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Abstract

A mini black hole search is motivated by theories of extra dimensions.
ADD model is one of extra dimensions theories in which all extra dimen-
sions are compactified in cylinder shape. In the model, only gravitational
field can propagate into additional n dimensions. Hence, the fundamental
gravitational force is stronger than that measured in 3+ 1 space-time dimen-
sions. This could lead the fundamental Planck scale, Mp, of O(1) TeV in
n + 4 dimensions, and solve the hierarchy problem where the Planck scale
is vastly large compared with the electroweak scale. On the assumption of
Mp ~ O(1) TeV, mini black holes with masses of O(1) TeV could be pro-
duced at the Large Hadron Collider (LHC) at CERN.

In this thesis, mini black holes were searched for in a multijet final state in
proton-proton collisions at center of mass energy of 7 TeV, produced by LHC.
The collision data collected by the ATLAS detector in 2010, corresponding
to the integrated luminosity of 36.3 pb~!, were used in the search.

The mini black hole signals for n = 2 to 7 and Mp = 0.8 GeV to 2 TeV are
searched for. For each n and Mp, the mass thresholds of the mini black holes
were set by the assumptions that colliding particles collapse in a black hole
if the Compton wavelength is equal to or less than the Schwarzschild radius
or horizon radius. In case Mp = 1 TeV, the assumption with Schwarzschild
(horizon) radius gives mass thresholds of about 2(3) TeV to 4 (5) TeV for
n = 7 to 2. Mini black holes are decaied mainly by the Hawking radiation.
The model of no graviton emission is used for the decay of mini black holes.
The burst model, in which mini black hole decay into multi-body, is adopted
for the Planck Phase when the mass of mini black holes become smaller than
the Planck Scale.

Observed events are consistent with Standard Model predictions and up-
per limits on the mini black hole production cross sections are set. This result
can be interpreted to the lower limits on Mp for each n by comparing with
theoretical cross sections. On the assumption using Schwarzschild (horizon)
radius, a lower limit on Mp for n =4 (5) is placed as

Mp > 1.26 (1.06) TeV,

at 95% confidence level, which is the most stringent limit obtained by the
collider experiments.
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Chapter 1

Introduction

The Standard Model (SM) for particle physics has made striking successes
over the last few decades. Three fundamental forces called strong, weak and
electromagnetic are involved in SM. They are described with the quantum
field theory. The past experimental data that explored these forces are well
described by SM. There is another fundamental force, gravitational force,
which is not included in SM. The scale where quantum effects of the gravity
is called the Planck scale, which is O(10'%) GeV !. This scale is too large to
conduct the experimental tests. Therefore, the quantum effects of the gravity
are little-known. In the SM framework, the electromagnetic and weak forces
are unified to “electroweak” force at the energy scale of O(100) GeV. There
is large difference between the Planck scale and electroweak scale and it is
called “hierarchy problem”. The parameters in SM measured by experiments
are calculated from the fundamental parameters by the quantum correction.
The large difference between the Planck scale and the electroweak scale makes
the problem that the electroweak force of O(100) GeV must be tuned at an
accuracy of O(107!7) GeV at the Planck scale. This is called “fine-tuning”
problem, which is a part of the hierarchy problem.

The theory of supersymmetry resolves this fine-tuning problem by intro-
ducing the super partners for particles in SM. The quantum corrections by
the particles in SM and by the super partners are cancelled out.

Another attempt is the theory introducing extra spacial dimensions. By
introducing extra dimensions in which the gravitational force can propagate,
only a part of gravitational force can be felt by the observers in four space-
time dimensions. Consequently the observers in four space-time dimensions
feel only a part of the gravitational force. Hence the fundamental Planck
scale would not be as large as O(10'%) GeV. If the gravity scale is close to

Tn this thesis, natural units, ¢ = & = 1 is adopted.



the electroweak scale, the hierarchy problem is resolved. If the gravity scale
is close to O(1) TeV, mini black holes with the mass of O(1) TeV can exist.

The Large Hadron Collider (LHC) is designed to explore the TeV energy
range by producing the proton-proton collisions at the center of mass energy
of 14TeV, and it is capable of producing mini black holes with the mass of
O(1) TeV. The mini black hole decays immediately into many particles with
high energies. The ATLAS detector is one of the general purpose detectors
placed at a collision point of LHC and has a detection capability for the mini
black hole events.

The LHC achieved the proton-proton collision at the center-of-mass en-
ergy, v/s = 2.36 TeV in 2009. This was the highest energy of particle collision
by accelerators. The LHC raised the energy of the proton-proton collision
up to /s = 7 TeV in 2010 and has been in operation since March 2010. In
this thesis, the search for mini black holes using proton-proton collisions at
Vs = 7 TeV recorded with the ATLAS detector in 2010 is presented. The
signal yields show zero consistent and the cross section upper limits for the
mini black hole productions are set. With the cross section limits, the lower
limits on the fundamental Planck scale are set.

This thesis consists of eleven chapters.

Chapter 2 describes the physics beyond the SM. The details of the mini
black hole production and decay are described in this chapter.

Chapter 3 presents an overview of the LHC and the ATLAS detector.
The Monte Carlo (MC) simulations used in this thesis are described in Chap-
ter 4. The mini black hole model which is used in this thesis is given in this
chapter. Chapter 5 shows the jet reconstruction algorithm for this thesis.
The uncertainties for the jet energy are also given in this chapter.

The data set used in this thesis is explained in Chapter 6. Preselection
criteria for an analysis of the searching mini black hole are given in this
chapter. Chapter 7 shows characteristics of the mini black hole and Standard
Model background events. Discriminant observables for the mini black hole
events are discussed in this chapter. Chapter 8 describes the analysis method
for the mini black hole search. The result for the cross sections of the mini
black hole is given in Chapter 9. The lower limits on the Planck Scale
obtained from the results of the cross sections are summarized in this chapter.
In Chapter 10, comparison with the limits on the Planck scale obtained by
Astrophysical experiments, and expected limits with increased statistics and
high energy collisions are discussed.

Finally, Chapter 11 concludes this thesis.



Chapter 2

Physics Beyond the Standard
Model

This chapter is a summary of particle physics relevant to this thesis. First,
SM and its problems are summarized. Supersymmetry is described as one
of solutions for the problems in SM. The theory of extra dimension is de-
scribed as another solution. Finally, the mini black hole phenomenon with
the existence of extra dimensions in the collider experiment is described.

2.1 The Standard Model

The goal of particle physics is to describe all phenomena in nature with simple
theory. Nature looks like very complex. However it is believed that there is a
fundamental rule by which all phenomena can be described. There are many
theoretical and experimental approaches to find it out. The experimental and
theoretical results suggest that nature can be described with the quantum
field theory in which there are only small numbers of fundamental particles
and they behave according to the interactions associated to the symmetries.
Such symmetry is called as the gauge symmetry.

The theory of a unification of the electromagnetic and the weak interac-
tions was established in 1960’s [1, 2]. It is called the electroweak theory which
is described with SU (2), ® U (1), gauge symmetry. The strong interaction
can be also described with the gauge symmetry of SU (3). The theory of the
strong interaction is called the quantum chromodynamics (QCD) [3, 4, 5].
The SM consists of the electroweak theory and QCD.

In SM, quarks and leptons are elementary particles which form matter.
There are six types of quarks: u, d, ¢, s, t and b. They have non-zero electric
charge, weak isospin, and color charge which are related to the electromag-



netic, weak, and strong interactions, respectively. Leptons consist of three
charged leptons: e, p, 7 and three neutrinos; v., v,, v;. They do not have
color charge and neutrinos do not have electric charge. Therefore, neutrinos
interact only via weak interaction in SM.

The interactions in SM are associated with the exchange of particles;
photon, W*/Z° and gluon, which are called gauge bosons.

Photon is associated to the electromagnetic interaction which is described
by U (1),,,, the subgroup of SU (2), ® U (1),.. Photon is massless, thus the
electromagnetic interaction has infinite range. The weak interaction can
reach only ~ 1071%cm. It means that the gauge bosons for the weak inter-
action, W*/Z° should have mass of O(100) GeV. The Higgs mechanism [6]
gives them non-zero mass through the spontaneous symmetry breaking [7].
The electroweak gauge symmetry is broken by this mechanism and particles
in SM can have masses. These massive bosons were predicted in 1968 and
observed by UA1 and UA2 experiments in 1983 [8, 9, 10, 11]. The strong
interaction can reach only ~ 107! cm because of the color confinement which
does not allow that color charged particles, quarks and gluons, exist alone.
Gluons are massless, hence the gauge symmetry works out strictly in QCD.

The Higgs boson has not been observed, yet. The LEP experiments
reported the limit on the Higgs mass, my. The lower and upper limits at
95 % confidence level (CL) on my are set to be 114.4 GeV and 193 GeV,
respectively [12, 13]. The Tevatron experiments excluded the high mass
region of 158 < my < 175 GeV at 95% CL [14].

Figure 2.1 shows the sensitivity for the Higgs boson at the ATLAS exper-
iment. The evidence at 3 o is expected in the region of 139 < my < 180 GeV
with an integrated luminosity of 1fb~1.

2.2 Hierarchy Problem

One of the problems in SM is that the Planck scale, Mp; = 1.2 x 10! GeV,
where quantum effects of gravity cannot be negligible, is 10'7 times larger
than the electroweak scale of O(100) GeV. In other words, the gravitational
interaction is very weak compared with the electroweak interaction. This
problem is called the hierarchy problem.

The Higgs boson is expected to have a mass of O(100) GeV. The Higgs
boson mass receives radiative corrections by a fermion, f, as shown in Fig-
ure 2.2(a). The coupling of a fermion to the Higgs field is given by the
Yukawa coupling constant Ay with the term —A\;H ff. This correction can



[y
o

L UL UL SULUULI UL L 0L 0 UL . LA L0 0 AU 0 A0 OO0 0 0
7 —e— 300bs, 1fb* o ]
' —a— 300bs., 2fb?
i —»— 30 obs_' 5fb'l ....... _
EEE TeVatron 95% CL exc. o

| LEP 95% CL exc.

—

Sensitivity to a/ag,,

ATLAS Preliminary (Simulation)
Median. sensitivity

s=7 TeV Projections

'l 1 1 1 1 1 1 1 1 11 1 1 11 1 1
10700 150 200 250 300 350 400 450 500 550 600
my[GeV]

Figure 2.1: The discovery potential of the Higgs boson at the ATLAS ex-
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Figure 2.2: One-loop corrections to the Higgs boson mass by a fermion (a)
and by a scalar particle (b)



be written as

Am2 = —|)\f|2A2 + (2.1)
H_ 87T-2 e e ey .

where A is ultraviolet cutoff where the SM is valid up to. If there is no new
physics up to the Planck scale, this cut-off is the same order as Mp;, which
results in an extremely large correction compared with myg; an incredible
fine tuning cancellation between the radiative corrections and the bare mass
needs to be employed.

The theories introducing Supersymmetry and extra dimensions can re-
solve this issue with different approaches.

2.3 Supersymmetry

Supersymmetry (SUSY) [16, 17, 18] can provide a solution of the fine-tuning
not of the hierarchy problem. The SUSY is symmetry between two particles
whose spins differ by 1/2. All fermions have their scalar particle (boson)
partners.

Figure 2.2(b) shows a Feynman diagram for a radiative correction by a
scalar particle, S. The coupling for this scalar particle is assigned as Ag. The
coupling term corresponding to Figure 2.2(b) is given as —\g |H|*|S|*>. The
correction is written as

AN+ (2.2)

If there are two complex scalars with Ag ~ |[\f|* corresponding to right-
handed and left-handed fermions, the radiative term for A? is canceled out.
This symmetry between fermions and bosons is called SUSY.

The SUSY makes it possible to unify the coupling constants of the elec-
troweak and the strong interactions naturally [20]. Figure 2.3 shows the
demonstration of the running coupling constants for SM and SUSY[19]. Here,
o1z 1s the fine structure constant which is defined as

a = (5/3)¢°/ (4n),
ay = g°/ (4m), (2.3)
Qg = 93/ (4m),

where ¢, g, and g5 represent coupling constants for U (1), SU (2) and SU (3),
respectively. MSSM is the one of the SUSY models which is minimal exten-
sion to the Standard Model. The three coupling constants do not meet at
one point for the SM case, but on the assumption of SUSY, they meet at one
point.
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Figure 2.3: Gauge coupling constants as a function of the energy scale, @), in
the SM (left) and in Supersymmetry (right) [19]. a;_3 is the fine structure
constant defined in Eq 2.3.

The SUSY models adopt R-parity, which is 1 for all SM particles and
-1 for SUSY particles. In most of SUSY models, R-parity is conserved.
This leads to the fact that the SUSY particles cannot decay into only SM
particles. Hence, the lightest SUSY particle (LSP) exists stably. The LSP
is a good candidate of the dark matter [21]. The LSP is expected to have
mass of O(1) TeV and the search for SUSY particles is important in the LHC
experiment.

2.4 Extra Dimensions

The idea of extra dimensions is another approach to resolve the hierarchy
problem. A new fundamental Planck scale is introduced, which is not far
from the electroweak scale. Therefore, the fine-tuning is not necessary.

In this thesis, ADD model, in which extra dimensions are compactified
in cylinder shape, are considered. In the following subsections, Kaluza-Klein
theory which is the origin of the ADD model is described at first. Next ADD
model is summarized. Finally, RS model which is another theory of the extra
dimensions is also given.

2.4.1 Kaluza-Klein theory

In 1914, Nordston published a paper of Maxwell-Nordston electromagnetic-
gravitational theory in which the Einstein equations and Maxwell equations



in four dimensions are unified in a five dimensional space-time [22]. In 1920’s,
after the general relativity was established [23], Kaluza proposed to extend
the general relativity to the five-dimensional space-time [24] and Klein ex-
plained the mechanism with fourth space dimension which is compactified in
a very small circle as the size of the Planck length [25]. This is called the
Kaluza-Klein (KK) theory.

Though it had some problems and had been dismissed once, it was cat-
apulted back into the spotlight after 1970’s with the supergravity [26] and
superstring [27] theories. The supergravity is the gauge theory of the super-
symmetry in which gravitino, the super partner of graviton, works as a gauge
field. The superstring theory is one of the hopeful candidates of quantum
theory of the gravity. These theories are constructed with higher dimensions,
10 or 11 dimensions.

Bulk
(All dimensions
including extra dimensions)

Figure 2.4: Particles of the SM can propagate only in (3 + 1) space-time
dimensional “SM Brane”, while the graviton can propagate into “Bulk”.

Recently, theories of TeV scale extra dimensions with the brane [28] have
been investigated. These theories describe that the SM particles are local-
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ized in the three space dimension, called the brane, while the graviton can
propagate into the all space dimensions, called the bulk, as the illustration
of Figure 2.4.

2.4.2 ADD model

Arkani-Hamed, Dimopoulos, and Dvali (ADD) proposed the large extra di-
mensions (LED) [29, 30, 31].

The gravitational force, F', between two materials with masses m; and
mso is known to follow the Gauss’s law in three space dimensions and it is

written as
myms

F(r)=G , (2.4)

r2
where 7 is the distance between the two materials and G is the Newton’s
constant. The relationship between G and Mp) is given as [32]

1
el
If there are n extra dimensions (the total space-time dimension D = 4 + n),
the gravity force follows the Gauss’s law in the 34 n dimensions in the range
of smaller than extra dimensions size. Here, all dimensions are assumed to
be compactified in cylinder shape of which radius equal R. A linear size of
extra dimension is 2w R. The gravity force in the range of R is given as

M3, = (2.5)

mime (
(27r)"r?

where GGp is the Newton’s constant in D dimensions. Namely, the gravita-
tional interaction becomes rapidly large in the range smaller than R by the
effect of additional term, 1/ (27r)".

Here, a fundamental Planck scale, Mp, is defined by

F(D) (7‘) = GD r< R), (2.6)

nt+2 _ (2m)"

M7™ = e (2.7)
This definition is called PDG convention which is used in Particle Data
Group [32] and is originally defined in [33]. There are other conventions;
Giddings and Thomas’s convention: M}*? = (27)" / (4G p) [34, 35] and Di-
mopolous and Landsberg’s convention: Mpi? = 1/Gp [36] which was used
in previous ATLAS results [37]. In this thesis, PDG definition is used to

compare with previous collider results for Mp.
Eq. 2.4 and Eq. 2.6 must be identical at » = R. Hence, a following

equation is obtained:

Mp, = 8T R" M}, (2.8)
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If Mp =1 TeV, R = 10'2 m for n = 1. If there is such an extra dimension,
it affect on the Solar System. However the Solar System obeys the Gauss’s
law of three space dimensions, therefore the case of n = 1 with TeV-scale
Planck scale in ADD model is rejected. In case n = 2(7), the size becomes
1074(107%) m. This size can be tested directly by the precise measurement
of the gravitational interaction. If there is a deviation from the three space
dimensional Gauss’s law, it would suggest the presence of extra dimensions.
Washington group reported a result of the interaction force in submillimeter
range with a torsion-pendulum detector. Their result shows that there is
no new force and set the limit R < 37 um, Mp > 3.6 TeV at 95% CL for
n =2 [38].

The gravitational field makes a series of states as a result of the com-
pactification of extra dimensions. The i-th state with the momentum for

extra dimensions, p'?, seems like a particle with mass m? = p'? for an ob-

server trapped in the brane. It is called KK graviton. KK graviton search
is the one of the possibility to observe the LED effects at the collider exper-
iments. KK graviton interacts via the gravitational force. Consequently, it
hardly interacts with matter and is observed as an unbalance of momenta
in a detector. It is called missing energy. The LEP experiments searched
for KK graviton with eTe™ — ~/Z+ missing energy signatures. The virtual
graviton exchanges in ete™ — v~ signatures is another signature of extra
dimensions and the LEP experiments searched for. In proton-proton colli-
sions, momenta of two collision partons along the beam axis are not known.
Therefore missing energy in transverse direction to the beam axis, EmS is
used. The Tevatron experiments (the CDF and D0 experiments) searched for
KK graviton with pp — jet + E2 and pp — v+ ER signatures. There are
no signal events and current best 95 % CL limits from above two experiments
are Mp > 1.60, 1.20, 1.04, 0.98, 0.94 , 0.80, 0.78TeV for each n = 2,--- ,8,
respectively [39, 40, 41]. Figure 2.5 and 2.6 show the current limit on Mp, as
a function of n.

Astrophysical experiments reported results of extra dimensions. One of
the methods is to check the energy emission from the supernova. If KK
gravitons exist, they carry much energy and the energy spectra from the
supernova are changed by KK graviton [42]. These KK gravitons change the
v ray background generated by graviton decays [43]. Another possibility is
the observation of a halo of KK gravitons which are trapped by the neutron
star and decay into photons [44]. The last one reported the most stringent
limits on Mp in astrophysical experiments: 1760, 76.8, 9.43, 2.12, 0.67, and
0.29TeV for n = 2,--- 7, respectively.

Ultra high-energy cosmic-rays interacting with the atmosphere could pro-
duce the mini black hole. If black holes are produced by the interactions of

10



N CDF Il Jetly + &,

— CDF lly +E, (20107
I CDF Il Jet +E, (1.11b7)
----- LEP Combined

M, Lower Limit (TeV)

3 4 5
Number of Extra Dimensions
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neutrinos with the atmosphere, the light descendants of the black hole may
initiate quasi-horizontal showers. The lack of observed events with such
showers results in limits of Mp > 1.0 — 1.4 TeV for n > 5 [45].

2.4.3 RS model

The alternative theory of extra dimensions proposed by Randall and Sun-
drum, called the RS model, is the model adopting one warped extra dimen-
sion [46]. In this model, two branes exist in the fifth dimensional geometry.
They are separated by a slice of AdS space-time of curvature k. The back-
ground metric of the model is described as

ds? = 2Oy datde” — r2de? (0 < ¢ < 7), (2.9)

where z# is the coordination of 4-dimensional space-time, ¢ is the coordinate
along the fifth dimension, and r. is the radius of the compactification of the
fiftth dimension. Two branes exist at the point ¢ = 0 and ¢ = 7. The brane
at the point ¢ = 0 is called “Planck brane”, where gravitational force is
originated. The brane at ¢ = 7 is called “Weak brane” where SM fields are
localized. A Planck scale in five dimensions, M, is related to Mp; as [46]

M3
(Mp)* = & (1—e2mhre), (2.10)

where kr, > 1 and Mp; ~ k ~ M. Therefore, Eq. 2.10 can be approximated
as

M3
(Mp))* = — (2.11)
In this convention, any mass parameter at Weak brane, m.eq, is given as
Myeak = moe_ﬂ—krca (212)

where mg is the mass parameter at Plank brane. The mass parameter at
Weak brane is exponentially reduced by the factor 6’21””0, which is called
“warp factor”. Thus, the energy scale at Weak brane, M, is given as

M = Me™™, (2.13)

In case kr. ~ 11, the energy scale of O(1) TeV at Weak brane are generated
from the energy scale ~ M ~ Mp; = 1.2 x 10* GeV. The value kr. ~ 11
is naturally obtained by minimizing the potential for the modulus field that
sets the size of the fifth dimension [47].
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In RS model, the mass of n-th excited KK graviton, M, is written as
M, = kxp,e *reT, (2.14)

where x,, is the n-th root of the Bessel function (z; = 3.83). With Eq. 2.11,
2.13 and 2.14, M is written as

- (8
where
vV 87k
c= Yo7 (2.16)

Mpy
To solve the fine-tuning problem, M; should be O(1) TeV and ¢ should sat-
isfies 0.01 < ¢ < 0.1 [48].

The observables M, and c are usually chosen as independent parameters
in the experiments. The stringent results on this KK graviton mass with
dielectron and diphoton final states reported in [49]. The 95% CL lower
limit on M; was reported as 1050 (560) GeV for ¢ = 0.1(0.01). These limits
give the limit on M as

M > 3.7 TeV. (2.17)

Hereafter, only extra dimensions theory of ADD model is considered un-
less otherwise noted.

2.5 Mini Black Hole

If extra dimensions exist and a fundamental Planck scale is TeV scale, the
mini black hole with TeV scale mass can exist. It can be produced by two
particles collision at TeV scale.

The mini black hole is formed in a two particle collision with the center-
of-mass energy V' = Mgy if their impact parameter, b, is smaller than twice
of the horizon radius, 7, of the black hole. Figure 2.7 shows the illustration
of a formation of the mini black hole.

The cross section of such a collision can be simply considered as a disk
with radius 2ry,:

o= (2r)°. (2.18)

In case of Mgy = 1 TeV, r; is O(107%)m and the cross section is
O(107™)b. Such a small cross section comes from large Mp; because 7y,
is given as [36, 50]:

(2.19)
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Figure 2.7: Formation of the mini black hole

However if there are extra dimensions and the fundamental Planck scale
is O( TeV), the horizon radius is written as

1 MBH 1/(n+1)
~ (2 . 2.20
M < Mp ) (220)

If Mp ~ Mgy ~ O( TeV), the cross section is O(100) pb. The mini black hole
immediately (in a Planck time 1/Mp; ~ 10727 s) decays into many particles
mainly by the Hawking radiation.

The LHC is designed to collide two proton beams at /s = 14 TeV. It
has a capacity to produce the mini black holes. The mini black hole has very
large cross section and decays into many high energy particles. Figure 2.8
shows an event display of simulated mini black hole event in the ATLAS
detector. The mini black hole events could be produced at LHC in an early
stage of the experiment and it can be discriminated from the Standard Model
processes with the high multiplicity topology.

The following subsections describe the details of the production and the
decay of the mini black hole.

2.5.1 Production of Mini Black Hole

A Black hole is produced when an impact parameter, b, of two colliding parti-
cles is smaller than the horizon radius, r, of the n+4 space-time dimensions:

b < 2ry (TL, MBH,J) , (221)

where Mpy and J are the mass and the angular momentum of the mini black
hole, respectively. The interaction area is considered as the cross section:

o=m(2r)’. (2.22)
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Figure 2.8: The ATLAS detector side view with a simulated mini black
hole event. The beam axis is horizontal in center. The black center region
is the inner detector and many tracks are shown. The green and red area
show electromagnetic and hadronic calorimeters, respectively. The green and
red histograms show the energies deposited in electromagnetic and hadronic
calorimeters, respectively. Outer blue areas show muon system and the yellow
line in it shows muon.
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The metric of a rotating black hole for the n+ 4 dimensions in the Boyer-
Lindquist coordinates ! is given as [51]

2 '20
ds? — (1— a >dt2—sin29(r2+a2+w)dgb2

rnly iy
by
+2a5in? Grnizdtdqﬁ — Sdr? = 2% — 1 cos” 2, (2:24)
where
A = r?4a— " (2.25)
by 7 + a® cos® ), (2.26)

and dQ? is the metric on an n-sphere. The parameter yu is related to the
mass of the black hole as

(n + 2) An+2

My —
BH 167G 22

(2.27)
where Gp is the Newton’s constant in D (= n + 4) dimensions. In this the-
sis, PDG convention for ADD model is used for the relation between Gp and

fundamental Planck scale, Mp, in n 4+ 4 dimensions as described in Subsec-
tion 2.4.2. It is defined as [33]

G, = )"

== 2.28
STM 2 (2.28)

A, 1o is the area of an (n + 2) dimensional unit sphere and it is given by

A 2% (2.29)
S CH) |
The angular momentum of the black hole is written as
J= —2 Myna (2.30)
T op2 P '

! The Boyer-Lindquist coordinates, r, 8, ¢ are related to Cartesian xyz coordinates as

T = /124 a?sinf cos ¢,
y = Vr2+ a?sinfsin ¢, (2.23)

z=1rcosb,

where a is the parameter of the spin.
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The horizon radius is given as the solution of A = 0. Hence, the horizon
radius is written as

(@) (e @))

where r, = !/t is the Schwarzschild radius. It is the horizon radius for
a non-rotating black hole. With ry, Mgy is rewritten as

n+3

ZWT (n + 2) MB+2 n+1

M, = Ty
- D (23)  2(2m)

(2.32)

In case of the collision of two massless particles with center-of-mass energy
Vs = E = Mgy and impact parameter b, the angular momentum in the
center-of-mass frame before the collision is written as

J = bMpy /2. (2.33)

Hence, the angular momentum is increased if the impact parameter becomes
larger for a fixed mass. On the other hand, from Eq. 2.31, the horizon radius
becomes smaller if the angular momentum becomes larger. As a result, there
is a maximum value of the impact parameter, b,.., for each parameter set
of n, Mp and Mgy. The condition of the mini black hole formation can be
rewritten:

b < bmax = 27’h (TL, MBH7 J = bmaxMBH/Q) ) (234>

and this can be rewritten with ry as [52]

T's

bmax = 2 —. (2.35)
i+ )]
As a result, the cross section of the mini black hole is written as
2 r2
o=A4m(ry)” =4r - —- (2.36)

)]
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2.5.2 Production of Black Hole at LHC

In the proton-proton collision of LHC, partons in the protons collide. There-
fore parton densities in proton have to be considered to calculate a differential
cross section of mini black hole events. The differential cross section is given

by

do(pp — BH+X)  dL
dMpn ~ dMgy

where a and b are partons in protons, and dL/d Mgy is the parton luminosity
which is a sum of the integral of all the parton possibilities. It can be written
with the Parton Distribution Functions (PDFs), f; (z;):

dL QMBH dIa ML%)H
a a . 2
= z/w/s%f a:)f(s% (2.38)

The mini black hole is produced with the continuous mass distribution above
a threshold, Mgpt,. This threshold is one of parameters of the mini black hole
events. The simulated black holes in this thesis have the mass distribution
from Mppyy to the proton proton collision energy, 7 TeV. Figure 2.9 shows the
cross sections as a function of Mgpy,. Each color represents different value
of the Planck scale and each line type (solid, dash, dash-dot) represents the
number of extra dimensions. Though the cross section of the mini black hole
events depends on n and Mp, a typical cross section is roughly 100(10) pb
for Mppy, = 2(3) TeV.

2.5.3 Decay of Black Hole

The mini black hole of O(1) TeV mass evaporates immediately. There are
three stages in the decay of the black hole:

o Balding Phase: this phase is the formation process of the black hole.
In this phase, the black hole loses all “hair” (characteristics other than
mass, charge and angular momentum) and multipole moments by the
gravitational radiation and the Hawking radiation.

o Evaporation Phase: this phase employs the Hawking radiation.

o Planck Phase: Planck phase is the phase when the black hole mass
becomes about Mp. This phase is governed by the theory of quantum
gravity.
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Figure 2.9: The cross section of the mini black hole as a function of black
hole mass threshold. Each line shows each value of n and Mp parameters.

The gravitational emission is not known well especially for rotating black
hole. The fraction of the gravitational emission depends on the models.

The Hawking radiation [53] is defined with the Hawking temperature, Ty,
which is obtained as

n+1

T —
a 4mry,

(2.39)

in the n + 4 dimensions. Figure 2.10 shows Ty for each parameter of Mp
and Mgy as a function of n. The higher Mp and the lower Mgy parameters
show the higher temperature.

The flux of particles emitted by the black hole is given by [54]

Ty, ) 2.4
it~ Z > e = T e e (00, (240

=|h| m=—j

where w is energy of the emitted particle, h is helicity, and € is called the
horizon angular velocity defined as:

Q = a*/((l—l—az)rh),

a, = afry.
The value of cis -1 (+1) for the bosons (fermions). FEZ?j’m’M) is the gray body
factor [55, 56, 57, 58, 59]. This factor is the suppression factor from the
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Figure 2.10: The Hawking temperature as a function of the number of extra
dimensions. The lower Mgy shows the higher temperature for the same Mp.
And higher Mp shows higher temperature.

perfect black body radiation and depends on physical quantities. Because of
the term 1/(exp ((w —mQ) /Ty)) in Eq. 2.40, the mini black hole of higher
Ty emits the higher energy particles.

The fraction of the particles emitted by the Hawking radiation is defined
by the degrees of freedom. Table 2.1 summarizes the degrees of freedom for
the all standard model particles.

Table 2.1: The degrees of freedom of the standard model particles

Particle type Degree of freedom

Quarks 6
Leptons 2
Gluons 16
Photons 2
A 2
W= 2
Higgs 1

When the black hole mass becomes near the Planck scale after emission
of particles, the classical theories cannot be used to describe the decay. This
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phase is Planck Phase. The quantum gravity theory is needed to treat a
remnant of the black hole. There are some possibilities in the Planck Phase:

o Burst Model: the burst model makes multi-body decay at the Planck
Phase. Fixed and unfixed models can be considered [60]. The Hawk-
ing radiation flux is usually employed to determine the decay particles.
One of the examples for the unfixed model follows a Poisson distribu-
tion [61]. Another scenario minimizes the number of particles [54].

o Boiling Model: this model continues the Hawking radiation in the
Planck Phase. Finally, it makes multi-body decay at decided threshold
of a mass.

o Stable Remnant: the remnant of the black hole could remain stably[62,
63, 64]. This stable remnant does not interact in the brane. Therefore,
this is one of the candidates of the dark matter.

2.6 Searched Model

This subsection describes a model of the mini black hole which is searched
for in this thesis. Section 4.2 also gives the model descriptions especially for
technical descriptions in an event generator for Monte Carlo studies.

2.6.1 Mass Threshold of Black Hole

In classical idea [65], it is considered that the black hole is formed when the
Compton wave length of the Mgy, A, becomes smaller than the Schwarzschild
radius with center-of-mass collision energy £ = Mpy:

< Ty (n, MD, MBH) . (241)

From this condition Mgy, can be obtained as a function of Mp. Figure 2.11
shows Mpu, as a function of Mp with this condition. On the assumption of
Eq. 2.41, the higher number of extra dimensions shows the lower threshold.
Figure 2.12(a) shows Mgyy, calculated with Eq. 2.41 for each n, Mp, Corre-
sponding cross sections are shown in Figure 2.12(b). Another assumption
based on r;, at b = by instead of 7, is considered:

A<y (n, MD, MBH; J = bmaxMBH/2) . (242)

In this thesis, signal points are defined with these assumptions for n =
2 — 7 and Mp = 800 — 2000 GeV. Figure 2.13 shows Mgy, as a function of
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Figure 2.11: The threshold of black hole production with the condition:
A < r,. Each line represents each n. For example, Mpgy, = 4.26 TeV
(2.08 TeV) for n =2 (7) at Mp =1 TeV.
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Figure 2.12: Mass thresholds calculated with Eq. 2.41 (a) and cross sections
for them (b) for each Mp as a function of n.
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Figure 2.13: The threshold of black hole production on the assumption of
A < rp. Each line represents each n. For example, Mgy, = 6.38 TeV
(2.92 TeV) for n =2 (7) at Mp =1 TeV.

Mp under this assumption. The Mgy, values are larger than that obtained
on the assumption of Eq. 2.41 by factor about 1.5.

There are some discussions for Mgy, [35, 45, 66, 67, 68]. The assump-
tions in these papers mainly require enough thermalized black holes for as-
suring that the black holes evaporate by the Hawking radiation. Following
requirements are considered for thermal black holes:

o [66] shows that the entropy of the black hole should be large. The
entropy, .S, of the black hole is defined as [68]

. 47TMBH7”S

1. 2.43
n+2 > ( )

On the above assumptions of mass thresholds, the signal points based
on the Schwarzschild radius and n = 7 show minimum S, which equal
to 8.77. Hence, all signal points can be considered to satisfy Eq. 2.43.

o The life time of the mini black hole, 7, should be large compared to
1/Mgy to ensures that the mini black hole process is considered as
s-channel process which intermediate the mini black hole [35]. This
criterion requires Mppin/Mp 2 1.3 [68]. All signal points in this thesis
satisfy this criterion.
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In summary, the assumptions on Mgy, used in this thesis satisfy the re-
quirements of the thermal black hole.
In case of RS model, the Schwarzschild radius is given as [68]

ry = ( Mo )1/2. (2.44)

3r2 M3

The lower limit on M is estimated in Subsection 2.4.3 is 3.7 TeV. The lowest
Mpgnin for RS model obtained from Eq. 2.41 and 2.44 is 39 TeV. Therefore,
the mini black hole production based on RS model is not possible at LHC
and it is not considered in this thesis.

2.6.2 Decay Model

Mini black holes immediately go to Evaporation Phase and decay with the
Hawking radiation. No graviton emission model is used in this thesis. In
case of the Planck Phase, burst model is adopted for Mgy < Mp. The burst
model follows below criteria:

1. The numbers of decay particles are defined as: N_;,3 for down-type
quarks, Ny /3 for up-type quarks, N_; for charged lepton and W bosons,

Ny for gluons, and N, for non-charged particle, v,~, Z, h.

2. On the constraint of conserving the charge and the color, all possible
combinations of N except for NN, are searched.

3. The combination which has minimum number of particles is selected.

4. If the total number of particles of the combination is less than 2, the

number is added to N,, to keep the total number of particles equal to
2.

5. In this combination, decay particles are selected randomly according
to the degrees of freedom.

6. Momenta and energies are assigned randomly to conserve the momenta
and energies of the mini black hole.

In this thesis, BlackMax [54, 69], a black hole generator, is used to gen-
erate the MC events of the mini black hole. BlackMax can provide events
based on above descriptions. Details of the generator and MC events are
described in Section 4.2.

24



Chapter 3

The LHC and the ATLAS
Detector

This chapter describes an overview of the LHC and the ATLAS detector.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [70] is a proton-proton collider which is
constructed at the European Organization for Nuclear Research (CERN) in
Geneva, Switzerland. The LHC is placed in the tunnel where the Large
Electron-Positron Collider (LEP) had been placed. This tunnel’s circumfer-
ential length is 26.7km. It lies 45-170 m below the surface and runs through
both Switzerland and France (Figure 3.1).

Before injecting proton beams into the LHC, protons are accelerated up
to an injection energy, 450 GeV by four accelerators at CERN (LINAC, PSB,
PS, SPS) (Figure 3.2). Two proton beams are injected into LHC and they
run in opposite directions.

The LHC ring consists of eight arcs and eight straight sections. In the
arc regions, dipole magnets are used to bend the beams. They produce
a magnetic field strength 8.33'T which operated at 1.9K. The cooling is
achieved by super-fluid liquid helium. In the straight sections, 400 MHz
superconducting cavity system accelerates the beams up to 7 TeV.

The design center-of-mass energy of a proton-proton collision of LHC is 14
TeV. In 2010, LHC ran at the center-of-mass energy of 7TeV. It is the current
highest energy of particle collisions by a collider. This energy is significantly
higher than the energy of Tevatron, which is a proton-antiproton collider
with center-of-mass energy = 1.96 TeV.

The main design parameters of LHC for proton-proton collisions are sum-
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Figure 3.1: An aerial photo of LHC
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Figure 3.2: Accelerators at CERN
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marized in Table 3.1.

Table 3.1: Design Parameters of LHC

Maximum Energy 7.0 TeV
Injection Energy 450 GeV
Luminosity 103* cm 2571
Beam Life Time 15h
Number of Bunches 2808
Bunch Crossing Interval 24.95ns

Proton Intensity per Bunch  1.14 x 10!

There are eight beam crossing points at LHC and the following detec-
tors are placed at four of them. ATLAS (A Toroidal LHC ApparatuS) [71]
and CMS (Compact Muon Solenoid) [72] are the general purpose detectors.
LHCb (Large Hadron Collider beauty experiment) [73] is the detector espe-
cially for B-physics. ALICE (A Large Ion Collider Experiment) [74] is made
for the physics of heavy ion collisions.

3.2 A Toroidal LHC ApparatuS

The ATLAS (A Toroidal LHC ApparatuS) detector [75, 76] (Figure 3.3) is
a multi-purpose detector placed at one of the beam crossing points of LHC.
The height of the detector is 25m and the length is 44 m. Total weight
of the detector is about 7000 tonnes. The ATLAS detector is designed as
symmetry in both forward and backward sides and has coverage almost 47
in solid angle.

The ATLAS detector consists of the magnet system, the inner detectors,
the calorimeters and the muon system. In the following sections, the coor-
dinate system used at the ATLAS detector is given at first. Second, each
sub-detector system is summarized. The luminosity monitor system and the
trigger system are described after that.

3.3 Coordinate System in the ATLAS exper-
iment

The coordinate system used in the ATLAS experiment is summarized in this
section. The origin of the coordinate system is defined at the proton-proton
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P 25m

Figure 3.3: The ATLAS Detector

collision point. The direction of z-axis is defined to point to the center of the
LHC ring and y-axis positive direction is upward. The z-axis is defined as
the beam direction. Following a right-handed coordinate system, the positive
direction of the z-axis points in a counterclockwise direction. The polar angle
0 is defined as an angle from the beam axis and the azimuthal angle ¢ is the
angle around the beam axis. The pseudo rapidity, 7:

— o

is useful for highly Lorentz boosted collision experiment and it is used instead
of # in hadron collider experiments. The distance between two points in the

pseudorapidity-azimuthal angle space is defined as AR = \/ (An)* 4 (Ag)>.
The transverse direction is defined on z-y plane. The momentum (energy)

in the transverse plane is denoted as pr (Er). The missing transverse energy
is Fmiss,

3.4 Magnet system

The ATLAS detector has four superconducting magnets, one central solenoid
magnet and three toroid magnets. The solenoid magnet is set between the
inner detector and the electromagnetic calorimeter. The toroid magnets are
set in the outer side of the detector. Each magnet is set in barrel region and
in each end-cap region. Figure 3.4 shows the geometry of magnets. Red lines
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and red filled area represent the toroid magnets and the solenoid magnet,
respectively.

Figure 3.4: Geometry of magnets. Red lines show the toroid magnets and
red filled component represents the solenoid magnet. Four layers around the
solenoid magnet represent calorimeters.

In the following two subsections, the central solenoid magnet and the
toroid magnet are described.

3.4.1 Central Solenoid Magnet

The central solenoid magnet [77, 78] provides a 2T magnetic field along the
beam axis. This magnet is placed in front of calorimeters and thereby it
should be optimized to minimize the materials to achieve good performance
in the calorimeters. Therefore, the cryostat is shared with the liquid argon
(LAr) calorimeter to reduce the material. Its total radiation length (Xj) of
the coil is about 0.66 X. The inner (outer) diameter is 2.46m (2.56 m). The
length along beam axis is 5.8 m. The coil mass is 5.4 tonnes. The operation
temperature is 4.5 K. It can be re-cooled within one day in case of a quench.
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3.4.2 Toroid Magnets

The toroid magnets are divided in three regions, one barrel and two end-cap
regions. They are air core coils and eight coils are set as rotational symmetry
around the beam axis for each region. Figure 3.5 shows barrel toroid installed
in the underground cavern.

Figure 3.5: Barrel toroid

The size of the barrel toroid is 25.3m in length, and 9.4m and 25.3m
of inner and outer diameters, respectively. The size of the end-cap toroid is
5.0m in length, and 1.65m and 10.7 m of inner and outer diameters, respec-
tively.

Figure 3.6 shows the integral magnetic field provided by the toroid mag-
nets as a function of |n|. The longitudinal axis shows the bending power
which is characterized by the integral magnetic field calculated for infinite
momentum muons.

3.5 Inner detector

The inner detector covers the region of |n| < 2.5 to measure the momentum
of charged particles. It consists of Pixel Detector (Pixel), Semiconductor
Tracker (SCT) and Transition Radiation Tracker (TRT) in a cylindrical en-
velope of length 6.2m and diameter of 1.15m. Figure 3.7 and 3.8 show the
each detector with tracks of pr = 10 GeV for barrel and end-cap region,
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Figure 3.6: Integral magnetic field as a function of |n| provided by the toroid
magnets

respectively. Figure 3.9 is the plan view of a quarter-section of the inner de-
tector. It is in a 2T magnetic field provided by the central solenoid magnet.

Pixel and SCT cover the region |n| < 2.5. They are designed cylindrical
in the barrel region while they have a disk architecture in the end-cap region
as shown in Figure 3.7 and 3.8. TRT provides a large number of hits and
makes continuous tracking. The performance of the inner detector for pr
measurement of tracks is

Ier — 0.05% - pr - GeV! @ 1%. (3.2)
pr

3.5.1 Pixel detector

Pixel detector [79] is designed to provide high granularity measurements in
the closest position to the interaction point. It adopts the semiconductor
technology and covers |n| < 2.5. Figure 3.10 shows the illustration of the
Pixel detector. The nominal pixel size is 50 x 400 ym?. There are about 80.4
million readout channels. The position resolution of a single hit is 10 ym in
R — ¢ and 115 ym in z.
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Figure 3.8: Structure of the inner detector in the end-cap region. Two red
lines represent tracks at n = 1.4 and 2.2.
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Figure 3.9: Plan view of a quarter-section of the ATLAS inner detector

1442mm

430mm

Barrel Layer 1
Barrel Layer 0 (b-layer)

End-cap disk layers

Figure 3.10: Pixel detector

33

Barrel Layer 2



3.5.2 Semiconductor Tracker

SCT [80] adopts single-sided p-in-n silicon microstrip sensors. Eight layers
are expected to be crossed by tracks. One sensor has about 60 x 60mm? size
and 768 active strips of 80 um pitches. The SCT in the barrel region uses
40 mrad stereo strips. The total number of SCT readout channels is about
6.3 millions. The resolution of the barrel region is 17 um in R — ¢ and 580 pm
in z. The resolution of the end-cap region is 17 yum in R — ¢ and 580 pym in
R.

3.5.3 Transition Radiation Tracker

TRT [81] uses straw drift tubes of 4 mm diameter. TRT is the outermost
part of inner detector as shown in Figure 3.7.

TRT has about 351,000 readout channels and 73 layers of straws inter-
leaved with fibers in the barrel region. There are 160 straw planes foils in
the end-cap region. The coverage of the TRT is |n| < 2.0. TRT provides
only R — ¢ plane information. The typical number of hits is 36 per track.

3.6 Calorimeter

Figure 3.11 shows the cut-away view of the ATLAS calorimeter system. The
ATLAS calorimeter system consists of liquid argon (LAr) electromagnetic
(EM) calorimeter, Tile calorimeter, LAr hadronic end-cap calorimeter and
LAr forward calorimeter [82, 83].

Figure 3.12 shows the radiation length of the EM calorimeter for the barrel
region (a) and for the end-cap region (b) as a function of pseudo rapidity.
The radiation length of the EM calorimeter is > 22 X, for the barrel region
and > 24 X, for the end-cap region.

Figure 3.13 shows the interaction length () of calorimeters as a function
of pseudo rapidity. The total interaction length of calorimeters is about 9.7 A
for the barrel region and 10 A for the end-cap region. They cover the range
of |n| up to 4.9.

The LAr EM calorimeter

The LAr EM calorimeter is divided into two regions, the barrel region (EMB,
In| < 1.475) and the end-cap regions (EMEC, 1.375 < |n| < 3.2). The EMB
is separated at n = 0 and there is a 4 mm gap.

The LAr EM calorimeter is a sampling calorimeter composed of liquid
argon as an active layer and lead as an absorber. Figure 3.14 shows the LAr
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Figure 3.12: The amount of materials of the EM calorimeter in units of
radiation length for the barrel region (a) and for the end-cap region (b) as a
function of pseudo rapidity. Layer 1-3 mean the layers of the EM calorimeter.
“Before accordion” represents materials of the inside of the EM calorimeter.
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Figure 3.13: Interaction length of the ATLAS detector as a function of |n).
The undermost histogram represents the total material of the inside of the
calorimeters. The histogram on the top without a legend represents muon
system. Other histograms are calorimeter components.

EM calorimeter in the barrel region. The LAr EM calorimeter is designed
as accordion shape. This shape does not make cracks in any ¢ region and
the extraction of the signals can be fast at the rear or the front of the EM
calorimeter.

It consists of three layers. The nominal granularity is ~ 0.025 x 0.025
in An x A¢. As shown in Figure 3.14, the first layer in the barrel region is
finely divided in 7 direction and its granularity is 0.025/8 x 0.1 of An x Ag.

The presampler is placed in the region |n| < 1.8 for the correction of the
energy loss by electrons and photons in front of the calorimeter.

An energy resolution was measured with the electron test beam [84]. The
energy range of the beam is between 15 GeV and 180 GeV. The result of the
test beam is:

o5 _ 10% VOV o 17y, (3.3)

E VE

3.6.1 Hadronic calorimeter

The hadronic calorimeters of the ATLAS detector consist of three different
components.. There is the tile calorimeter (Tile) in the barrel region, the
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LAr hadronic end-cap calorimeter (HEC) in end-cap region and Forward
calorimeter (FCAL) in range of |n|(> 3.1).

Tile calorimeter

The tile calorimeter [83] is a sampling calorimeter which adopts steel as an
absorber and scintillator as an active material. The tile calorimeter covers
the region of |n| < 1.7. It consists of three regions: one central barrel region
(In| < 1.0) and two extended barrel region (0.8 < |n| < 1.7). It is located
behind the LAr EM calorimeter. The depth in the interaction length of
it is about 7.4 A. There are a 600 mm gaps between central barrel and
extended barrel regions. These gaps are needed for the cables and services of
the inner detector and the LAr detector. The intermediate tile calorimeter
(ITC) is placed to cover the gaps as an extension of the extended barrel.
The scintillator of ITC is installed in 1.0 < |n| < 1.6. The scintillators in
1.0 < |n| < 1.6 consists of gap scintillators in 1.0 < || < 1.2 and crack
scintillators in 1.2 < |n| < 1.6.

Figure 3.15 shows the sketch of a tile calorimeter module. The scintilla-
tor tiles are installed perpendicularly to the beam axis. Each tile has two
wavelength-shifting fibers in both sides for readout and they are connected
to the photomultiplier tubes (PMTs). The module can work even if one fiber
is broken.

The tile calorimeter consists of three layers as shown in Figure 3.16. The
granularity in An x A¢ is 0.1 x 0.1 for the first two layers, and 0.2 x 0.1 for
the last layer.

The energy resolution was measured with hadron beams [71]. The energy
range is between 20 GeV and 180 GeV, and at 350 GeV. The energy resolution
for jets is estimated as

op _ S6.4% VGV o oo (3.4)

E VE
for n = 0.35. It depends on 7 because the effective depth is increased as
71 increases. As representative examples, the energy resolution at energy of
20 GeV is 14.2%, 13.7%, 13.0% for n = 0.25, 0.35, 0.55, respectively. The
energy resolution at energy of 350 GeV is 6.6 %, 6.3%, 5.9% for n = 0.25,
0.35, 0.55, respectively.

LAr hadronic end-cap calorimeter

In the end-cap region, the LAr calorimeter with copper as an absorber is
placed as the hadronic end-cap calorimeter (HEC) [85] behind EMEC and

38



Figure 3.15: The tile calorimeter module
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Figure 3.16: Segmentation in depth and 7 of the tile calorimeter. Left shows
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axis represents the distance from the beam axis.

it covers the range of 1.5 < |n| < 3.2. It consists of three electrodes in the
8.5mm gaps of copper as shown in Figure 3.17. The readout cell size in
Anx A¢is 0.1 x0.1(0.2 x0.2) for the region 1.5 < |n| < 2.5(2.5 < |n| < 3.2).

The energy resolution for pions was estimated with the test beam of pion
with energies up to 200 GeV [86]. The energy resolution of the HEC for pions
is estimated as

op _ T0.6% VGV o oo (3.5)

FE VE
Forward calorimeter

The forward calorimeter (FCAL) is a LAr calorimeter It covers the range
3.1 < |n] < 4.9. It is composed of three layers. The first layer is the
electromagnetic layer adopting copper as an absorber. The second and third
layers use tungsten which can reduce the spread of hadronic showers. The
forward calorimeter has a tube structure set parallel to the beam direction.
Figure 3.18 shows the structure of the forward calorimeter. The electrodes
are the tube and the rod. The LAr is filled in the gap between the rod and
the tube.
The energy resolution of this detector is estimated as followings [87]:

28.5% - VGeV
UE:’E _ O—Ee @ 3.5% forelectron, (3.6)
og  70.0% - vGeV
_ U VREY g forhadron. 7
- — ®3.0% forhadron (3.7)
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Figure 3.17: Left is the picture of the HEC and right shows the sketch of
readout structure of the HEC. The HEC module has 8.5 mm gap between the
copper ground plates. There are three electrodes. The middle one is for the
read out and the high-voltage is applied between the middle one and others.
The LAr is filled between the electrodes. A honeycomb sheet is placed to
keep the space.
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3.6.2 Muon system

High energy muons (above O( GeV)) hardly interact in materials and pass
through the calorimeters with a small loss of energy. Hence momentum of
muons can be measured in outer side of the calorimeters. Muon system
of the ATLAS detector [88] consists of two precision measurement tracking
chambers: Monitored Drift Tube chamber (MDT) and Cathode-Strip Cham-
ber (CSC), and two trigger chambers: Resistive Plate Chambers (RPC) and
Thin Gap Chambers (TGC) and toroid magnets (Figure 3.19).

Thin-gap chambers (TGC)
| ] Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.19: The overview of the ATLAS muon system

3.7 Luminosity Monitor

LUCID (LUminocity measurement using Cherenkov integrating Detector) [89]
is placed at + 17m away from interaction point of the ATLAS detector. LU-
CID measures the inelastic proton-proton scattering in the forward direction
to determine the integrated luminosity for the ATLAS detector. The detec-
tor consists of Cherenkov tubes. The tube is 1.5 m long and 15 mm diameter
aluminum tube (Figure 3.20).

The tube is filled with C4F;y gas at constant pressure of 1.1 bar. C4F
provides Cherenkov threshold of 10 MeV for electrodes and 2.8 MeV for pions.
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Figure 3.20: The LUCID detector

Each side has 20 tubes. The tubes are installed around the beam-pipe and
pointed to the interaction point.

The calibration of the LUCID is done with Van der Meer (vdM) scans [90]
which is sometimes called as beam-separation or luminosity scans. The scans
are done as follows.

The luminosity .Z is parameterized as

cz:nwné/ﬁu@wpﬂaw¢m% (3.8

where ny, is the number of colliding bunches, f,. is the machine revolution
frequency, Iy is the number of particles per bunch in beam 1 (2), and py(2)
is the particle density in the transverse plane (x —y) of the beam 1 (2) at the
interaction point. The particle density is assumed that there is no correlation
between x and y. Therefore, the particle density term can be divided into
the terms of x and y as

[ pte sty = [ 5@ )i [ oo ) dy
= Q (p1,p2) Qy (1, 2) ,

(3.9)

where €, (p1, p2) is the beam overlap integral in the = (y) direction. The
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beam overlap integral is calculated as

R, (0)

Q2 (p1,02) = 7577 3.10
where R, (h) is the rate measured by a beam monitor when the beam separa-
tion is h in x direction. This rate is scanned by changing h. The distribution
of R, (h) is fitted by a function of a double Gaussian and a flat background

to estimate [ R, (h)dh. A beam size is defined as

1 [R.(h)dh
;:m R, (0) 4y

With the beam size, the luminosity is rewritten as
np fr11a
2w 02y

The main uncertainty for the luminosity measurement comes from beam
intensities which are estimated by measuring the total charge in the bunches.
This uncertainty is estimated as 10 %. Another uncertainty comes from the
growth of the transverse emittance. The uncertainty of 3% is estimated for
the non-reproducibility of this growth effect. In total, the uncertainty of the
luminosity measurement by the LUCID is estimated as 11.0 % [91].

L = (3.12)

3.8 Trigger

The ATLAS detector has three distinct levels in trigger, Level-1 (L1), Level-2
(L2) and Event Filter (EF). The L1 trigger can use limited information of
the detector and must make triggers within 2.5 us to reduce the rate at the
L1 trigger less than 75kHz. L2 and EF are called High Level Trigger (HLT)
and they refine the lower level trigger decisions to reduce the final rate up to
200 Hz.

The L1 triggers are made if the calorimeters have more energy than the
energy threshold in the reduced-granularity region or muon is identified by
muon trigger chambers. They are collected to the Central Trigger Processor
(CTP) (Figure 3.21). The combination of triggers or prescale is applied here.
If the event passed the L1 trigger, it is passed to HLT. L1 trigger defines
Regions-of-Interests (Rols) which makes triggers and it is used in HLT.

In this thesis, non-prescaled single jet triggers are used. The data taking
by single jet triggers have used only the L1 trigger information especially for
the lowest non-prescaled single jet triggers in 2010. Following subsections
describe the information about the overview of L1 calorimeter triggers and
jet trigger in the L1 calorimeter trigger.
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Figure 3.21: Flow of L1 trigger
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3.8.1 L1 Calorimeter Trigger

The ATLAS Level-1 Calorimeter Trigger (L1Calo) [92] is made by the calorime-
ters. Seeds of the triggers are high pr electron, photons, 7-leptons ,jets and
EXiss - T1Calo uses 7000 analogue trigger towers of granularity of 0.1 x 0.1 in
most parts, and larger at the higher |n|. The signal reaches CTP about 1.5
us after the bunch-crossing. A total latency for the L1Calo chain is about
2.1 ps.

The L1Calo system can be divided into the three sub-systems, the Pre-
Processor Module (PPM), the Cluster Processor (CP) and the Jet Energy
sum Processor (JEP). Figure 3.22 shows the architecture of the L1 calorime-
ter trigger. The PPM digitizes the analogue calorimeter trigger-tower signals.
The signals are transmitted to the CP and the JEP. The CP is used for iden-
tification of electrons, photons and 7-leptons. The JEP makes jet triggers,
triggers of sum of EF7 and missing transverse energy.

3.8.2 The Jet Trigger

The Jet Trigger [93] operates on jet elements which are made by summing
over 2 X 2 trigger towers corresponding to the granularity ¢ = 0.2 x 0.2 in
Anx A¢. All components of calorimeters in the towers are summed up. This
trigger covers the region of |n| up to 3.2.

Jet trigger sums Fr in the window size of 2 x2, 3x 3 or 4 x4 jet elements,
corresponding to the size of 0.4 x 0.4, 0.6 x 0.6 or 0.8 x 0.8 in An x A¢ as
shown in Figure 3.23.

The window is required to surround 2 x 2 jet elements which has local
maximum. This local maximum location is defined as the coordinate of the
jet Rols. The FEr for each window is calculated and compared with the
predefined energy thresholds of jet triggers.
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Figure 3.22: Architecture of the L1 calorimeter trigger
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Figure 3.23: The illustration of the jet trigger algorithms based on jet ele-
ments of which size is 0.2 x 0.2 in Anp x A¢. Shaded regions represent Rols.
It can be seen that there are four possibilities of windows in 0.6 x 0.6 case.
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Chapter 4

Monte Carlo Simulation

4.1 ATLAS Simulation

The simulation for ATLAS is implemented to the framework called Athena [94].
It is also used for the real data reconstruction.

The flow of the simulation and reconstruction is illustrated in Figure 4.1.
Physics events are produced by event generators. Several generators are used

| s Geant4
| Event Generator (simulation, digitization)

| Datal >| Reconstruction|—>| Analysis

Figure 4.1: ATLAS simulation

depending on the physics processes. The detector simulation is performed
with the GEANT4 simulation [95, 96]. Finally, reconstruction algorithms are
applied.

The following sections summarize the event generators which are used for
this thesis.

4.2 BlackMax, A Generator for the Mini Black
Hole Events

BlackMax [54, 69] is used to generate the mini black hole events in this
thesis. BlackMax provides the events up to the decay of the mini black hole.
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The shower evolution and hadronization are simulated with PyYTHIA which is
described in Section 4.4.1. A version used in this thesis is BlackMax 2.01.3.
The parameter settings of the model used in this thesis are follows:

o The definition of Planck Scale follows the PDG definition [33](See Sub-
section 2.4.2)

o CTEQ66 [97] is used for the PDFs

o Both baryon number and lepton number are conserved through the
mini black hole production and decay.

o Graviton is not emitted.

o Burst model is employed for the Planck Phase.

o The number of extra dimension is varied from 2 to 7.

o The Planck scale is set as Mp = 0.8 TeV — 2.0 TeV.

o The mass threshold is calculated on assumption of A < ry and A < ry,.

All parameters which are used for this thesis can be found in Appendix A.
Table 4.1 (4.2) gives the MC data sets of signals for which Mgpy, is
calculated with Eq. 2.41 (2.42).

4.3 Characteristics of Mini Black Hole Events

In this section, the characteristics of mini black hole events produced with
BlackMax are described. The following signal points in Table 4.1 are used
as benchmark in this section:

o 1rs.2.1000 (n =2, Mp = 1000 GeV, Mppe, = 4266 GeV)
o 1rs.4.1000 (n = 4, Mp = 1000 GeV, Mpge, = 2923 GeV)
o 1571000 (n =7, Mp = 1000 GeV, My, = 2078 GeV)
o rs.4.1200 (n =4, Mp = 1200 GeV, Mpye, = 3507 GeV)

13 b

where first column, “rs”, represents the assumption of Mgy, based on the
Schwarzschild radius in Eq. 2.41. Second and third columns represent the
number of extra dimension and the Planck scale, respectively.

The mass spectra of the mini black holes produced with BlackMax gen-
erator are shown in Figure 4.2 for four different points. The mini black
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Table 4.1: Mini Black Hole signal MC samples on the assumption A <

43 2

rs. First column, “rs”, represents the assumption of Mgy, based on the

Schwarzschild radius.

Second and third columns represent the number of

extra dimension and the Planck scale, respectively. PDFs of CTEQG66 are
used for these samples. Other common settings are seen in Appendix A.

Signal point

Parameters

Cross section [pb]

rs_2_800

rs_2_1000
rs_2_1200
rs_3.800

rs_3_1000
rs_3_1200
rs_3-1500
rs_4_800

rs_4_1000
rs_4_1200
rs_4_1500
rs_4_2000
rs_5_800

rs_5_1000
rs_5_1200
rs_5_1500
rs_5_2000
rs_6_800

rs_6_1000
rs_6_.1200
rs_6_1500
rs_6_2000
rs_7_800

rs_7_1000
rs_7-1200
rs_7_1500
rs_7_2000

n = 2, MD = 800 GeV, MBch = 3412 GeV
n = 2, MD = 1000 GGV, MBch = 4266 GeV
n =2, Mp=1200 GeV, Mpum, = 5117 GeV
n = 3, MD = 800 GeV, MBch = 2758 GeV
n = 3, MD = 1000 GeV, MBch = 3448 GeV
n =3, Mp = 1200 GeV, Mppi, = 4137 GeV
n = 3, MD = 1500 GeV, MBch = 5171 GeV
n=4, Mp =800 GeV, Mg = 2338 GeV
n = 4, MD = 1000 GeV, MBch = 2923 GeV
n = 4, MD = 1200 GeV, MBch = 3507 GeV
n = 4, MD = 1500 GeV, MBch = 4384 GeV
n = 4, MD = 2000 GGV, MBch = 5845 GeV
n = 5, MD = 800 GeV, MBch = 2045 GeV
n =>5, Mp = 1000 GeV, Mgy, = 2557 GeV
n =25, Mp = 1200 GeV, Mg, = 3068 GeV
n =>5, Mp = 1500 GeV, Mppin = 3835 GeV
n — 5, MD = 2000 GGV, MBch = 5113 GeV
n = 6, MD = 800 GeV, MBch = 1829 GeV
n =6, Mp=1000 GeV, Mpum = 2286 GeV
n = 6, MD = 1200 GeV, MBch = 2743 GeV
n = 6, MD = 1500 GGV, MBch = 3429 GeV
n — 6, MD = 2000 GQV, MBch = 4572 GeV
n = 7, MD = 800 GeV, MBch = 1662 GeV
n =7, Mp = 1000 GeV, Mpyy, = 2078 GeV
n = 7, MD = 1200 GeV, MBch = 2493 GeV
n =7, Mp = 1500 GeV, Mppi, = 3116 GeV
n — 7, MD = 2000 GeV, MBch = 4155 GeV

4.40
1.02 x 107!
1.02 x 1073
5.76 x 10!

3.72
1.88 x 107!
7.34 x 1074
2.89 x 102

29.9

2.89
5.74 x 1072
4.37 x 1076
9.02 x 102
1.24 x 102
1.68 x 10*
7.29 x 107!
1.05 x 1073
2.17 x 103
3.51 x 102
5.97 x 10!

3.96
2.23 x 1072
4.30 x 10?
7.81 x 102
1.55 x 102
1.40 x 10*
1.71 x 107!
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Table 4.2: Mini Black Hole signal MC samples on the assumption A < ry.
First column, “rh”, represents the assumption of Mgy, based on horizon ra-
dius. Second and third columns represent the number of extra dimension and
the Planck scale, respectively. PDFs of CTEQG66 is used for these samples.
Other common settings are seen in Appendix A.

Signal point

parameters

Cross section [pb]

rh_2.800
rh_3_800
rh_3-1000
rh_4_800
rh_4_1000
rh_4_1200
rh_5_800
rh_5_1000
rh_5_1200
rh_5_1500
rh_6_800
rh_6_1000
rh_6_1200
rh_6_1500
rh_7_800
rh_7_1000
rh_7_1200
rh_7_1500
rh_7_2000

n = 2, MD = 800 GeV, MBch = 5102 GeV
n =3, Mp =800 GeV, Mgy, = 4099 GeV
n = 3, MD = 1000 GeV, MBch = 5124 GeV
n =4, Mp =800 GeV, Mpuy, = 3432 GeV
n = 4, MD = 1000 GeV, MBch = 4290 GeV
n =4, Mp = 1200 GeV, Mgy, = 5148 GeV
n=>5, Mp =800 GeV, Mpp, = 2959 GeV
n = 5, MD = 1000 GeV, MBch = 3698 GeV
n = 5, MD = 1200 GeV, MBch = 4438 GeV
n = 5, MD = 1500 GeV, MBch = 5547 GeV
n =6, Mp =800 GeV, Mgy, = 2606 GeV
n =6, Mp = 1000 GeV, Mg, = 3258 GeV
n — 6, MD = 1200 GGV, MBch = 3909 GeV
n = 6, MD = 1500 GGV, MBch = 4886 GeV
n = 7, MD = 800 GeV, MBch = 2334 GeV
n =17, Mp=1000 GeV, Mpym = 2918 GeV
n =7, Mp=1200 GeV, Mg, = 3501 GeV
n — 7, MD = 1500 GQV, MBch = 4377 GeV
n = 7, MD = 2000 GGV, MBch = 5835 GeV

3.27 x 1073
6.03 x 107!
2.66 x 1073
9.88
2.27 x 107!
2.11 x 1073
61.1
3.09
1.04 x 1071
1.26 x 1074
2.28 x 10?
18.0
1.18
9.14 x 1073
6.18 x 102
65.4
6.41
1.27 x 107!
1.03 x 107°
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Figure 4.2: Mass spectra of the mini black holes produced with BlackMax
for four different points. All the distributions are normalized to a unit area.

hole signal events have sharp cut-off due to the production threshold and a
continuous spectrum to higher mass region.

Figure 4.3 shows a number of particles emitted by the mini black hole.
Generally, the mini black hole emits a very large number of particles. The
point with a smaller number of dimensions shows the higher number of par-
ticles mainly because the smaller number of dimensions makes the higher
Mpgpin, which results in a larger fraction of high mass black holes. On the
other hand, the signal rs_4_1200 (Mppe = 3.50 TeV) shows the almost same
number of particles as rs_4_1000 ( Mgy, = 2.92 TeV) even though the former
case has a higher mass. This is because the higher Planck scale makes the
Hawking temperature higher as shown in Figure 2.10, that leads to a higher
energy particles emitted by the black hole. Consequently, the total number
of emitted particles becomes smaller and the two effects are cancelled out.

The relative composition of emitted particles is shown in Figure 4.4. The
horizontal axis represents particle numbers called PDG id [32], which is sum-
marized in Table 4.3. In principle, they are emitted by the Hawking radiation
and the rate depends on the degrees of freedom of each type. The unbalances
between the quarks and anti-quarks or between the up-type and down-type
quark comes from the conservation of the electric charge.

The signal rs_2_1000 shows more uniformity than others because it pro-
duces more particles that tend to wash out the effect. The signal rs_7_1000
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Figure 4.3: Number of particles emitted by a mini black hole for four different
points. All the distributions are normalized to a unit area.
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Figure 4.4: PDG id distribution in the decay particles from the mini black
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Table 4.3: PGD ids for each particle. Anti-particles are assigned negative
PDG ids corresponding to the particles.
Quarks
Particle d u s c bt
PDGid 1 2 3 4 5
Leptons
Particle e~ pu= 7 wv. v, v
PDGid 11 12 13 14 15 16
Gauge Bosons
Particle ¢ ~ Z W%t h
PDGid 21 22 23 24 25

has the largest gluon fraction. This behavior can be explained by considering
that this signal has a smaller black hole mass (see Figure 4.2) and hence more
easily produced by collisions of low-x partons in the proton. Therefore, more
gluons can participate in the hard process compared to, e.g., the signal of
rs_4_1000, which has a similar number of decay particles but a higher mass.
In general, quarks and gluons have a dominant contribution. Therefore, the
mini black hole events are dominated by multijet events.

The number of jets and transverse momentum spectra of all jets in the
mini black hole events are shown in Figure 4.5. The signal rs_ 41200 shows
a harder spectrum than others except rs_2_.1000 and the lower n shows the
higher energies. This is because the lower n leads to the higher temperature
especially for Mp ~ Mgy case as Figure 2.10. The very hard spectrum of
rs_2_1000 comes from its highest Mgpyy.

Figure 4.6-4.8 show the pr distributions of the first five highest pr jets in
the black hole event. For all signal points, the leading jets have a very high
pr about 500 GeV - 1 TeV. The mini black hole events have a few hundreds
GeV even for the fifth leading jet pr.
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Figure 4.5: The number of jets (a) and transverse momentum spectra of all
jets (b) in the black hole event for four different points. All the distributions
are normalized to a unit area.
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Figure 4.6: Transverse momentum spectra of the leading jets (a) and the
second leading jet (b) in the black hole event for four different points. All
the distributions are normalized to a unit area.
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Figure 4.7: Transverse momentum spectra of the third leading jets (b) and
the forth leading jet (b) in the black hole event for four different points. All
the distributions are normalized to a unit area.
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4.4 Generators for Background Events

This section summarizes event generators used to simulate Standard Model
background processes. The characteristics of background events are de-
scribed in Chapter 7.

4.4.1 PYTHIA

PyTHIA [98] is the leading order event generator widely used in particle
physics. It can generate about 240 different hard processes which are cal-
culated with the leading order matrix element (ME) derived from Feynman
diagrams. Higher order QCD processes are reproduced by the parton shower
which is based on the leading log approximation. PYTHIA adopts the string
hadronization model [99, 100, 101, 102]. PYTHIA 6.421 is used in this work.
The main QCD and minimum bias samples are produced by PyTHIA. The
proton parton density functions (PDF's) are provided by LHAPDF [103], and
the PYTHIA samples used in this analysis are generated with modified leading
order MRST2007 [104].

4.4.2 HERWIG and JIiMMY

HERwIG [105] is the leading order generator adopting the cluster model [106]
for the hadronization. JiMmy [107] is the generator which can generate
multiple parton scattering events. Versions used in this thesis are HERWIG
6.510 and JiMMY 4.1. The HERWIG 6.510 and JIMMY 4.1 are used to generate
Z|/W + jets events as well as for the parton shower and hadronization in
events produced by ALPGEN [108] and MC@QNLO [109, 110] generators. The
LO PDF CTEQ6L1 [111] has been used in the HERWIG event generation.

4.4.3 ALPGEN

ALPGEN [108] is the tree level ME calculator for multi parton final states. It
uses the exact leading order ME for the calculation. ALPGEN version 2.13
is used in this thesis. One of the QCD background samples is made with
ALPGEN for systematic uncertainty studies. ALPGEN generates hard pro-
cess events and parton shower evolution and hadronization are governed by
HERWIG. This two-step event generation causes a double counting of events
with multi partons in the final state, due to additional partons produced
by HERWIG parton shower processes. These double countings are removed
by the MLM matching method [112]. The MLM matching uses jets made
from final-state particles. Partons generated by ALPGEN and jets are then
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matched based on their distance AR in 1 — ¢ plane. If all partons made by
ALPGEN match jets in AR and there are no jets left over which do not match

partons of ALPGEN, the event is accepted. Otherwise, the event is rejected.
ALPGEN sample adopts PDFs of CTEQG6LI.

4.4.4 MCQ@QNLO

MC@NLO [109, 110] is the next to the leading order (NLO) generator.
MC@NLO 3.41 is used in this thesis. It was used for t¢ MC sample produc-
tion. MC@NLO sample adopts PDF's of CTEQG66.

4.4.5 Tuning for Underlying Events and Minimum Bias
Events

The parameters in PYTHIA and HERWIG (JIMMY) are tuned inside ATLAS
to reproduce the underlying event and minimum bias event data publicly
available [113]. The main parameters used in the tuning for PYTHIA are:

o A cut-off scale in multi interaction,

o Rescale exponent of multi interaction cut-off,

o A size of the matter fraction,

o A amount of color reconnection in the final state,

o A probability of the color partons which are kicked out for the beam
remnant,

o A running ag value for the parton showers.

The main parameters of the tuning for HERWIG (JIMMY) are:
o A minimum pr in hadronic jet production,
o A minimum transverse momentum of secondary scatters,
o An inverse proton radius squared,

o A probability of a soft underling event.

The tuning is done with the data sets of underlying events and minim bias
events, which are published by the Tevatron experiments. One parameter is
varied at a time and the parameter which has most impact on the observable
under the study is identified. This procedure is repeated until the result
shows agreement with the data sets.

59



4.4.6 Summary of Standard Model MC samples

Table 4.4 summarizes event generators and the cross sections of the Standard
Model background processes considered in this analysis.

Table 4.4: Event generators and cross sections of each process. The pr cut
represent the cut on the leading parton pr.

Process Event Generator Cross Section [pb]
QCD (pr > 8 GeV) PYTHIA 1.06 x 1010
QCD (pr > 15 GeV) ALPGEN 3.14 x 108
tt MC@NLO 1.65 x 102
Z+jets (pr > 250 GeV) HERWIG 3.90
Wjets (pr > 250 GeV) HERWIG 9.21
Minimum Bias PyTHIA 5.84 x 101°
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Chapter 5

Jet Reconstruction

This chapter describes the jet reconstruction algorithm and energy calibra-
tion procedures for the offline analysis employed in the black hole search.
The jet reconstruction is performed by the following steps;

1. Clustering of calorimeter cells to build inputs for jets,
2. Running jet identification algorithm,
3. Calibration to hadronic energy scale.

Figure 5.1 shows an overview of jet reconstruction in ATLAS. The detailed
descriptions of each step are given in the following sections.

5.1 Clustering of calorimeter cells

While a wide variety of inputs can be used in the ATLAS jet reconstruction,
calorimeter clusters dynamically built by using a three-dimensional clustering
algorithm, called “topological clustering” [114], are used in this thesis. The
topological clustering classifies the calorimeter cells as “seeds”, “neighbors”,
and “others” based on the significance of their energy deposits with respect
to electronic noise in the calorimeters.

o First, calorimeter cells with |FEeon| > 400 are defined as “seeds”,
where E.q is the measured energy in the calorimeter cell, and o, 1S
the RMS of the cell energy distributions taken from random events.

o Second, “neighbor” cells with |Ecen| > 20y0ise, adjacent to the seeds,
are added to form clusters.
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Figure 5.1: Overview of jet reconstruction in ATLAS
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o In a final step, all cells surrounding the neighbors are added to the
clusters.

Figure 5.2 is the illustration of topological clustering performed on the grid
of calorimeter cells.

Finally, in order to separate clusters associated with different incident
particles, but overlapping in the calorimeter due to shower development,
the reconstructed clusters are processed by the split algorithm based on the
position of local maxima and minima within the clusters. The splitting
algorithm works by

o Finding the local maxima, which is a cell in the cluster with pr of at
least 500 MeV and higher than the pr of neighbors. The number of
neighbor cells is required to be larger than 3.

o Forming new clusters by adding cells around the local maxima.

A
n

E>4c0,

E>00,,

Figure 5.2: The illustration of topological clustering

The energies of clusters are calibrated based on the test-beam measure-
ments for electrons and muons [115, 116, 117]. Therefore, the clusters are
calibrated to the EM scale. The calorimeter response for the hadron inter-
action is different from the EM interaction due to non-compensating nature
of the calorimeter and non-uniform response over different rapidity cover-
age. Hence, this energy should be calibrated into the hadronic scale. This
calibration is done after jet finding as described in the following section.
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5.2 Jet Finding Algorithm

Anti-Kt algorithm [116] is adopted for the jet reconstruction with the topo-
logical clusters as inputs. The algorithm uses following variables:

di = pri,
AR
D2’

dij = min(pr;,pry) X

din, = min(dy;, d;;),

where pr;(;) is transverse momentum of i (j)-th cluster and AR;; is the dis-
tance between i-th and j-th clusters. Different values of D result in different
size of jets and D = 0.4 is used in this thesis. All combinations of clusters
are computed from the highest pr cluster. If d,,;,, = d;j, i- and j-th clusters
are combined and defined as new cluster. In case of d,,;, = d;;, it is defined
as a jet and removed from the cluster list. Once it is done for the all clusters,
the algorithm is applied for the cluster list repeatedly until the list becomes
empty.

For comparison, a cone algorithm is introduced below. The cone algo-
rithm sorts the clusters in decreasing order in pr. The highest cluster is
defined as “seed cluster” and makes proto-jets from clusters within a cone
AR < 0.4 around the “seed cluster”. This procedure is re-applied on the
clusters except for the clusters which are used for proto-jets. A centroid of
the proto-jet is calculated from the E7 weighted position of clusters in the
proto-jet. With this centroid, new proto-jets are constructed from the clus-
ters within a cone AR < 0.4 around the centroid. This procedure is repeated
until these proto-jets are stable. Finally, if two jets are overlapped, energies
are divided based on the distance from the center of the jets. If overlap
energy is greater than half of total energy of two jets, they are merged.

The two clustering algorithm are known to have different sensitivity to
collinear and infrared safety, and hence produce different list of jets when
those additional radiations are present in the events. Figure 5.3 shows the
illustration of Anti-Kt and cone algorithms in the case of two hard partons
accompanied by an additional parton in the middle. When the middle parton
splits into two softer collinear partons, the Anti-Kt algorithm still finds the
same jet while the cone algorithm may find more jets due to different seeding
algorithms.

Figure 5.4 shows the illustration of Anti-Kt algorithm and the cone algo-
rithm for an infrared radiation. The infrared radiation between two partons
is considered. Cone algorithm would find new centroid by the effect of the
infrared radiation and would change the number of jets.
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Figure 5.3: Sketch of Cone v.s. Anti-Kt algorithm. In the left picture, both
algorithms collect three partons. In the right two figures, the parton in the
middle is split into two partons by a collinear splitting. A number of jets by
Anti-Kt algorithm is not changed while that of the cone algorithm is changed.
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Figure 5.4: Sketch of Cone v.s. Anti-Kt algorithm. In the left picture, both
algorithms make two jets. In the right two figures, the infrared radiation
between two partons is considered. Cone algorithm finds new centroid and

makes only one jet.
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These effects are changed by the higher order calculation. Therefore,
Anti-Kt algorithms allows more robust comparison with theory predictions
because it is stable in the presence of collinear splitting and infrared radiation.

5.3 Hadronic Calibration

Jets reconstructed from calorimeter clusters found at the electromagnetic
scale are subject to hadronic energy scale calibration because of several de-
tector effects such as lower calorimeter response for hadronic than the elec-
tromagnetic particles due to non-compensating calorimeters, energy loss in
inactive detector regions, etc.

The current ATLAS jet calibration is based on jet response measured in
the MC simulation. This calibration uses truth jets, which is reconstructed
from stable particles with the lifetime less than 10 ps, generated by the MC
generator. The calibration factor is estimated by comparing reconstructed
jet energy (at EM scale, E*™) with the truth jet energy, £ in bins of truth
jet pr, piFte, and reconstructed jet . An observable is reconstructed jet pr
at EM scale, pi™ instead of E™U°. Therefore, the calibration factor should
be rewritten as a function of pfM.

0.4f
0.08f
0.06-
0.04

0.02]

Figure 5.5: Distributions for energy ratios of E*™ to E'u¢ for the range of
56 GeV < pEM < 60 GeV (a) and 80 GeV < pite < 85 GeV (b). An energy
scale of jets at the EM scale is about 0.7 times of energy scale of truth jets.
Therefore, the range for pi™ is defined lower to use same pr region of truth

jets.
Figure 5.5(a) and 5.5(b) show energy ratios of the EM scale jet to the
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truth jet for the range of 56 GeV < pEM < 60 GeV and 80 GeV < pifue <
85 GeV, respectively. Both distributions are fitted by a Gaussian function.
The distribution of E¥M/E™¢ in the fixed p&™ bin is not a Gaussian shape
because there are more contributions from the events in low pf" than events
in high pf" due to falling jet pr spectrum and detector resolution effects.
The same distribution in the fixed p§"® bin shows better agreement with a
Gaussian shape. The width of the distribution corresponds to a jet resolution.
Taking this into consideration, a following procedure is adopted to obtain the
calibration function.

First, the pair of the reconstructed jet and the truth jet which satisfies
the following conditions is selected:

o ARpmy. < 0.3, where ARpyy,,,. is a distance between the jets of a
pair.

o There are no jets with pr > 7 GeV within AR = 2.5 x R around each
jet, where R is the size of the jet.

Second, the calibration factor is obtained as follows:

o Dividing the pairs in bins of pfUe.
o Fitting pEM distributions in each bin by a Gaussian and obtaining the
means, < pp™ > for each bin.

o Fitting < E™ > /B¢ with a function, R (pfFU°):

R (p™) = Z ﬁ (5.1)

where ag = 1 and other a; are free parameters.

o Refitting the < E™™ > /E"™¢ with pp\y, = R (pf"®) - p* instead of
phEue. The function obtained by this ﬁttmg is the calibration function
of pM

Figure 5.6 shows the procedure of fittings in the second step. The hori-
zontal axis is changed from pi"® to pfl, (=pf in the figure).

Figure 5.7 shows the calibration factors as a function of jet pf™ for the
central and end-cap regions. This calibration factor is applied for the jets

produced by Anti-Kt algorithm.
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Figure 5.6: Illustration of the process. The horizontal axis is changed from
pr of truth jets to pr of estimated reconstructed jets.
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Figure 5.7: Calibration factors as a function of jet pfM in EM scale for the
central (circles) and end-cap (triangles) regions [118].
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5.4 Uncertainties on Jet Energy Scale

5.4.1 Jet Energy Resolution Uncertainty

The jet energy resolution is estimated by the two methods from data events [119].

One uses dijet balance as follows. Two jets are required to satisfy A¢p >
2.8 between them and are required to be in the same 7 region. The asym-
metry between pr of two leading jets A is defined as

Pri1 — P12 _ Prti1 — P12 (5 2)
P11+ P12 2pr ’ .

A (pTJl ) pTJ2)

where prji(2) is pr of the leading (second leading) jet, and pr = (pry1 + pri2) /2.
Assuming the transverse momentum balance, the mean value of pt of two
jets, pry1, prye, can be written as

Pry1 + Prie _
— 5 =D

5 = P, (5.3)

<pryn >=<pPrj2 >=
Since two jets are required in the same 7 region, they have same resolution:
oy = 0y = 0, where o1y is the energy resolution of the jets and & is the
resolution at pr = pr. These assumptions give the relation between the
resolution of A, o4, and 0,5 as

2 2
oy + 05

o
< prn+pree > \/§p_T'

oA

(5.4)

As a result, the resolution at pr = pr is given by 4.

Another method is based on an imbalance vector, pr = pry1 + Prys.
This is called the bisector method. This method uses a coordinate system
described in Figure 5.8. In a perfect dijet balance system, pt equals to zero,
but there are a number of sources that rise fluctuations. Variance by the
fluctuations, Var (pr), in ¢ and v directions are denoted as ag = Var (pr¢)
and ai = Var (pry), respectively. The fluctuation at the particle level, oP*,
comes mostly from initial state radiation. This effect expected to be same in
both ¢ and v directions:

(O‘?art>2 — (O-E,art)Z ’ (55)
part part

where o™ and o, are the fluctuations at the particle level for ¢ and
1 directions, respectively. The fluctuation for ¢ at the reconstructed jet
level is sensitive to the energy resolution because pry is the difference of
large transverse momentum in x — y plane while the fluctuation for ¢ at the
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jetl

Figure 5.8: The coordination system for the bisector method. A¢, is the
angle between two jets in the x — y plane. (-axis directs to the direction of
the center of two jets in ¢. i-axis is defined as the orthogonal to the (-axis.
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reconstructed jet level is small. If two jets are in same 7 and have the same
resolution value, the resolution at pr = pr, which is the same definition of
Eq. 5.3, is given as

opr \/V&r (p_T _p%zm> (04) = (0¢)?

pr 2 - V2pr |cos A¢1s]

(5.6)

This method can remove the soft radiation effect by subtraction in quadrature
oc from oy,

Figure 5.9 shows the jet energy resolution for the dijet balance and bi-
sector methods as a function of the pr. It shows agreement with the MC
simulation within 14 %.
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Figure 5.9: Jet energy resolution for the dijet balance and bisector methods
as a function of the pr. The lower plot shows the relative difference between
data and MC events.

5.4.2 Jet Energy Scale Uncertainty

The uncertainty of the jet energy scale (JES) calibrated by this procedure
is estimated by the MC events and the data [120]. The basic procedure to
evaluate the uncertainty is to check jet response after applying the calibration
in various Monte Carlo samples produced with different parameter conditions
varied from the nominal settings (by the amount of parameter uncertainties)
and compare it with the nominal jet response. The nominal MC sample is
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QCD events generated by PYTHIA with tunes described in Subsection 4.4.5.
The uncertainty sources are the follows:

o Underlying event: This uncertainty is evaluated by comparing the nom-
inal response to jet response obtained in a sample of PYTHIA events in
which the soft-QCD part is tuned with only minimum bias event data
from the Tevatron and CERN proton-anti-proton collider experiments.

o ALPGEN, HERWIG, JiMMY: Overall MC tune and generator depen-
dence on the jet response is estimated by comparing the response in
the nominal PyTHIA QCD and ALPGEN +JiMMY QCD sample.

o Additional Dead Material: The extra radiation length (Xj) is added as
the dead material to the detector simulation. The additional materials
are as follows:

— The dead material of 0.05 Xy between the presampler and the EM
calorimeter for the barrel region.

— The dead material of 0.2 X in the cryostat before the EM calorime-
ter.

— The dead material of 0.2 Xj in the cryostat between the EM and
hadron calorimeters.

— An increased density of the material of the barrel-endcap cryostat
gap by a factor 1.5.

o Noise Thresholds: The noise thresholds in the topological clustering
are changed by £10% and the jets are re-reconstructed with the new
topological clusters to estimate the effect on noise thresholds.

o JES calibration non-closure: The calibration constants are derived from
isolated jets while the JES uncertainty is evaluated using inclusive jets
(containing non-isolated jets), and this leads to a non-closure of jet
response. Other differences in deriving and applying the calibrations,
such as cross section weights on the Monte Carlo samples, also cause the
non-closure in jet response. Since this non-closure jet response is fully
correlated and almost constant at a given jet pr and 7, the uncertainty
due to non-closure is added linearly.

o Fragmentation: This uncertainty is estimated from PyTHIA QCD sam-
ple with tuning the parameters to LEP data using Professor soft-
ware [121].
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o Shifted Beam Spot: The nominal beam spot in MC is set as (z,y, 2) =
(—0.15,1,0) mm, and this nominal sample is used to derive the cali-
bration. ”Any shifted beam spots may affect the pr measurement of
the jets. The effect on JES is estimated from the sample in which
the beam spot is set as (x,y,z) = (1.5,2.5,—9) mm. The current av-
erage shift of the beams spot in the data is estimated as (z,y,z) =
(—0.4,0.62, —1.3) mm. Therefore, this shifted sample covers the shift
of the data.

o Hadronic Shower Model: This uncertainty comes from the description
of hadronic interaction in the GEANT4 detector simulation. The nom-
inal sample is based on the Quark Gluon String model [122] for the
fragmentation of the nucleus, and Bertini cascade model [123] for the
interactions of the hadrons in the medium of the nucleus. The un-
certainty is estimated by two samples. One sample does not simulate
Bertini nucleon cascades. Another sample uses the Fritiof model [122]
instead of the Quark Gluon String fragmentation model.

o LAr/Tile Absolute EM Scale: This uncertainty is estimated from the
conditions of the test beam setup and the full ATLAS detector. The
LAr temperature, pulse reconstruction methods, calibration correc-
tions, time stability are considered for the EM calorimeter. For the
hadronic calorimeter, the electromagnetic scale uncertainty is estimated
from the ratio of the response of the muons in the test beam and the
MC events, and in the cosmic ray and the MC events.

o n Intercalibration (Relative, Data/MC): The detector material in the
end-cap region is less known than the barrel region. The transition
region between the barrel and end-cap calorimeters have lower response
to the jets at the EM scale, hence, larger JES uncertainty than that
in other regions. Therefore the JES uncertainty for the higher rapidity
regions is determined using the uncertainty in the central barrel region
(0.3 < |n| < 0.8) as a reference, and evaluating additional uncertainty
in jet response on top of it. This determination of additional JES
uncertainty is performed by measuring relative pr balance of forward jet
in dijet events with respect to the central reference jet. The uncertainty
comes from the difference between data and MC events in the relative
energy scale, and the deviation from the one of the relative energy scale
in the data.

Applying each uncertainty component evaluated above to the jet four-vectors,
the largest deviation from unity measured in jet response can be considered
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as a JES uncertainty for each systematic effect. All of these systematic
uncertainties are added in quadrature (expect for non-closure systematic un-
certainty being added linearly) to evaluate the total JES systematic uncer-
tainties shown in Figure 5.10-5.12. Filled area shows total uncertainty of
JES and it is about 7 %. The marks and the lines represent each uncertainty
source.
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Figure 5.10: Relative jet energy scale systematic uncertainty as a function of
jet pr for 0 < |n| < 0.3 (a) and 0.3 < |n| < 0.8 (b). Filled histogram shows
the total uncertainty. Each point and line shows each uncertainty source.
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Figure 5.11: Relative jet energy scale systematic uncertainty as a function
of jet pr for 0.8 < |n| < 1.2. Filled histogram shows the total uncertainty.
Each point and line shows each uncertainty source.
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Figure 5.12: Relative jet energy scale systematic uncertainty as a function
of jet pr for 1.2 < |n] < 2.1 (a) and 2.1 < |n| < 2.8 (b). Filled histogram
shows the total uncertainty. Each point and line shows each uncertainty
source. In the end-cap region, |n| > 2.1, the uncertainty is derived from the
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Chapter 6

Data Samples and Event
Preselection

The ATLAS detector accumulated the data of proton-proton collisions at
the center-of-mass energy /s = 7 TeV provided by LHC in 2010. The LHC
delivered a total integrated luminosity of 48.9 pb~!. The ATLAS detector
recorded that of 45.0pb~!. Figure 6.1 shows the integrated luminosity as a
function of the day in 2010.

This chapter describes the data samples to be analyzed for the mini black
hole search. Details of the event preselection are described in this chapter.

6.1 Data Period

The ATLAS experiment has started the physics program with proton-proton
collisions at /s = 7 TeV since March 2010. During the data taking, the
trigger configurations had been changed according to the instantaneous lu-
minosity. There are eight periods corresponding to the beam and the detector
conditions and the data samples are separately defined for each period. The
integrated luminosities, the trigger configurations and numbers of recorded
events for each period are summarized in Table 6.1. Eight periods are catego-
rized by the trigger configurations. The integrated luminosities are calculated
after applying the data quality selection which is described later.

6.2 Trigger

This search uses a non-prescaled single jet trigger. Level-1 hardware (L.1)
triggers are used. There are some single jet triggers with different energy
thresholds. The single jet triggers with lower Er thresholds are prescaled to
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Figure 6.1: Total integrated luminosity at /s = 7 TeV as a function of the
day. The green and yellow filled histograms represent one which was delivered
by LHC and one was which recorded at ATLAS, respectively.

Table 6.1: Summary of the data recorded in 2010

Period Integrated Used Trigger  Events
Luminosity [pb™!]

A 3.80 x 10~* L1, single jet 55GeV 378
B 8.07 x 1073 L1, single jet 55GeV 6744
C 8.46 x 1073 L1, single jet 55GeV 5932
D 0.298 L1, single jet 55GeV 158918
B 1.00 L1, single jet 55GeV 478211
F 1.81 L1, single jet 55GeV 859477
G 6.87 L1, single jet 95GeV 430608
H 7.25 L1, single jet 95GeV 449263
I 19.1 L1, single jet 95GeV 1221161
Sum 36.3 - 3610692
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keep the data acquisition rate up to 200 Hz. The lowest non-prescaled single
jet trigger had been changed depending on the instantaneous luminosity. The
following summarizes the trigger definitions for each period:

o Period A-F: A single jet L1 trigger with threshold 55 GeV on Er of jet
(L1_J55)

o Period G-I: A single jet L1 trigger with threshold 95 GeV on Er of jet
(L1-J95)

The energy defined in L1 trigger is EM scale which corresponds to 2/3 ~
1/2 of hadronic scale. The lowest non-prescaled single jet trigger in Period
F is L1_J55 which has the Et threshold of 55 GeV; L1_J55 is prepared in all
the periods up to F, and used for the analysis with data of A-F.

In Period G-I, the threshold of the lowest non-prescaled single jet trigger
is set to be 95 GeV. This trigger is named LL1_J95 and used for the analysis.

6.3 Data Quality

The recorded data contain the events affected by the instrumental issues
which arose during the data taking. In order to reject such events, the
data quality selection cuts are applied. In the ATLAS experiment, a certain
amount of the data is collectively saved into a single file; this file unit is called
“Luminosity Block”. Each sub-detector is checked both online and offline on
luminosity block basis. During the procedure, the data quality flag, which
indicates whether the corresponding luminosity block is suitable for physics
analysis, is labeled for each sub-detector.

The following requirements are applied to reject events which are affected
by the problems on the ATLAS detector:

o Data recorded in the stable beam conditions.

o The magnet system is in good operation and the field strength is set
to be the nominal value.

o All sub-detectors are fully operational during the data taking.

o There is no problematic peak or deficit in the distributions of jet and
Ess which is potentially caused by the trips of power supplies and the
high noise rates.

With these requirements, the integrated luminosity of the data becomes
36.3 pb~1; this is the total amount of the data used in this thesis. In table6.1,
the integrated luminosities for each different trigger period are summarized.
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6.4 Event Preselection

This section gives the details of the event preselection. Trigger efficiencies
and the selection criterion on the leading jet, the cleaning of events, and pr
cut on jets to remove the pile-up effect are described.

6.4.1 Jet Selection

Reconstructed jets are selected with the following criteria:

I < 2.8,

6.1
pr > 20 GeV. ( )

6.4.2 Trigger and the leading jet transverse momen-
tum selection
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Figure 6.2: Trigger efficiencies for L1_J55 (a) and L1.J95 (b). Circles (rect-
angles) show the efficiency for the data (MC) events.

Figure 6.2 shows the efficiencies of L1_J55 and L1_.J95 as a function of
the leading jet transverse momentum, prjy;, for data and MC events. The
MC events are generated by PYTHIA. The efficiencies are calculated from
two single jet triggers with energy threshold of 5GeV and 55 GeV (95 GeV)
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as follows:

Nii_js58811.35

€L1.J55 = ; (6.2)
Nris
~ Nrijgsesri s
€Liges = T (6.3)
L1.J5

where €11 js55 (€L1_95) 18 the trigger efficiency for L1_J55 (L.1_J95). The num-
ber of events which passed both L1_J55 (L1_J95) is defined as Ny jssee11.05
(NL1jos&&r15). The number of events which passed L1.J5 is shown as
Npis.

As shown in Figure 6.2, the trigger efficiency reaches 100 % at pr = 250
GeV for L1_J95. An inefficiency of the trigger makes difficulties to retrieve
the cross section and also results in biases on the event selection. To reject
pr dependence of trigger biases, pry; is required as

pri1 > 250 GeV (64)

in preselection cuts for all the data. With this requirement, the trigger
efficiency shows almost 100 % in both data and MC events.

6.4.3 Event Cleaning

This section describes the details of the event cleaning.

Primary Vertex Requirement

The primary vertex is an interaction point estimated from tracks for an
event. The primary vertex requirement is applied to remove non-collision
background events. Sources of non-collision background are listed below:

o The interactions of proton beam with the residual gas in the beam pipe

o Beam halo: Muons or pions which come from the upper stream of the
beam line

o Bremsstrahlung of cosmic-ray muons in the calorimeters

These background events can be removed with the requirement where the
primary vertex should be near the beam collision spot which is estimated from
the primary vertices for each Luminosity Block.

The beam spot size is 0, = 15 um and o, = 5.6 cm[125] at LHC. Hence,
the primary vertex requirements are set as follows:

Ntracks Z 57

|Zvertex - Zbeamspot| < ].5 cm,

(6.5)
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where Niaaes 18 the number of tracks with pp > 150 MeV associated to the
primary vertex and Zyertex and Zpeamspot are the positions of the vertex and
the beam spot along to z-axis, respectively.

Jet Cleaning

There are several sources which make up fake jets such as a spiky noise in
the calorimeter and a bremsstrahlung of muons in cosmic-rays. The following
variables are used for the fake jet cleaning:

o fem: The EM calorimeter energy in a jet divided by total energy of the
jet

0 fquatity: The LAr calorimeter measures the energy depositions of par-
ticles with the pulse shapes of the cells. Each cell in the LAr has
a quality factor which indicates the difference of the measured pulse
shape with the predicted one. The LAr quality fraction, fquaity, is de-
fined as the fraction of cells which have quality factors greater than
4000, with respect to the total number of cells associated to the jet.

o ngp: The number of calorimeter cells where the sum of cell energies
exceeds 90 % of jet energy. The cell energies are summed in decreasing
order of energy.

o furc: The fraction of HEC energy in a jet.

o tjet: The jet time which is calculated by the energy weighted mean of
the cells timing.

0 fmax: The maximum fraction of energy in one calorimeter layer.

o feaa: The ratio of Y pi@es to the jet pr, where >~ pirac®s is the scalar pr
sum of tracks associated to the jet. The associated tracks are selected
by requiring AR (jet, track) < 0.4, where AR (jet, track) is the distance
between the jet axis and a track in the n — ¢ plane.

o fras: The fraction of energy in the third tile gap scintillator layer.

o feor: Some problematic cells are masked while the data taking. The
energies of these masked cells are estimated from neighboring cells when

jets are reconstructed. The fraction of energy of these problematic cells
is defined as feor.
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Figures 6.3-6.7 show distributions of jet cleaning variables for data and
MC events. The quality factor in the LAr is not emulated in the MC events
and only the data is shown in Figure 6.3(b).

Excesses of data events can be observed in Figures 6.3(a), 6.4(a) and
6.5(a) in which the contribution of fake jets is dominant.

With these variables, the fake jets are categorized into:

o EM coherent noise: The fake jets are induced by the noise burst and
coherent noise in the electromagnetic calorimeter. Fake jets have a
large energy fraction in the electromagnetic calorimeter and consist of
a single or a few cells with bad qualities. As a consequence of these
features, the fake jets from EM noise are defined as:

— fem > 0.95 and | fquatiy| > 0.8
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Figure 6.3: Distributions of fpm (a) and fouaney (b). Filled circles show the
data of period G-I. The histogram shows the MC events. The MC events are
normalized to the number of events in the data. The L1_J95 trigger and the
primary vertex requirements are applied.

o HEC spike: The noise burst in the hadron end-cap detectors are one
of the main sources of fake jets. Fake jets can be tagged with a large
fraction of HEC energy and a small number of cells in the jet or bad
quality of the LAr pulse shapes. The fake jet originating from HEC
spike is defined as:
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— fuec > 0.8 and ngg < 5
— fHEC > 0.5 and |fquality| > 0.5

e DataI Ldt=33.2pb> 3

. QCD Pythia MC =

Number of Jets
Number of Jets
e = =
%
[

101 1 10 10? 1913
90

Figure 6.4: Distributions of ngy (a) and furc (b). Filled circles show the
data of period G-I. The histogram shows the MC events. The MC events are
normalized to the number of events in the data. The L1_J95 trigger and the
primary vertex requirements are applied.

o Cosmic-ray and beam background: The background events induced by
cosmic-rays and beam halos can be removed with the timing differ-
ence of the jet from the collision. In addition, the fake jets originating
from cosmic-rays give a small fraction of EM calorimeter energy be-
cause most of cosmic-ray muons would pass the large volume of hadron
calorimeters. A high energy deposit of cosmic-ray muon in the hadron
calorimeter would reach to the EM calorimeter. This fake jet can be re-
moved by requiring an associated track which comes from the collision
point. Beam halo muon traveling along z-axis is also reconstructed as
a jet. In this case, one calorimeter layer has most of jet energy in the
central region.

Therefore, the followings give the definitions of these fake jets:

— tjet > 2518
— fem < 0.05
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- fmax > 0.9 and |77| of Jet<2
— feha > 0.02 and pr of jet>250GeV
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Figure 6.5: Distributions of #je; (a) and fmax (b). Filled circles show the
data of period G-I. The histogram shows the MC events. The MC events are
normalized to the number of events in the data. The L1_J95 trigger and the
primary vertex requirements are applied.

o Jet with a large energy fraction in the third tile-gap layer: The third
layer of tile-gap scintillator is not fully calibrated. Therefore, the jet
which has a large fraction of energy in this layer is rejected by the
following criterion:

— ng3 > 0.5

o The correction of masked cells possibly causes a mis-measurement of
the jet energy. The rejection cut to reject mis-measured jets is set as

— feor > 0.5
In summary, the events containing fake jets or potentially mis-measured

jets are rejected by applying the criteria described above to all jets with
pr > 20 GeV in the events.. Figure 6.8 shows an event display of cosmic-ray
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Figure 6.6: Distributions of fu,.. Filled circles show the data of period G-I.
The histogram shows the MC events. The MC events are normalized to the
number of events in the data. The L1.J95 trigger and the primary vertex
requirements are applied. The overflow events are added in the last bin.
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Figure 6.7: Distributions of frgs (a) and feor (b). Filled circles show the
data of period G-I. The histogram shows the MC events. The MC events are
normalized to the number of events in the data. The L.1_J95 trigger and the
primary vertex requirements are applied.
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Figure 6.8: Event display of a cosmic-ray event. A sectional side view of
the ATLAS detector in y — 2z plane is shown. Black region in the center
represents the inner tracker. Green and red regions represent the EM and
hadron calorimeters, respectively. Blue regions represent the muon system.
Yellow segments show the energy deposits in the calorimeters. Red points in
the muon system show the hits in the muon system. Lines show reconstructed
tracks. All tracks direct same direction and are not pointing the collision
point. Consequently, this event is concluded to be originated from cosmic-
rays. In the event, there are two high pr jets of pr = 2.08 TeV and pr =
120 GeV. The group of yellow segments in the upper region of the calorimeter
represents 2.80 TeV jet which is not pointing to the collision point and does
not have any associated tracks.
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event. The leading jet in this event has pr of 2.08 TeV, which does not have
tracks and removed by the criterion on f.,.

Figure 6.9 shows distributions of pr of all jets for data and MC events.
Filled rectangles and circles show the data before and after applying the
jet cleaning, respectively. The histograms show QCD PyTHIA MC events.
There is an excess of events in high p region before the jet cleaning; they are
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Figure 6.9: Inclusive jet pr distributions. Filled rectangles and circles show
the data before and after the jet cleaning, respectively. The data corresponds
to period G-I with the selection criteria of trigger and primary vertex. The
histogram shows the MC events. The MC events are normalized by the total
number of the data events.

removed with the criteria described in this section. The rejection efficiency
for real jet events is estimated to be 0.6 % from the MC events.

6.4.4 Pile-up effect and transverse momentum cut on
Jets

In the data, multiple collisions could take place in an event; the mean number
of vertices measured to be 2.63. Figure 6.10 shows the number of vertices
in the data with the requirements of trigger and the event cleaning. The
most probable process of collisions other than hard one is the minimum bias
interaction.
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Figure 6.10: Number of primary vertexes of the data after requiring the single
jet trigger and the event cleaning cuts. The vertices satisfying Eq. 6.5 are
counted.

Figure 6.11 shows the transverse momentum distribution of jets in min-
imum bias events. The histogram is normalized to unity, which gives the
emission probability of single jet per collision as a function of jet pr. Ta-
ble 6.2 shows the emission probabilities with different cuts on pr. By re-
quiring pr > 50 GeV, the probability of observing a jet in minimum bias
collisions is 0.0367 %. Even if there are more than five pile-up collisions,
the probability of observing pile-up jets is estimated to be less than 0.2 %.
Consequently, the pile-up effect could be negligible by requiring a threshold
of 50GeV on jets. Hereafter, jets which have pr > 50 GeV are used in the
analysis.

Table 6.2: Emission probability of jets in minimum bias events
pr cut 20GeV  30GeV 40GeV 50 GeV
Probability [%] 1.41 0.284 0.0902 0.0357

6.4.5 Summary of Preselection

Table 6.3 shows the data reduction summary of each preselection cut. The
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Figure 6.11: The transverse momentum distribution of jets in minimum bias
events of the MC samples. The histogram is normalized to unity:.

Table 6.3: Data reduction summary of each preselection cut

Selection Events
Trigger 3610692
Vertex Requirement 3582452
Jet Cleaning 3537534
The Leading Jet Requirement 171902
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primary vertex requirement and jet cleaning cuts removed 2% of triggered
events. After all preselection cuts, 171902 events remain.
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Chapter 7

Characteristics of Signal and
Background Events

Characteristics of mini black hole events observed in the ATLAS detector
are determined in mainly Hawking radiation phase. Mini black hole events
are expected to have a high-multiplicity final state with high pr particles
and could be identified by the appearance of multiple high pr jets, electrons,
muons and photons and also by the large E¥* due to energetic neutrinos
emitted in the evaporation phase. It takes relatively a long time to assess
performance of high pr electrons, muons, photons and large £ compared
with high pr jets at an early stage of the experiment. Therefore, the mini
black hole events are searched for in the multijet final state.

In this chapter, characteristics of signal and background events are de-
scribed. Discriminant observables are also discussed.

7.1 QCD Background

After requiring the criteria on the leading jets given in Section 6.4, the main
background is QCD process. Figure 7.1 shows pr distributions of the leading
and fifth leading jet for the remaining events after preselection cuts. The
numbers of MC events for each process are listed in Table 7.1. The table
shows that QCD process dominates and the number of QCD events is larger
than that of other SM processes by three orders of magnitudes. The pr dis-
tributions also show that QCD process is dominant even in high pr region.
Thus, only QCD events are considered in background studies and the contri-
bution of other processes is incorporated as a systematic uncertainty in this
analysis.
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Figure 7.1: pr distributions of the leading (a) and fifth leading jet (b) for
QCD, tt, Z + jets and W + jets processes

Table 7.1: Expected number of events after applying preselection. The num-
bers correspond to 36.3pb~!

Process  Number of events

QCD 2.15 x 10°
tt 1.36 x 10?

Z + jets 1.06 x 10?
W + jets 2.58 x 10?
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7.2 Discriminant Observables

Black hole signal events have high multiplicity of high pr jets. Therefore,
following variables give a good discrimination between signal and background
events:

o Nj: Number of jets with pr > 50 GeV, and |n| < 2.8

o > pr: Sum of pr of jets in an event. Jets are required to have pr >

50 GeV.

The cut of pr > 50 GeV on jets is applied to remove the pile-up effect as
mentioned in Section 6.4.4.
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Figure 7.2: Distributions of the number of jets with pr > 50 GeV for QCD
MC events and black hole signals with various parameters.

Figures 7.2 and 7.3 show Nj distributions for signal and QCD background
events. Most of background events go in the dijet topology and cluster around
Nj = 2. On the other hand, signal events give peaks at Njy = 5 or higher.

The Y pr distributions for signal and background events are shown in
Figure 7.4. They are divided into two region of 1 < N; < 5 and Nj; > 5;
signal events dominate and give high » pr in the latter. The QCD events
dominate in the region of N; > 1. Events with single jet could be observed
due to the cosmic-rays or calorimeter noises. Therefore single jet events are
not used hereafter. The criterion “1 < Nj < 57 is indicated by “Nj < 5”
unless otherwise noted.
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e
o o
w 3,

Events [1/100GeV]

101

Ldt=36.3pb"
— QCD
-=-rs_2_1000
——rs_4_1000
~¥-rs_7_1000
-e-rs_4_ 1200

vWyvVy.
v

ﬁiﬁm

O rmmm

1000 2000 3000 4000 5000

Zp; [GeV]

()

Events [1/100GeV]

[Eny
e
[

vy,
Yy¥
Wy,

v
v
Y

Y
1

¥

ahkaddtayy, T

J' Ldt=36.3pb*
— QCD
-m-rs_2_1000
——rs_4_1000

Ty, v rs_7_1000
'v;e- rs_4_1200

R4
Ty

AA“ f
ety gl
L

¢
Tl il vl il il ol

—

-

O

1000 2000 3000 4000 5000

Zp; [GeV]

(b)

Figure 7.4: > pr distributions of signal and background events in regions of
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Figures 7.5 and 7.6 show two-dimensional distributions of > pr and Nj
for QCD background and signal events. The signal events give larger values
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Figure 7.5: N;->_ pr distribution for QCD background events after applying
preselection. The histogram is normalized to 36.3 pb~!.

of >~ pr and Ny, which is different from QCD background events.

Tables 7.2, 7.3 and 7.4 summarize the expected numbers of events in a
region of Ny > 5 and > pr > 1500 (2000) GeV for background and signal
events. Signal events show high efficiencies even in ) pr > 2000 GeV while
only a few events of QCD background events remain. Hence, the signal region
is set as follows:

NJZ57

7.1
> pr > 2000 GeV. (1)

7.3 Characteristics of QCD background

In order to estimate the background contamination and to determine the
signal yield in the later, characteristics of QCD background events are dis-
cussed.

Typical QCD events show dijet-like topology and pr of fifth leading jet
is expected to be small compared with that of signal events. Figure 7.7
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Figure 7.6: Nj->_ pr distributions for signal point rs_2_1000 (a) and rs_4_1000
(b). The histograms are normalized to 36.3pb~!.

Table 7.2: Expected number of events and acceptance for background events
with Ny > 5 and > pr > 1500(2000) GeV. The numbers are normalized to
36.3pb~ 1.

Process > pr > 1500 GeV > pr > 2000 GeV
(acceptance [%])  (acceptance [%)])

QCD 59.5 (~ 107) 5.17(~ 1079)
t 0.633 (0.02) 0.097 (0.003)

7 + jets 0.084 (0.06) 0.014 (0.01)
W + jets 0.166 (0.05) <0.001 (-)
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Table 7.3: Number of expected events and acceptance for the mini black hole
signals with Ny > 5 and > pr > 1500(2000) GeV for signal points on the
assumption A\ < r,. The numbers are normalized to 36.3 pb~!. The models

corresponding to the abbreviations are summarized in Table 4.1.

Signal point

> pr > 1500 GeV
(acceptance [%)]

> pr > 2000 GeV
(acceptance [%)]

) )
rs_2.800 1.20 x 102 (75.6) 1.02 x 102 ( 64.3 )
rs_2.1000 8 (75.9) 2.65 (71.9)
rs.2.1200  2.74 x 10 2 (74.7) 268 x 10-2 ( 73.1)
rs_3_800 1.34 % 103 (64.6)  9.10 x 10% ( 43.8 )
rs_3_1000 94 1 (70.2) 81.8 (61.1)
rs_3.1200 9 (72.4) 4.63 (68.4 )
rs.3.1500  1.86 x 10 2 (70.4) 1.82 x 10-2 ( 68.8)
rs_4_800 5.76 x 10 (55.4)  2.84 x 103 ( 27.4)
rs_4-1000 6.83 x 102 (63.4)  5.09 x 102 ( 47.2)
rs_4_1200 68.7 (66) 61.2 (58.8)
rs_4_1500 1.38 (66.7) 1.31 ( 63.6 )
rs.4.2000  1.04 x 107* (66.1) 1.03 x 10~ ( 65.5 )
rs_5_800 1.46 x 10* (44.9)  5.11 x 103 ( 15.7 )
rs_5_1000 2.61 x 10 (58.5)  1.59 x 103 ( 35.7 )
rs_5_1200 3.68 x 102 (60.9)  2.93 x 10% ( 48.4)
rs_5_1500 16.9 (64.4) 15.6 ( 59.3 )
rs.5.2000  2.37 x 1072 (62.6) 2.32x 1072 ( 61.2)
rs_6_800 2.71 x 10* (34.8)  6.68 x 10 ( 8.56 )
rs_6.1000 6.36 x 103 (50.3)  3.07 x 103 ( 24.3)
rs_6_1200 1.25 x 103 (58.0)  8.78 x 10% ( 40.8 )
rs_6_1500 88.5 (62.2) 77.9 (54.7)
rs_6_2000 0.492 (61.4) 0.474 ( 59.1)
rs_7_800 3.95 x 10* (25.5)  8.98 x 103 ( 5.81)
rs_7_1000 1.20 x 10* (42.7)  4.51 x 103 ( 16.0 )
rs_7_1200 2.93 x 10% (52.5)  1.77 x 103 ( 31.6)
rs_7_1500 2.96 x 102 (58.8)  2.46 x 102 ( 48.9)
rs_7_2000 3.75 (60.9) 3.54 (57.5)
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Table 7.4: Number of expected events and acceptance for the mini black hole
signals with Ny > 5 and ) pr > 1500(2000) GeV for signal points on the
assumption A\ < r,. The numbers are normalized to 36.3pb~!. The models
corresponding to the abbreviations are summarized in Table 4.2.

Signal point

> pr > 1500 GeV
(acceptance [%)]

> pr > 2000 GeV
(acceptance [%])

)
rh_2_800 9.82 x 1072 (83.4) 9.68 x 1072 (1 82.2)
rh_3_800 17.3 (79.6) 16.2 ( 74.7)
rh 31000  7.58 x 1072 (79.1) 7.44 x 1072 (776 )
rh_4_800 2.59 x 10? (72.8) 221 x 10? ( 62.1)
rh_4.1000 6.15 (75.4) 5.88 (172.1)
rh_4_1200 5.61 x 1072 (74) 5.52 x 1072 ( 72.8)
rh_5_800 1.53 x 10° (69.4)  1.15 x 10% ( 52.2)
rh_5_1000 78.5 (70.6) 71.7 (64.4)
rh_5_1200 2.66 (70.9) 2.56 ( 68.3)
rh.5.1500  3.13 x 1073 (69.1) 3.09 x 1073 ( 68.2)
rh_6_800 5.10 x 10% (62)  3.28 x 10 ( 39.9)
rh_6_1000 4.35 x 10? (67.2)  3.67 x 10% ( 56.8 )
rh_6_1200 29.1 (68.6) 26.9 ( 63.4)
rh_6_1500 0.227 (68.9) 0.221 ( 67.3)
rh_7_800 1.20 x 10* (53.7)  6.08 x 103 ( 27.3)
rh_7-1000 1.48 x 10° (63.1)  1.12 x 103 ( 47.5)
rh_7_1200 1.54 x 10% (66.6)  1.36 x 102 ( 59.0 )
rh_7_1500 3.05 (66.6) 2.93 (64 )
rh.7.2000  2.40 x 107* (64.9) 2.37 x 10™* ( 64.2 )
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shows the leading jet pr distributions of QCD events in 1000 GeV < > pr <
1500 GeV and 2000 GeV < > pr < 3000 GeV. The dijet-like topology
leads to a leading jet pr of >  pr/2, therefore, the pr distributions give a
peak at half of the lower edge of >  pr. Figure 7.8 shows the fifth leading
jet pr distributions of QCD events in 1000 GeV < Y pr < 1500 GeV and
2000 GeV < > pr < 3000 GeV. The pr of fifth leading jet is relatively small
even for large > pr events.

S L S
3 IL dt=36.3 pb’™ 3 IL dt = 36.3 pb™
S10%F E s 1r E
— C — =
S S
%) i [%)
IS IS
2 10- E g
L £ L
1= E
101 f
10 T R U B R v oo b 1
0 500 1000 1500 2000 0 500 1000 1500 2000
p, [GeV] p, [GeV]

(a) (b)

Figure 7.7: Leading jet pr distributions of QCD MC events in 1000 GeV <
> pr < 1500 GeV (a) and 2000 GeV < > pr < 3000 GeV (b)

Figure 7.9 shows the Y pr distributions of QCD MC events for each N;
bin. The distributions in 7.9(b) are normalized by the number of events in
> pr > 1000 GeV. For QCD background events, > pr distributions depend
little on Ny by requiring Y pr > 1000 GeV: the effect of jet pr threshold
on > pr is small and Y pr of the event is represented by Q* of the hard
process. Therefore the ratio of Y pr distributions between Nj > 5 and
Ny < 5 is stable for > pp > 1000 GeV, as shown in Figure 7.10.

Table 7.5 summarizes the numbers of events in Ny > 5 and Ny < 5, and
the ratio between them. The >  pr ranges are divided into 100 GeV-width
bins. In the region of 1100 GeV < > pr < 2700 GeV, where the number of
events is expected to be > 0.1, the ratio of Nj > 5/Nj < 5 gives 0.282+0.032.
In this region the ratio is stable within 11.3%. Assuming this relation and
no signal, the number of background events in the signal dominant region
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Figure 7.8: Fifth leading jet pr distributions of QCD MC events in
1000 GeV < > pr < 1500 GeV (a)in 2000 GeV < > pr < 3000 GeV (b)
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Figure 7.9: > pr distributions of QCD background for Ny = 2 — 5. In (b),
histograms are normalized by the number of events in ) pr > 1000 GeV.
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Figure 7.10: ) pr distributions of QCD PyTHiA MC (a) for Ny < 5
(red rectangles) and Ny > 5 (black circles), and the ratio of them:

2opr(Ny=5) /3 pr (Ny < 5) (b)
given in Eq. 7.1 can be estimated as

N (D pr>2 TV, Ny > 5) =

11 1.2 TeV, Ny > 5
N(ZpT>2TeV,NJ<5)N( < 2pr < 12TV, N 2 5)

N(11<Y pr<12TeV,Ny<5)’

(7.2)

where N represents the number of events with the criteria given in the
bracket.

Figure 7.11 show ) pr distributions of QCD MC events in N;y > 5
and Nj < 5. The histograms are normalized by the number of events in
1100 < > pr < 1200 GeV. Two distributions show a reasonable agreement.
Table 7.6 gives the numbers of events in Nj-)_ pr space. The number of re-
maining events in > pr > 2000 GeV and an estimation calculated by Eq. 7.2
are 5.17+0.12 and 5.19 4+ 0.08, respectively. The numbers are normalized to
36.3 pb~'and the errors show statistical uncertainties of MC events.

In summary, Y pr distributions of QCD events depend little on Nj in
the region above 1100 GeV. In the next chapter, details of the signal extrac-
tion method based on this feature are given and mini black hole search is
performed.
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Table 7.5: The numbers of QCD MC events with N; > 5 and Ny < 5, and
the ratio between them for each »  pr bin. The errors indicate statistical
uncertainties of MC events.

ZpT Ny >5 Ny <5h NJZ5/NJ<5
Range [GeV]

0-100 0.0040.00 0.0040.00 0.0040.00
100-200 0.004-0.00 0.0040.00 0.0040.00
200-300 0.0040.00 0.0040.00 0.0040.00
300-400 0.0040.00 2.40 x 1034+0.14 x 103 0.00+0.00
400-500 2.324+2.26 4.77 x 10240.04 x 10*  4.87 x 107°+£4.74 x 107°
500-600 7.22 x 10°41.04 x 10> 8.40 x 10*+0.04 x 10* 8.60 x 1073£1.24 x 1073
600-700 1.88 x 1034£0.08 x 103 4.11 x 10*40.02 x 10*  4.57 x 107240.20 x 102
700-800 1.96 x 10340.05 x 10®  1.74 x 10*£0.01 x 10* 0.11340.003
800-900 1.34 x 1034+0.04 x 103 7.46 x 103+47.4 0.1845.13x 3
900-1000 7.68 x 10240.22 x 10> 3.37 x 103+0.02 x 103 0.228+0.007
1000-1100 4.27 x 10240.12 x 10> 1.65 x 103£0.01 x 103 0.25840.008
1100-1200 2.34 x 10240.07 x 10> 8.30 x 10240.06 x 102 0.2824-0.009
1200-1300 1.22 x 10240.03 x 102 4.35 x 102+£0.03 x 102 0.2840.006
1300-1400 69.7+1.82 2.39 x 10240.02 x 102 0.29140.008
1400-1500 38.54+1.23 1.36 x 10%2+0.01 x 102 0.28340.009
1500-1600 2440.885 76.6+0.805 0.314+0.012
1600-1700 14.240.599 45-+0.487 0.31440.014
1700-1800 8.4340.396 27.640.329 0.305+0.014
1800-1900 4.674+0.201 16.840.201 0.277+0.012
1900-2000 3.0340.145 10.540.143 0.288+0.014
2000-2100 1.87+0.09 6.5140.08 0.28840.015
2100-2200 1.2440.07 4.2240.06 0.294+0.017
2200-2300 0.73140.025 2.64+0.042 0.277+0.011
2300-2400 0.47240.020 1.740.029 0.27740.013
2400-2500 0.32140.016 1.1640.021 0.278+0.015
2500-2600 0.1940.012 0.75740.014 0.251+0.016
2600-2700 0.12540.089 0.48040.096 0.26140.019
2700-2800 7.15 x 107240.61 x 1072 0.32140.007 0.22240.020
2800-2900 5.00 x 107240.49 x 102 0.2140.005 0.23840.024

Table 7.6: Number of expected events in each region for PyTHIA MC events.
The errors represent statistical uncertainties of MC events.

S pr [GeV] 1100 to 1200 > 2000
Ny >5 234102 +7 517 +0.12
Ny <5 830x 102 +6 184 +0.1
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Figure 7.11: > pr distributions of QCD PyTHIA MC for Ny < 5 (circles)
and Ny > 5 (histogram). The histogram is normalized by events in 1100 <
> pr < 1200 GeV. The yellow error band represents a statistical uncertainty
of MC events.
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Chapter 8
Search for the Mini Black Hole

This chapter describes details of the mini black hole search in the multijet
final state. First, observed events and QCD MC events are compared. Sec-
ond, a method to measure the signal yield is described. Then, systematic
uncertainties and validation results on the analysis method are summarized.

8.1 Jets in Observed Events

The QCD process primarily contributes to background events in the search
with the multijet final states. The distributions of jets in observed events are
compared to QCD MC events. All the histograms of QCD MC events are
normalized to the numbers of observed events. In this section, the shapes
related to jets in data events are compared to QCD MC events.

Figures 8.1-8.3 show pr distributions of the leading five jets and Nj dis-
tributions for data and QCD PyTHIA MC events. The yellow error bands of
histograms indicate statistical uncertainties of MC events. The data shows
a reasonable agreement with QCD MC events in each figure.

Figure 8.4 shows ) pr distribution of data and QCD MC events in the
region of Ny < 5 in which QCD background events are expected to be dom-
inated. They agree in statistical uncertainties.

All the shapes of jets and > pr in observed events are consistent with
QCD background expectations within the statistical uncertainties and no
significant excess of signal was found. The next section describes the details
of the method to measure the signal yield based on the shape of QCD events.
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Figure 8.1: pr distributions of leading jet (a) and second leading jet (b) for
data and QCD MC events. Yellow error bands represent statistical uncer-
tainties of MC events.
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8.2 Extraction of Signal Yield

As described in the previous chapter, Ny and > pr gives a good discrimi-
nation performance between black hole signal and QQCD background events;
their yields are extracted with a simultaneous fit in different Nj-> pr regions.
Four regions (R;;i = 0,1,2,3) in Nj-)_ pr plane are defined as follows:

Ro 11100 GeV < ) pr < 1200 GeV, N; <5,
Ry :1100 GeV < Y " pr < 1200 GeV, Ny > 5,
Ra: Y pr>2000 GeV, Nj<5,
Rs: Y pr>2000 GeV, Nj>5.

Figure 8.5 shows an illustration of four regions. The number of observed
events in R; is represented as d;.
The expected number of events in each region, u;, is written as follows

where b; and s; are the numbers of expected background and signal events
in R;, respectively.

As discussed in Section 7.3, the following expression is given under the
assumption that the shape of Y pr spectrum does not depend on Nj:

by by

R, Ry

Ro R,

1112 2 3P [TeV]

Figure 8.5: Mlustration of four regions in Ny - > pr plane
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Assuming this relation, b; 93 is formed as

bl = flbOa .
by = fabo, (8.5)
bs = fifabo,

where fi (f2) is the ratio of by (be) to by. With incorporation of signal strength
', the expected number of events in each region (u;) is represented as

/ th
:u0:b0+8807

p1 = fibo + 5/3t1h,
po = fabo + S'SEh,
ps = f1fabo + Slsgh‘

(8.7)

where st! is the expected number of signal event in R; for a certain black
hole model.

With variables described above, the likelihood function, £, is constructed
as

L= H (‘;% : exp (— ;) - (8.8)

In this formula, s’ is the parameter of interest and by, f; and f, are the
nuisance parameters. In order to determine the signal yield, a statistical test
is performed based on the profile likelihood ratio represented as

A(s) = M (8.9)

c (5', 19) ’

where v shows all of the nuisance parameters. Here 7 in the numerator
denotes the values of v that maximizes £ for a given s’. The denominator
is the maximized likelihood function in which §' and # are their maximum
likelihood estimators. With the test statistics, —log A (s"), an interval of s’ for
the required CL, 95 % for instance, is defined as an ensemble of s’ satisfying
the following:

—log A (s') < 1.92. (8.10)
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8.3 Incorporating Systematic Uncertainties

The QCD background shape of the data in ) pr-Nj; plane could differ from
the MC expectation, which results in a partial invalidity of Eq. 8.6. In
order to account for this effect, the uncertainty of QCD background shape is
incorporated as follows:

bs = (14 %) fifabo, (8.11)

where f%° is the systematic parameter of QCD background shape on fi f.
The uncertainty of signal normalization is similarly incorporated as follows:

si = & (1457 sth (8.12)

i
where s° is the systematic parameter on the signal normalization for each
Rz‘.
Incorporating all the systematic uncertainties, the resulting likelihood
function is represented as
o ()™ -
£=TT W oo () -6 (o a ) - [ 6 (5270, 057). (813)
i=0 i=0
where G (z|a, b) represents Gaussian function of x with mean a and variance
b?. Here Af¥* and As?® represent the total uncertainties on fify and s,
respectively. Possible sources of systematic uncertainty are summarized in
the following section.

8.4 Systematic Uncertainties

The systematic uncertainties of background shape and signal normalization
are evaluated.

8.4.1 Uncertainties of background shape

The test statistics given in Eq 8.9 is calculated assuming the validity of
the relation Eq 8.3. Therefore, the systematic uncertainties could originate
from the description of QCD background process. This section covers the
systematic uncertainties related to the QCD background shape.

Nj > 5/Ny < 5 Ratio Stability

In Table 7.5 in Section 7.3, the ratio of events between Ny > 5 and Ny < 5
shows a stability of 11.3% for >  pr above 1100 GeV; this is assigned as a
systematic uncertainty of QCD background shape.
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Jet Energy Scale Uncertainty

The jet energy scale is determined with an uncertainty smaller than 7 % [120].The
numbers of events in R; is affected by the jet energy scale. This effect is
checked by shifting the jet energies in QCD MC events within their uncer-
tainties. Table 8.1 and 8.2 show the numbers of remaining events in each R;,
and resulting A f*% estimated with positive and negative jet energy shifts,
respectively. The Af*® changes by 2.0 % at a maximum.

Table 8.1: Number of events in four regions estimated with the negative jet
energy shift. The errors represent statistical uncertainties of MC events.

S pr [GeV] 1100 to 1200 > 2000

Ny > 5 1.40 x 10° £ 0.03 x 102 2.78 + 0.05

Ny <5 570 x 102 4 0.04 x 102 11.2 0.1
A = 0.006

Table 8.2: Number of events in four regions estimated with the positive jet
energy shift. The errors represent statistical uncertainties of MC events.

S pr [GeV] 1100 to 1200 > 2000

Ny >5 3.53 x 102 £+ 0.10 x 10> 8.98 =+ 0.19

Ny <5 1.17 x 10° +0.01 x 10> 29.2 4+ 0.2
A =0.020

Jet Energy Resolution Uncertainty

The jet energy resolutions estimated from the collision data are summarized
in [119], which shows an agreement with the MC simulation within 14 %. Ta-
ble 8.3 shows the number of events in each R; with additional 14 % resolution.
The Af5® changes by 1.7 %.

Comparison with ALPGEN QCD MC

The PyTHIA MC sample does not contain any full higher-order matrix ele-
ments. The lowest-order matrix elements are combined with parton showers.
On the other hand, QCD ALPGEN sample contains higher-order matrix ele-
ments. Here, the difference of two MC generators is assigned as a systematic
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Table 8.3: Number of events in four regions estimated with additional 14 %
resolution. The errors represent statistical uncertainties of MC events.

S pr [GeV] 1100 to 1200 ~ 2000

Ny >5 245 x 10° £ 0.00 x 10> 6.28 =+ 0.19

Ny <5 0.46 x 102 =+ 0.08 x 10> 23.8 =+ 0.2
AF¥ = 0.017

uncertainty related to the description of hard process. Table 8.4 shows the
number of events in each R; and resulting Af%* for QCD ALPGEN MC
events. Figure 8.6 shows Y pr distributions of QCD ALPGEN MC events
in Ny > 5 and Ny < 5. The distributions are normalized by the number of
events in 1100 < > pr < 1200 GeV. The yellow error band shows a statis-
tical uncertainty of MC events. The uncertainty due to the description of
hard process is estimated to be 23.5 %.

Table 8.4: Number of events in four regions of QCD ALPGEN MC sample.
The errors represent statistical error of MC events.

S pr [GeV] 1100 to 1200 > 2000

N;>5 210 x 10° + 0.17 x 102 567 =+ 147

Ny <5 T73x 102 +£0.24x 102 169 =+ 2.6
Afvs =0.235

Uncertainty on PDF's

The MC generators adopt PDF's to simulate collision events. The MC events
generated by PYTHIA are proceeded with PDFs of MRST2007. The PDFs of
CTEQG66 have an error set while that of MRST2007 is not prepared. There-
fore, the uncertainties are evaluated the central value of MRST2007 with the
errors of CTEQG66. Figure 8.7 shows > pr distributions of QCD PyTHIA
MC events in Ny < 5 and Nj > 5. A solid line shows PYTHIA QCD events
with MRST2007/ Dashed and dot-dashed lines show the events generated
with CTEQG66 and uncertainties estimated with its error set, respectively.
Table 8.5 shows the number of events in each region and resulting A f¥s
obtained from QCD PyTHIA MC events with CTEQ66. An uncertainty of
14.0% is estimated. With the CTEQG66 error set, f¥* changes by 4.2 %.
Therefore, the total uncertainty on PDFs is quoted as 14.6 %.
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shows the events generated with CTEQG66 and dash-dot lines show the error
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Table 8.5: Number of events in four regions of QCD PyTHIA MC events with
CTEQG66. The errors represent statistical errors of MC events.

S pr [GeV] 1100 to 1200 > 2000

N;>5 223 x 102 £ 0.07 x 102 591 =+ 0.13

Ny <5 7.89 x 102 4 0.06 x 102 183 + 0.1
A =0.140

Other Standard Model Backgrounds

The contributions of tf, Z + jets and W + jets processes are checked. Fig-
ure 8.8 shows Y pr distributions in Ny < 5 (a) and Ny > 5 (b) for QCD,
tt, Z + jets and W + jets processes. Table 8.6 shows the number of events
obtained from MC events including all SM processes. A change of 0.1 % on
f1f2 is estimated.
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Figure 8.8: > pr distributions in Ny < 5 (a) and Ny > 5 (b) for QCD, t¢, Z
+ jets and W + jets processes

Summary of the Background Shape Uncertainties

Table 8.7 shows the summary of the background shape uncertainties. In
total, an uncertainty of 30.0 % is quoted.
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Table 8.6: Number of events in four regions. The MC events of QCD PYTHIA,
tt, Z + jets and W + jets are summed.

> pr [GeV] 1100 to 1200 > 2000

N;>5 2.37x 10° £ 0.07 x 10° 528 =+ 0.13

Ny <5 8.34x 10> +0.06 x 102 18.6 =+ 0.1
A = —0.001

Table 8.7: Systematic uncertainties of the background shape

Source of Systematic Uncertainty ~Uncertainty [%]

> pr dependence of ratio 11.3
Jet Energy Scale 2.0

Jet Energy Resolution 1.7
Physics model description 23.5
PDFs 14.6

Other background contribution 0.1
Total 30.0

8.4.2 Uncertainties in Signal Normalization
Uncertainties in Acceptance

The acceptance of the mini black hole signal events could alter by the jet
energy scale and resolution. These uncertainties are estimated in a similar
way as described before. Systematic uncertainties in the signal acceptance
are estimated by changing jet energy scales and resolutions within their un-
certainties, including statistical uncertainties of MC events. Table 8.8-8.11
(8.12-8.15) show the expected number of events and their uncertainties for
various signal points on the assumption of A < ry (A < rp).

Luminosity Uncertainty

The integrated luminosity is determined by the measurement with the LU-
CID detector as described in Section 3.7 and uncertainty is estimated to be
11.0% [91].
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Table 8.8: Number of expected events in Ry for each signal models on the
assumption A < r;. The error indicates the uncertainty originating from the
statistics of MC events, jet energy scale and jet resolution. The signal model

corresponding to each abbreviation is given in Table 4.1.

Signal point Stho MC Statistics Jet Energy Scale Jet Resolution
rs_2_800 0.381 +0.11 +0.317 +0.159
rs_2_1000 595 %x 1073 £2.1 x 1073 +2.23 x 1073 +3.72 x 1073
rs_2_1200 513 x 1075 +1.94 x 1075 +1.47 x 107° +2.2x 1075
rs_3.800 12 +2.2 +3.3 +0
rs_3.1000 0.295 +0.089 +0.187 +0.054
rs_3.1200 1.63 x 1072 +0.47 x 1072 +0.68 x 102 +0.82 x 1072
rs_3_-1500 1.07 x 107®  +0.75 x 1075 +3.73 x 107° +1.6 x 1075
rs_4_800 85.7 +13.4 +46 +14.6
rs_4_.1000 5.39 +1.08 +1.73 +1.29
rs_4.1200 0.396 +0.091 +0.063 +0.063
rs_4_1500 7.02x 1073 £1.7x 1073 +3.72 x 1073 +0.83 x 10~3
rs_4_2000 2.22x 1077  +0.84 x 1077 +1.27 x 1077 +0.32 x 1077
rs_5_800 4.29 x 102 +0.53 x 102 +0.19 x 102 +0.91 x 102
rs_5_.1000 37.7 +5.8 +5.4 +3.6
rs_5_1200 3.99 +0.69 +0.97 +0.24
rs_5_1500 9.97 x 1072 £2.29 x 1072 +1.57 x 1072 +2.1 x 102
rs_5-2000 7.73x107°  +£2.44 x 107° +2.32 x 107° +3.09 x 107°
1rs_6_800 1.55 x 103 +0.16 x 10° +0.33 x 10° +0.02 x 10°
rs_6_1000 1.09 x 10? +0.17 x 10? +0.38 x 102 +0.15 x 102
rs_6_1200 22.4 +3.1 +8.6 +3.5
rs_6_1500 0.627 +0.134 +0.313 +0.085
rs-6_2000 1.62 x 1072 40.51 x 1073 +0.97 x 1073 +0.16 x 10~3
rs_7_-800 3.95 x 103 +0.35 x 10° +1.03 x 10° +0.37 x 10°
rs_7.1000 4.61 x 102 +0.51 x 102 +1.01 x 102 +0.67 x 102
rs_7_.1200 60.7 +8.3 +12.4 +7.9
rs_7-1500 3.54 +0.6 +0.81 +0.4
rs_7-2000 1.62 x 1072 40.45 x 1072 +0.75 x 1072 +0.37 x 1072
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Table 8.9: Number of expected events in Ry for each signal models on the
assumption A < r;. The error indicates the uncertainty originating from the
statistics of MC events, jet energy scale and jet resolution. The signal model

corresponding to each abbreviation is given in Table 4.1.

Signal point Sthl MC Statistics Jet Energy Scale Jet Resolution
rs_2_800 0.317 +0.1 +0.19 +0.127
rs_2_1000 223 x 1073  +1.29 x 1073 +2.98 x 1073 +0 x 1073
rs_2_1200 293 x 1075 +1.47 x107° +1.47 x 107° +1.47 x 107°
rs_3_800 17.4 +2.7 +7.1 +0.4
rs_3.1000 0.268 +0.085 +0.214 +0.268
rs_3.1200 2.72x 1073 £1.92x 1073 +5.44 x 1073 +0 x 1073
rs_3_1500 1.6 x 107  4+0.92 x 107° +1.07 x 10~° +0.53 x 10~°
rs_4_800 1.61 x 10? +0.18 x 102 +0.86 x 102 +0.25 x 102
rs_4_.1000 8.2 +1.33 +1.73 +2.16
rs_4.1200 0.229 +0.069 +0.167 +0.063
rs_4_1500 1.24 x 1073 4+0.72 x 1073 +0 x 1073 +0 x 1073
rs_4_2000 3.17x 1078  +3.17 x 10~8 +3.17 x 108 +0 x 1078
1s_5_800 7.34 x 102 +0.69 x 102 +2.27 x 102 +0.65 x 102
rs_5_.1000 45.7 +6.4 +12.6 +3.6
rs_5_1200 4.11 +0.7 +0.97 +0.12
rs_5_1500 472 %1072 £1.57 x 1072 +2.62 x 1072 +0.52 x 1072
rs_5-2000 1.55 x 107®  +1.09 x 107° +1.55 x 107° +0.77 x 107°
rs_6_800 3.13 x 10° +0.22 x 10° +0.69 x 10° +0.02 x 10°
rs_6_1000 1.78 x 10? +0.21 x 102 +0.66 x 102 +0.46 x 102
rs_6_1200 19.4 +2.9 +4.7 +0.4
rs_6_1500 0.228 +0.081 +0.256 +0.256
rs-6_2000 9.72x 107% £3.97x 107* +3.24 x 1074 +3.24 x 10~*
rs_7_800 7.49 x 10° +0.48 x 10° +1.46 x 10° +0.37 x 10°
rs_7-1000 7.03 x 102 +0.63 x 102 +2.19 x 102 +0.34 x 102
rs_7_.1200 57.3 +8 +14.6 +4.5
rs_7-1500 2.33 +0.48 +1.82 +0.1
rs_7-2000 871 x 1073 +£3.29 x 1073 +2.49 x 10~3 +0 x 1073
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Table 8.10: Number of expected events in R, for each signal models on the
assumption A < r;. The error indicates the uncertainty originating from the
statistics of MC events, jet energy scale and jet resolution. The signal model

corresponding to each abbreviation is given in Table 4.1.

Signal point Sth2 MC Statistics Jet Energy Scale Jet Resolution
rs_2_800 114 +0.6 +0.5 +0.3
rs_2_1000 0.35 +0.016 +0.013 +0.008
rs_2.1200 431 x 1073  +0.18 x 1073 +0.02 x 1073 +0.02 x 1073
rs_3_800 1.71 x 10? +0.08 x 102 +0.11 x 102 +0.05 x 102
rs_3_.1000 15.4 +0.6 +0.1 +0.1
rs_3.1200 0.876 +0.035 +0.023 +0.012
rs_3_1500 417 x 1073 +0.15 x 1073 +0.07 x 1073 +0.005 x 1073
rs_4_800 7.63 x 102 +0.4 x 10? +1.4 x 10? +0.1 x 10?
rs_4_1000 1.32 x 10? +0.05 x 102 +0.05 x 102 +0.009 x 102
rs_4.1200 15.4 +0.6 +0.3 +0.3
rs_4_1500 0.35 +0.012 +0.003 +0.002
rs_4_2000 328 x107° 40.1 x 1075 +0.05 x 10~° +0.03 x 10~°
rs_5_800 1.72 x 103 +0.11 x 10° +0.53 x 10° +0.19 x 10°
rs_5.1000 4.87 x 102 +0.21 x 102 +0.58 x 102 +0.19 x 102
rs_5_1200 90.3 +3.3 +3.9 +1
rs_5_-1500 4.7 +0.16 +0.06 +0.05
rs_5_2000 857 x 1073  £0.26 x 1073 +0.14 x 1073 +0.12 x 1073
rs_6_800 2.29 x 10° +0.19 x 10° +0.89 x 10° +0.13 x 10°
rs_6_1000 1.16 x 103 +0.05 x 103 +0.23 x 103 +0.003 x 10°
rs_6_1200 2.86 x 102 +0.11 x 102 +0.21 x 102 +0.02 x 102
rs_6_1500 25.4 +0.9 +0.2 +0.06
rs_6_2000 0.189 +0.006 +0.003 +0.0003
rs_7-800 3.36 x 10° +0.32 x 10° +1.21 x 10° +0.53 x 10°
rs_7-1000 1.79 x 103 +0.1 x 103 +0.56 x 10° +2¢ — 08 x 103
rs_7_1200 7.08 x 102 +0.28 x 102 +0.85 x 102 +0.03 x 102
rs_7_1500 89.2 +3 +3.3 +1.5
rs_7-2000 1.44 +0.04 +0.01 +0.01
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Table 8.11: Number of expected events in R3 for each signal models on the
assumption A < r;. The error indicates the uncertainty originating from the
statistics of MC events, jet energy scale and jet resolution. The signal model

corresponding to each abbreviation is given in Table 4.1.

Signal point Sth3 MC Statistics  Jet Energy Scale  Jet Resolution
rs_2_800 1.02 x 102 +0.02 x 102 +0.08 x 102 +0.02 x 102
rs_2_1000 2.65 +0.04 +0.09 +0.02
rs_2.1200 2.68 x 1072 +0.04 x 102 +0.03 x 1072 +0.001 x 1072
rs_3_800 9.1 x 102 +0.19 x 102 +1.49 x 102 +0.17 x 102
rs_3_.1000 81.8 +1.5 +5.5 +0.5
rs_3.1200 4.63 +0.08 +0.15 +0.04
rs_3_1500 1.82 x 1072 £0.03 x 1072 +0.02 x 1072 +0.005 x 1072
rs_4_800 2.84 x 10° +0.08 x 103 +0.78 x 10° +0.03 x 103
rs_4_1000 5.09 x 102 +0.1 x 102 +0.63 x 102 +0.04 x 102
rs_4.1200 61.2 +1.1 +4.3 +0.8
rs_4_1500 1.31 +0.02 +0.04 +0.005
rs_4_2000 1.03 x 10~*  +0.02 x 10~* +0.02 x 1074 +0.007 x 10~*
rs_5_800 5.11 x 10° +0.18 x 10° +1.99 x 10° +7e — 08 x 103
rs_5_1000 1.59 x 103 +0.04 x 103 +0.3 x 103 +0.02 x 103
rs_5.1200 2.93 x 102 +0.06 x 102 +0.28 x 102 +0.02 x 102
rs_5_1500 15.6 +0.3 +0.8 +0.1
rs_5_2000 2.32x 1072 £0.04 x 1072 +0.04 x 1072 +0.002 x 102
rs_6_800 6.68 x 103 +0.32 x 10° +3.21 x 10° +0.69 x 10°
rs_6_1000 3.07 x 103 +0.09 x 103 +0.87 x 10° +0.02 x 103
rs_6_1200 8.78 x 102 +0.19 x 102 +1.36 x 102 +0.21 x 102
rs_6_1500 77.9 +1.5 +6.4 +2.2
rs_6_2000 0.474 +0.009 +0.013 +0.002
rs_7_800 8.98 x 103 +0.53 x 103 +3.58 x 103 +0.37 x 103
rs_7-1000 4.51 x 10° +0.16 x 103 +1.54 x 103 +0.11 x 103
rs_7_1200 1.77 x 103 +0.04 x 103 +0.38 x 10° +0.03 x 103
rs_7-1500 2.46 x 10> £0.05 x 102 +0.21 x 102 +0.05 x 102
rs_7-2000 3.54 +0.07 +0.13 +0.02
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Table 8.12: Number of expected events in R for each signal models on the
assumption A < r,. The error indicates the uncertainty originating from the
statistics of MC events, jet energy scale and jet resolution. The signal model
corresponding to each abbreviation is given in Table 4.1.

Signal point Stho MC Statistics Jet Energy Scale Jet Resolution
rh-2_800 237x107° £237x107° +2.37 x 107° +4.74 x 1077
rh_3_800 1.74 x 1072 +0.87 x 1072 +1.3 x 1072 +0.87 x 1072
rh_3-1000 7.69 x 107 +3.84 x 1075 +3.84 x 107° +5.76 x 10~°
rh_4_800 0.996 +0.266 +0.356 +0.071
rh_4_1000 8.16 x 1073  £3.65 x 1073 +3.26 x 1073 +3.26 x 1073
rh_4.1200 3.03x107°% £2.15x 1073 +3.03 x 107 +4.55 x 107°
rh_5_800 10.2 +2.1 +4 +2.2
rh_5_1000 0.188 +0.067 +0.094 +0.024
rh_5_1200 825 x 1073 +2.49 x 1073 +3 x 1073 +0.75 x 1073
rh_5_1500 0 +0 +0 +5¢ — 06
rh_6_800 59.2 +9.9 +21.4 +1.6
rh_6_1000 2.51 +0.58 +1.19 +0.26
rh_6_1200 0.119 +0.032 +0.042 +0.034
rh_6_1500 798 x 107* 423 x 107 +5.32 x 107* +4.65 x 10™*
rh_7_800 2.1 x 102 +0.31 x 102 +0.58 x 102 +0 x 10?
rh_7_1000 14.1 +2.6 +1.9 +1.9
rh_7_1200 0.692 +0.179 +0.508 +0.185
rh_7_1500 9.29 x 1073 +2.94 x 10~3 +5.57 x 1073 +2.79 x 1073
rh_7-2000 3x 1077 +1.5x 1077 +3 x 1077 +2.25 x 1077
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Table 8.13: Number of expected events in R; for each signal models on the
assumption A < r,. The error indicates the uncertainty originating from the
statistics of MC events, jet energy scale and jet resolution. The signal model

corresponding to each abbreviation is given in Table 4.1.

Signal point

Sthi

MC Statistics

Jet Energy Scale

Jet Resolution

rh-2_800 237x107° £237x10°° +0 x 1075 +0x 1077
rh_3_800 348 x 1072 +1.23 x 1072 +0.87 x 1072 +0.87 x 1072
rh_3_1000 3.84x 1075 +2.72x 1075 +1.92 x 1075 +3.84 x 1075
rh_4_800 0.64 +0.213 +0.64 +0.213
rh_4_1000 6.53 x 1073 £3.26 x 1073 +1.63 x 1073 +1.63 x 1073
rh_4_1200 3.03x107° £2.15x 1075 +3.03 x 107° +0 x 107°
rh_5_800 10.2 +2.1 +6.2 +2.2
rh_5_.1000 0.259 +0.078 +0.094 +0.094
rh_5_1200 45x 1073  +1.84 x 1073 +1.5x 1073 +2.25 x 1073
rh_5_1500 9.06 x 10°7  £9.06 x 1077 +9.06 x 10~7 +9.06 x 1077
rh_6_800 78.9 +114 +23 499
rh_6_.1000 1.85 +0.49 +0.66 +0.4
rh_6.1200 6.79 x 1072 4£2.4x 1072 +1.7x 1072 +1.7x 1072
rh_6_1500 1.99 x 10~*  +1.15 x 1074 +1.99 x 1074 +0.66 x 10~4
rh_7_800 2.95 x 102 +0.36 x 102 +1.52 x 102 +0.76 x 102
rh_7_1000 13.2 +2.5 +8 +2.8
rh_7_1200 0.646 +0.173 +0.046 +0
rh_7_-1500 557 x 1073 +2.28 x 103 +1.86 x 1073 +0 x 1073
rh_7-2000 0 +0 +0 +0
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Table 8.14: Number of expected events in R, for each signal models on the
assumption A < r,. The error indicates the uncertainty originating from the
statistics of MC events, jet energy scale and jet resolution. The signal model

corresponding to each abbreviation is given in Table 4.1.

Signal point

Sth2

MC Statistics

Jet Energy Scale

Jet Resolution

rh-2-800 45x107% 4033 x10°° +0.07 x 103 +0.17 x 1073
rh_-3_800 1.56 +0.08 +0.03 +0.02
rh_3_1000 734 x 1073  +0.38 x 103 +0.42 x 1073 +0.25 x 1073
rh_4_800 35.1 +1.6 +0.2 +0.6
rh_4.1000 0.857 +0.037 +0.013 +0.003
rh_-4_1200 895 x 1073  +0.37 x 1073 +0.18 x 1073 +0.06 x 1073
rh_5_800 2.19 x 102 +0.1 x 102 +0.12 x 102 +0.09 x 102
rh_5_1000 14.1 +0.6 +0.3 +0.1
rh_5_1200 0.518 +0.02 +0.011 +0.013
rh_5_1500 738 x 107*  40.26 x 10~ +0.13 x 10~* +0.06 x 10~4
rh_6_800 8.02 x 102 +0.36 x 102 +0.86 x 102 +0.41 x 102
rh_6_1000 83.7 +3.3 +1.6 +0.4
rh_6.1200 6.52 +0.24 +0.08 +0.04
rh_6_1500 548 x 1072 +0.19 x 1072 +0.1 x 1072 +0.06 x 1072
rh_7_800 1.7 x 103 +0.09 x 103 +0.31 x 10° +0.03 x 10°
rh_7_1000 3.02 x 102 +0.12 x 102 +0.14 x 102 +0.06 x 102
rh_7.1200 33.9 +1.3 +0.6 +0.6
rh_7_-1500 0.809 +0.027 +0.008 +0.002
rh_7-2000 77 x107° 40.24 x 1075 +0.22 x 1075 +0.04 x 1075
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Table 8.15: Number of expected events in R3 for each signal models on the
assumption A < r,. The error indicates the uncertainty originating from the
statistics of MC events, jet energy scale and jet resolution. The signal model
corresponding to each abbreviation is given in Table 4.1.

Signal point

Sth3

MC Statistics

Jet Energy Scale

Jet Resolution

rh_2_800 9.68 x 1072 +0.15 x 1072 +0.05 x 1072 +0.04 x 1072
rh_3_-800 16.2 +0.3 +0.6 +0.2
rh_3.1000 7.44 x 1072 40.12 x 1072 +0.07 x 1072 +0.008 x 1072
rh_4_800 2.21 x 102 +0.04 x 102 +0.15 x 102 +0.03 x 102
rh_4.1000 5.88 +0.1 +0.19 +0.04
rh_4.1200 5.52 x 1072 +0.09 x 1072 +0.07 x 1072 +0.03 x 1072
rh_5_800 1.15 x 103 40.02 x 103 +0.15 x 10° +0.03 x 10°
rh_5_1000 71.7 +1.3 +4.7 +1
rh_5_1200 2.56 +0.04 +0.06 +0.02
rh_5_1500 3.09 x 1073 +0.05 x 1073 +0.02 x 1073 +0.007 x 103
rh_6_800 3.28 x 103 +0.07 x 10° +0.68 x 10° +0.04 x 10°
rh_6_1000 3.67 x 102 +0.07 x 102 +0.31 x 102 +0.06 x 102
rh_6_1200 26.9 +0.5 +1.2 +0.2
rh_6_1500 0.221 +0.004 +0.004 +0.001
rh_7_800 6.08 x 10° +0.16 x 10° +1.68 x 103 +0.08 x 103
rh_7-1000 1.12 x 103 +0.02 x 10° +0.14 x 10° +0.02 x 10°
rh_7_1200 1.36 x 102 40.03 x 102 +0.08 x 102 +0.02 x 102
rh_7_1500 2.93 +0.05 +0.07 +0.009
rh_7_2000 2.37 x107%  +0.04 x 104 +0.03 x 1074 +0.01 x 10~*
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Uncertainties on Signal Cross Sections

Black hole signal events are generated by BlackMax with CTEQ66. Sys-
tematic uncertainties on signal cross sections are estimated with its PDF's
error set. Table 8.16 and 8.17 show cross section uncertainties for each signal
point.

Total uncertainty on the signal

A total uncertainty in the signal normalization is estimated by the convolu-
tion of all the systematic uncertainties other than those of PDFs, accounting
for the correlations between them. The systematic uncertainties on PDF's
are incorporated into signal cross sections when obtained signal yields are
compared to the theoretical predictions.
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Table 8.16: Systematic uncertainties of signal cross sections for signal points
on the assumption A < rg estimated by CTEQG6 error set

Signal point

Cross section  Uncertainty

rs_2_800
rs_2_.1000
rs_2_1200
rs_3_800
rs_3_1000
rs_3_1200

rs_3_1500
rs-4_800

rs_4_1000
rs_4_1200

rs_4_1500
rs_4_2000
rs_5_800

rs_5.1000

rs_5_.1200
rs_5_1500

rs_5_2000
rs_6_800
rs_6-1000

rs_6-1200
rs_6_1500

rs_6_2000
rs_7_800

rs_7-1000
rs_7-1200

rs_7_1500
rs_7-2000

4.4
0.102
1.02 x 1073
57.6
3.72
0.188

7.34 x 1074
2.89 x 102

29.9
2.89

5.74 x 1072
4.37 x 1076
9.02 x 102
1.24 x 102

16.8
0.729

1.05 x 1073
2.17 x 103
3.51 x 102

99.7
3.96

2.23 x 1072
4.3 x 103
7.81 x 102
1.55 x 102

14
0.171

FI7T
—1.37
+0.059
—0.045
+0.96x10~3
—0.66x10—3
+16.7
—14
+1.48
—1.19
+0.103
—0.079
+7.24x10~%
—4.94x10—4
+0.67x102
—0.58%102

—2.63x10—2

+7.28x10~6

—4.33x10-6
+1.85%x102
—1.59x102
+0.32x102
—0.27x102

¥55

—4.5
+0.343
—0.268

+0.98x1073
—0.68x10-3
+0.4x103
—0.35x103
+0.79%102
—0.68x102
+16.5

—14
+1.56
—1.25

+1.53x10~2

—1.13x10—2

+0.73x103
—0.64x103
+1.63x102
—1.4x102
+0.38%102
—0.33%102
Far

—3.8
+0.095
—0.072

126



Table 8.17: Systematic uncertainties of signal cross sections for signal points
on the assumption A < r, estimated by CTEQG66 error set

Signal point

Cross section

Uncertainty

rh_2_800
rh_3_800
rh_3_1000
rh_4_800
rh_4.1000
rh_4.1200
rh_5_800
rh_5_.1000
rh_5_1200
rh_5_1500
rh_6_800
rh_6_1000
rh_6_1200
rh_6_1500
rh_7_800
rh_7-1000
rh_7_1200
rh_7_1500
rh_7-2000

3.27 x 1073
0.603

2.66 x 1073
9.88

0.227

2.11 x 1073
61.1

3.09

0.104

1.26 x 1074
2.28 x 102
18

1.18

9.14 x 1073
6.18 x 102
65.4

6.41

0.127

1.03 x 107°

+3.03x10~3
—2.1x10—3
+0.332
—0.252
+2.58x10~3
—1.75%10—3
+3.84

—3.09
+0.136
—0.101
+1.98%x10~3

—1.37x10-3
+19.2

—0.049
+1.64x10~%
—1.04x10~4
+0.59%102
—0.5x102
+6.5

—5.32x10-3
+1.41x102
—1,21x102
+19.5

—16.3

+2.59

—2.07
+0.078
—0.058
+1.72x10~5
—1.01x10-5
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8.5 Validation of Signal Extraction Method
with Pseudo Data

This section gives a validity check of the signal extraction method with
pseudo data. The pseudo data of QCD background and signal events are
simulated with PyTHIA and BlackMax, respectively.

Co19x108

Figure 8.9: Test statistics, —log A (s), as a function of s’ for pseudo data
without signal events. The results of hypothesis tests (a:rs_2.1000) and
(b:rs-4.1000) are shown. The 95 % CL boundaries are indicated by the lines.

First, the fitting is performed with pseudo data without mini black hole
signal events. Figure 8.9 shows the result of hypothesis test for

rs_2.1000(a) : n =2, Mp = 1000 GeV, Mpui, = 4266 GeV,
cross section = 0.10270:0%2 pb,

rs_4_.1000(b) : n =4, Mp = 1000 GeV, Mppum = 2923 GeV,
cross section = 29.9752 pb.

The resulting signal yields are consistent with zero for both cases, as ex-
pected.

Second, the fitting is performed with pseudo data with signal events of a
certain model. Figure 8.10 shows the results of hypothesis test on rs_2_1000
(a) and rs-4.1000 (b). Obtained values of signal strength are consistent
with unity for both cases. Consequently, the introduced method has been
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Figure 8.10: Test statistics, —logA(s’), as a function of s’ for pseudo
data with signal events. The results of hypothesis tests (a:rs_2-1000) and
(b:rs_4_1000) are shown. The 95 % CL boundaries are indicated by the lines.

validated and works on data with and without signal events, and gives the
correct values on the signal yield.
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Chapter 9

Constraint on the Mini Black
Hole Production

9.1 Limits on the Mini Black Hole Produc-
tion Cross Sections

Figure 9.1 shows ) pr distributions of data. The filled circles show the
observed events in Ny > 5 and the histogram shows those in Ny < 5 which is
normalized by the number of events in 1100 < > pr < 1200 GeV. The yellow
error band includes the total uncertainty including statistical uncertainties in
Ro.1,2 and systematic uncertainties given in Section 8.4.1. Two distributions
show an agreement within the uncertainties.

The number of observed events in the regions defined by Eq. 8.1 are sum-
marized in Table 9.1. With these numbers, the statistical tests with various
signal hypotheses are performed with the method described in the previ-
ous chapter. Figure 9.2(a) and 9.2(b) show the resulting signal yields for
rs_2_1000 and rs_4_1000, respectively; both of them show the results consis-
tent with no signal events.

Table 9.1: Numbers of observed events for each ) pr-Nj region

> pr [GeV] 1100 to 1200 > 2000
Ny =5 194 7
N; <5 685 13

Table 9.2 (9.3) shows signal cross sections and obtained 95 % CL limits
on the cross section for each signal point on the assumption A < rg (7).
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Figure 9.1: > pr distributions of observed events for Nj > 5 (filled circles)
and Nj < 5 (histogram). The histogram is normalized by the number of
events in 1100 < > pr < 1200 GeV. The yellow error band represents the
total uncertainty including the statistical uncertainty in Ny < 5 and the
systematic uncertainties given in Section 8.4.1.
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Figure 9.2: Test statistics (— log A (s)) as a function of s’ for observed events.
The results of hypothesis tests for rs_2_1000 (a) and rs_4-1000 (b) are shown.
The 95 % CL boundaries are indicated by the lines.
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Table 9.2: 95% CL limits on cross sections for each signal point on the
assumption A < rg

Signal point Cross section+Cross section uncertainty 95 % CL Limits

rs_2_800 44710 0.713
rs_2_1000 0.102+10032 0.636
—3,.+0.96x1073
rs-2_1200 1.02 x 107309070 ) 0.630
rs_3_800 57.6£1757 1.11
rs_3_1000 3. 72+ 0.765
rs_3-1200 0.188+10 0% 0.679
—4 +7.24x1074
rs_3_1500 7.34 x 10 Qi; I ‘%%854 0.683
O X
rs_4_800 2.89 x 10710500, 2.08
rs_4.1000 29.9+122 1.03
rs_4_1200 2.8+ 1035 0.811
—2 +3.54x1072
rs_4_1500 5.74 x 10 i—g-gg%g*é 0.748
—6_ +7.28x10™
rs-4-2000 437 x 1075k 0.737
rs_5_800 9.02 x 102if};§g§}gg 7.07
2 +0.32x10
rs_5_1000 1.24 x 102£ 103210, 1.45
rs_5_1200 16.8+152 1.01
rs_5_1500 0.729+ 10583 0.813
—3.+0.98x1073
rs_5_2000 1.05 x 10 3118_28%9,3 0.802
4 X
rs_6_800 2.17 x 10 i*S?SX{% 21.5
2 +0.79x%
rs_6_1000 3.51 x 1070190, 2.54
rs_6_1200 59.7+1189 1.24
1s_6_1500 3.96+£ 1158 0.897
rs_6.2000 2.23 x 107241031077 0.840
3 +0.73x103
rs_7_800 4.3 % 10 1_0.6&103 20.3
rs_7-1000 7.81 x 10719370 5.00
2.1 +0.38x102
rs_7_1200 1.55 x 102103810, 1.74
rs_7_1500 144751 1.02
rs_7-2000 0.171+1399 0.866
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Table 9.3: 95% CL limits on cross sections for each signal point on the
assumption A < ry

Signal point  Cross section+Cross section uncertainty 95 % CL Limits

rh_2_800 3.27 x 1031303107 0.542
rh_3.800 0.603+10332 0.606
rh-3-1000 2.66 x 10~3£F238x107 0.582
rh_4.800 9.884+ 1350 0.746
rh_4_1000 0.227+ 15150 0.637
rh4.1200 2.11 x 1034 F198x107 0.632
rh_5_800 61.1+1123 0.918
rh_5_1000 3.09+£173 0.727
rh_5_1200 0.104100% 0.682
rh5_1500 1.26 x 1044101077 0.690
rh_6_800 2.28 x 102£1929x16° 1.29
rh_6_1000 184182 0.838
rh_6-1200 1.184+1048 0.746
rh-6_1500 9.14 x 1073£FT2X10 7, 0.702
rh_7_800 6.18 x 1021 14Lx107 2.10
rh_7_1000 65.4+" 102 1.03
rh_7_1200 6.414+1509 0.806
rh_7_1500 0.127+100%8 0.745
rh_7-2000 1.03 x 1075 £F172x1072 0.754
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Figure 9.3-9.5 (9.6-9.8) show the 95 % CL upper limits on the signal cross
sections as a function of Mp for each signal point and n on the assumption
of A < rs (rp). The observed limits, the theoretical cross sections and the
expected limits for no signal are shown by rectangles, solid lines and dashed
lines, respectively. The uncertainties on the theoretical cross sections and 1o
(20) counters of the expected limits are shown by green (yellow) error bands.
The expected limits are obtained as follows:

o Set the signal components as zero in Eq. 8.8 and find the parameters
which maximize the likelihood function of Eq. 8.8. Obtained u;,7 =
1,2,3,4 is used for the seeds of pseudo data.

o Generate a set of pseudo data b;,7 = 1,2, 3,4. Under the constraint of
Eq. 8.4, 8.5 and 8.11, b; is randomly generated in the Poisson regime
with the mean value p;. Thousand set of pseudo data events are gen-
erated.

o Obtain 95 % CL limits on the cross section for each pseudo data.
o Find the median of the obtained 95 % CL limits.

o Define the 1o (20) contour of the expected limit in which the limits are
expected to line with a probability of 68.3% (95.5%.)

All obtained limits show consistent with expected limits.

Table 9.4 lists the signal points excluded at 95% CL and shows their
values of Mp. For example, on the assumption of A\ < r,, signals of Mp up
to 800(1500) GeVis excluded for n = 2(7). On the assumption of A < 73, no
signal point is excluded for n < 3, while signals of Mp up to 1200GeV are
excluded for n = 7.

Table 9.4: The highest Mp of excluded signal points at 95% CL in same n
and same assumption for My

n  On the assumption of On the assumption of

A< 1y A<y
2 800 GeV -
3 1000 GeV -
4 1200 GeV 800 GeV
5 1200 GeV 1000 GeV
6 1500 GeV 1000 GeV
7 1500 GeV 1200 GeV
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Figure 9.3: 95% CL upper limit on the cross section for n = 2 (a) and n = 3
(b) on the assumption of A < r;. The observed limit, the signal cross section
and the expected limit are shown by rectangles, a solid line and dashed line,
respectively. The PDF uncertainty on the theoretical cross section is shown
by an error band and the 1o (20) contour of the expected limit is shown in
green (yellow).

135



Theory

—— 95%CL Limit

------ 95%CL Expected Limit

Cross section [pb]
H
<

800 1000 1200 1400 1600 1800 2000

My [GeV]

(a)
E‘ E T ‘ L LI L ‘ LI ‘ LI L T E
& 3 L Theory ]
c L -
g 10 E —=— 95%CL Limit 3
5 E ]
] > [ 95%CL Expected Limit ]
9 10°F E
9] E 3
7] £ 7
o r ]
1e 3
10_1 ? é
107 E
£ L ‘ I ‘ L1l ‘ I ‘ L1l ‘ L1l ‘ L 7

800 1000 1200 1400 1600 1800 2000
Mp [GeV]

(b)

Figure 9.4: 95% CL upper limit on the cross section for n =4 (a) and n =5
(b) on the assumption of A < r;. The observed limit, the signal cross section
and the expected limit are shown by rectangles, a solid line and dashed line,
respectively. The PDF uncertainty on the theoretical cross section is shown
by an error band and the 1o (20) contour of the expected limit is shown in
green (yellow).
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Figure 9.5: 95% CL upper limit on the cross section for n =6 (a) and n =7
(b) on the assumption of A < r;. The observed limit, the signal cross section
and the expected limit are shown by rectangles, a solid line and dashed line,
respectively. The PDF uncertainty on the theoretical cross section is shown
by an error band and the 1o (20) contour of the expected limit is shown in
green (yellow).
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Figure 9.6: 95% CL upper limit on the cross section for n = 2 (a) and n = 3
(b) on the assumption of A < 7. The observed limit, the signal cross section
and the expected limit are shown by rectangles, a solid line and dashed line,
respectively. The PDF uncertainty on the theoretical cross section is shown
by an error band and the 1o (20) contour of the expected limit is shown in
green (yellow).
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Figure 9.7: 95% CL upper limit on the cross section for n =4 (a) and n =5
(b) on the assumption of A < 7. The observed limit, the signal cross section
and the expected limit are shown by rectangles, a solid line and dashed line,
respectively. The PDF uncertainty on the theoretical cross section is shown
by an error band and the 1o (20) contour of the expected limit is shown in
green (yellow).
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Figure 9.8: 95% CL upper limit on the cross section forn =6 (a) and n =7
(b) on the assumption of A < 7. The observed limit, the signal cross section
and the expected limit are shown by rectangles, a solid line and dashed line,
respectively. The PDF uncertainty on the theoretical cross section is shown
by an error band and the 1o (20) contour of the expected limit is shown in
green (yellow).
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9.2 Lower Limits on the Planck Scale

Scanning along Mp and calculating upper limits on the production cross
section for each n, the lower limits on Mp can be placed where the obtained
cross section limits fall below the theoretical cross sections accounting for
their uncertainties. Figure 9.2 shows the lower limits on Mp at 95% CL for
n=1,2 <i <7, on the assumption of A < r, (). Table 9.5 summarizes the
lower limits on Mp for each n.

| | ]
E 228 E
ED ........ }\<rh _E
- 1.8 [ Collider Experiments E
© 16 =
E 1.4 =
5 128 s g 3
; ------------- __
) .
a .

2 3 4 5 6 7
Number of Extra Dimensions

Figure 9.9: 95% CL lower limit on Mp as a function of number of extra
dimension. A solid (dashed) line is the result on the assumption A < 7
(A < ). Filled histogram shows the lower limit by the previous collider
experiments [39, 40, 41].

For n = 2(3), the most stringent limit of Mp > 1.60 TeV(1.20 TeV) is
reported by LEP and Tevatron experiments [39, 40, 41], showing an agree-
ment with result of Mp > 0.86 TeV(1.08 TeV) on the assumption A < 7.
For n = 4, the limit on Mp is set as

Mp >1.26 TV (95% CL). (9.1)
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Table 9.5: Lower limits on Mp[TeV] at 95% CL on the assumption of A\ <
rs (rp). The limits reported by the previous collider experiments [39, 40, 41]
are given in the last column.

n A<rs A<r, Previous Result

2 0.86 - 1.60
3 1.08 - 1.20
4 1.26 0.92 1.04
) 1.44 1.06 0.98
6 1.60 1.20 0.94
7 1.76 1.32 0.80

Currently, this is the strictest result on Mp by collider experiments. For
n > 4, more stringent limits are set on Mp.

The limits on the assumption of A < r, also show an agreement with the
results by the previous collider experiments up to n = 4. For n = 5, a limit
is set as

Mp >1.06 TeV  (95% CL). (9.2)

More stringent limits are placed for n > 5 compared with the results by the
previous collider experiments.

142



Chapter 10

Discussion

In this chapter, the resulting limits on black hole production and Mp are
compared with those with a different selection boundary on > pr. The
results are also compared with astrophysical results. Finally, experimental
sensitivities with increased statistics are discussed.

10.1 Setting Limits with Different ) | pr Range

In Figure 9.1, more outliers around > py ~ 1500 GeV can be observed in
Nj > 5, which could be a result of statistical fluctuations. These events are
not taken into account in calculating signal yields. As a check of the obtained
results, a comparison of fitting results with different >  pp boundaries is
performed. An alternative fit is performed by changing the > pt boundary

of 2000 GeV to 1500 GeV. The regions of R, and Rj3 are redefined as
R'>:) pr > 1500 GeV, Nj <5, o)
R'5:> pr>1500 GeV, Ny > 5. '

Table 10.1 gives the number of observed events in each region.

Table 10.1: Number of events in each region of the data
> pr [GeV] 1100 to 1200 > 1500
N;>5 194 71
N; <5 685 153

Figure 10.1, Table 10.2 and Table 10.3 give resulting upper limits on
the black hole production with different Y pr boundaries. The results of
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Figure 10.1: 95% CL upper limit on the cross section for n = 4 (a) and n = 6
(b) on the assumption of A < r,. The observed limit with ) pr cut of 1500
(2000) GeVand the signal cross section are shown by triangles (rectangles)
and a solid line, respectively. The PDF uncertainty on the theoretical cross
section is shown by an error band.
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the > pr boundary at 1500 GeV indicate slightly weaker limits on the cross
sections, however, no significant change of the constraint on Mp can be found;
the limit on Mp in case of n = 4 is set to be 1.19TeV, nearly equal to the
result of Eq. 9.1.

Table 10.2: 95% CL limits on cross sections for signal point on the assump-

tion A < 7y

Signal point

Cross section
+ Uncertainty

95 % CL Limits
(3" pr cut of 2000 GeV)

95 % CL Limits
(3" pr cut of 1500 GeV)

rs_2_800
rs_2_1000
rs_2.1200
rs_3_800
rs_3_1000
rs_3.1200

rs_3.1500
rs_4_800

rs_4_1000
rs_4_1200

rs_4_1500
rs_4_2000
rs_5_800

rs_5_1000

rs_5_1200
rs_5_1500

rs_5_2000
rs_6_800
rs_6_1000

rs_6_1200
rs_6_1500

rs_6.2000
rs_7_800
rs_7-1000

rs_7_1200
rs_7_1500
rs_7_2000

+I1.71
ptyptt s
—0.045 s
1.02 x 10—31352338,3
g?gilﬁs
. —0.079

—4_ 47.24x107%
7.34 x 10 j:_4‘94§10,4

2. +0.67x102
2.89 x 10 i—0.58><102

29.9+15%
2.89+75 5%

—2 +3.54x1072
5.74 x 10 j:_2‘63§10_2

— 6 +7.28x1076
4.37 x 10 j:_4‘33§10_6

2., +1.85%102
9.02 x 10 171'59;02

2 +0.32x10?
1.24 x 10 170.27%02

16.8+152
0.7294+ 15582

—3 +0.98x1073
1.05 x 10 ifoﬁsxw,g

3 +0.4x10°
2.17 x 10 170.352103

2 +0.79x10?
3.51 x 10 170_6&102

59.7%135»2
3.96E15:2

—2 +1.53x1072
2.23 x 10 i,1_13xw4

3 +0.73x10%
4.3 x 10 170_64“03

2.1 +1.63x10?
7.81 x 10 i_MXwQ

2 +0.38%102
1.55 x 10 :t_0‘33X102

a7
14:|:JJ_:%'§95
0.171+"5 575

0.713
0.636
0.630

1.11
0.765
0.679

0.683
2.08

1.03
0.811

0.748
0.737
7.07
1.45

1.01
0.813

0.802
21.5

2.54
1.24
0.897

0.840
20.3
5.00

1.74
1.02
0.866

2.44
2.44
2.49
2.93
2.67
2.59

2.68
3.57
3.02
2.89

2.86
291
4.69
3.31

3.18
2.99

3.11
6.71
4.00

3.36
3.11

3.20
11.0
4.94

3.88
3.34
3.24
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Table 10.3: 95% CL limits on cross sections for signal point on the assump-

tion A < 1y,

Signal point

Cross section
+ Uncertainty

95% CL Limits
(>~ pr cut of 2000 GeV)

95 % CL Limits
(>~ pr cut of 1500 GeV)

rh_2_800
rh_3_800
rh_3-1000
rh_4_800
rh_4_1000
rh_4_1200
rh_5_800
rh_5_1000
rh_5_1200
rh_5_1500
rh_6_800
rh_6_1000
rh_6_1200
rh_6_1500
rh_7_800
rh_7_1000
rh_7_1200
rh_7_1500
rh_7_2000

—3_ 4+3.03x10°7
3.27 x 10 i—2.1x10—3

0.332
0.603:|:Jj0'252 B
2.66 x 10—3:|:+2.58><107
9 88:57—%:52)(10 :
rom 1 T0.136
O.227:|:_0:£1)gl o
2.11 x 10™341+1.98x107
61 lj:-T-%Q?nglo :
g 185
SO s
0.104E="( 940 ,
—4 5 +1.64%x10™
1.26 x 10 :I:_1‘04§10_4

2 +0.59%102
2.28 x 10 j:_O'SXXm2

6.5
1,
1.18+ 1058

—347.5x1073
9.14 x 10 :t—5.32xx10—3

6.18 x 102 T 141107
O g
0 1'27ijr%:8;8
: —0.058

—5 +1.72x107°
1.03 x 10517207

0.542
0.606
0.582
0.746
0.637
0.632
0.918
0.727
0.682
0.690

1.29
0.838
0.746
0.702

2.10

1.03
0.806
0.745
0.754

2.18
2.30
2.32
2.56
2.46
2.52
2.70
2.67
2.65
2.73
3.09
2.81
2.77
2.75
3.66
3.04
2.85
2.87
2.97
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10.2 Comparison with Astrophysical Results

Astrophysical observations also provide attractive results on Mp. The best
existing limits on Mp, for n < 3 are given by the constraints on the KK gravi-
ton emission rate in supernova cores and neutron stars, which greatly exceed
1TeV [44]. For larger values of n, resulting bounds by collider experiments
are competitive and on solid theoretical footing: large theoretical uncertain-
ties are involved in the calculation of the KK graviton emission probabilities,
however, not incorporated in the limits. For n = 6 and 7, the result of this
thesis provides most strict constraints on Mp.

Further, the limits obtained from the mini black hole observation in col-
lisions of ultra high-energy neutrino cosmic-rays with the atmosphere are
reported in [45]. For n > 5, the Mp lower limits are 1.0 and 1.4 in case
Mguin, = Mp and Mgy, = 3Mp, respectively. Corresponding result of
this thesis, in case of Mp < Mpum < 3Mp, shows a more strict limit of
Mp > 2.08 TeV for n > 5.

10.3 Expected limits with increased statistics

In 2011, the integrated luminosity is expected to achieve O(1)fb™! at the
center of mass energy of 7TeV or 8 TeV. In this section, the experimental
sensitivities of searching for the mini black hole are evaluated with increased
statistics and high energy collisions above 7 TeV.

First, expected limits with data samples corresponding to 100 pb~! and
1fb~! at /s = 7 TeV are calculated with MC events. Here, a modified
boundary of 2500 GeV on > pr is also adopted to improve the experimental
sensitivities with increased statistics. In the calculation, the number of QCD
MC events is normalized by that of observed events in a data sample of
36.3pb~1.

Figure 10.2 shows expected limits on the black hole production cross
sections for n = 4. On the assumption of A < rg (A < 1},), the lower limit on
Mp is expected to reach beyond 1.5(1) TeV. Table 10.4 and 10.5 summarize
the expected limits on Mp with each statistics on the assumption of A < r;
and \ < 7, respectively. An improvement of limit on Mp by 0.2TeV is
expected with a data sample of 1fb™!, however, a large amount of data
corresponding to O(1) ab™! is required to test a signal model of Mp ~ 2 TeV.

The production cross sections of high mass black holes are largely in-
creased in higher energy collisions. Figure 10.4 shows cross sections for three
different parameter sets as a function of /s. Black, red and blue lines rep-
resent signals of Mppy, = 2.9, 5.9 and 8.6 TeV, respectively. Corresponding
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Figure 10.2: Expected 95% CL upper limit on cross section with theoretical
cross section for n = 4 on the assumption A < r; (a) and on the assump-
tion A < 75, (b). The observed upper limits on the signal cross section with
36.3 pb~tare shown by rectangles. The theoretical cross sections are repre-
sented by solid lines. The error band for theoretical cross section represents
the cross section uncertainty estimated by CTEQG66 error set. Circles and
Triangles are expected limits for the integrated luminosity of 100 pb~tand
1fb~1, respectively. Inverted triangles represent expected limits with > pp

cut of 2500 GeV for regions of Ry 3 with 1 fb~! data.
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Figure 10.3: Expected lower limits on Mp for on the assumption of A < 7 (a)
and A < 7, (b). Red and blue lines shows the limits for the data of 36.3pb~"
on the assumption of A < ry and A < ry, respectively. Green ad pink lines in
both figures represent expected limits for 100 pb~! and for 1fb~! with > pr
cut of 2500 GeV, respectively.
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Table 10.4: Expected 95 % CL Limits on Mp [TeV] on the assumption A < ;.

The obtained limits with data of 36.3 pb~!, expected limits for 100 pb~! and

expected limits for 1pb~! with >~ pr cut of 2500 GeV are listed. The limits

reported from the previous collider experiments are shown in the last column.
n  Data 36.3pb~! Expected 100pb~! Expected 1fb~!  Previous
> pr > 2500 GeV Result

2 0.86 0.94 1.04 1.60
3 1.08 1.16 1.28 1.20
4 1.26 1.36 1.51 1.04
5 1.44 1.55 1.70 0.98
6 1.60 1.72 1.91 0.94
7 1.76 1.90 >2.00 0.80

Table 10.5: Expected 95 % CL Limits on Mp [TeV] on the assumption A < ry,.

The obtained limits with data of 36.3pb~!, expected limits for 100 pb~! and

expected limits for 1 pb~! with Y pr cut of 2500 GeV are listed. The limits

reported from the previous collider experiments are shown in the last column.
n Data 36.3pb~! Expected 100 pb~! Expected 1fb~!  Previous
> pr > 2500 GeV Result

2 - - - 1.60
3 - 0.82 0.90 1.20
4 0.92 0.98 1.07 1.04
5 1.06 1.13 1.23 0.98
6 1.20 1.27 1.40 0.94
7 1.32 1.42 1.54 0.80
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signal points at 7TeV for these parameter sets are rs_4_1000, rs_4_2000 and
rh_4 2000 for black, red and blue lines, respectively. In case Mgy, = 2.9 TeV,
the cross section increases threefold by changing /s from 7TeV to 8 TeV,
and about 100 times by changing /s from 7TeV to 14TeV. On the other
hand, the cross section of (n, Mp, Mpuwm)=(4, 2TeV, 5.9TeV) (red line) at
/5 = 8 TeV is 8 x 1073 pb, which is ~ 100 times higher than the cross section
at /s =7 TeV. In case /s = 8 TeV, more than 10 events are expected with
data of 20fb~!. For Mgy = 8.6 TeV, the collision energy is not enough
to produce black holes; such model of a higher mass could be tested with
collision data of /s = 14 TeV where the cross section would increase up to

0.04 pb.
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Figure 10.4: Cross sections for three different parameter sets of (Mp, Mppin)

as a function of /s. Black, red, and blue lines represent parameter sets of
(1 TeV, 2.9TeV), (2TeV, 5.9TeV) and (2 TeV, 8.6 TeV), respectively.

In summary, the experimental sensitivities to Mp do not change to a great
extent with increased statistics. Hopefully, in near future, a new search with
14 TeV collisions will address black holes with higher masses and improve the
constraint on Mp.
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Chapter 11

Conclusions

A theory introducing extra dimensions is one of the solutions for the hier-
archy problem in which the Planck scale is vastly large compared with the
electroweak scale. In the theory of extra dimensions, the gravitational field
can propagate into all dimensions while all the other Standard Model parti-
cles are localized in the 3+1 space-time dimensions. Therefore, only a part
of the gravitational force is measured in 3+ 1 space-time dimensions and it is
reduced from the fundamental gravitational force. This could lead the fun-
damental Planck scale of O(1) TeV and solve the hierarchy problem. Black
hole events are one of the signatures of extra dimensions because if there are
such extra dimensions, the mini black holes with masses of O(1) TeV could
be produced in particle collisions with the sufficient energy. In 2010, 3.5 TeV
proton beams are provided by LHC and the collision data at /s = 7 TeV were
recorded by the ATLAS detector. The mini black hole events were searched
with the entire data sample corresponding to the integrated luminosity of
36.3pb~ 1.

Black hole events are characterized as high-pt and high multijet events.
With the classification of high-pt multijet signature, the dominant back-
ground contribution comes from the QCD process. The observables of the
number of jets, Nj, and the scalar sum of pr of jets, > pr, gives a good
discrimination performance between mini black hole and QCD background
events. In this thesis, a data driven method to estimate the QCD back-
ground contribution was developed based on the > pp-Nj two-dimensional
distribution and a series of limits were set on the mini black hole production.

For mini black hole signals, two assumptions for the production mass
of black holes with the Schwarzschild radius (rs) and horizon radius (r,) are
considered; black holes are produced if the Compton wave length () is equal
to or less than the Schwarzschild (horizon) radius. These assumptions give
fixed mass threshold for each n and Mp. No graviton emission model is used
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in this thesis. In case Planck Phase where Mgy < Mp, the burst model,
which makes multi-body decay at this phase, is adopted.

Extracted signal yields are consistent with zero and cross section upper
limits are set on the cross sections of the mini black holes. On the assumption
of A < rg (ry), a lower limit on the Planck scale at 95 % CL was set as

Mp > 1.26(1.06) TeV for n=4(5),

and more strict limits for larger n were obtained. Currently, these results are
the most stringent limits on Mp by the collider experiments.
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Appendix A

Parameters for BlackMax

This is the one of the example of the parameter file for BlackMax (n = 4
MD =1000 GeV, MBch = 2923 GeV)

)

Number_of_simulations

6200

incoming_particle (1: pp-2:ppbar_3:ee+)

1

Center_of_mass_energy_of_incoming_particle

7000.

M_pl(GeV)

1000

definition_of_M_pl:(1:M_D_.2: M_p_3:M_DL_4: put_in_by_hand)

1

if_definition==

1.

Choose_a_case:(1l:tensionless_nonrotating_2:tension_nonrotating_-3:rotating_nonsplit_4:
Lisa_two_particles_final_states)

3

number_of_extra_-dimensions

4

number_of_splitting_dimensions

0

size_of_brane (1/Mpl)

0.0

extradimension_size (1/Mpl)

10.

tension (parameter_of_deficit_angle:1_to_0)
1.0

choose_a_pdf_file (200_-t0o-240_cteq6)Or_->10000_for . LHAPDF
10550

Chose_events_by_center_of_mass_energy_or_by_initial_black_hole_mass (1l:center_of_mass_2:
black_hole_mass)

2

Minimum_mass (GeV)

2923

Maxmum-mass (GeV)

7000.
Include_string_-ball:(1l:no-2:yes)
1

String_scale (M.s) (GeV)

0

string_coupling (g-s)

0
The_minimum_mass_of_a_string_ball_or_black_hole(in_unit_-Mpl)
1.

fix_time_step (1: fix_-2:no)

2

time_step (1/GeV)

l.e—5

other_definition_of_cross_section (0:no-1:yoshino_2:pi*r"2_3:4pi%r"2)

2calcula‘ce,the,cross,section,according,to (O:the_radius_of_initial_black_hole_1:
centre_of_mass_energy)

1ca1culate,angular,eigen,value (0:calculate-1:fitting_-result)

?\/Iass,loss,factor (071.0)
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0.
momentum_loss_factor (071.0)

0.

Angular_momentum_loss_factor (071.0)

0.

turn_on_graviton (0: off_1:0on)

0

Seed

RAND

Write_.LHA_Output-Record? _0=NO__1=Yes_2=More_Detailed-output

2

L_suppression (l:none_2:delta_area_3:anular_momentum_4:delta_angular_momentum)

angular_momentum_suppression_factor

1

charge_suppression (l:none-2:do)

1

charge_suppression_factor

1

color_suppression_factor

20

split_fermion_width (1/Mpl) _and_location (from—15t015) (up-to_9extradimensions)
u_quark_Right (Note: do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
u-quark_Left (Note: do_-not_insert_blank_spaces)

1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
u-bar_quark_-Right (Note: do_not_-insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
u_bar_quark_Left (Note:do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
d_quark_Right (Note: do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0

d_quark_Left (Note:do_not_insert_blank_spaces)

1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
d_bar_quark_Right (Note: do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
d_bar_quark_Left (Note:do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
s_-quark_Right (Note: do_not_insert_-blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
s_quark_Left (Note: do_not_insert_blank_spaces)

1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
s_bar_quark_Right (Note: do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
s_bar_quark_Left (Note:do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
c_quark_Right (Note: do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0

c_quark_Left (Note:do-not_insert_blank_spaces)

1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
c_bar_quark_Right (Note: do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
c_bar_quark_Left (Note:do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
b_quark_Right (Note: do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
b_quark_Left (Note: do_not_insert_blank_spaces)

1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
b_bar_quark_Right (Note: do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
b_bar_quark_Left (Note:do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
t_quark_Right (Note: do_not_insert_blank_spaces)
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1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
t_quark_Left (Note:do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
t_bar_quark_Right (Note: do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
t_bar_quark_Left (Note:do_not_insert_blank_spaces)
1.0

10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
e.—_Left (Note:do_not_insert_blank_spaces)
1.0

-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
e_.—_Right (Note: do_not_insert_blank_spaces)
1.0

-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
e_+_Left (Note:do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
e_+_Right (Note: do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
mu.—_Left (Note: do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
mu.—_Right (Note: do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
mu_+_Left (Note: do_not_insert_blank_spaces)
1.0

-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
mu+_Right (Note: do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
tau_.—_Left (Note: do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
tau-—_Right (Note: do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
tau_+_Left (Note: do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
tau_+_Right (Note:do_-not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_e —(Note: do_not_insert_blank_spaces)
1.0

-10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_e+(Note:do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_mu —(Note:do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino-mu+(Note: do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_tau —(Note:do_not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
nutrino_-tau+(Note:do_-not_insert_blank_spaces)
1.0

~10.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
number_of_conservation

2
d,s,b,u,c,t,e,mu,tau,nu_e ,nu.mu, nu_tau
1,1,1,1,1,1,0,0,0,0,0,0
0,0,0,0,0,0,1,1,1,1,1,1
1,1,1,1,1,1,—-3,-3,-3,—3,—-3,—3
0,0,0,0,0,0,0,0,0,0,0,0
0,0,0,0,0,0,0,0,0,0,0,0
0,0,0,0,0,0,0,0,0,0,0,0
0,0,0,0,0,0,0,0,0,0,0,0




Appendix B

Mass Reconstruction of the
Mini Black Hole

If all particles emitted by the mini black hole can be detected, the mass of
the mini black hole is reconstructed as

PBH = Z Dis (B.1)

i=particles

MBH = \/pQBH. (BQ)

The mini black hole events are dominated by jets. Therefore the particles in
Eq. B.1 can be replaced by jets. In addition, the momentum of the transverse
direction can be assumed to be conserved before and after the mini black hole
production by particle collisions. Hence, EX* in the event can be considered
as a part of momentum of particles emitted by the mini black hole. With
jets and EM Eq B.1 is rewritten as

PBH = Z Di + (E)r(niss’ E}r]niss, 07 E’rrniss) 7 (B3)
i=jets

where E is the EF'™ component along x (y)-axis. Here, Ef™* is recon-

structed from jets as:
(E)r(niss7 E}r]niss7 0’ ErrrniSS) = Z (—px, —Dy, O, A /p:% —i—pz) (B.4>
jets

where p,(,) is the momentum of jets along x (y)-axis.
Figure B.1(a) shows mass spectrum of the mini black hole of signal point
rs_2_.1000 (n =2, Mp = 1000 GeV, Mgy = 4266 GeV). Dashed line shows

truth mass of which lower edge is 4266 GeV. Green line shows the mass
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Figure B.1: The mass spectrum (a) and the resolution (b) of the mini black
hole. Signal point rs_2.1000 (n = 2, Mp = 1000 GeV, Mgy = 4266 GeV)
is used. Dashed line in (a) shows truth mass distribution. Green and blue
lines show the mass distributions reconstructed from only jets and jets and
EXiss respectively. BN is calculated from jets. Red line represent Gaussian
function fitted to Jet + MET distribution. The fitted function shows the
mean value equal to -0.0427 and the deviation equal to 0.0701.
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reconstructed from only jets and jets + EX5| respectively. The tail in the
lower region is reduced by addition of EX5. Figure B.1(b) shows resolutions
for the mass reconstructed from only jets and jets + Em. Red line shows
a Gaussian function fitted to the distribution of jets + ER. The fitted
function shows the scale shift of -4.27 % and the resolution of 7.01 %. The
generated mass spectrum of the mini black hole have sharp peak at Mgy,
therefore reconstructed mass shows peak at Mgpip.
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Figure B.2: ) pr distributions (a) and Mgy distributions (b) for the events
required all preselection cut and the second leading jet pr > 50 GeV. The
data is represented by black points. The histogram shows QCD PyTHIA MC
events which is normalized by the number of total events of the data. Circles
and inverted triangles represent signal points of rs_ 2.1000 and rs_4_1000,
respectively.

Figure B.2 shows ) pr and Mgy distributions for the events required all
preselection cut and the second leading jet pr > 50 GeV. Black points show
the data events and the histogram shows QCD PyTHIA MC events. The
histogram is normalized by the number of total events of the data. Circles
and inverted triangles show signal points of rs_2_1000 and rs_4_1000, respec-
tively. The data points in both histograms show consistent with QCD MC
events within statistical uncertainty. The mass threshold of signal point for
rs_2_1000 (rs_4_1000) is 4266 GeV (2923 GeV). The peak of Mpy distributions
for signals are around the mass threshold while QCD events show smooth
line from low Mgy region. Therefore, this variable is also good variables to
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discriminate signal and QCD events.
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Figure B.3: Mpgdistributions for events of Ny > 5 with »  pr cut of 1500 GeV

(a) and

2000 GeV (b).

The data is represented by black points. The his-

togram shows QCD PyTHIA MC events which is normalized by the number
of total events of the data. Circles and inverted triangles represent signal
points of rs_2_1000 and rs_4_1000, respectively.

Figure B.3(a) and B.3(b) show Mpy distributions for the events of Nj > 5
with > pr cut of 1500 GeV and 2000 GeV, respectively. The definitions of
the plots are same as Figure B.2. The data events shows consistent with the
shape of QCD PyTHIA MC events and signal like events are not observed.
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Appendix C

Further Validation of Signal
Extraction

This appendix describes the validation of extraction method described in
Chapter 8 in addition to Section 8.5.

Figure 8.9 shows zero consistent for only QCD background pseudo data,
and Figure 8.10 shows consistent with unity for pseudo data with signal
events.

To check them, thousand set of pseudo data events are generated in the
Poisson regime under the constraint of Eq. 8.7, 8.11 and 8.12, using input
data set for above figures as the mean value, ;. For each pseudo data
set, a best fit value for s’ which maximizes likelihood function of Eq 8.13
is obtained. Figure C.1(a) (C.1(b)) shows the best fit value of s’ for the
pseudo data without (with) signal events for signal point of rs.4.1000. As
expected, Figure C.1(a) shows localization around zero while C.1(b) shows
the distribution around unity.
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