90%) are seen to have pmissT <100GeV1.4.3 The ATLAS sensitivity to bla
k holesThe feasibility of dete
ting bla
k holes produ
ed in parti
le 
ollisions at the LHCis evaluated in (1). The authors of (1) developped their own generator2 for thispurpose with a less sophisti
ated modelling of the bla
k hole de
ay than thato�ered by CHARYBDIS. The former notably does not take into a

ount the e�e
tsof � The time variation of the Hawking temperature TH .� Greybody modi�ed emission spe
tra.� The bla
k hole re
oil against emitted parti
les.The following analysis makes use of CHARYBDIS to perform a study along thelines of (1). The �rst part (Se
tion 4.3.3) of the analysis attempts to reprodu
e theresults (1) with all spe
ial features of CHARYBDIS swit
hed o�. The se
ond part(Se
tion 4.4) of the analysis attempts to evaluate the impa
t of a time evolvingHawking temperature TH and greybody fa
tors on the ATLAS sensitivity to bla
kholes at the LHC.1Although not 
onsidered in this analysis, it is of 
ourse possible that the bla
k holes alsode
ay to SUSY parti
les, whereby a larger fra
tion of events would be 
hara
terised by a sizeablepmissT .2The features of this generator are des
ribed in (1).
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Figure 4.19: The distribution of P pT for various produ
tion thresholdsand hard QCD.
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4.3 The ATLAS sensitivity to bla
k holesMINMSS MPLNCK Bla
k hole produ
tion threshold set to MPMAXMSS 14000. Upper limit on the bla
k hole mass (MgenBH � 14TeV)TIMVAR .FALSE. Fixed Hawking temperature THGRYBDY .FALSE. Bla
kbody emission spe
traMSSDEC 3 De
ay to all SM parti
les, in
luding HiggsKINCUT .FALSE. NBODY de
ay of remnant when MBH < MPNBODY 2 2-body de
ay of remnantTable 4.10: CHARYBDIS settings used in the generation of signal samples.4.3.1 Event GenerationThe simulation tools employed in this analysis are des
ribed in Chapter 3. Allbla
k hole events were generated with CHARYBDIS 1001 interfa
ed to PYTHIA 6.224and passed through ATLFAST 1.10 for dete
tor response simulations. SM ba
k-ground pro
esses were generated in a similar fashion using PYTHIA 6.224 andATLFAST 1.10. ATLFAST settings were as des
ribed in Se
tion 3.3. In most 
ases,data in ex
ess of 10 fb�1 was generated, whi
h 
orresponds to one year of LHCrunning at low luminosity.4.3.1.1 Signal samplesFor 
onsisten
y and to enable 
omparison, signal samples were generated a
rossthe same parameter spa
e employed in (1). The parameter spa
e is spanned bythe fundamental Plan
k mass MP and the number of extra dimensions n:(MP (TeV); n) = f1; 3; 4; 5; 6; 7g� f2; 3; 5; 7g (4.5)= f(1; 2); (1; 3); (1; 5); (1; 7); (3; 2); :::g (4.6)CHARYBDIS options were adjusted to most 
losely resemble the generator de-s
ribed in (1). The settings used in the generation of all signal samples are listedin Table 4.10Remaining options were all set to default values, as des
ribed in (29). Noti
ethat, for 
onsisten
y with (1), the lower threshold for bla
k hole produ
tion wasset to the fundamental Plan
k mass su
h that the semi-
lassi
al model is employed
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4.3 The ATLAS sensitivity to bla
k holesalso in the invalid regime MBH � MP . The signi�
an
e of the this 
hoi
e ofparameters is further dis
ussed in Se
tion 4.5.1.Details about generated signal samples are given in Table 4.11 with 
ross se
-tions obtained from the output of PYTHIA. Table 4.11 indi
ates that 
ross se
tionsfor bla
k hole produ
tion at LHC are fairly large for new physi
s standards, evenfor more massive bla
k holes (MBH > 5TeV). The 
ross se
tions show a strongdependen
e on the value of the fundamental Plan
k s
ale MP .For MP = 1 TeV, the 
ross se
tions are parti
ularly large and 
omparable toSM hard QCD pro
esses (see Table 4.12). IfMP � 1 TeV, these numbers indi
atethat the LHC will qualify as a bla
k hole fa
tory. At an integrated luminosityof 10 fb�1, these 
ross se
tions 
orrespond to data on the order of 100 millionevents for ea
h point (1; n). Even though a million events were generated at ea
hof these points, the s
ale fa
tors are still very large1.4.3.1.2 Ba
kground samplesAs dis
ussed in Se
tion 4.2, bla
k hole events are 
hara
terised by several hardjets and possibly a few hard prompt leptons. SM pro
esses involving �nal statejets and leptons are therefore sele
ted as potential ba
kgrounds to bla
k holeevents at the LHC. Details about the generated ba
kground samples employedin this analysis are listed in Table 4.12 along with their 
orresponding PYTHIAsubpro
ess 
odes.As in (1), kinemati
al 
uts were applied at generation level:� CKIN(1):The lower limit for the 
enter-of-mass energy of the in
oming partons wasset to 50 GeV for all the generated ba
kground samples (p(ŝ) � 50 GeV)� CKIN(3):Various lower limits for the transverse momentum p̂minT in the rest frame ofthe in
oming partons were imposed on generated ba
kground samples. The
uts are listed in Table 4.12.1With the fast simulation it is of 
ourse possible to in
rease the statisti
s in these points.However, given the number of (MP ; n) points 
onsidered, this was not done.
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4.3 The ATLAS sensitivity to bla
k holes
MP (TeV) n � (fb) Ngen S
ale fa
tor1 2 2.41�107 106 240.71 3 2.11�107 106 211.51 5 2.12�107 106 212.31 7 2.34�107 106 233.73 2 4.10�104 5� 105 0.8213 3 3.70�104 5� 105 0.7403 5 3.81�104 5� 105 0.7623 7 4.24�104 5� 105 0.8484 2 4650 105 0.4654 3 4230 105 0.4234 5 4380 105 0.4384 7 4880 105 0.4885 2 625 105 0.065 3 572 105 0.065 5 594 105 0.065 7 671 105 0.076 2 88.1 105 0.0096 3 81.1 105 0.0086 5 84.7 105 0.0086 7 95.0 105 0.0097 2 11.8 105 0.0017 3 11.0 105 0.0017 5 11.4 105 0.0017 7 12.8 105 0.001Table 4.11: Signal samples with 
ross se
tions, number of generated events (Ngen)and s
ale fa
tors. In all of the above, the e�e
ts of time variation and greybodyfa
tors is swit
hed o�.

97



4.3 The ATLAS sensitivity to bla
k holes

 (GeV) (rest frame)Tp

0 200 400 600 800 1000 1200 1400 1600 1800 2000

 (
G

eV
)

in
v

M

1000

1500

2000

2500

3000

3500

4000

4500

5000

Figure 4.21: E�e
t of a kinemati
al 
ut (CKIN(3)) at 280 GeV (verti
al line) onthe transverse momentum in the rest frame of the in
oming partons for hard QCDevents. The 
ut is seen to produ
e re
onstru
ted invariant masses in TeV rangeafter sele
tion 
riteria. (The horizontal line represents a 
ut on the re
onstru
tedinvariant mass). See text for details on the re
onstru
tion.The kinemati
al 
uts are the same as those quoted in (1). Figure 4.21 showsthat the CKIN(3) 
ut for hard QCD is well optimised for the mass points (MP ; n)listed in Table 4.11. A harder 
ut would ease the generation of large statisti
s,but would also qui
kly remove ba
kground.Note that b�b events were added to the list of ba
kground samples presentedin (1).Only ba
kgrounds arising from Standard Model pro
esses are listed in Ta-ble 4.12. Potential ba
kgrounds arising from new physi
s, su
h as e.g. SUSYor graviton produ
tion, are not 
onsidered in this analysis1. New physi
s ba
k-grounds are expe
ted to be small at the LHC 
ompared to Standard Model QCDpro
esses and may at least to good approximation be negle
ted.1To verify that SUSY pro
esses form a negligible 
ontribution to the ba
kground, a sampleof SUSY pro
esses was generated with PYTHIA and passed through the event sele
tion.
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4.3 The ATLAS sensitivity to bla
k holesPro
ess MSUB p̂minT (GeV) � (fb) Ngen S
ale fa
torHard QCD 11,12,13,28,53,68 280.0 1:29� 107 1:4� 108 0.917t�t 81,82 10.0 4:88� 105 5� 106 0.973W�W� 25 240.0 468 106 0.257W�Z0 23 10.0 2:57� 104 106 0.105Z0Z0 22 10.0 1:05� 104 3� 106 0.705

 18,114 10.0 2:12� 105 3� 106 0.929
W�; 

�; 
Z0 19,20 10.0 277� 1050 106 0.736W�q 16,31 240.0 7:37� 104 106 0.315Z0q; 
�q 15,30 240.0 3:16� 104 106 0.235
q 14,29,115 240.0 2:36� 104 106 0.235b�b 81,82 240.0 8:65� 104 106 0.862Table 4.12: Ba
kground samples and 
ross se
tions. MSUB refers to the PYTHIAsubpro
esses. To restri
t the simulation to t�t and b�b events, subpro
esses 81and 82 were run with the parameter setting MSEL=6 and MSEL=5 for t�t and b�b,respe
tively.It should be noted that transplan
kian bla
k hole produ
tion is a non-perturbativepro
ess whi
h is expe
ted to suppress perturbative physi
s. In the transplan
k-ian energy regime, SM ba
kgrounds are therefore expe
ted to be smaller thanindi
ated in Table 4.12. However, no suppression fa
tors are employed in thisanalysis.4.3.2 Event Sele
tion and Mass re
onstru
tionIn order to perform studies on bla
k holes produ
ed at the LHC, it is 
ru
ial toeÆ
iently separate potential bla
k hole events from ba
kground pro
esses. This isa
hieved by identifying kinemati
 properties and experimental observables uniqueto bla
k hole events and applying these to �lter away unwanted ba
kground. On
ethis is done, the mass of the bla
k hole is easily re
onstru
ted by summing upthe four-momenta of all parti
les passing the sele
tion �lter.The experimental signatures of bla
k hole events are dis
ussed in Se
tions1.3.4 and 4.2. These form the basis for determining the relevant 
uts to apply
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4.3 The ATLAS sensitivity to bla
k holesin the sele
tion of bla
k hole events and reje
tion of ba
kground. To enable
omparison, this analysis makes use of the same sele
tion 
uts employed in (1).These sele
tion 
riteria are des
ribed below.1. Criteria 1: ISRAs dis
ussed in Se
tion 3.1, the in
oming partons will normally radiate glu-ons or photons before 
olliding. Su
h emissions are labeled Initial StateRadiation (ISR) and do not partake in the hard s
attering intera
tion. Par-ti
les arising from ISR and from the proton fragments of the hard s
at-tering will \pollute" the bla
k hole signal and lead to an overestimationof the bla
k hole mass if in
luded in the re
onstru
tion (1). A

urate re-
onstru
tion therefore requires the removal of these parti
les. Sin
e ISRparti
les typi
ally have small pT and large j�j (1), their removal is a
hievedby applying the following requirements to all parti
les in a given event:� pT > 30 GeV for e� and �� pT > 50 GeV for 
 and jets� j�j < 2:52. Criteria 2: Multipli
ity and EnergyBla
k hole events are 
hara
terized by high multipli
ities and high �pT .Therefore, from parti
les passing the ISR-
ut, at least four parti
les (� 4)are required to have an energy in ex
ess of 300 GeV (E > 300 GeV).These requirements serve to sele
t events with many highly energeti
 jets,leptons and photons. To further suppress SM ba
kgrounds, an additionalrequirement is imposed whereby at least one of the four energeti
 parti
lewith E > 300 GeV must be either an ele
tron(/positron) or a photon.In
lusive ele
tron and photon �nal states have low ba
kgrounds at high pŝ(33). The largest 
ontributions 
ome from the 
q pro
esses listed in Table4.12. Although Table 4.9 indi
ates that ele
trons and photons a

ountfor only � 5% of the �nal state parti
les, the large bla
k hole produ
tion
ross se
tions listed in Table 4.11 suggest that events short of �nal stateele
trons and photons 
an readily be sa
ri�
ed in return for a more pre
ise
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Figure 4.22: Number of energeti
 parti
les with E>300 GeV for (MP ; n) = (1; 3)(left) and (5,3) (right) with 10 fb�1 of integrated luminosity. Bla
k hole eventsare shown with solid lines and ba
kground distributions with dashed lines. (Theba
kground distribution is the same in both plots.) The verti
al line marks the
ut on energeti
 parti
les.bla
k hole mass re
onstru
tion1. This is parti
ularly true for mass pointswith MP = 1TeV.Figure 4.22 shows the number of energeti
 parti
les (E >300 GeV) for sig-nal and ba
kground at mass points (1,3) and (5,3) for 10 fb�1 of integratedluminosity. The 
ut is seen to be very e�e
tive and removes a signi�
antfra
tion of the ba
kground. The requirement that the multipli
ity of ener-geti
 parti
les ex
eed three also serves to ex
lude events were the remnantde
ay is very dominant.3. Criteria 3: Event shape1It is of 
ourse possible to also use muons. However, the muon resolution deteriorates fastwith in
reasing muon momenta and muons are therefore less ideal.
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4.3 The ATLAS sensitivity to bla
k holes
Sin
e bla
k hole events are expe
ted to have fairly spheri
al event topolo-gies, low spheri
ity ba
kgrounds are ex
luded from the event sele
tion byintrodu
ing a 
ut on the event shape variable R2, as de�ned in Equation4.3. As dis
ussed in Se
tion 4.2.2, the event shape variable R2 will rangefrom 0 to 1 and tend to zero (R2 ! 0) for highly spheri
al event topologies.Figure 4.18 shows the R2 distributions for signal and hard QCD ba
kgroundbefore any 
uts are applied. The requirement R2 < 0:8 is seen to remove\ba
k-to-ba
k" ba
kgrounds from hard QCD events and bla
k hole eventswith dominant remnant de
ays.R2-distributions of signal and ba
kground after the appli
ation of 
uts 1-3are shown in Figure 4.23.Mass points with MP =1 TeV are asso
iated with large bla
k hole produ
-tion 
ross se
tions and the ba
kground R2 distribution is seen to vanishunder the large signal. The requirement R2 < 0:8 will serve to remove moresignal events, than ba
kground. Even so, bla
k hole events with R2 > 0:8typi
ally have low multipli
ities and dominant remnant de
ays, as indi
atedin Figure 4.17. To stay within the limits of the semi-
lassi
al approxima-tion, the 
ut is retained also for lowMP topologies. For higher values ofMPthe 
ross se
tion is smaller and the signal is to a larger degree swamped inba
kground. Requiring R2 <0.8 will serve to remove highly non-spheri
alba
kground events, leaving the majority of the signal still submerged in theremaining ba
kground.4. Criteria 4: Missing transverse momentaSin
e bla
k holes are believed to Hawking radiate mainly to SM parti
les onthe brane, the visible de
ay produ
ts should allow for an adequate re
on-stru
tion of the bla
k hole mass. The average fra
tion of the total energy
arried away by neutrinos is � 5%1. The graviton emission probability issimilarly small, and will therefore not 
ontribute greatly to the bla
k holepmissT -distribution (33). As dis
ussed in Se
tion 4.2.3, it is of 
ourse possible1See Table 4.2 for theoreti
al parti
le emissivities.
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Figure 4.23: R2-distributions after sele
tion 
riteria 1-2. Left:(MP ; n) =(1,3)(solid) and (1,7)(dashed) with ba
kground (dotted). Right:(MP ; n) =(4,3)(solid) and (4,7)(dashed) with ba
kground (dotted). Verti
al linesmark the 
ut R2 < 0:8.that o

asional bla
k hole events may be 
hara
terised by missing ener-gies several TeV large. However, the large majority of events will have lowmissing transverse momentum.Therefore, in order to obtain an a

urate re
onstru
tion of the bla
k holemass, only events with pmissT < 100GeV were sele
ted1.5. Criteria 5: Invariant mass re
onstru
tion (M re
BH �MP )The bla
k hole four-momentum is re
onstru
ted simply by summing overthe four-momenta of all parti
les passing the above sele
tion 
riteria 1through 4: pBH =Xr pr (4.7)1The authors of (1) have studied the impa
t of EmissT on the re
onstru
ted bla
k hole massand found that neutrino dominant de
ays lead to an underestimation of the bla
k hole mass.
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4.3 The ATLAS sensitivity to bla
k holeswhere n = ele
trons, muons, photons and jets. The mass of the bla
k holeis then re
onstru
ted using M re
BH =qp2BH (4.8)Even though this analysis stret
hes the theory beyond its valid regime(MBH � MP ) allowing for the produ
tion of semi-
lassi
al bla
k holeswith masses down to the fundamental Plan
k mass (MgenBH � MP ), a re-
onstru
ted mass smaller than the fundamental Plan
k mass (M re
BH < MP )would be unphysi
al. A lower 
ut-o� on the re
onstru
ted bla
k hole massis therefore required at M re
BH =MP . However, sin
e MP is an unknown pa-rameter, the ATLAS sensitivity is evaluated at �ve di�erent 
ut-o�s (M 
utBH)for ea
h re
onstru
ted bla
k hole event:M re
BH �M 
utBH = f1; 2; 3; 4; 5g(TeV) (4.9)Figure 4.24 shows the re
onstru
ted mass distributions with M 
utBH = 1 TeVfor various values of MP and �xed n = 5 after the appli
ation of all the afore-mentioned sele
tion 
uts and an integrated luminosity of 10 fb�1. The �gure isindi
ative of all values of n. For MP =1 TeV, the signal is seen as a several orderof magnitude ex
ess over the ba
kground. Even with a limited understanding ofthe ba
kground, a signal should be 
learly visible. This is true also for MP =3TeV, although the e�e
t is less dramati
. For MP >� 5 TeV, the signal may beharder to disentangle at 10 fbi without are proper understanding of the SM ba
k-ground at high energies. One should also re
all that SM pro
esses are expe
tedto be suppressed in the transplan
kian energy regime. It is therefore diÆ
ult tomake a

urate predi
tions from the distributions shown in Figure 4.24.4.3.2.1 Quality of the re
onstru
tionDisregarding the ba
kground, the quality of the re
onstru
ted bla
k hole invariantmass was found to be determined largely by ISR e�e
ts and the pmissT of the event.Although the parti
les arising from ISR emissions are removed by Criteria 1 asdes
ribed in Se
tion 4.3.2, some gluon emissions are very energeti
 and give rise
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Figure 4.24: Re
onstru
ted bla
k hole mass distributions with M 
utBH = 1 TeVfor mass points (MP ; n) = f1; 3; 4; 5; 6; 7g � f5g at an integrated luminosity of10 fb�1. Solid: sum of signal and ba
kground; shaded: ba
kground only; dotted:signal only. 105
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4.3 The ATLAS sensitivity to bla
k holesto high pT jets (� 100 GeV) whi
h pass the event sele
tion. Su
h high energyISR emissions therefore lead to an overestimation of the re
onstru
ted invariantmass. Figure 4.25 shows s
atter plots of the re
onstru
ted bla
k hole mass versusthe generated bla
k hole mass for mass points (MP ; n) = (1,2) (left) and (5,2)(right). The diagonal lines mark the points M re
BH = MgenBH . The horisontal linesshow the proper 
ut-o� M 
utBH on the re
onstru
ted mass, however this 
ut-o� isomitted in all of these s
atter plots. The top plots show that for MP = 1 TeV,the re
onstru
ted mass is sometimes overestimated by as mu
h as � 1 TeV. Theoverestimation is typi
ally smaller for higher values ofMP be
ause ISR emissionsthen a

ount for a smaller fra
tion of the total energy of the event. The 
enterplots show the same distributions with ISR e�e
ts swit
hed o�. ISR e�e
ts areseen to a

ount for the overestimation of the bla
k hole mass. Points below thediagonal signify re
onstru
ted bla
k hole events with neutrino dominant de
ays.Su
h events typi
ally lead to an underestimation of the bla
k hole mass. In thetop (and 
enter) plots, the bla
k hole mass is re
onstru
ted with the requirementpmissT < 100 GeV. The bottom two plots show the same mass points with norequirements on the missing transverse momentum. A softer 
ut on the pmissTof the event will 
ontribute to an underestimation of the bla
k hole mass. Theunderestimation is more marked for MP = 5 TeV, be
ause a larger fra
tion ofevents at these points have large missing transverse momentum, as indi
ated inthe pmissT distributions in Figure 4.20.4.3.3 SensitivityThe sensitivity provides a measure of the ATLAS dete
tor's potential to dis
overbla
k hole events at the LHC. The 
onditions for 
on
lusive dis
overy are usuallytaken as SpB � 5:0 and S � 10 (4.10)where S and B are the number of signal and ba
kground events passing thesele
tion 
riteria, respe
tively. In other words, dis
overy is de
lared only whenthe number of signal events ex
eeds the error in the number of ba
kground eventsby no less than a fa
tor �ve. The numbers S and B required to a
hieve SpB = 5
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4.3 The ATLAS sensitivity to bla
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Figure 4.25: Re
onstru
ted bla
k hole mass (M re
BH) vs. generated bla
k hole mass(MgenBH ) for mass points (MP ; n) =(1,2) and (5,2). See text for detail.107
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4.3 The ATLAS sensitivity to bla
k holesmay be translated into a spe
i�
 luminosity required for dis
overy. The dis
overyluminosity in turn provides an estimate for the time of LHC running requiredbefore a 5� dis
overy of bla
k holes 
an be de
lared.The dis
overy luminosity is here determined with a simple 
ounting experi-ment, along the lines of (1). (The feasibility of su
h an experiment is dis
ussed inSe
tion 4.5.5). The pro
edure is straighforward and may be summarised in foursteps:1. Signal and ba
kground samples are both normalised to an integrated lu-minosity of 10 fb�1, and passed through the event sele
tion des
ribed inSe
tion 4.3.2.2. The number of signal and ba
kground events passing all the sele
tion 
riteriaare 
ounted separately and the eÆ
ien
ies of the sele
tion 
uts evaluated.3. The values obtained are used to 
ompute the signi�
an
e SpB .4. Finally the integrated dis
overy luminosity R LD dt is evaluated.The above steps are repeated a
ross all points of the parameter spa
e(MP ; n) = f1; 3; 4; 5g � f2; 3; 5; 7g: (4.11)The pro
edure is detailed below along with all results obtained.4.3.3.1 Number of Signal (S) and Ba
kground (B) eventsTo determine the ba
kground asso
iated with ea
h lower 
ut-o�M 
utBH = f1; 2; 3; 4; 5g(TeV), the number of ba
kground events passing all the sele
tion 
riteria weresimply 
ounted. Table 4.13 presents the number of ba
kground events retainedafter the appli
ation of sele
tion 
uts for ea
h lower 
ut-o�M 
utBH . The eÆ
ien
ies"M
utBH = events re
onstru
tedevents in generated (4.12)give the fra
tion of the total number of events at 10 fb�1 that su

essfully passall sele
tion 
riteria.
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4.3 The ATLAS sensitivity to bla
k holesFor lower values ofM 
utBH the eÆ
ien
ies are found to be � 10�5 
orrespondingto a total number of ba
kground events in the order of 103. For M 
utBH � 3 TeVthe total number of ba
kground events is found to be larger than the valuesquoted in (1), by a fa
tor � 2:5 � 3. As expe
ted, the ba
kground from dire
tphoton produ
tion (
q) is seen to have higher eÆ
ien
ies (� 10�3 � 10�4) thanthe other pro
esses, however the 
ross se
tion for 
q pro
esses is roughly �vehundred times smaller than that of the more dominant hard QCD. For M 
utBH >3 TeV the eÆ
ien
ies are seen to vanish for most ba
kground pro
esses and thetotal number of ba
kground events is of the order 101-102 and fa
tor 2-3 timeslarger than the values quoted in (1).The number of signal events passing the sele
tion 
riteria were evaluated in asimilar manner at ea
h mass point (MP ; n) = f1; 3; 4; 5; 6; 7g�f2; 3; 5; 7g and the
orresponding eÆ
ien
ies were 
omputed at ea
h value of the lower 
ut-o� M 
utBH .The results are listed in Tables 4.14 and C.3.At most mass points signal events are found to have eÆ
ien
ies of roughly10�2(� 1%) for all values ofM 
utBH . For mass points withMP = 1 TeV, eÆ
ien
iesare found to be somewhat lower (� 10�3� 10�4) for M 
utBH � 3 TeV. This is to beexpe
ted as most of the events generated at these mass points will result in bla
khole masses around �1 TeV. Bla
k hole events generated with a lower produ
tionthresholdMminBH = 1 TeV are therefore more likely to be reje
ted by higher 
ut-o�son the re
onstru
ted invariant mass.4.3.3.2 Signi�
an
e and integrated dis
overy luminosityThe signi�
an
e SpB of signals at ea
h mass point (MP ; n) = f1; 3; 5; 6; 7g �f2; 3; 5; 7g is straightforwardly 
omputed using the values listed in Table 4.13and Tables 4.14 and C.3. The results are listed in Table C.4 and C.5.It is seen that mass points with high 
ross se
tions (MP =1 TeV) enjoy largesignal to ba
kground ratios, on the order � 104. The signi�
an
e de
reases withthe bla
k hole 
ross se
tion, but is also seen to peak when M 
utBH = MP + 1TeV. This may be due to the bla
k hole invariant mass distributions typi
allypeaking at values slightly above MP , while the ba
kground falls o� exponentiallyas indi
ated in Figure 4.24. For all mass points with MP <6 TeV, SpB �5 at
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4.3 The ATLAS sensitivity to bla
k holes
Ba
kground qq t�t W�W�� (fb) 1:28� 107 4:88� 105 467M
utBH (TeV) B "M
utBH B "M
utBH B "M
utBH1.0 7:16� 103 5:553� 10�5 85.6 1:8� 10�5 0.188 4� 10�52.0 4:10� 103 3:182� 10�5 19.5 4:0� 10�6 0.094 2� 10�53.0 1:11� 103 8:586� 10�6 2.92 6� 10�7 0.047 1� 10�54.0 248 1:92� 10�6 0 0 0 05.0 52.5 4:1� 10�7 0 0 0 0Ba
kground W�Z0 Z0Z0 

� (fb) 2:57� 104 1:05� 104 2:12� 105M
utBH (TeV) B "M
utBH B "M
utBH B "M
utBH1.0 0 0 0.210 2� 10�6 0 02.0 0 0 0.210 2� 10�6 0 03.0 0 0 0 0 0 04.0 0 0 0 0 0 05.0 0 0 0 0 0 0Ba
kground 
W�; 

�; 
Z0 W�q Zq; 
�q� (fb) 2:77� 105 7:37� 104 3:16� 104M
utBH (TeV) B "M
utBH B "M
utBH B "M
utBH1.0 0.929 3� 10�7 36.1 4:9� 10�5 19.0 6� 10�52.0 0 0 18.4 2:5� 10�5 6.31 2� 10�53.0 0 0 4.42 6� 10�6 3.16 1� 10�54.0 0 0 0.736 1� 10�6 3.16 1� 10�55.0 0 0 0 0 3.16 1� 10�5Ba
kground 
q b�b TOTAL� (fb) 2:36� 104 8:65� 104M
utBH (TeV) B "M
utBH B "M
utBH B1.0 389 1:656� 10�3 13.8 1:6� 10�5 7:70� 1032.0 220 9:34� 10�4 6.04 7� 10�6 4:37� 1033.0 56.9 2:42� 10�4 0 0 1:13� 1034.0 11.5 4:9� 10�5 0 0 2635.0 1.18 5� 10�6 0 0 56:8Table 4.13: Number of ba
kground events (B) passing all sele
tion 
riteria. Se-le
tion eÆ
ien
ies "M
utBH are quoted for ea
h lower 
ut-o� M 
utBH . The numbers
orrespond to an integrated luminosity of 10 fb�1.
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4.3TheATLASsensitivitytobla
kholes

(MP ; n) (1,2) (1,3) (1,5) (1,7)� (fb) 2:41� 107 2:11� 107 2:12� 107 2:24� 107M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 5:084� 106 2:112� 10�2 4:116� 106 1:9692� 10�2 3:971� 106 1:8703� 10�2 4:312� 106 1:8449� 10�22.0 3:860� 106 1:604� 10�2 3:114� 106 1:4864� 10�2 2:942� 106 1:3857� 10�2 3:165� 106 1:3543� 10�23.0 1:583� 106 6:57� 10�3 1:315� 106 6:218� 10�3 1:214� 106 5:716� 10�3 1:304� 106 4:579� 10�34.0 5:158� 105 2:143� 10�3 4:205� 105 1:988� 10�3 3:843� 105 1:810� 10�3 4:106� 105 1:757� 10�35.0 1:461� 105 6:07� 10�4 1:115� 105 5:27� 10�4 1:062� 105 5:00� 10�4 1:094� 105 3:68� 10�4(MP ; n) (3,2) (3,3) (3,5) (3,7)� (fb) 4:11� 104 3:70� 104 3:81� 104 4:24� 104M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 1:300� 104 1:5843� 10�2 1:1289� 104 1:5251� 10�2 1:153� 104 1:5005� 10�2 1:286� 104 1:5155� 10�22.0 1:299� 104 1:5826� 10�2 1:1275� 104 1:5232� 10�2 1:151� 104 1:4984� 10�2 1:285� 104 1:5141� 10�23.0 1:242� 104 1:5132� 10�2 1:074� 104 1:4505� 10�2 1:100� 104 1:4325� 10�2 1:221� 104 1:439� 10�24.0 7699 9:382� 10�3 6608 8:927� 10�3 6728 8:759� 10�3 7396 8:717� 10�35.0 3245 3:955� 10�3 2793 3:773� 10�3 2844 3:703� 10�3 3142 3:703� 10�3(MP ; n) (4,2) (4,3) (4,5) (4,7)� (fb) 4648 4233 4376 4883M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 922.2 1:984� 10�2 853.8 2:017� 10�2 910.6 2:081� 10�2 997.6 2:043� 10�22.0 921.7 1:983� 10�2 853.8 2:017� 10�2 908.9 2:077� 10�2 996.6 2:041� 10�23.0 918.0 1:975� 10�2 847.0 2:000� 10�2 901.5 2:060� 10�2 993.2 2:041� 10�24.0 858.5 1:847� 10�2 776.8 1:835� 10�2 828.4 1:893� 10�2 932.2 1:909� 10�25.0 457.4 9:84� 10�3 402.6 9:51� 10�3 424.9 9:71� 10�3 481.0 9:85� 10�3Table 4.14: Number of signal events (S) passing all sele
tion 
riteria for ea
h mass point (MP ; n) = f1; 3; 4g �f2; 3; 5; 7g.Sele
tion eÆ
ien
ies "M
utBH are quoted for ea
h lower 
ut-o� M 
utBH . Numbers 
orrespond to 10 fb�1 ofintegrated luminosity.
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4.3TheATLASsensitivitytobla
kholes

(MP ; n) (5,2) (5,3) (5,5) (5,7)� (fb) 625 572 594 671M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 107.3 1:718� 10�2 95.15 1:665� 10�2 102.5 1:725� 10�2 121.3 1:809� 10�22.0 107.3 1:218� 10�2 94.98 1:662� 10�2 102.4 1:723� 10�2 121.3 1:809� 10�23.0 106.6 1:706� 10�2 94.47 1:653� 10�2 101.9 1:715� 10�2 120.8 1:801� 10�24.0 105.5 1:689� 10�2 95.64 1:531� 10�2 101.0 1:699� 10�2 119.2 1:777� 10�35.0 95.64 1:531� 10�2 85.84 1:502� 10�2 90.38 1:521� 10�2 108.1 1:612� 10�2(MP ; n) (6,2) (6,3) (6,5) (6,7)� (fb) 88.1 81.1 84.7 95.0M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 13.03 1:479� 10�2 11.54 1:424� 10�2 12.35 1:457� 10�2 14.63 1:541� 10�22.0 13.02 1:478� 10�2 11.54 1:424� 10�2 12.35 1:457� 10�2 14.63 1:541� 10�23.0 13.00 1:475� 10�2 11.50 1:419� 10�2 12.31 1:453� 10�2 14.57 1:534� 10�24.0 12.93 1:467� 10�2 11.43 1:410� 10�2 12.25 1:446� 10�2 14.52 1:529� 10�25.0 12.71 1:442� 10�2 11.29 1:393� 10�2 12.13 1:431� 10�2 14.34 1:510� 10�3(MP ; n) (7,2) (7,3) (7,5) (7,7)� (fb) 11.8 10.9 11.4 12.8M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 1.487 1:256� 10�2 1.345 1:232� 10�2 1.572 1:224� 10�2 1.640 1:277� 10�22.0 1.487 1:256� 10�2 1.345 1:232� 10�2 1.572 1:224� 10�2 1.640 1:277� 10�23.0 1.485 1:254� 10�2 1.343 1:230� 10�2 1.572 1:224� 10�2 1.640 1:277� 10�24.0 1.480 1:250� 10�2 1.332 1:220� 10�2 1.563 1:217� 10�2 1.638 1:276� 10�25.0 1.468 1:240� 10�2 1.320 1:209� 10�2 1.551 1:208� 10�2 1.624 1:265� 10�2Table 4.15: Number of signal events (S) passing all sele
tion 
riteria for ea
h mass point (MP ; n) = f5; 6; 7g �f2; 3; 5; 7g. Sele
tion eÆ
ien
ies "M
utBH are quoted for ea
h lower 
ut-o� M 
utBH . Numbers 
orrespond to 10 fb�1 ofintegrated luminosity.
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4.3 The ATLAS sensitivity to bla
k holesan integrated luminosity of 10 fb�1, 
rudely indi
ating that bla
k hole events areprodu
ed in large numbers and should be dis
ernible within a relatively modesttime of LHC running.The dis
overy luminosity R LD dt spe
i�es the luminosity required for dis
ov-ery. The 
onventional dis
overy 
ondition employed in this sensitivity study isgiven by (4.10). A step-by-step pro
edure for 
omputing the dis
overy luminosityis listed below:� The number of bla
k hole events produ
ed after a given time of LHC running(NBH(t)) is proportional to the produ
tion 
ross se
tion and the integrated
ollider luminosity: NBH(t) = �pp!BH � Z LLHC dt (4.13)� Let NSG (NBG) and SG (BG) be total number of signal (ba
kground) eventsgenerated and the number of retained signal (ba
kground) events after se-le
tion 
uts, respe
tively. The eÆ
ien
ies listed in Tables 4.14 and C.3 arethen given by: "M
utBH = SGNSG (4.14)(and similarly for the ba
kground eÆ
ien
ies listed in Table 4.13).� If S5� = fSG (B5� = fBG) is the number of signal (ba
kground) eventsafter sele
tion 
uts required for a 5� dis
overy and f is a multipli
ativefa
tor, then the number of generated events N5� required for a 5� dis
overy
an be found as: N5� = S5�"M
utBH = fSG"M
utBH (4.15)� The number N5� may then be translated into the 
orresponding beam lu-minosity given by: Z LD dt = N5��pp!BH = 1�pp!BH fSG"MminBH (4.16)where �pp!BH is the 
ross se
tion of the pro
ess in question.
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4.3 The ATLAS sensitivity to bla
k holesThe multipli
ation fa
tor f is found by way of the 
onditions for a 5� dis
overy,given by Equation (4.10):5 = S5�pB5� = fSGpfBG = SGpBGpf =) f = �5pBGSG �2 (4.17)If S5� 
omes out less than 10 (S5� <10), the appropriate multipli
ation fa
toris given by: S5� = fSG � 10 =) f � fmin = 10SG (4.18)Integrated dis
overy luminosities were evaluated for mass points (MP ; n) = f1; 3; 4; 5g�f2; 3; 5; 7g and only in 
ases where M 
utBH � MP . The results are listed in TablesC.4 and C.5. Figure 4.26 shows the integrated dis
overy luminosity as a fun
tionof the fundamental Plan
k mass MP and the number of extra dimensions n forthe two 
ases M 
utBH =MP and M 
utBH =MP + 1 TeV.The dis
overy potential is found to depend very weakly on n and very stronglyon MP . This behavior is expe
ted sin
e the bla
k hole produ
tion 
ross se
tion�pp!BH � �r2H � 1M2P �MBHMP � 2n+1 (4.19)depends strongly on the value of MP 1 and less so on the value of n. Theauthors of (1) have proposed that the strong dependen
y of R LD dt on MP maybe used to determine the value of MP experimentally by observing how earlydis
overy is a
hieved.The results presented in Table C.4 and C.5 are found to be in fair agreementwith values quoted in (1). Slightly lower dis
overy luminosities (fa
tor� 0:15) areobserved for mass points (MP ; n)=f1g � f2; 3; 5; 7g be
ause CHARYBDIS provides
ross se
tions roughly twi
e as large for pro
esses at MP = 1 TeV.1This dependen
y is espe
ially marked when MBHMP �1 as is typi
ally the 
ase when thelower threshold for bla
k hole produ
tion is set equal to the fundamental Plan
k mass.
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4.3 The ATLAS sensitivity to bla
k holes
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Figure 4.26: The dis
overy luminosity as a fun
tion of MP and n. The toppair show points evaluated at M 
utBH = MP , while the bottom pair show pointsevaluated at M 
utBH =MP + 1 TeV. 115
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4.3TheATLASsensitivitytobla
kholes

(MP ; n) (1,2) (1,3) (1,5) (1,7)� (fb) 2:41� 107 2:11� 107 2:12� 107 2:24� 107M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 5:79� 104 1:96� 10�5 4:75� 104 2:41� 10�5 4:53� 104 2:52� 10�5 4:91� 104 2:42� 10�52.0 5:84� 104 2:59� 10�5 4:76� 104 3:19� 10�5 4:45� 104 3:40� 10�5 4:79� 104 3:30� 10�53.0 4:71� 104 6:32� 10�5 3:91� 104 7:62� 10�5 3:61� 104 8:25� 10�5 3:88� 104 8:00� 10�54.0 3:18� 104 1:9� 10�4 2:59� 104 2:4� 10�4 2:37� 104 2:6� 10�4 2:53� 104 2:5� 10�45.0 1:94� 104 6:8� 10�4 1:48� 104 9:0� 10�4 1:41� 104 9:42� 10�4 1:45� 104 9:5� 10�4(MP ; n) (3,2) (3,3) (3,5) (3,7)� (fb) 4:11� 104 3:70� 104 3:81� 104 4:24� 104M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 148 129 131 1472.0 197 171 174 1853.0 369 1:61� 10�2 319 1:86� 10�2 327 1:83� 10�2 363 1:64� 10�24.0 475 2:59� 10�2 407 3:03� 10�2 415 3:00� 10�2 456 2:71� 10�25.0 431 6:15� 10�2 371 7:16� 10�2 377 7:09� 10�2 417 6:37� 10�2(MP ; n) (4,2) (4,3) (4,5) (4,7)� (fb) 4648 4233 4376 4883M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 10.5 9.73 10.4 13.362.0 13.9 12.9 13.7 15.13.0 27.3 25.2 26.8 29.54.0 52.9 0.116 47.9 0.129 51.1 0.121 57.5 0.1075.0 60.7 0.219 53.4 0.248 56.4 0.235 63.8 0.208Table 4.16: The signi�
an
e SpB at mass points (MP ; n) = f1; 3; 4g�f2; 3; 5; 7g with 10 fb�1 of integrated luminosity.The dis
overy luminosity R LD dt is evaluated for all points where M 
utBH �MP within the restri
ted parameter spa
e(MP ; n) = f1; 3; 4; 5g � f2; 3; 5; 7g.
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4.3TheATLASsensitivitytobla
kholes

(MP ; n) (5,2) (5,3) (5,5) (5,7)� (fb) 625 572 594 671M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 1.22 1.08 1.17 1.382.0 1.62 1.44 1.55 2.833.0 3.17 3.03 3.00 3.554.0 6.51 5.79 6.22 7.355.0 12.7 1.55 11.4 1.192 12.0 1.74 14.3 1.22(MP ; n) (6,2) (6,3) (6,5) (6,7)� (fb) 88.1 81.1 84.7 95.0M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 0.148 0.132 0.141 0.1672.0 0.197 0.175 0.187 0.2213.0 0.387 0.342 0.366 0.4334.0 0.797 0.755 0.755 0.8955.0 1.69 1.61 1.61 1.90(MP ; n) (7,2) (7,3) (7,5) (7,7)� (fb) 11.8 10.9 11.4 12.8M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 1:69� 10�2 1:53� 10�2 1:79� 10�2 1:87� 10�22.0 2:25� 10�2 2:03� 10�2 2:38� 10�2 2:48� 10�23.0 4:42� 10�2 3:40� 10�2 4:68� 10�2 4:88� 10�24.0 9:13� 10�2 8:21� 10�2 9:64� 10�2 0.1015.0 0.195 0.175 0.206 0.215Table 4.17: The signi�
an
e SpB at mass points (MP ; n) = f5; 6; 7g�f2; 3; 5; 7g with 10 fb�1 of integrated luminosity.The dis
overy luminosity R LD dt is evaluated for all points where M 
utBH �MP within the restri
ted parameter spa
e(MP ; n) = f5g � f2; 3; 5; 7g.
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4.4 The impa
t of new e�e
ts and revised dis
overy luminosities4.4 The impa
t of new e�e
ts and revised dis-
overy luminositiesThe e�e
t of greybody fa
tors and the time variation of the Hawking tempera-ture TH on the parton level emission spe
tra of bla
k holes is dis
ussed in Se
tion4.1.3.5. In this se
tion the sensitivity analysis presented in Se
tion 4.3.3 is re-peated with the e�e
ts of time variation and greybody fa
tors in
luded to providean update on the ATLAS sensitivity study presented in (1).New signal samples were generated a
ross the same parameter spa
e (MP ; n)= f1; 3; 4; 5; 6; 7g�f2; 3; 5; 7g. The swit
hes TIMVAR and GRYBDY were both set to.TRUE., all other parameter settings were as given in Table 4.10. The produ
tion
ross se
tions for all samples are listed in Table 4.18 and seen to agree with thevalues listed in Table 4.11 to two signi�
ant �gures. Table 4.18 also 
omparesCHARYBDIS 
ross se
tions with the 
ross se
tion quoted in (1). CHARYBDIS is seento give slightly larger 
ross se
tions (� 25%� 150%) forMP < 5TeV and slightlylower 
ross se
tion (� 5%� 48%) for MP > 5TeV.The simulated data was normalised to an integrated luminosity of 10 fb�1and the same pro
edure outlined in Se
tion 4.3.3 was employed to evaluate theimpa
t of a time-evolving Hawking temperature and greybody fa
tors on theATLAS sensitivity to bla
k holes. This study was performed with slightly lowerstatisti
s in signal samples with large 
ross se
tions (MP � 3 TeV) and in thehard QCD ba
kground. The 
omparison made in this se
tion is done against adi�erent set of signal (and ba
kground) samples with new e�e
ts swit
hed o�,than those presented in Se
tion 4.3.1. The relevant tables whi
h to 
ompare, aregiven in Appendix C.4.4.1 Impa
t of new e�e
tsDeviations from the results presented in Se
tion 4.3.3 are expe
ted to be small,sin
e the dis
overy luminosity is governed largely by the bla
k hole produ
tion
ross se
tion and the value of the fundamental Plan
k mass MP . However, theevent sele
tion uses hard, prompt e� and 
 for bla
k hole event triggering. The
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4.4 The impa
t of new e�e
ts and revised dis
overy luminositiesMP ; n �Charybdis (fb) �Atl (fb) MP ; n �Charybdis (fb) �Atl (fb)1,2 2.40�107 9.45�106 2.5 5,2 6.27�102 6.62�102 0.91,3 2.12�107 8.26�106 2.3 5,3 5.72�102 6.03�102 0.91,5 2.12�107 8.06�106 2.6 5,5 5.96�102 6.25�102 1.01,7 2.34�107 8.24�106 2.8 5,7 6.66�102 6.99�102 1.03,2 4.10�104 2.55�104 1.6 6,2 8.81�101 1.25�102 0.73,3 3.71�104 2.29�104 1.6 6,3 8.09�101 1.14�102 0.73,5 3.82�104 2.34�104 1.6 6,5 8.46�101 1.19�102 0.73,7 4.24�104 2.60�104 1.6 6,7 9.52�101 1.33�102 0.74,2 4.65�103 3.74�103 1.2 7,2 1.18�101 2.29�101 0.54,3 4.26�103 3.38�103 1.3 7,3 1.09�101 2.10�101 0.54,5 4.40�103 3.49�103 1.3 7,5 1.14�101 2.20�101 0.54,7 4.90�103 3.89�103 1.3 7,7 1.29�101 2.47�101 0.5Table 4.18: Signal samples and 
ross se
tions with the e�e
ts of time variation andgreybody fa
tors swit
hed on. �Atl refer to the 
ross se
tions quoted in (1). Thenumbers in the rightmost 
olumns on either side show the ratio �Charybdis=�Atl.bla
k hole dis
overy potential will therefore be sensitive to the number of bla
khole �nal states with energeti
 ele
trons and photons.The e�e
t of both time variation and greybody fa
tors on the parton levelenergy spe
tra of emitted parti
les is dis
ussed in Se
tion 4.1.3.5.Table 4.2 indi
ates that the introdu
tion of greybody fa
tors results in a �5%in
rease in the emission probability of 
harged leptons and a �15% de
rease inthe emission probability of photons.Figure 4.27 shows the parton level energy spe
tra of ele
trons and positronsemitted by bla
k holes generated at mass points (MP ; n) = (1,3) and (5,3) withthe new e�e
ts swit
hed on and o�. The e�e
t of the time variation is to hardenthe spe
trum. The greybody fa
tors however will soften the spe
trum, su
h thatthe net result is to leave the energy distribution largely unaltered. Even so, anin
rease in the number of energeti
 e� is observed due to the slight in
rease inthe probability for emission. A 19% in
rease in the number of ele
trons emitted
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4.4 The impa
t of new e�e
ts and revised dis
overy luminositiesis observed for mass point (1,3), while a 53% in
rease is seen for (5,3)1.Figure 4.28 shows the parton level energy spe
tra for photons at the samemass points (1,3) and (5,3). In the 
ase of photons, both the time variationand greybody fa
tors serve to harden the energy spe
tra, thereby in
reasing thefra
tion of prompt photons with E>300 GeV. The redu
ed emission probabilityhowever leads to a �35% redu
tion in the number of emitted photons.Figure 4.29 shows the dete
tor level ratio of the number of energeti
 ele
tronsand photons with new e�e
ts in
luded to the same number of energeti
 ele
tronsand photons with new e�e
ts omitted. In the time-varying, greybody model ofthe bla
k hole de
ay, the number of events with at least one energeti
 (E>300GeV) ele
tron is in
reased by � 10%. At the same time, a � 25% redu
tionin the number of events with one energeti
 photon is observed. At mass point(5,3), there is a � 35% in
rease in events with one energeti
 ele
tron and � 20%redu
tion in events with one energeti
 photon. All in all, a net de
rease in thenumber of energeti
 ele
trons and photons is observed.4.4.2 Updated dis
overy luminositiesThe event sele
tion 
riteria were identi
al to those des
ribed in Se
tion 4.3.3.Figure 4.30 shows the number of energeti
 parti
les (E>300 GeV) at mass points(MP ; n) =(1,3) and (5,3). The distributions are largely un
hanged in fa
e of thenew e�e
ts, and only a slight attenuation in the multipli
ity of energeti
 signalparti
les is observed.The number of signal (S 0) events passing all the sele
tion 
riteria are listed inTables 4.20 and 4.21.The dis
overy luminosities with the new data sample, were evaluated as de-s
ribed in Se
tion 4.3.3. Tables 4.22 and 4.23 presents the signi�
an
e S0pB at ea
hmass point (MP ; n) = f1; 3; 4; 5; 6; 7g � f2; 3; 5; 7g with the updated integrateddis
overy luminosity R L0D dt 
omputed in ea
h 
ase of M 
utBH �MP .The new dis
overy luminosities are presented in Figure 4.31 as a fun
tion ofMP and n. The dotted lines show R L0D dt with time-evolution and greybody1Even though the theoreti
al emissivities predi
t an in
rease of only �5%, the di�eren
ebetween the generated emissivities may very well be mu
h larger as is apparent from Table 4.2.
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4.4 The impa
t of new e�e
ts and revised dis
overy luminosities
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Figure 4.27: Parton level energy spe
tra of primary e� from bla
k holes generatedat mass points (MP ; n) =(1,3) (left) and (5,3) (right) with the e�e
ts of timevariation of TH and greybody fa
tors in
luded (dotted) and omitted (solid). Thenumbers in the lower right 
orners show the ratio of the bin integrals of the dottedand solid histograms. The straight line marks the sele
tion 
ut at 300 GeV.
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Figure 4.28: Parton level energy spe
tra of primary 
 from bla
k holes generatedat mass points (MP ; n) =(1,3) (left) and (5,3) (right) with the e�e
ts of timevariation of TH and greybody fa
tors in
luded (dotted) and omitted (solid). Thenumbers in the lower right 
orners show the ratio of the bin integrals of the dottedand solid histograms. The straight line marks the sele
tion 
ut at 300 GeV.
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Figure 4.29: Multipli
ity distributions of energeti
 ele
trons (top) and photons(bottom) with new e�e
ts swit
hed on divided by the same distributions withnew e�e
ts swit
hed o�.
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Figure 4.30: Number of energeti
 parti
les with E>300 GeV for (MP ; n) =f(1; 3); (5; 3)g with 10 fb�1 of data. The solid lines show the signal distributionwith the greybody e�e
ts and time variation swit
hed on (red) and o� (bla
k).The dashed line shows the ba
kground distribution.e�e
ts swit
hed on, while the bla
k lines show the values of Tables C.4 and C.5with new e�e
ts swit
hed o�.A slight in
rease in the dis
overy luminosity is observed for all mass points(MP ; n) as expe
ted from the net redu
tion in the number of �nal states withenergeti
 ele
trons and photons.The average ratio h R L0D dtR LD dti of the dis
overy luminosities with new e�e
ts in-
luded to the 
orresponding luminosities with new e�e
ts omitted, are listed inTable 4.19 for ea
h value of MP . A time-varying, greybody model of the bla
khole de
ay is found to raise the dis
overy luminosity with respe
t to a �xed-temperature, bla
kbody model by � 11% forMP = 1 TeV and � 27% forMP �3TeV.
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Figure 4.31: Modi�ed dis
overy luminosities as a fun
tion of MP and n with avarying-temperature, greybody model of the bla
k hole de
ay. Solid lines showthe 
orresponding luminosities with a �xed-temperature, bla
kbody model of thebla
k hole de
ay.
MP (TeV) h R L0D dtR LDdt dti1 1.113 1.274 1.285 1.27Table 4.19: Average ratio of R L0D dt to R LD dt for various values of MP .
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4.4Theimpa
tofnewe�e
tsandreviseddis
overyluminosities

(MP ; n) (1,2) (1,3) (1,5) (1,7)� (fb) 2:40� 107 2:12� 107 2:12� 107 2:34� 107M
utBH (TeV) S0 "M
utBH S0 "M
utBH S0 "M
utBH S0 "M
utBH1.0 3:339� 106 1:390� 10�2 3:005� 106 1:419� 10�2 2:830� 106 1:333� 10�2 3:263� 106 1:397� 10�22.0 2:616� 106 1:089� 10�2 2:343� 106 1:106� 10�2 2:163� 106 1:019� 10�2 2:518� 106 1:078� 10�23.0 1:148� 106 4:78� 10�3 9:87� 105 4:66� 10�3 8:90� 105 4:19� 10�3 1:068� 106 4:57� 10�34.0 3:70� 105 1:54� 10�3 2:97� 105 1:40� 10�3 3:38� 105 1:59� 10�3 3:74� 105 1:60� 10�35.0 8:2� 104 3:4� 10�4 9:5� 104 4:5� 10�4 1:02� 105 4:8� 10�4 8:6� 104 3:7� 10�4(MP ; n) (3,2) (3,3) (3,5) (3,7)� (fb) 4:10� 104 3:71� 104 3:82� 104 4:24� 104M
utBH (TeV) S0 "M
utBH S0 "M
utBH S0 "M
utBH S0 "M
utBH1.0 7420 1:812� 10�2 6893 1:860� 10�2 7373 1:932� 10�2 8179 1:930� 10�22.0 7412 1:810� 10�2 6882 1:857� 10�2 7365 1:930� 10�2 8171 1:928� 10�23.0 7076 1:728� 10�2 6560 1:770� 10�2 7041 1:845� 10�2 7815 1:844� 10�24.0 4681 1:143� 10�2 4088 1:103� 10�2 4556 1:194� 10�2 5103 1:204� 10�25.0 2007 4:90� 10�3 1772 4:78� 10�3 2065 5:41� 10�3 2310 5:45� 10�3(MP ; n) (4,2) (4,3) (4,5) (4,7)� (fb) 4654 4257 4395 4897M
utBH (TeV) S0 "M
utBH S0 "M
utBH S0 "M
utBH S0 "M
utBH1.0 627.4 1:532� 10�2 688.8 1:618� 10�2 708.9 1:613� 10�2 789.9 1:613� 10�22.0 627.4 1:532� 10�2 688.4 1:617� 10�2 708.0 1:611� 10�2 788.9 1:611� 10�23.0 621.6 1:518� 10�2 682.8 1:604� 10�2 703.2 1:600� 10�2 783.5 1:600� 10�24.0 574.5 1:403� 10�2 630.5 1:481� 10�2 650.5 1:480� 10�2 724.8 1:480� 10�25.0 299.8 7:32� 10�3 335.9 7:89� 10�3 357.8 8:14� 10�3 398.6 8:14� 10�3Table 4.20: Number of signal events (S 0) passing all sele
tion 
riteria for ea
h mass point (MP ; n) = f1; 3; 4g �f2; 3; 5; 7g. Sele
tion eÆ
ien
ies "M
utBH are quoted for ea
h lower 
ut-o�M 
utBH . The data is normalised to an integratedluminosity of R L dt=10 fb�1.
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4.4Theimpa
tofnewe�e
tsandreviseddis
overyluminosities

(MP ; n) (5,2) (5,3) (5,5) (5,7)� (fb) 627 574 596 666M
utBH (TeV) S0 "M
utBH S0 "M
utBH S0 "M
utBH S0 "M
utBH1.0 83.82 1:337� 10�2 76.63 1:335� 10�2 84.53 1:418� 10�2 93.12 1:399� 10�22.0 83.82 1:337� 10�2 76.63 1:335� 10�2 84.47 1:417� 10�2 93.12 1:399� 10�23.0 83.38 1:330� 10�2 76.28 1:329� 10�2 84.23 1:413� 10�2 92.85 1:395� 10�24.0 81.81 1:305� 10�2 75.13 1:309� 10�2 83.10 1:394� 10�2 91.72 1:378� 10�35.0 74.35 1:186� 10�2 67.85 1:182� 10�2 75.94 1:274� 10�2 82.27 1:236� 10�2(MP ; n) (6,2) (6,3) (6,5) (6,7)� (fb) 88.1 80.9 84.6 95.2M
utBH (TeV) S0 "M
utBH S0 "M
utBH S0 "M
utBH S0 "M
utBH1.0 9.661 1:097� 10�2 9.049 1:118� 10�2 10.04 1:187� 10�2 11.16 1:172� 10�22.0 9.661 1:097� 10�2 9.041 1:117� 10�2 10.04 1:187� 10�2 11.15 1:171� 10�23.0 9.617 1:092� 10�2 9.009 1:113� 10�2 10.00 1:183� 10�2 11.13 1:169� 10�24.0 9.547 1:084� 10�2 8.944 1:105� 10�2 9.918 1:173� 10�2 11.05 1:160� 10�25.0 9.415 1:069� 10�2 8.855 1:094� 10�2 9.782 1:157� 10�2 10.84 1:138� 10�3(MP ; n) (7,2) (7,3) (7,5) (7,7)� (fb) 11.8 10.9 11.4 12.9M
utBH (TeV) S0 "M
utBH S0 "M
utBH S0 "M
utBH S0 "M
utBH1.0 1.095 9:28� 10�3 1.051 9:67� 10�3 1.094 9:58� 10�3 1.363 1:061� 10�22.0 1.095 9:28� 10�3 1.051 9:67� 10�3 1.094 9:58� 10�3 1.363 1:061� 10�23.0 1.092 9:25� 10�3 1.050 9:66� 10�3 1.094 9:58� 10�3 1.363 1:061� 10�24.0 1.067 9:21� 10�3 1.047 9:63� 10�3 1.087 9:52� 10�3 1.356 1:055� 10�25.0 1.076 9:12� 10�3 1.028 9:46� 10�3 1.072 9:39� 10�3 1.343 1:045� 10�2Table 4.21: Number of signal events (S 0) passing all sele
tion 
riteria for ea
h mass point (MP ; n) = f5; 6; 7g �f2; 3; 5; 7g. Sele
tion eÆ
ien
ies "M
utBH are quoted for ea
h lower 
ut-o�M 
utBH . The data is normalised to an integratedluminosity of R L dt=10 fb�1.
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4.4Theimpa
tofnewe�e
tsandreviseddis
overyluminosities

(MP ; n) (1,2) (1,3) (1,5) (1,7)� (fb) 2:41� 107 2:11� 107 2:12� 107 2:24� 107M
utBH (TeV) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1)1.0 4:43� 104 3:0� 10�5 3:99� 104 3:3� 10�5 3:75� 104 3:5� 10�5 4:33� 104 3:1� 10�52.0 4:92� 104 3:8� 10�5 4:41� 104 4:3� 10�5 4:07� 104 4:6� 10�5 4:73� 104 4:0� 10�53.0 3:12� 104 8:7� 10�5 2:68� 104 1:0� 10�4 2:42� 104 1:1� 10�4 2:90� 104 9:4� 10�54.0 7:45� 104 2:7� 10�4 5:97� 104 3:4� 10�4 6:80� 104 3:0� 10�4 7:52� 104 2:7� 10�45.0 4:60� 104 1:2� 10�3 5:37� 104 5:4� 10�3 5:74� 104 9:8� 10�4 4:87� 104 1:2� 10�3(MP ; n) (3,2) (3,3) (3,5) (3,7)� (fb) 4:11� 104 3:70� 104 3:81� 104 4:24� 104M
utBH (TeV) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1)1.0 98.4 91.5 97.8 1092.0 139 129 139 1543.0 192 1:4� 10�2 178 1:5� 10�2 191 1:4� 10�2 212 1:3� 10�24.0 942 2:1� 10�2 823 2:4� 10�2 917 2:2� 10�2 1027 2:0� 10�25.0 1130 5:0� 10�2 997 5:6� 10�2 1162 4:8� 10�2 1300 4:3� 10�2(MP ; n) (4,2) (4,3) (4,5) (4,7)� (fb) 4648 4233 4376 4883M
utBH (TeV) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1)1.0 8.32 9.14 9.40 10.52.0 11.8 12.9 13.3 14.83.0 16.9 18.6 19.1 21.34.0 116 0.1531 127 0.1586 131 0.1537 146 0.13805.0 169 0.2935 189 0.2977 201 0.2795 224 0.2509Table 4.22: Signi�
an
e S0pB0 and integrated dis
overy luminosity R L0D dt for mass points (MP ; n) = f1; 3; 4g �f2; 3; 5; 7g with 10 fb�1 of integrated luminosity.

127



4.4Theimpa
tofnewe�e
tsandreviseddis
overyluminosities

(MP ; n) (5,2) (5,3) (5,5) (5,7)� (fb) 625 572 594 671M
utBH (TeV) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1)1.0 1.11 1.02 1.12 1.242.0 1.58 1.44 1.59 1.753.0 2.27 2.07 2.29 2.524.0 16.5 15.1 16.7 18.55.0 41.9 1.345 38.2 1.474 42.7 1.317 46.3 1.216(MP ; n) (6,2) (6,3) (6,5) (6,7)� (fb) 88.1 81.1 84.7 95.0M
utBH (TeV) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1)1.0 0.128 0.120 0.133 0.1942.0 0.182 0.170 0.189 0.2763.0 0.261 0.245 0.272 0.3964.0 1.92 1.80 2.00 2.905.0 5.30 4.98 5.51 8.28(MP ; n) (7,2) (7,3) (7,5) (7,7)� (fb) 11.8 10.9 11.4 12.8M
utBH (TeV) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1) S0=pB R L0Ddt(fb�1)1.0 1:45� 10�2 1:39� 10�2 1:45� 10�2 1:81� 10�22.0 2:06� 10�2 1:98� 10�2 2:06� 10�2 2:56� 10�23.0 2:97� 10�2 2:85� 10�2 2:97� 10�2 3:71� 10�24.0 0.219 0.211 0.219 0.2725.0 0.606 0.579 0.604 0.756Table 4.23: Signi�
an
e S0pB0 and integrated dis
overy luminosity R L0D dt for mass points (MP ; n) = f5; 6; 7g �f2; 3; 5; 7g with 10 fb�1 of integrated luminosity.
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4.4 The impa
t of new e�e
ts and revised dis
overy luminosities4.4.3 Con
lusionSe
tions 4.3.3 and 4.4 explored the bla
k hole dis
overy potential with the ATLASdete
tor at the LHC, using the CHARYBDIS bla
k hole generator and the ATLFASTfast simulation programme.Using the �xed temperature, bla
kbody approximation to the bla
k hole de
ay,the luminosity required for a 5� dis
overy was found to be < 1fb�1 for all masspoints with MP < 5TeV. These results suggest that if the fundamental Plan
kmass i suÆ
iently low, bla
k holes may be one of the earliest signs of new physi
sobserved at the LHC:� if MP < 5 TeV, dis
overy is a
hieved within less than one month of LHCrunning at low luminosity (R L < 1fb�1)� if MP < 4 TeV, dis
overy is a
hieved within one day of LHC running atlow luminosity (R L1 < 0:1fb�1)� if MP < 3 TeV, dis
overy is a
hieved within only a few hours of LHCrunning at low luminosityThe dis
overy luminosity was also evaluated with a lower 
ut-o� on the re
on-stru
ted bla
k hole mass of M 
utBH =MP + 1TeV to avoid the un
ertainties of theregime of quantum gravity. In su
h 
ases, the numbers are in
reased by � 30%for MP = 1 TeV, � 60% for MP = 3 TeV and � 90% for MP = 4 TeV. Even so,these values still suggest that dis
overy is a
hieved within a modest time of LHCrunning. However, these numbers should be treated with 
are, and their validityis dis
ussed further in Se
tion 4.5.The dis
overy luminosities show a strong dependen
e on the fundamentalPlan
k mass and a weak dependen
e on the dimensionality of spa
etime. Thesedependen
ies are expe
ted and re
e
t dire
tly the variation in the bla
k holeprodu
tion 
ross se
tion with respe
t to these parameters. The bla
k hole 
rossse
tion depends strongly on MP and the sensitivity analysis suggests that thevalue of MP is the determining fa
tor for whether bla
k holes will be dis
overedat the LHC.
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4.5 Evaluation of ResultsSin
e the dis
overy luminosity is governed prin
ipally by the bla
k hole 
rossse
tion, modi�
ations and improvements to the bla
k hole de
ay spe
tra are notexpe
ted to modify these values signi�
antly. However, sin
e the bla
k hole eventtriggering is sensitive to the number of �nal state events with energeti
 e� and
, the 
ombined e�e
t of a time-evolving Hawking temperature and greybodymodi�ed spe
tra was studied and found to raise the dis
overy luminosity by� �11% for mass points with MP =1 TeV� �27% for mass points with MP �3 TeV< MP � 5 TeVThe slight in
rease may be attributed to a net de
rease in the number of�nal states with energeti
 e� and 
. This redu
tion follows from the greybodymodi�ed photon emission probability.4.5 Evaluation of ResultsAt this point, it is appropriate with a few 
omments 
on
erning the s
ope andvalidity of the results presented in this 
hapter. Apart from the variety of di�erentextra dimension models, there are a number of un
ertainties whi
h plague thetheory of bla
k hole produ
tion and de
ay presented in Se
tion 1.3, some of whi
hmay a�e
t the observability of bla
k holes at the LHC and in parti
ular the resultsof presented in this thesis. The LHC will provide a window into kinemati
 regionswhi
h remain unexplored to date. The la
k of detailed understanding of physi
sat the highest energies o�ered by the LHC introdu
es yet other un
ertainties tothe results of this thesis.The aim of this se
tion is to highlight some of these un
ertainties and whereappropriate identify where partial improvements to the studies presented in this
hapter 
an be made without further theoreti
al work.4.5.1 Sensitivity results and the semi-
lassi
al limitIt is important to note that the sensitivity study presented in Se
tion 4.3.3 wasperformed using simulated data with no lower threshold for bla
k hole produ
tion
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4.5 Evaluation of Resultsother than the fundamental Plan
k massMP . As was previously pointed out, thevalidity of the theory of bla
k hole produ
tion and de
ay presented in Se
tion 1.3is restri
ted to the semi-
lassi
al regime MBH � MP . In the limit MBH � MP ,the semi-
lassi
al approximation is expe
ted to break down and quantum gravitye�e
ts be
ome in
reasingly important. An analysis whi
h makes use of the semi-
lassi
al 
al
ulation of the bla
k hole 
ross se
tion should arguably limit itselfto the semi-
lassi
al regime. However, to retain 
onsisten
y with (1), all signalsamples used in the sensitivity study presented in Se
tion 4.3.3 in
lude generatedbla
k hole masses a
ross the full region MgenBH � MP , with the large majority ofevents at ea
h point (MP ; n) having masses MgenBH �MP .In order to stay within the limits of the semi-
lassi
al regime, the dis
overyluminosity was evaluated also using the harder 
ut M 
utBH � MP + 1TeV on there
onstru
ted bla
k hole mass. This requirement was seen to produ
e a slightin
rease in the dis
overy luminosity. However, sin
e the signal samples weregenerated with a bla
k hole produ
tion threshold at MP , they therefore still
ontain bla
k holes with masses M re
BH < MP + 1TeV. This is important be
ausewhile the bla
k hole is 
ross se
tion strongly dependent on the value of MP , it isalso sensitive to the bla
k hole produ
tion threshold through the ratioMBH=MP ,as seen from Equation 4.19. It is perhaps a matter of dis
ussion where thelower threshold should be set to stay within the 
on�nes of the semi-
lasi
alapproximation. It has been proposed that ifMP = 1TeV, then requiringMminBH �5TeV should render bla
k hole analyses within safe limits of the semi-
lassi
aldomain (11; 35). Su
h a requirement would give 
ross se
tions order of magnitudesmaller than those listed in Tables 4.11 and 4.18. Table 4.24 
ompares 
rossse
tions obtained with three di�erent produ
tion thresholds MminBH = 1 TeV, 5TeV and 10 TeV, for �xed (MP ; n) =(1,3). The last two 
ross se
tions are seento di�er from the �rst by 3 and 7 orders of magnitude, respe
tively.Using the 
ut-o� M 
utBH =5 TeV, Table C.4 predi
ts a dis
overy luminosityfor bla
k holes with (MBH ;MP ; n)=(5,1,3) on the order � 0:1pb�1. However,judging from the produ
tion 
ross se
tion for su
h bla
k holes given in Table 4.24the same data in Table C.4 indi
ate a dis
overy luminosity on the order � 10pb�1.Signal samples generated entirely within the semi-
lassi
al domain will givesmaller 
ross se
tions for ea
h mass point listed in Table 4.11. An analysis re-
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4.5 Evaluation of ResultsMP (TeV) n MminBH (TeV) MmaxBH (TeV) �BH (fb)1 3 1 14 2:12� 1071 3 5 14 3:19� 1041 3 10 14 2:06Table 4.24: Bla
k hole 
ross se
tions with di�erent lower thresholdsMminBH relativeto MP =1 TeV.stri
ted to the theoreti
ally valid regime is therefore expe
ted to give a moremodest dis
overy potential.However, one should remember that any produ
tion threshold di�erent fromthe fundamental Plan
k mass will be arti�
ial. Even though the semi-
lassi
almodel may no longer be valid when MBH � MP , bla
k hole produ
tion is notex
luded in this region.It is also worth noting that the Plan
k s
ale should be low for semi-
lassi
albla
k hole produ
tion to o

ur at the LHC. Judging from the experimental 
on-traints on MP presented in Se
tion 1.2.3, it is likely that if bla
k hole produ
tiono

urs at the LHC, it will at the limit of the semi-
lassi
al approximation orperhaps entirely within the regime of quantum gravity.4.5.2 Bla
k hole produ
tion and de
ayThe sensitivity results presented in Se
tion 4.3.3 were derived using the geomet-ri
 
ross se
tion �BH = F (n)�r2S. The validity of this 
ross se
tions and possiblesuppression fa
tors (37) have been widely debated in the literature. The 
onsen-sus opinion seems to agree on its validity, however form fa
tors F (n) of order 1are expe
ted to modify the 
ross-se
tion slightly. These have been 
al
ulated us-ing numeri
al simulations (38). Throughout this thesis F (n) = 1 has been used,however the results of (38) may be introdu
ed by hand to improve the sensitivityanalysis.Other issues are harder to improve on without further theoreti
al work (6).In parti
ular, the CHARYBDIS bla
k hole model assumes that all the energy ofthe in
oming partons is 
aptured in the bla
k hole. A better understandingof transplan
kian inelasti
 s
attering and the amount of energy trapped behind
132



4.5 Evaluation of Resultsthe horizon, may moderate the bla
k hole dis
overy potential (39). It is alsopossible that the balding and spin-down phases will modify the energy spe
trumof the de
ay, whi
h may have a small e�e
t on the dis
overy potential. Gravitonemission to the bulk has been 
ompletely negle
ted in this thesis. Some estimatessuggest that the fra
tion of energy emitted into the bulk may be as large as 50%(35). If this is 
ombined with bla
k hole de
ays to SUSY parti
les, it is likely thatthe pmissT distributions will be signi�
antly modi�ed with fewer events passing thesele
tion requirement pmissT < 100 GeV.It is also possible that other exoti
 pro
esses will have signatures similar tobla
k hole events, thus making it harder to distinguish the latter (40).4.5.3 Parton distribution fun
tionsBla
k hole produ
tion o

urs in transplan
kian s
attering pro
esses with largemomentum transfers (Q2) and where the 
olliding partons 
arry a large momen-tum fra
tion x of the momenta of the in
oming protons. Our 
urrent understand-ing of the high Q2, large x regions is limited and based on extrapolations fromlower energy data obtained from 
urrent 
olliders, su
h as the Tevatron. Thevalidity of su
h an extrapolation is questionable and the evolution equations maybe signi�
antly modi�ed with the onset of TeV-s
ale gravity (15; 35). This willimpa
t the 
ross se
tion estimates for both bla
k holes and SM ba
kground.It is known that the CTEQ5L distributions used in this analysis underestimatethe gluon 
ontribution at high x. These mod�
ations are in
orporated into thenew CTEQ6 distributions. A more detailed study of the bla
k hole 
ross se
tiondependen
e on di�erent PDF's would be desireable. Any modi�
ations to thebla
k hole 
ross se
tions would ne
essarily impa
t the sensitivity results presentedin this thesis.4.5.4 QCD ba
kgroundThe un
ertainties in the PDF's a�e
t not only the bla
k hole 
ross se
tion, butalso limits our understanding of the SM QCD ba
kground at the LHC. HardQCD s
attering pro
esses have large 
ross se
tions at the LHC and is one of thedominant ba
kgrounds to bla
k hole events, as indi
ated in Table 4.13. For mass
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4.5 Evaluation of Resultspoints (1; n), the bla
k hole and hard QCD 
ross se
tions are 
omparable and asignal is 
learly observed as an order of magnitude ex
ess over the ba
kground.However, for higher values ofMP a more detailed understanding of the bla
k hole
ross se
tion is required before bla
k hole dis
overy 
an be de
lared. The s
enariopresented in Se
tion 4.3.3 is also somewhat arti�
ial. Transplan
kian bla
k holeprodu
tion is a non-perturbative pro
ess whi
h suppresses perturbative physi
s.Dire
t 
omparison to SM ba
kgrounds will therefore be misleading.4.5.5 Counting experimentThe bla
k hole dis
overy potential at ATLAS was evaluated with a simple 
ount-ing experiment and as su
h pla
es an inordinate degree of trust on the MonteCarlo simulation. The many un
ertainties, espe
ially in the estimation of theQCD ba
kground, make su
h 
ounting experiments less optimal at the LHC.A better approa
h would be to �t the signal and ba
kground distributionsshown in Figure 4.24, and use these �ts to evaluate the bla
k hole dis
overypotential. An initial attempt at this was made, but for la
k of time, an analysesbased on this approa
h 
ould not be 
ompleted.It should also be noted that su
h a �tting pro
edure would rely on the lowend of the re
onstru
ted mass distribution where M re
BH �MP . In this region, thesemi-
lassi
al model breaks down and quantum gravity e�e
ts be
ome in
reas-ingly important. To develop a �tting pro
edure whi
h avoids the un
ertainties ofthis regime, is a 
onsiderably more diÆ
ult task.The study presented in Se
tions 4.3.3 and 4.4 fo
used on the bla
k hole dis-
overy potential and not on the feasibility of measuring bla
k hole properties.An underlying assumption has been that the ex
ess over the SM ba
kground arebla
k hole events. This assumption would need to be veri�ed before dis
overy
an be de
lared. Su
h veri�
ation would most likely have to be obtained throughmeasurements of 
ertain properties of the ex
ess events and their interrelations.Intial studies were performed to this end, but 
ould not be 
ompleted for la
k oftime.
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4.5 Evaluation of Results4.5.6 Dete
tor simulationThe entire study presented in this thesis has relied on he ATLFAST parametrizationof the ATLAS dete
tor. Given the large statisti
s required for many of the masspoints (MP ; n) and ba
kground pro
esses 
onsidered, the fast simulation has beenindispensible. A similar study with fully simulated and re
onstru
ted bla
k holeevents would be extremely time 
onsuming. However, ATLFAST was developpedprimarily for the study of various SM and Higgs pro
esses and is not optimized forthe high enegy, high multipli
ity 
hara
teristi
s of bla
k hole events. In parti
ular,the jet re
onstru
tion algorithms are likely to be poor. Full simulation studies aretherefore 
alled for to validate the ATLFAST results. As su
h, bla
k hole eventsprovide an ex
ellent means for exploring the performan
e of the ATLAS dete
tor athigh energies. They \probe" the ele
tromagneti
 and hadroni
 energy s
ales andrequire eÆ
ient and a

urate jet re
onstru
tion and tra
king algorithms. Su
hstudies are 
urrently under way within the ATLAS 
ollaboration (41).A full simulation study would also be able to shed some light on e�e
ts thatare likely to modify ele
tron and photon eÆ
ien
ies, su
h as jets faking ele
tronsignature or jets 
ontaining leading �0 faking photon signature. Su
h e�e
tswould impa
t the sensitivity study presented in Se
tion 4.3.3, as ele
trons andphotons are used for bla
k hole event triggering.
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Chapter 5SummaryDespite the many su

esses of the SM, there are strong reasons to believe thatnew physi
s will be revealed after the LHC be
omes operational in 2007. Onepossibility is provided by extra dimension models where the fundamental Plan
kmass may be as low as a few TeV. If the fundamental Plan
k mass is suÆ
ientlylow, transplan
kian energies will be a

essible to the LHC and miniature bla
kholes 
ould be produ
ed in hard s
attering intera
tions.This thesis has explored aspe
ts of bla
k hole produ
tion and de
ay withinthe 
ontext of the ATLAS experiment. A signi�
ant amount of time was investedin the interfa
e of the CHARYBDIS bla
k hole generator to the PYTHIA Monte Carloprogram. This work led to the dis
losure of an error in the PYTHIA subroutinePYSHOW.A parton level study was subsequently performed to study the performan
eof the generator, as well as the nature of the bla
k hole de
ay with di�erentmodel parameters. A 
hoi
e of parameters giving a low multipli
ity of de
ayparti
les was found to signi�
antly 
onstrain the de
ay and alter expe
ted event
hara
teristi
s. The bla
k hole events were then studied on the dete
tor level,using the ATLFAST fast simulation of the ATLAS dete
tor. Depending somewhaton the lower threshold for bla
k hole produ
tion relative to the fundamentalPlan
k mass and other model parameters, typi
al features of bla
k hole eventswere found to in
lude: large multipli
ities (� 8�20), spheri
al event shapes, highP pT and low pmissT .
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The bla
k hole dis
overy potential at ATLAS was evaluated for various val-ues of MP and n, using a simple 
ounting experiment. The results indi
atethat if MP < 5TeV, the integrated luminosity for dis
overy is less than 1fb�1.The sensitivity study was performed with both a �xed-temperature, bla
kbodyapproximation to the bla
k hole de
ay and a more 
omplete model with a time-evolving Hawking temperature and greybody emission spe
tra. The latter wasevaluated found to raise the dis
overy luminosity with respe
t to the former byroughly � 27% for MP > 1TeV.Finally, various short
oming of the analysis were highlighted and some possibleimprovements suggested.
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Appendix A
A Note on ConventionsSeveral di�erent de�nitions of the (fundamental) Plan
k mass are in use. Whilesome 
onventions are dire
tly related by 
onstants of O(1), others vary with thenumber of extra dimensions n. Throughout this thesis, 
are has been taken toemploy the default de�nition of the Plan
k mass as pres
ribed by the MSSDEF(=2)parameter of the CHARYBDIS bla
k hole generator. This de�nition 
orresponds tothe 
onvention of Dimopoulos and Landsberg (19):Mn+2P (4+n) = 1G(4) 1(2�R)n (A.1)and whenever required, quoted results have been 
onverted a

ordingly.
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Appendix B
PYTHIA event listingsIf no other mention is made, all listings below refer to the same event. The eventis one that PYTHIA failed to handle.B.1 Listing of bla
k hole de
ay produ
tsThe output below provides a listing of the bla
k hole de
ay produ
ts as they arefed into the HEPEUP 
ommon blo
k. (To obtain the listing, a 
all to the PYTHIAfun
tion PYLIST(7) was introdu
ed in the CHARYBDIS subroutine CHEVNT). Entries1 and 2 are the bla
k hole forming partons. All subseqent entries refer to parti
lesof the bla
k hole de
ay: entry number 3 refers to the �rst de
ay produ
t, entrynumber 4 refers to the se
ond, and so on.Event listing of user pro
ess at input (simplified)I IST ID Mothers Colours p_x p_y p_z E m1 -1 2 0 0 500 0 0.000 0.000 3737.378 3737.378 0.0002 -1 1 0 0 502 0 0.000 0.000-4129.313 4129.313 0.0003 1 22 1 2 500 0 -93.308 107.164 195.945 242.043 0.000Event listing of user pro
ess at input (simplified)
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B.1 Listing of bla
k hole de
ay produ
ts
I IST ID Mothers Colours p_x p_y p_z E m1 -1 2 0 0 500 0 0.000 0.000 3737.378 3737.378 0.0002 -1 1 0 0 502 0 0.000 0.000-4129.313 4129.313 0.0003 1 22 1 2 500 0 -93.308 107.164 195.945 242.043 0.0004 1 6 1 2 0 504 63.709 657.675 -132.408 696.241 175.000..et
..Event listing of user pro
ess at input (simplified)I IST ID Mothers Colours p_x p_y p_z E m1 -1 2 0 0 500 0 0.000 0.000 3737.378 3737.378 0.0002 -1 1 0 0 502 0 0.000 0.000-4129.313 4129.313 0.0003 1 22 1 2 500 0 -93.308 107.164 195.945 242.043 0.0004 1 6 1 2 0 504 63.709 657.675 -132.408 696.241 175.0005 1 21 1 2 0 0 416.929 129.264 656.578 788.438 0.0006 1 3 1 2 0 0 287.173 44.857 2.155 290.664 0.5007 1 -15 1 2 502 0 -151.646 -443.230 -514.978 696.172 1.7778 1 1 1 2 0 0 162.338 -429.606 -385.432 599.560 0.3309 1 3 1 2 0 0 -294.387 219.442 350.225 507.422 0.50010 1 21 1 2 0 0 23.957 255.515 -44.930 260.539 0.00011 1 16 1 2 504 0 -13.290 -327.192 -9.059 327.587 0.00012 1 -24 1 2 0 0 -2.133 -177.222 -128.564 233.266 80.45013 1 -15 1 2 506 0 547.511 -28.124 -625.379 831.662 1.77714 1 21 1 2 0 513 -451.123 151.439 285.632 555.006 0.00015 1 -2 1 2 508 0 -341.749 395.843 -256.148 582.319 0.33016 1 6 1 2 510 0 -110.804 56.233 18.636 215.434 175.000

140



B.2 HEPEUP listingB.2 HEPEUP listingThe listing below shows the output of the HEPEUP 
ommon blo
k after all parti
lesshown in Appendix B.1 have been entered. The two last entries represent thede
ay produ
ts of the bla
k hole remnant. In the below, IDUP gives the parti
lePDG 
ode. PUP(5,I) represent the lab frame momentum (Px; Py; Pz; E;M) ofthe parti
le in units of GeV.HEPEUPUser Pro
ess Event Common Blo
kNUP = 18IDPRUP = 1XWGTUP = 49.37526SCALUP =7856.92090AQEDUP = 0.00000AQCDUP = 0.00000IDUP ISTUP VTIMUP SPINUP MOTHUP(1) MOTHUP(2) ICOLUP(1) ICOLUP(2) PUP(1) PUP(2) PUP(3) PUP(4) PUP(5)2 -1 0.0000 0.0000 0 0 501 0 0.00000 0.00000 3737.3778 3737.37778 0.000001 -1 0.0000 0.0000 0 0 504 0 0.00000 0.00000 -4129.3127 4129.31269 0.0000022 1 0.0000 0.0000 1 2 0 0 -93.30814 107.16353 195.9449 242.04303 0.000006 1 0.0000 0.0000 1 2 500 0 63.70857 657.67452 -132.4077 696.24089 175.0000021 1 0.0000 0.0000 1 2 501 500 416.92931 129.26429 656.5780 788.43772 0.000003 1 0.0000 0.0000 1 2 503 0 287.17342 44.85664 2.1554 290.66404 0.50000-15 1 0.0000 0.0000 1 2 0 0 -151.64562 -443.22990 -514.9784 696.17168 1.777001 1 0.0000 0.0000 1 2 506 0 162.33841 -429.60591 -385.4316 599.56034 0.330003 1 0.0000 0.0000 1 2 509 0 -294.38726 219.44202 350.2255 507.42171 0.5000021 1 0.0000 0.0000 1 2 504 503 23.95744 255.51463 -44.9300 260.53865 0.0000016 1 0.0000 0.0000 1 2 0 0 -13.29048 -327.19222 -9.0588 327.58731 0.00000-24 1 0.0000 0.0000 1 2 0 0 -2.13290 -177.22215 -128.5638 233.26613 80.45000-15 1 0.0000 0.0000 1 2 0 0 547.51143 -28.12429 -625.3790 831.66206 1.7770021 1 0.0000 0.0000 1 2 507 506 -451.12321 151.43865 285.6318 555.00569 0.00000-2 1 0.0000 0.0000 1 2 0 507 -341.74862 395.84320 -256.1478 582.31930 0.330006 1 0.0000 0.0000 1 2 511 0 -110.80360 56.23340 18.6357 215.43426 175.00000-6 1 0.0000 0.0000 1 2 0 509 72.61022 -242.61789 -287.4217 421.15549 175.00000-3 1 0.0000 0.0000 1 2 0 511 -115.78897 -369.43852 483.2126 619.18218 0.50000B.3 Final PYTHIA listingThe output below shows the event listing produ
ed by PYTHIA before abortingthe simulation. Entries 5 to 22 show the parti
les of the HEPEUP 
ommon blo
k
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B.3 Final PYTHIA listingreprodu
ed in Appendix B.2. The 
omponents of the four-momenta are seen todi�er due to ISR e�e
ts, sometimes by as mu
h as > 100 GeV. The listing alsodis
loses a PYTHIA bookkeeping error, (later 
orre
ted for in subversions 4.224and above). The W+ and b-quark shown in entries 33 and 34 both erroneouslypoint to the t-quark of entry 20. The 
orre
t de
ay produ
t of the t-quark arethe W+ and b-quark in entries 25 and 26. Error type 2 has o

ured after 48 PYEXEC 
alls:(PYPREP:) 
olour rearrangement failedExe
ution will be stopped after listing of last event!Event listing (standard)I parti
le/jet K(I,1) K(I,2) K(I,3) K(I,4) K(I,5) P(I,1) P(I,2) P(I,3) P(I,4) P(I,5)1 !p+! 21 2212 0 0 0 0.00000 0.00000 6999.99994 7000.00000 0.938272 !p+! 21 2212 0 0 0 0.00000 0.00000 -6999.99994 7000.00000 0.93827==================================================================================================================================3 !u! 21 2 1 0 0 -0.66820 0.37301 3763.10518 3763.10526 0.000004 !d! 21 1 2 0 0 0.65262 0.45350 -4227.23977 4227.23985 0.000005 !u! 21 2 3 0 0 2.29463 0.94511 3737.82642 3737.82724 0.000006 !d! 21 1 4 0 0 2.88920 0.59748 -4128.81704 4128.81810 0.000007 !gamma! 21 22 0 0 0 -93.15757 107.22224 195.96414 242.02662 0.000008 !t! 21 6 0 0 0 64.17159 657.80578 -132.35699 696.39774 175.000009 !g! 21 21 0 0 0 417.41913 129.45658 656.68360 788.81626 0.0000010 !s! 21 3 0 0 0 287.36430 44.91456 2.20016 290.86191 0.5000011 !tau+! 21 -15 0 0 0 -151.16634 -443.11939 -514.87735 695.92234 1.7770012 !d! 21 1 0 0 0 162.74876 -429.50756 -385.32940 599.53545 0.3300013 !s! 21 3 0 0 0 -294.06904 219.56181 350.26188 507.31412 0.5000014 !g! 21 21 0 0 0 24.13051 255.56400 -44.91149 260.59985 0.0000015 !nu_tau! 21 16 0 0 0 -13.07494 -327.12760 -9.00231 327.51253 0.0000016 !W-! 21 -24 0 0 0 -1.97418 -177.18274 -128.52628 233.21413 80.4500017 !tau+! 21 -15 0 0 0 548.08460 -27.99274 -625.25413 831.94123 1.7770018 !g! 21 21 0 0 0 -450.77100 151.56439 285.67082 554.77390 0.0000019 !ubar! 21 -2 0 0 0 -341.35522 395.94507 -256.11400 582.14291 0.3300020 !t! 21 6 0 0 0 -110.66292 56.27722 18.65377 215.37495 175.00000==================================================================================================================================21 !tbar! 21 -6 0 0 0 72.89917 -242.54972 -287.35496 421.12056 175.0000022 !sbar! 21 -3 0 0 0 -115.40302 -369.28931 483.30193 619.09083 0.5000023 !s! 21 3 16 0 0 -35.61065 -111.58859 -98.70619 153.17733 0.5000024 !
bar! 21 -4 16 0 0 33.70892 -59.15366 -25.20077 72.61388 1.5000025 !W+! 21 24 20 0 0 -13.49756 -6.97252 54.83346 95.15885 76.2738426 !b! 21 5 20 0 0 -93.13954 61.20517 -37.11508 117.56537 4.8000027 !e+! 21 -11 25 0 0 -2.13340 -24.72108 -10.29950 26.86564 0.0005128 !nu_e! 21 12 25 0 0 -11.71094 18.15668 64.30973 67.84212 0.0000029 !W-! 21 -24 21 0 0 92.08073 -189.39461 -266.17927 348.70170 79.95182
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B.4 E�e
ts of ISR, FSR and primordial k?30 !bbar! 21 -5 21 0 0 -26.27077 -29.84165 4.78626 40.33145 4.8000031 !mu-! 21 13 29 0 0 83.95241 -85.14705 -127.02982 174.45519 0.1056632 !nu_mubar! 21 -14 29 0 0 3.66090 -96.96188 -127.84984 160.50105 0.0000033 !W+! 21 24 20 0 0 -2.05193 394.62249 -22.16302 403.25781 79.9658934 !b! 21 5 20 0 0 63.71905 229.09797 -104.03537 259.60045 4.8000035 !mu+! 21 -13 33 0 0 -0.22753 226.07782 23.38566 227.28425 0.1056636 !nu_mu! 21 14 33 0 0 1.90312 142.05953 -49.10319 150.31852 0.00000101 (u) 14 2 119 0 119 105 0 119 0 2.29463 0.94511 3737.82642 3737.82724 0.00000102 (d) 14 1 120 3 120 110 0 120 0 2.88920 0.59748 -4128.81704 4128.81810 0.00000103 (gamma) 14 22 7 0 0 138 0 0 138 -93.15757 107.22224 195.96414 242.02662 0.00000B.4 E�e
ts of ISR, FSR and primordial k?The output below shows both a listing of the user pro
ess (
all to PYLIST(7))and ex
erpts of the �nal event listing (
all to PYLIST(1)). The e�e
ts of ISR,FSRand primoridal k? are all swit
hed o�. The four-momental of the �nal listing areseen to agree perfe
tly with the \input" vlalues of the user pro
ess. Furthermore,the simulation did not abort, nor produ
e any error messages. (The event shownbelow therefore does not 
orrespond to the event PYTHIA fails to handle).Event listing of user pro
ess at input (simplified)I IST ID Mothers Colours p_x p_y p_z E m1 -1 2 0 0 500 0 0.000 0.000 3818.631 3818.631 0.0002 -1 2 0 0 503 0 0.000 0.000-4096.317 4096.317 0.0003 1 -12 1 2 0 0 307.091 -313.955 233.792 497.525 0.0004 1 -3 1 2 503 502 -24.995 -542.671 440.187 699.200 0.5005 1 4 1 2 0 0 -177.325 437.059 320.183 570.074 1.5006 1 21 1 2 0 505 -538.762 -146.108 -401.425 687.571 0.0007 1 24 1 2 0 508 -21.686 235.666 -151.689 292.388 80.4508 1 1 1 2 500 0 -224.081 -109.709 674.665 719.320 0.3309 1 21 1 2 502 0 -83.747 -59.266 -100.105 143.342 0.00010 1 21 1 2 508 507 4.198 -209.732 -34.360 212.570 0.00011 1 3 1 2 0 0 149.865 343.788 -57.575 379.428 0.50012 1 21 1 2 505 0 84.530-1089.577 -532.186 1215.543 0.00013 1 -1 1 2 507 0 33.814 47.294 253.044 259.638 0.330
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B.4 E�e
ts of ISR, FSR and primordial k?14 1 -14 1 2 509 0 1.318 -7.934 -158.864 159.068 0.00015 1 3 1 2 506 0 503.932 347.223 -160.982 632.793 0.50016 1 5 1 2 508 0 101.869 131.517 -463.860 492.812 4.80017 1 -3 1 2 509 0 -116.021 936.404 -138.512 953.677 0.500-->Event # 100 Event listing (summary)I parti
le/jet KS KF orig p_x p_y p_z E m1 !p+! 21 2212 0 0.000 0.000 7000.000 7000.000 0.9382 !p+! 21 2212 0 0.000 0.000-7000.000 7000.000 0.938==============================================================================3 !u! 21 2 1 0.000 0.000 3818.631 3818.631 0.0004 !u! 21 2 2 0.000 0.000-4096.317 4096.317 0.0005 !u! 21 2 3 0.000 0.000 3818.631 3818.631 0.0006 !u! 21 2 4 0.000 0.000-4096.317 4096.317 0.0007 !nu_ebar! 21 -12 0 307.091 -313.955 233.792 497.525 0.0008 !sbar! 21 -3 0 -24.995 -542.671 440.187 699.200 0.5009 !
! 21 4 0 -177.325 437.059 320.183 570.074 1.50010 !g! 21 21 0 -538.762 -146.108 -401.425 687.571 0.00011 !W+! 21 24 0 -21.686 235.666 -151.689 292.388 80.45012 !d! 21 1 0 -224.081 -109.709 674.665 719.320 0.33013 !g! 21 21 0 -83.747 -59.266 -100.105 143.342 0.00014 !g! 21 21 0 4.198 -209.732 -34.360 212.570 0.00015 !s! 21 3 0 149.865 343.788 -57.575 379.428 0.50016 !g! 21 21 0 84.530-1089.577 -532.186 1215.543 0.00017 !dbar! 21 -1 0 33.814 47.294 253.044 259.638 0.33018 !nu_mubar! 21 -14 0 1.318 -7.934 -158.864 159.068 0.00019 !s! 21 3 0 503.932 347.223 -160.982 632.793 0.50020 !b! 21 5 0 101.869 131.517 -463.860 492.812 4.80021 !sbar! 21 -3 0 -116.021 936.404 -138.512 953.677 0.50022 !dbar! 21 -1 11 -52.221 161.234 -104.939 199.338 0.33023 !u! 21 2 11 30.535 74.432 -46.750 93.050 0.330==============================================================================24 nu_ebar 1 -12 7 307.091 -313.955 233.792 497.525 0.000
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B.4 E�e
ts of ISR, FSR and primordial k?25 (W+) 11 24 11 -21.686 235.666 -151.689 292.388 80.45026 nu_mubar 1 -14 18 1.318 -7.934 -158.864 159.068 0.000
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Appendix C
Dis
overy luminosity tablesThe numbers and values listed in the following tables provide the basis for the
omparison made in Se
tion 4.4. All results refer to a �xed-temperature, bla
k-body model of the bla
k hole de
ay and an integrated luminosity of 10 fb�1.



Ba
kground qq t�t W�W�� (fb) 1:28� 107 4:88� 105 467M
utBH (TeV) B "M
utBH B "M
utBH B "M
utBH1.0 5136 4:0� 10�5 97.6 2:0� 10�5 0.14 3:0� 10�52.0 2568 2:0� 10�5 0 0 0.09 2:0� 10�53.0 1284 1:0� 10�5 0 0 0.05 1:0� 10�54.0 0 0 0 0 0 05.0 0 0 0 0 0 0Ba
kground W�Z0 Z0Z0 

� (fb) 2:57� 104 1:05� 104 2:12� 105M
utBH (TeV) B "M
utBH B "M
utBH B "M
utBH1.0 0 0 0 0 0 02.0 0 0 0 0 0 03.0 0 0 0 0 0 04.0 0 0 0 0 0 05.0 0 0 0 0 0 0Ba
kground 
W�; 

�; 
Z0 W�q Zq; 
�q� (fb) 2:77� 105 7:37� 104 3:16� 104M
utBH (TeV) B "M
utBH B "M
utBH B "M
utBH1.0 0 0 7.37 1:0� 10�5 15.78 5:0� 10�52.0 0 0 7.37 1:0� 10�5 6.31 2:0� 10�53.0 0 0 7.37 1:0� 10�5 3.16 1:0� 10�54.0 0 0 7.37 1:0� 10�5 3.16 1:0� 10�55.0 0 0 0 0 3.16 1:0� 10�5Ba
kground 
q b�b TOTAL� (fb) 2:36� 104 8:65� 104M
utBH (TeV) B "M
utBH B "M
utBH B1.0 407.93 1:73 � 10�3 17.30 2:0� 10�5 5682.12.0 228.73 9:70 � 10�4 17.30 2:0� 10�5 2827.83.0 58.95 2:50 � 10�4 0 0 1353.54.0 14.15 6:0� 10�3 0 0 24.75.0 0 0 0 0 3.2Table C.1: Number of ba
kground events (B) passing all sele
tion 
riteria. Num-bers 
orrespond to 10 fb�1 of integrated luminosity.
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(MP ; n) (1,2) (1,3) (1,5) (1,7)� (fb) 2:41� 107 2:11� 107 2:12� 107 2:24� 107M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 3:915� 106 1:626 � 10�2 3:323 � 106 1:572� 10�2 3:174 � 106 1:495� 10�2 3:529� 106 1:508 � 10�22.0 3:008� 106 1:249 � 10�2 2:490 � 106 1:178� 10�2 2:427 � 106 1:143� 10�2 2:663� 106 1:138 � 10�23.0 1:279� 106 5:31� 10�3 1:030 � 106 4:870� 10�3 1:0318� 106 4:86 � 10�3 1:097� 106 4:69� 10�34.0 4:17� 105 1:73� 10�3 3:34� 105 1:58� 10�3 3:67� 105 1:73 � 10�3 3:46� 105 1:48� 10�35.0 1:28� 105 5:3� 10�4 1:06� 105 5:0� 10�4 1:06� 105 5:0� 10�4 9:13� 104 3:9� 10�4(MP ; n) (3,2) (3,3) (3,5) (3,7)� (fb) 4:11� 104 3:70� 104 3:81� 104 4:24� 104M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 9765 2:381 � 10�2 8761 2:369� 10�2 9098 2:388� 10�2 10388 2:450 � 10�22.0 9760 2:380 � 10�2 8757 2:368� 10�2 9091 2:386� 10�2 10375 2:447 � 10�23.0 9400 2:292 � 10�2 8321 2:250� 10�2 8664 2:274� 10�2 9977 2:353 � 10�24.0 5799 1:414 � 10�2 5469 1:479� 10�2 5254 1:379� 10�2 6212 1:465 � 10�25.0 2502 6:10� 10�3 2234 6:04� 10�3 2290 6:01 � 10�3 2616 6:17� 10�3(MP ; n) (4,2) (4,3) (4,5) (4,7)� (fb) 4648 4233 4376 4883M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 922.2 1:984 � 10�2 853.8 2:017� 10�2 910.6 2:081� 10�2 997.6 2:043 � 10�22.0 921.7 1:983 � 10�2 853.8 2:017� 10�2 908.9 2:077� 10�2 996.6 2:041 � 10�23.0 918.0 1:975 � 10�2 847.0 2:000� 10�2 901.5 2:060� 10�2 993.2 2:041 � 10�24.0 858.5 1:847 � 10�2 776.8 1:835� 10�2 828.4 1:893� 10�2 932.2 1:909 � 10�25.0 457.4 9:84� 10�3 402.6 9:51� 10�3 424.9 9:71 � 10�3 481.0 9:85� 10�3Table C.2: Number of signal events (S) passing all sele
tion 
riteria for ea
h mass point (MP ; n) = f1; 3; 4g �f2; 3; 5; 7g. Numbers 
orrespond to 10 fb�1 of integrated luminosity.
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(MP ; n) (5,2) (5,3) (5,5) (5,7)� (fb) 625 572 594 671M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 107.3 1:718� 10�2 95.15 1:665� 10�2 102.5 1:725� 10�2 121.3 1:809� 10�22.0 107.3 1:218� 10�2 94.98 1:662� 10�2 102.4 1:723� 10�2 121.3 1:809� 10�23.0 106.6 1:706� 10�2 94.47 1:653� 10�2 101.9 1:715� 10�2 120.8 1:801� 10�24.0 105.5 1:689� 10�2 95.64 1:531� 10�2 101.0 1:699� 10�2 119.2 1:777� 10�35.0 95.64 1:531� 10�2 85.84 1:502� 10�2 90.38 1:521� 10�2 108.1 1:612� 10�2(MP ; n) (6,2) (6,3) (6,5) (6,7)� (fb) 88.1 81.1 84.7 95.0M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 13.03 1:479� 10�2 11.54 1:424� 10�2 12.35 1:457� 10�2 14.63 1:541� 10�22.0 13.02 1:478� 10�2 11.54 1:424� 10�2 12.35 1:457� 10�2 14.63 1:541� 10�23.0 13.00 1:475� 10�2 11.50 1:419� 10�2 12.31 1:453� 10�2 14.57 1:534� 10�24.0 12.93 1:467� 10�2 11.43 1:410� 10�2 12.25 1:446� 10�2 14.52 1:529� 10�25.0 12.71 1:442� 10�2 11.29 1:393� 10�2 12.13 1:431� 10�2 14.34 1:510� 10�3(MP ; n) (7,2) (7,3) (7,5) (7,7)� (fb) 11.8 10.9 11.4 12.8M
utBH (TeV) S "M
utBH S "M
utBH S "M
utBH S "M
utBH1.0 1.487 1:256� 10�2 1.345 1:232� 10�2 1.572 1:224� 10�2 1.640 1:277� 10�22.0 1.487 1:256� 10�2 1.345 1:232� 10�2 1.572 1:224� 10�2 1.640 1:277� 10�23.0 1.485 1:254� 10�2 1.343 1:230� 10�2 1.572 1:224� 10�2 1.640 1:277� 10�24.0 1.480 1:250� 10�2 1.332 1:220� 10�2 1.563 1:217� 10�2 1.638 1:276� 10�25.0 1.468 1:240� 10�2 1.320 1:209� 10�2 1.551 1:208� 10�2 1.624 1:265� 10�2Table C.3: Number of signal events (S) passing all sele
tion 
riteria for ea
h mass point (MP ; n) = f5; 6; 7g �f2; 3; 5; 7g. Numbers 
orrespond to 10 fb�1 of integrated luminosity.
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(MP ; n) (1,2) (1,3) (1,5) (1,7)� (fb) 2:41� 107 2:11� 107 2:12� 107 2:24� 107M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 5:20� 104 2:6� 10�5 4:42� 104 3:0� 10�5 4:22 � 104 3:2� 10�5 4:69� 104 2:8� 10�52.0 5:67� 104 3:2� 10�5 4:70� 104 4:0� 10�5 4:57 � 104 4:1� 10�5 5:02� 104 3:8� 10�53.0 3:47� 104 7:8� 10�5 2:80� 104 9:7� 10�5 2:80 � 104 9:7� 10�5 2:98� 104 9:1� 10�54.0 8:33� 104 2:40� 10�4 6:68� 104 2:99 � 10�4 7:35 � 104 2:72 � 10�4 6:93� 104 2:89� 10�45.0 7:37� 104 1:40� 10�4 6:10� 104 9:46 � 10�4 6:13 � 104 9:42 � 10�4 5:27� 104 1:096� 10�3(MP ; n) (3,2) (3,3) (3,5) (3,7)� (fb) 4:11� 104 3:70� 104 3:81� 104 4:24� 104M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 130 116 121 1382.0 184 165 171 1963.0 255 1:064� 10�2 226 2:202� 10�2 235 1:154� 10�2 271 1:002� 10�24.0 1160 1:724� 10�2 1094 1:828� 10�2 1051 1:903� 10�2 1242 1:610� 10�25.0 1444 4:000� 10�2 1290 4:477� 10�2 1322 4:367� 10�2 1510 3:823� 10�2(MP ; n) (4,2) (4,3) (4,5) (4,7)� (fb) 4648 4233 4376 4883M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 12.3 11.3 12.1 13.32.0 17.4 16.1 17.1 18.83.0 24.9 23.0 24.5 27.04.0 172 0.1165 155 0.1287 166 0.1207 186 0.10735.0 264 0.2186 232 0.2484 245 0.2353 278 0.2079Table C.4: The signi�
an
e SpB at mass points (MP ; n) = f1; 3; 4g�f2; 3; 5; 7g with 10 fb�1 of integrated luminosity.The dis
overy luminosity R LD dt is evaluated for all points where M 
utBH �MP within the restri
ted parameter spa
e(MP ; n) = f1; 3; 4; 5g � f2; 3; 5; 7g.
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(MP ; n) (5,2) (5,3) (5,5) (5,7)� (fb) 625 572 594 671M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 1.43 0.130 1.36 1.612.0 2.02 0.184 1.93 2.773.0 2.90 0.264 2.77 3.284.0 21.1 1.92 20.2 23.85.0 55.2 1.046 50.2 1.165 52.2 1.107 62.4 0.9245(MP ; n) (6,2) (6,3) (6,5) (6,7)� (fb) 88.1 81.1 84.7 95.0M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 0.173 2:3� 10�3 0.164 0.1942.0 0.246 3:2� 10�3 0.233 0.2763.0 0.353 4:6� 10�3 0.335 0.3964.0 2.58 3:4� 10�2 2.45 2.905.0 7.34 9:8� 10�2 7.00 8.28(MP ; n) (7,2) (7,3) (7,5) (7,7)� (fb) 11.8 10.9 11.4 12.8M
utBH (TeV) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1) S=pB R LDdt(fb�1)1.0 1:98� 10�2 1:45� 10�5 1:86 � 10�2 2:18 � 10�22.0 2:80� 10�2 2:06� 10�5 2:64 � 10�2 3:09 � 10�23.0 4:03� 10�2 2:97� 10�5 3:80 � 10�2 4:46 � 10�24.0 0.296 2:18� 10�4 0.278 0.3285.0 0.848 6:30� 10�4 0.796 0.938Table C.5: The signi�
an
e SpB at mass points (MP ; n) = f5; 6; 7g�f2; 3; 5; 7g with 10 fb�1 of integrated luminosity.The dis
overy luminosity R LD dt is evaluated for all points where M 
utBH �MP within the restri
ted parameter spa
e(MP ; n) = f5g � f2; 3; 5; 7g.
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