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SUMMARY

The scale of quantum gravity could be as low as a few TeV in the existence of extra spatial
dimensions or if the Planck scale runs fast due to a large number of particles in a hidden
sector. Omne of the most striking features of low-scale quantum gravity models would be
the creation of quantum black holes, i.e. non-thermal black holes with masses around a
few TeV, in high energy collisions. This thesis deals with the production and decay mech-
anisms of quantum black holes at current colliders, such as the Large Hadron Collider
(LHC). Firstly, a review of models with low-scale gravity is given. We will present an
overview of production and decay mechanism of classical and semi-classical black holes,
including the Hoop conjecture criterion, closed trapped surfaces and thermal decay via
Hawking radiation. We will then introduce a phenomenological approach of black holes,
very differently from the (semi-)classical counterparts, which covers a substantially model
independent and specifically established field theory, describing the production of quan-
tum black holes. This is done by matching the amplitude of the quantum black hole
processes to the extrapolated semi-classical cross section. All possible decay channels and
their probabilities are found for quantum black holes with a continuous and discrete mass
spectrum, respectively, by considering different symmetry conservation restrictions for a
quantum gravitational theory. In conjunction with these branching ratios, we developed a
Monte Carlo integration algorithm to determine the cross sections of specific final states.
We extended the algorithm to investigate the enhancement of supersymmetric particle
production via quantum black hole processes. Studying such objects proves very impor-
tant, since it provides new possible insights and restrictions on the quantum black hole
model and likewise on the low-scale quantum gravity scenarios.
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Chapter 1

Introduction

Despite the efforts of many physicists extensively studying two of the important pillars of
theoretical physics, namely Einstein’s theory of general relativity and the quantum field
description of particles known as the Standard Model (SM), finding a quantum description
of gravity to unify these theories still proves to be one of the biggest challenges of con-
temporary physics. One of the major recent theoretical developments was the perception
that the Planck mass, the energy scale at which gravitational effects become relevant, is
not fundamentally fixed to a certain value but could be anywhere between a few TeVs and
the dimensional analysis estimate of ~ 101 GeV. If one assumes that a severe fine tuning
cannot be the solution to the unnatural span of particle masses, in particular how small
they are compared to the Planck mass, one would suppose that there are new physics
effects around a few TeV. The vigorous attention to models introducing a low quantum
gravitational theory[l—4] is comprehensible, since they not only address explanations to
the conceptual issue of the hierarchy problem but they might provide the possibility of ob-
serving quantum gravitational effects at current measurements, such as the Large Hadron
Collider (LHC) [5] at the European Organization for Nuclear Science (CERN); an impos-
sible task for conventional models of short distance space-time. Collider physics is not
only a powerful tool to provide tests of existing theories but might produce new particles
and hence probe new physics. Without a doubt, one of the most interesting consequences
of low scale quantum gravitational effects would be the creation of microscopic black holes
in a high energy collision. Black holes are fascinating objects because they involve physics
under extreme conditions and might provide us with insights completely unknown to date.
Low scale quantum gravity led to impressive progress in the research of small black holes
created in collider experiments, where one expects matter that experiences a gravitational

collapse to form a black hole.
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This thesis deals with quantum black holes (QBHs), non-thermal microscopic black holes,
very different from their astrophysical counterparts, with masses expected to be close to
the Planck scale. Other than for semi-classical black holes, which have been studied thor-
oughly [6-13] and would not be created even in the most optimistic case of a few TeV
Planck scale, the center of mass energy at current experiments might be sufficient to pro-
duce these quantum analogs of black holes numerously. Although they do not decay via
Hawking radiation, they could have very distinct signatures with hardly any or no SM
background. The creation and decay of QBHs would enable us to learn about quantum
gravity, especially which symmetries would be conserved by it, and gain more insights
about the limits involved in low scale gravity models; QBHs signals would be the first
indication of low scale gravity. The following chapters of this thesis are structured as

follows:

e Chapter 2 reviews important background material, i.e. the lowering of the funda-

mental Planck scale in different models.

e Chapter 3 covers black hole formation and decay in high energy collisions. Classi-
cal and semi-classical black hole mechanisms are revised and the physics of QBHs

introduced.

e In Chapter 4 we establish a field theoretical description of QBH production and
interaction with SM particles, by matching the amplitude of the quantum black
hole processes to the extrapolated semi-classical cross section. This is based on
work published in [14] by the author, X. Calmet, and D. Fragkakis. All calculations
presented in this work, i.e. the cross section matching and the proposed bounds of

the fundamental Planck scale, have been derived by the author.

e Chapter 5 deals with the production and decay of QBHs with a continuous mass
spectrum. The theoretical part of this chapter is based on work published by X.
Calmet, D. Fragkakis, and the author in [15] as well as work published by the author
and X. Calmet in [16]. The branching ratios presented in this chapter were calculated
by the author as well as the implementation of these into a Monte Carlo algorithm,
which was rewritten, improved, and adapted from previous code developed by the
authors of [17]. The development of this code is part of the BlackMax project [13]
and will be covered in the new version of BlackMax. We showed that the developed
cross sections are non-negligible. Some of the results are presented in this chapter

for the first time and are not published elsewhere.
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e In Chapter 6 an extension of the previously discussed objects to a discrete mass
spectrum is presented. The content of this chapter is in large parts based on work
published [16] by the author and X. Calmet as well as partially on work published
in [15]. The Monte Carlo algorithm was adapted by the author and the slightly
differing results to the published ones are due to a change of the use of a specific

parton distribution functions to allow comparisons with the previous chapter.

e In Chapter 7, the theory of QBH processes and the Monte Carlo algorithm are
extended to include supersymmetric particle production. The continuous as well as
the discrete mass spectrum are considered and cross sections for all decay products,
based on for this purpose established branching ratios, are given. The presented
calculations and assumptions are original work of the author in collaboration with

X. Calmet and D. Fragkakis, and are yet to be published.



Chapter 2

Low-scale quantum gravity

One of the biggest challenges contemporary physics faces is the explanation of the large
hierarchy between the weak scale and the fundamental Planck scale, at which quantum
gravity effects supposedly become strong. In other words, it is still unknown why the
gravitational force is so much weaker than all other Standard Model interactions. The

unification of scales has been illustrated in Figure 2.1.

strong
GUT
EM EW Planck
weak
gravitational ™y 30y 1015Gev 1019GeV

scale

Figure 2.1: Abstract illustration of the unification of physical scales. The four fundamental
forces (strong, electromagnetic (EM), weak and gravitational) are sketched according to
their strength. The EM and weak forces unify to the electroweak (EW) force, which then
again combines with the strong force to a grand unified theory (GUT). The Planck scale

describes the energy regime at which the GUT forces and gravity merge.

The gravitational laws have only been tested up to ~ 0.056mm [18] which corresponds
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to a much smaller energy scale (~ 1072eV) than the one currently explored at particle
accelerators such as the LHC (Large Hadron Collider). For a review on experimental
verifications of gravitational laws see also [19]'. In general, a lowering of the energy
scale, at which quantum gravitational effects become strong, might yield very interesting
signatures, e.g. the creation of microscopic black holes as described in chapter 3.

There have been several models suggesting a lowering of the Planck mass to a TeV level.
This chapter will first revise two theoretically successful models which both introduce extra
spatial dimensions: a model proposing a large volume of extra dimensions [1, 2, 20] and
one in which the decoupling of the Planck mass originates from a warped extra dimension
[3, 21]. It concludes with a model that suggests a low scale quantum gravity through a

running of the gravitational coupling in four dimensions [4].

2.1 Extra spatial dimensions

In 1921, only a few years after Einstein proposed his theory of gravity, Kaluza and Klein
came up with a model introducing an additional compact spatial dimension [22, 23]. This
theory, known as the Kaluza-Klein (KK) model, attempts to unify electromagnetism with
gravity. The consideration of extra spatial dimensions also found its motivation in string
theoretical models which are formulated with at least ten dimensions. Traditionally, one

considered the extra dimensions to be of the order of the Planck length

_h
_MPC

lp ~1.62x107%m | (2.1)

with A being the reduced Planck constant, ¢ the speed of light and Mp is the Planck mass

which is given by dimensional analysis as

he 11/2
Mp = [Gc] ~ 218 x 107 8kg = 1.22 x 10'? GeV (2.2)
N

where G is Newton’s gravitational constant. For figurative purposes, these calculations
deviate from natural units. With the size of the extra dimension substantially smaller than
any observable length scale, it is straightforward to see that an experimental verification
of any physical phenomenon at scales around the Planck scale is, at least in the foreseeable
future, not attainable.

Studies in the past 20 years have shown that the size of the extra dimensions might be
reasonably larger than the Planck length and therefore not necessarily attached to it.

The size of the extra dimension does not affect the original conception of our world being

'In review “Experimental tests of gravitational theory”.



3-brane

graviton

Figure 2.2: Illustration of the propagation of Standard Model matter fields (red arrows) re-
stricted to the 3-brane and gravitational fields which can escape to the higher dimensional

bulk.

localized on a four-dimensional hypersurface, typically known as the 3-brane, embedded in
the bulk which is a higher-dimensional space. As pictured in Figure 2.2, observable matter
interacting through Standard Model fields is restricted to the 3-brane whereas gravitational
fields can propagate also in the bulk. Since only gravitons or to date unobserved fields
propagate into the bulk, the introduction of extra dimensions does not contradict current
observations.

The lowering of the Planck mass for each of the two most well-known models, respectively,
has been well described in several reviews, i.e. [24-27] which will be closely followed in

the next two sections.

2.1.1 ADD model

In 1998 Nima Arkani-Hamed, Savas Dimopoulos, and Gia Dvali proposed a theory [1, 2, 20]
in which the four-dimensional 3-brane is embedded in a (44n)-dimensional flat space. This
was motivated by string theoretical models developed by Ignatios Antoniadis [28] which
predicted the existence of large extra dimensions.

The 3-brane is spanned by (341) non-compact dimensions and n denotes the compact
spatial dimensions. Figure 2.3 visualizes the compactification of one extra dimension.
Keeping in mind that gravity is a geometrical property of space, it is unambiguous to
extend General Relativity to an arbitrary number of spatial dimensions. It has to be
noted, however, that in a higher-dimensional space-time, the fundamental gravitational

coupling G, of the bulk does not necessarily correspond to Newton’s gravitational constant



mass 3-brane

extra dimension flux lines

Figure 2.3: The compactification of one extra dimension: All ordinary matter fields, here
visualized by the test masses (green dots), are restricted to the 3-brane (blue thick lines).
The extra dimension is compactified on a circle with radius R. If the size of the extra
dimension L = 2w R is smaller than the distance in the 3-brane, the flux lines from the

test masses will run parallel to the brane.

Gy. For the (4+n)-dimensional space, one finds thus the following action:

Sy =— 1G /d4+”x\/|g*|R* , (2.3)

167
where g, is the determinant of the higher-dimensional metric and R, the Ricci scalar. One
assumes that the higher-dimensional metric can be factorized into a four-dimensional and

extra-dimensional part:
ds? = g (x)datdz” + Supdy®dy’ (2.4)

with g,,, being the usual four-dimensional Minkowski metric and x# with = 0,1, 2, 3 the
coordinates of the 3-brane. The second term represents the line element of the higher-
dimensional space with its coordinates y* with a = 5,6, --- ,n. The extra dimensions are

considered to be flat and thus do not give any additional curvature. We thus find:

Vg = \/|9(4)! “10ap] = \/\9(4)| and R. = Ry , (2.5)

where g(4) is the determinant of the four-dimensional metric and R4 the four-dimensional

Ricci scalar. Throughout this thesis, a lower index with numbers in parentheses indicates
the dimensionality of the parameter. With these conditions, it is straightforward to in-
tegrate out the extra dimensions, finding an expression for the action depending on the

volume V,, of the extra dimensions:

Va 4
S TieR /d /|9 Ry - (2.6)

This equation has the same structure as the four-dimensional Einstein-Hilbert action and

we can conclude

G.=Gn-V, . (2.7)
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It is obvious from this expression that Newton’s gravitational constant is not fundamental
but scaled by the volume of the extra-dimensional space.

Assume two test masses my and mso, similar to the one described in Figure 2.3, to be
localized on the 3-brane. On the brane itself, the gravitational force F'(r) between these
masses is described by the standard Newton’s law in four dimensions

mimsa

F(T) ~ M£+2 . 7‘2

(2.8)

For illustrative purposes of the physical effects appearing with the existence of extra
dimensions, consider one extra dimension compactified on a circle. The 3-brane is then
embedded on a torus shaped space-time. For distances r between the two test masses
much bigger than the compactification radius R the effect of the extra dimension on the
force is negligible and one observes the usual gravitational behavior described in (2.8)
divided by the volume of the extra dimensions

mimsa

Fir)~r ——F——
() M173+2'Vn'7,‘2

, for >R . (2.9)

In the (4+n)-dimensional case, Newton’s law for distances much smaller than R is de-

scribed by the stronger force

mimsa

F(T) ~ Mll-‘rQ L2

for r< R . (2.10)

Assuming a smooth transition between these two regimes yields the following relation

between the fundamental higher-dimensional scale and the Planck scale
M3 = M>™.V, | (2.11)

which shows, equivalent to (2.7), that with the existence of extra dimensions, the four-
dimensional Planck scale is only an effective scale and the higher-dimensional fundamental
scale, at which quantum gravity effects become strong, could be much lower than expected.
For a large volume of the extra dimensions, it could be as low as the electroweak scale
Mgw ~ 1TeV, the hierarchy between these scales would only be illusive. It should be
noted, however, that although this seemingly solves the hierarchy problem, the model
leads to a new hierarchy. The new challenge is to explain the huge difference between
the size of the extra dimensions, about one millimeter, and the Planck length, given in
(2.1). Another approach, which does not involve this hierarchy between the weak and

compactification scale, is the RS model which will be described in the following section.



2.1.2 RS model

Only a year after the proposal of the ADD model, Lisa Randall and Raman Sundrum
published a theory which suggests the existence of one warped extra dimension [3, 21].
The idea of curved extra dimensions was first mentioned by Rubakov and Shaposhnikov
in 1983 [29], who did not present a substantial model but pointed out the importance of
the cosmological constant A for these models. Randall and Sundrum suggested a concrete
setup, e.g. also described in [27], in which the extra dimension is orbifolded and has the
radius R, yielding in a S'/Zy space, i.e. a circle with identified upper and lower halves,
as illustrated in Figure 2.4. This leads to the fix points y = 0 and y = 7R, at which two

3-branes are located, thus bordering the five-dimensional bulk as shown in Figure 2.5.

/‘\

extra dimension y

y=20 y=7R

~_ | -

Figure 2.4: Compactification to S*/Zs orbifold. The upper and lower halves of the one-

dimensional sphere are identified and L = 7R.

The cosmological constant is taken to be negative to ensure a flat metric on the branes.

The metric of the five-dimensional setup has the following form
ds? = e 24Wg  (x)dztda” + dy® | (2.12)

where e 24() is the warp factor and the function A(y), which depends on the coordinates
of the extra dimension, will be determined later on. One has to be able to replicate the
four-dimensional Minkowski metric at every point along the fifth dimension, evidently
including the points y = 0 and y = 7R at which the 3-branes are located. Thus the
five-dimensional metric only depends on the coordinates of the extra dimension y.

The classical action is formed out of three parts: the well known gravitational action, and
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bulk
3-brane 3-brane
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T |
l‘l’l‘
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Figure 2.5: Setup of two four-dimensional 3-branes enclosing the five dimensional bulk.

one part for our observable and for a hidden 3-brane each:
S = Sgrcw + Svis + Shid (213)

with the action for the bulk

L
Sgrav = /d4:13/ dy V G (MER* - A) ’ (2‘14)
-L

where R, is the five-dimensional Ricci tensor, M, the fundamental scale, and L = 7wR.

The components for the visible and hidden 3-brane are, respectively [21]:

Svisiia = | 4 T\/=Gvisnia (£ = V) yis/hia > (2.15)
with L,;s/hiq being the Lagrangian of the corresponding 3-brane. Vi, piq is a constant
cosmological term, separated out of the Lagrangian as done analogously with the cosmo-
logical constant A in the bulk action. The function A(y) in the exponent of the warp
factor described in (2.12) can be determined with help of the five-dimensional Einstein
equations

1
Gun = Run — §9MNR = w?ThN (2.16)

with Gjrn being the Einstein tensors, Rj;ny the Ricci tensor and R here meaning the
Ricci scalar, which should not be confused with the radius. The indices M = u,5 and
N = v,5 run over the usual Minkowski coordinates combined with an index for the fifth

dimension. k = e is Newton’s constant in five dimensions. The five-dimensional metric

*

is described by

gun = e HAWg, dtde” + 65,60% (2.17)
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and the energy-momentum tensor Th;n takes the form

TMN: -2 5Smatter
V=g 3N

where Spatter is the matter part of the action and all matter particles are confined on the

(2.18)

3-branes. Solving (2.16) one gets for the Einstein tensors

1
G = Ry = Sguw R = (64" —34") g, (2.19)

Gss = Rss — 39551% =647 | (2.20)
whereas the Ricci scalar is defined as
R=gMVRyny =8A" — 204" (2.21)
and Rpsn the Ricci tensor which can be expressed by its components

R, = (A" —4A") g (2.22)

Rss =4 (A" - A%) . (2.23)

Using (2.20) and the matter part Spaeter 0f (2.14), one thus gets for the purely extra-

dimensional component of the Einstein tensor

—A
— 2 _
G55 =6A4" = 5 3 (2.24)

which gives a constant value for A’2. Integrating over the coordinate of the extra dimension
and taking into account that space is an S'/Zy orbifold which is invariant under the

transformation y — —y, the metric (2.12) can be rewritten as

=A
T4/ 3m3 |yl

ds®> =¢ g (2)datda” + dy* . (2.25)

From which it can be seen that the exponent of the warp factor can only be real if we

define the cosmological constant to be negative. For clarity, a constant is defined as

—A

c= 303

(2.26)

Keeping in mind that one can find an effective four-dimensional action at the visible
3-brane, it can be substituted into the five-dimensional action (2.14). From this it is
straightforward to extract the relation for the fundamental Planck scale

2M3
&

M} = (1—e o8y | (2.27)

with R being the radius of the extra dimension. Multiplying the metric with the warp

factor yields in a lowering of the fundamental mass parameters, as shown in Figure 2.6.
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bulk
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Figure 2.6: Ilustration of the lowering of the Planck scale to a TeV level by multiplication

with warp factor.

2.2 Four-dimensional gravity model at a TeV

In 2008, a model which lowers the Planck scale to a TeV level in four dimensions by
introducing a large number of new particles was developed. This chapter will give an
overview of this model, using mainly the original paper [4] and [30-32]. As in (2.2), one
considers the relation between Newton’s gravitational constant G and the Planck scale,
at which quantum gravitational effects become relevant. In case of one scalar field ¢
which couples only to gravity, one expects an additional term in the action describing

gravitational and matter fields:

R(4) 1 ..
S = /d4l‘1 /=9(1) ( 167G + 59&)3M¢8V¢+ . ) . (2.28)

Examine two non-relativistic sources which exchange a graviton and thus create a grav-
itational potential between them. Similar to the running of the gauge couplings of the
Standard Model, the authors of [4] assume Newton’s gravitational constant to be energy
scale dependent. The couplings described in (2.28) generate quantum corrections to the
graviton propagator. It is shown explicitly in [32] that contributions from diagrams with
more than one graviton propagator are suppressed compared to those illustrated in Figure
2.7. Since gravitons interact with each other, they will also run in the loop. Assum-
ing a large new matter content, i.e. in the limit of large N, where N is the number of

fields running in the loop, the graviton contribution is negligible [30]. The metric is de-
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W+WQW

matter fields: ¢, ¢, Ay

Figure 2.7: Tree-level and loop corrections of effective graviton propagator in quantum
gravity. Quantum corrections from particles with non-zero masses running in the loop.

The wavy lines are gravitons, whereas the continuous lines represent matter fields.

fined as g,,,,(4) = My + My with 7, being the four-dimensional Minkowski metric. Loop
corrections from the graviton propagator Dj(q) allow for small fluctuations h:

G G G
tGN n WoN 1N

IM®~q2 2 (2.29)

with ¢ being the graviton momentum, or to be more exact, the two diagrams shown in

Figure 2.7, whereas _
Ewif/d%m@ﬁ+m. (2.30)

D(p) describes the propagation of the particle in the loop with its momentum p and = is
the ultraviolet loop momentum cutoff. Redefining G yields the expression for Newton’s
renormalized gravitational constant including the one-loop contribution and thus a scale
dependence

1 1

=2
=—4cZ" . 2.31
GN,Ten CTVN ( )

G defines the bare gravitational constant which can be related to a scale, analogously to

(2.2) and equally defined in the models with extra dimensions,

e 2.32

With the scale dependence of the Planck mass, we can define the scale at which quantum
gravity effects become large as Mp(p.) ~ p«. To allow an observable scale of the order of a
TeV, the constant ¢ has to become comparably large (¢ ~ 103?) which will become relevant
later in this section. One can establish a Wilsonian running of Newton’s gravitational

constant depending on the energy scale u of the following form

I | Np?
GN,ren (/«L) GN,ren 127

(2.33)

where N = Ngcalar + Nweyl — 4Ngayge indicates the particles - real scalar fields, Weyl
fermions and gauge bosons, respectively - which have been integrated out. For the Stan-
dard Model, assuming left and right-handed neutrinos to be Dirac particles, we find

Nsy = 4+ 48 — 48 = 4. Expression (2.33) is derived in a heuristic way, a proper
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derivation can be found e.g. in [33], see also [34-36], using a heat kernel regularization of
one-loop diagrams.

We will now exemplary sketch the derivation of the scalar field result. A scalar field ¢
with minimal coupling to gravity is considered for which the one-loop effective action W

is given by [33]

D=

W = / Do sx S A6 — (dot(— A +m?))” (2.34)
The heat kernel can thus be expressed by
H(r) = Tr e "(-A+m%) Ze—” (2.35)
and )\; are the eigenvalues of (—A 4 m?). Comparing these two equations yields
1 oy L 1 H(r)
W—gln(det( A+m))_22i:1n(m_ 2/62 dr——>=". (2.36)

The ultraviolet cutoff e~ had to be introduced to countervail the divergent character of
the integral for small values of 7 which is mainly due to the behavior of the heat kernel
for short times, which can be regularized by the following method. The heat kernel can

be written as

H(r) = / dz G(z, 2/, 7) (2.37)
with G(x,2’,7) representing the Green’s function which satisfies the differential equation
3—A G(z,2',7)=0 (2.38)
87' ) ’ - ’ .
G(z,2',0) =6(z — ') . (2.39)

The solution in four-dimensional flat space is

1 2 1 2
Go(z,2',7) = [ — ) e #(@=¥)" | 2.40
o(or) = () o (2.40)
which has to be generalized by expressing the covariant Laplacian in local coordinates as
well as expanding it for small curvatures. This has been done in [37] and yields

1

H(T):W( &z —g(4+ d4z \/7R+(9(T2)> . (2.41)

Inserting this expression into (2.36) gives

1 4 1 A
W:zmw/dW%*W/dw@Rv (2.42)

where only the second term contributes to the gravitational coupling. Thus, comparing
this expression to (2.28), we find

L 1, 1 (2.43)
GNren Gy 1272 '
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which noticeably results in a much smaller value for Gy e, compared to the bare value if
the scalar field is integrated out, i.e. € — 0.

Modifying the effective action (2.36) by introducing an infrared cutoff p as follows

2

W = —1/u ar 217) (2.44)

2 Jo T
results in a Wilsonian running of Newton’s gravitational constant

1 — 1 - MQNscalar
GN,T@TL(M) GN,ren (0) 127

(2.45)

with Ngcqiar representing the number of scalars and where for long-distance measurements
GNren(0) = GN ren, as described in (2.43). It was shown with an analogous calculation in
[33] that Weyl fermions give the same contribution in sign and magnitude, whereas gauge
bosons contribute oppositely. Using (2.33) of the energy dependent gravitational con-
stant and (2.32), one would get a fundamental Planck scale much lower than traditionally

expected

2
- 1% Nscalar

M3 () = Mp(0) — 2

(2.46)

032 particles with masses

A TeV Planck scale can only be achieved by introducing N ~ 1
smaller than a TeV which has been suggested in [38, 39]. The mass is restricted to a TeV,
to allow a running in the loop. These particles only couple to gravity and to none of the
other Standard Model interactions, thus carrying no further charges. They are so to speak
hidden from the Standard Model. The introduction of these particles will result in weaker
gravitational interactions for low energies. Quantum gravity effects would therefore be
observable at a few TeV. The number of new degrees of freedom is comparable to the
number in models with large extra dimensions. Cosmic ray experiments assume a lower
bound on the fundamental Planck mass in four dimensions of the order of 0.5 TeV which
has been established in [40] on the basis of black hole production through cosmic ray

collisions. The next chapter will give an insight of black hole production, concentrating

on microscopic black holes.
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Chapter 3

Black holes produced in particle

collisions

This chapter deals with the nature and mechanism of black holes created in high-energy
collisions. Production and decay of classical and semi-classical black holes are discussed
as well as the proposed quantum black holes (QBHs) introduced. This chapter follows
the review [25] closely in parts, amended by theory essential for the understanding of this
thesis.

The production of black holes in particle collisions provides a way to probe quantum
gravity. As described in the previous chapter, the scale at which quantum gravitational
effects become relevant is not known from fundamental principles and remains a yet not
fully explored parameter of nature. The production and decay of classical black holes
(Section 3.2), with center of mass energies going towards infinity, have been well studied
and understood. With the understanding of such processes, a semi-classical approach was
extrapolated (Section 3.3), in which the black holes have masses of at least 5 to 20 times
the Planck mass. To detect objects with such masses, we would need much more energy
than accessible at current colliders. By extrapolating to the quantum regime (Section
3.4), the produced black holes have masses of a few TeV, and would in case of a low scale

quantum gravity allow us to test quantum gravity at accessible energy levels.

3.1 Quantum gravity and high-energy scattering

Lowering the fundamental Planck scale would enable one to probe physics at a regime
with strong gravitational interaction. The creation of black holes in high-energy scattering

processes at a lowered scale was first mentioned in [7] where the center of mass energy
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/s was assumed to be much larger than the lowered Planck scale M,. The authors
distinguished two different cases depending on the impact parameter b. For an impact
parameter bigger than the Schwarzschild radius, which is dependent on the center of
mass energy of the colliding particles, one expects both elastic and inelastic processes to
occur. In the strong gravity regime, these processes are assumed to be dominated by
graviton exchange. For an impact parameter smaller than the Schwarzschild radius and
following the Hoop conjecture criterion by Kip Thorne [41], a black hole will be created
in such collisions. For more than four dimensions, an extension of the hoop conjecture
was developed in [42]. Black holes created under such circumstances are, corresponding
to the underlying theory, higher-dimensional objects. Such objects are conceptually not
restricted to the 3-brane. It was shown in [43] that black holes mainly radiate on the
3-brane, for further discussion on radiation off and on the 3-brane see also [44]. An
elaboration of this appears at the end of section 3.2.2. In the simplest scenario, the
produced black hole would be spherically symmetric and neutral and can thus be described

by the Schwarzschild metric [45]:

-1
2 _ s\ 2 rs\ " 22002
ds? = — (1 - (7) ) dt2 + <1 - (7) A +r240%, . (31)
where the line element dQ%2 +n) describes a (2+n)-dimensional unit sphere defined as
2 — ap2
dQ(2+n) - de(n+l)
+ sin? O(n+1) <d9(2n) + sin? O (n) ( ..+ sin? 02 (d@% + sin? 0(1)dg02))> . (3.2)

For a (4 4+ n)-dimensional space with large extra dimensions (rs < L), with L being the
size of the extra dimensions, the Schwarzschild radius 75 of a black hole can be found by

analytically the Einstein equations and is given in [46]. Using the PDG convention [47]!,

L _ 1 (Mspy wr(r (ng2)\
S_M*ﬁ<M*> ((n—l—Q)) (3:3)

and depends on the mass of the produced black hole Mgy, which is assumed to be much

it takes the form

larger than the fundamental scale, allowing to treat the produced black hole as a classical
object. The production of classical black holes is elaborated in the following section. In the
four-dimensional case (n = 0), one finds the well known linear behavior whereas for n > 0
a power-law dependence is observed. Due to the dimensionality, the four-dimensional

Planck mass Mp is replaced by the fundamental Planck mass M,. Meade and Randall

'For more details on the different conventions for the Planck mass, see appendix A.



18

pointed out in [48] that a black hole is produced in a collision if the Compton wavelength

of the particle
27

NG

with center of mass energy of /s lies within the Schwarzschild radius rs. If this condition

A (3.4)

applies, (3.3) yields the ratio necessary for the creation of a black hole

Vs
Tomin = V. (3.5)

*

where the size slightly varies with the number of extra dimensions. If one neglects the

factor 27, the ratio becomes /s > M,.

3.2 Production of classical black holes in particle collisions

In the background of strong gravity, the particles of a high-energy collision have been
assumed to be gravitational shock waves in many theories, e.g [49-53]. Aichelburg and
Sexl presented a well known method in 1970 [49], boosting the Schwarzschild line element
using a Lorentz transformation. The Schwarzschild metric is defined by means of the time

coordinate t and the spherical coordinates (7,0, ¢) as, see e.g. [54] or [55],

T r

2 om\
ds? = — (1 - m) dt? + (1 - m) dr? 412402 (3.6)

where r2dQ) = 2 (dH2 + sin 62d¢2) describes the geometry of a two-sphere and m is the rest
mass. For isotropic coordinates (t,7,6,¢), which similarly to Schwarzschild coordinates
describe static spherically symmetric systems and only differ from them in the radial

coordinate, the line element is given by [55]
ds? = —e??dt? 4 e*[dr? + 72dQ?] (3.7)

with the functions ¢ and p dependent of 7. The time coordinate is the same for spherical

and isotropic coordinates, whereas the radial coordinates are related via

r=r(1-2)" (38)

With a suitable choice of coordinates
(z,y,z) = (Fsinfcos ¢, Fsinfsin ¢, 7 cos @) (3.9)

the Schwarzschild metric can be expressed in isotropic coordinates

2 _ 1—5 ? 2 my4 2 2 2
ds ——<1+§; dt +<1+2F) (dz® + dy” + d=?) (3.10)
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for which 7 = /22 + 42 + 22.
Consider a black hole moving along the z-axis. It moves with a speed of 8 = ,/1 — ,Y% and
therefore has a total energy fixed to p = m~y. v is the Lorentz factor and assumed to be
7 — 00, thus describing a large boost in z-direction. It was found in [49])? that for 8 =1,

the metric takes the form
ds? = —dt? + da? + dy® + d2? — 4p0(t — 2) In(2® + 9?) (dt — dz)? . (3.11)

Expressing this metric with the retarded and advanced time parameters, which can be

written in terms of the Minkowski coordinates ¢ and z
(u,v) = (t — z,t + 2) (3.12)

yields
ds? = —dudv + dz? + dy* — 4p In(p)d(u)du® . (3.13)

With z and y as the remaining transverse coordinates, the transverse radius takes the
form p = \/:ﬁy2 . For every case except t = z, or alternatively u = 0, the line element
describes a flat metric. For the hypersurface v # 0, however, a discontinuity occurs due
to the delta function and the metric is curved. Assume two identical shock waves of this

t 4

'U:t“_Z:O u:t_zzo

Figure 3.1: Two Aichelburg-Sexl gravitational shock waves propagating in opposite di-
rection along the z-axis and colliding at w = v = 0. The metric in the regions I, II and II1

remains flat, whereas the space-time of region IV is curved.

nature, as visualized in Fig. 3.1, one propagating along the +z-axis and on the null plane

2Note that in this paper another sign notation for the Schwarzschild metric was used and the Lorentz
transformation has been carried out in x-direction. It is straightforward to apply the changes suitable for

this case.
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u = 0 and another moving in opposite direction with its center at v = 0. A collision occurs
at u = v = 0 and the space-time can be separated in four different regions. Whereas the
regions I-III, at an appropriate distance to the null planes and particularly the collision

point u = v = 0, are flat, one finds that the region formed after the collision (IV) is curved.

Figure 3.2: Illustration of a closed trapped surface. P is an arbitrary point (red dot)
on the surface S (green circle). If a flash of light F' is emitted from P, an incoming and
outgoing wavefront of the emitted light are created, S1 and S2 (black circles). If the areas

of S1 and S2 are smaller than the area of S, a closed trapped surface is formed.

To create a black hole in a process including two gravitational shock waves, a closed
trapped surface has to be created at the collision. A closed trapped surface is a compact
spacelike 2-dimensional surface on which the outgoing null rays perpendicular to the sur-
face are not expanding, see Fig. 3.2 for an illustration of such. In case of the emission of
a flash of light from an arbitrary point P on the surface, an incoming wavefront, S1, and
an outgoing one, S2, envelope S. If the areas of both S1 and S2 are smaller than the area

of S, then S forms a closed trapped surface.
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3.2.1 Zero impact parameter

Penrose [56], as well as D’Eath and Payne [51-53], found an analytical solution for the
production of a marginally trapped surface, i.e. a surface that separates the trapped
surfaces from non-trapped surfaces and to which all outgoing light rays are parallel, in
case of a vanishing impact parameter b = 0 and for center of mass energies /s going
towards infinity. This kind of process resembles a head-on collision, forming a surface of

two flat disks with radius pgp at the coordinates [57]

(t,2) = (—=4pIn(po), £4pIn(po)) (3.14)

where each collision partner has the energy u = % Taking into account that the boundary

lies within the collision surface gives
po=4p=rs . (3.15)
In a four-dimensional spacetime, a closed-trapped surface can be formed within an area

[25]
Acts = 41?2 > 32mp? (3.16)

This yields a lower bound on the black hole mass of
MMz%zﬁu. (3.17)

Eardley and Giddings extended this to a higher dimensional scenario, such as described
in chapter 2. The closed trapped surface becomes an (n 4 2)-dimensional object with n
being the number of extra spatial dimensions. The analytical method, however, can be
used in a similar manner. In case of (n + 4) dimensions, the Schwarzschild line element

(3.6) becomes

167 M 1
ds? =— (1 - dt?
° ( (n+2)Qn 2 +>

16xM 1 \"', o,
+ (1— 20 rn+1) dr® +r4dQ, 5 (3.18)

where dQ2 ., is the line element and €2 the volume of an (n + 2) sphere. We us an

Aichelburg-Sex! boost in z-direction, as done for (3.13), and find
ds? = —dudv + dz 4+ ®(2")(u)du? (3.19)

where 2% with i = 1,...,n + 2 denotes the additional transverse coordinates and ® only

depends on the transverse radius p = \/x'x; and is defined in as

—4pln(p), ifn=0 ,
o = (3.20)

8w .
Dmrin g ifn>1
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As in the four-dimensional case, the total energy p is fixed and an identical shock wave
moving in the opposite direction on the z-axis will interact with the shock wave described

by (3.19) only at the collision surface u = v = 0. Thus (3.15) can be generalized to

] 1/(n+1)
. <QW ) , (3.21)
n+1

leading to the lower limits on the black hole mass depending on the number of extra

dimensions [57]:

Table 3.1:  Lower bound on classical black hole mass produced via the collision of two

shock waves with zero impact parameter in relation to the number of extra dimensions.

With an increase of the number of extra dimensions, the mass of the created black holes
decreases. Additionally, Eardley and Giddings found that a non-zero impact parameter
b effects the mass and extrapolated the previous method which will be described in the

following section.

3.2.2 Non-zero impact parameter

As analytically established by Eardley and Giddings in [57], Yoshino and Nambu nu-
merically verified in [58, 59] that even for a non-vanishing impact parameter, meaning a
collision which is not head-on, a black hole can be created in a particle collision, for a

schematic illustration see Fig. 3.3. Whereas for non-vanishing impact parameters larger

bi

pj

Figure 3.3: Schematic illustration of a black hole production in a collision of two particles,

p; and pj, with impact parameter b on the four-dimensional brane.
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than the Schwarzschild radius® both, elastic and inelastic processes occur, which are gov-
erned by graviton exchange, one finds for impact parameters b < r, that Thorne’s hoop
conjecture predicts a creation of a black hole. The hoop conjecture [41] states that black
holes with horizons form when and only when an energy 2u gets compacted into a region
with a circumference C' that satisfies in four dimensions

C
— 51 22

whereas in a higher dimensional space one finds the following criterion

C
- <
NI 1 (3.23)

used in [6-8]. At the instance of the collision, we find the circumference surrounding the
colliding particles to be C' ~ 2b. Comparing this to the minimal center of mass energy

needed for the creation of a black hole defined as twice the total energy

= \f (3.24)

and using the inequality (3.23) yields

2b
(T <1 . (3.25)

This leads to a maximal impact parameter about the size of the Schwarzschild radius
which has to be weighted by a numerical factor F'(n), depending on the number of extra

dimensions n,
bmax = V F(n)rs(v/s) . (3.26)

Eardley and Giddings found a solution for an apparent horizon by reducing the question
to a boundary-value problem and solved it analytically for the four-dimensional case [57]
and found that with an impact parameter smaller than b < by, ~ 0.875, a closed trapped
surface is still formed. The black hole mass Mgy trapped inside the horizon produced by
this surface cannot simply be assumed to be identical to the center of mass energy /s,

one has to consider inelasticity effects to account for radiated gravitational waves [11]:

Mpn(z) =y(z)vs . (3.27)

The inelasticity function y(z) depends on the rescaled impact parameter z = b/byax with

the maximal impact parameter by, defined in (3.26). Subsequent to the original work

3To be considered for the four dimensional case, higher dimensional models allow for a maximal impact

parameter bigger than that as summarized in Table 3.2.
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of Eardley and Giddings [57] (and following work by Kohlprath and Veneziano [60]), the
authors of [59] numerically determined lower bounds on the inelasticity function y(z) as
well as on the form factor F'(n) and found that the fraction of the Schwarzschild radius
F(n) increases with a rise in extra dimensions. Yoshino and Rychkov improved these
numerical factors [61], an overview of the maximal impact parameters is presented in
table 3.2. They extended the regime in which the closed trapped surface was produced
tou =0,v > 0, or equivalently u > 0, v = 0, allowing for creations of such surfaces
subsequent to the collision of the gravitational waves, which consequently resulted in a

boost for the impact parameter.

.84 ‘ 1.15 ‘ 1.33 ‘ 1.44 ‘ 1.52 ‘ 1.57 ‘ 1.61 ‘ 1.65

=
2
o
o0

Table 3.2: Maximal impact parameters for the creation of classical black holes in high

energy collisions byax = \/F(n) X rs

In case of a non-zero impact parameter, the production cross section of a black hole
produced in a collision can be estimated applying these numerical form factors of order

one to the classical, geometrical limit

6~ mb? = F(n)mr?

(3.28)

It has been shown in [62] that even in the case of a collision of two high energetic particles,
the process is described classically and not dominated by quantum effects, which will be
covered in the following section.

Rewriting the Schwarzschild radius in terms of the center of mass energy of the collision

and the fundamental scale, following (3.3), the production cross section becomes

2
1 (n+1)
6~ F(n)mr? ~ F(n)ﬁ <]\\2§> . (3.29)

It is straightforward to see that the cross section increases with a growth in center of mass
energy, distinguishing this from conventional perturbative scattering processes. With the
rise of energy carried by the incoming particles, the formation of the event horizon would
lead to a dominance of this process [7], changing the signatures of short distance physics
at this regime dramatically [8].

It should be noted that expression 3.29 is only valid for partons, non-composite parti-

cles. Considering the high energies, the interaction happens on a parton level in hadronic
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collisions, in which each parton carries a momentum fraction of the composite particle.
It is therefore necessary to incorporate the parton distribution functions (PDFs) when
considering collisions of composite particles, such as protons p which are used at the LHC.
The PDFs, f; and f; determine the momentum fraction v and v carried by the parton.?
The lower bound on the momentum fraction v depends on the fraction u associated with

the other parton, whereas w;,;, is defined as

(wminM*)Q
y(z) represents inelasticity effects, M, is the fundamental scale, and
MpH mi

determines the ratio of the minimal black hole mass Mg min, for which the semi-classical
approximation is assumed to be valid, and the fundamental scale. In the semi-classical
regime, the ratio is expected to be x,,;, ~ 3 to assure validity of the semi-classical calcula-
tions [11]. Summing over all possible pairs of partons p; with sufficient energy to produce

a black hole, the cross section takes the form [11]

or) = /01 2zdz [:ﬁm du /ul Z (%Ufz(u, Q2>fj(%vQ2)6(pipj) (3.32)
/ 2zdz/ du/ yr2(us, n, M, Zdvflu QQ)f]( QY (3.33)

where o(Pi?i) describes the cross section of a black hole created by partons as described in
(3.29) and the rescaled impact parameter is

b

bmaaz

(3.34)

Zz =

The PDFs depend on the momentum fractions u and v of the considered partons. @
defines the momentum scale at which the PDFs are evaluated. The momentum scale is
measured by the inverse length scale related to the type of process. For a gravitational
theory and under consideration of a well-defined horizon, the momentum scale Q2 ~ r;?2
is assumed to be a sensible choice, especially in the limit of high energies [11, 63]. For
perturbative hard scattering processes, however, a momentum scale Q? ~ s associated with
the momentum transfer and thus in the s-channel the center of mass energy is assumed,

see e.g. [57]. In case of quantum black holes, objects of masses of a few TeV which will be

described in section 3.4, the fundamental Planck scale M, seems just as natural a choice

4The momentum fractions u and v should not be confused with the retarded and advanced time pa-

rameters. From now on, u and v define the momentum fractions throughout the rest of this thesis.
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for the momentum scale as the length scale associated with the Schwarzschild radius.
However, we found that the production cross section is largely insensitive to the choice of
momentum scale and we found that for our considered models it only differs by up to 20%,
depending on the considered model. The PDFs decrease fast with increasing center of mass
energy, counteracting the increase with energy as described before. Plots of the PDFs of
relevant partons at the momentum scales Q% ~ s = (14 TeV)?, Q? ~ M2 = (1TeV)?, and
Q2 ~ r;2 ~ (0.41 TeV)? can be found in appendix B.

3.3 Semi-classical black holes

By extending the classical description through the introduction of quantum states which
represent black holes but assuming a substantial overlap with classical black hole trajec-
tories, a semi-classical definition of the black hole states was established by Hsu in [62].
Using a path integral formalism developed in [64, 65], it was shown that the leading con-
tribution to the production amplitude in the semi-classical case is indeed classical and
quantum corrections are inconsiderably small. This is valid under the restriction that the
small black hole mass is somewhat larger than the Planck mass. A black hole produced in
a collision of two particles in opposite direction with center of mass energies much higher
than the Planck scale underlies a semi-classical description [8]. For center of mass ener-
gies of the order of the Planck scale, a complete description of quantum gravity would be
needed which we currently do not possess.

The decay of a semi-classical black hole is a thermal blackbody radiation process and
described via Hawking radiation [66], thus dependent on its Hawking temperature which

in turn is proportional to the inverse Schwarzschild radius (3.3) and has the form [46]

1
M., 2 \""n+1
TH_)) n+ (3.35)

Ty = M,
" (MBH N 4/x

Higher-dimensional black holes have a lower Hawking temperature, a longer life time

n+3

n+1
o <MBH> " (3.36)

M, \ M,
and a greater radius (3.3) than their four-dimensional counterparts [67]. Note that the
created black hole is smaller than the respective Compton wavelength A = 27/Tp. The
black hole thus behaves approximately like a point radiator with entropy

4
S = g?TMBHT‘S ) (3.37)
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For a thermal decay, the entropy needs to be sufficiently high. This yields an estimate for
the ratio between the lowest semi-classical black hole mass and that of the Planck mass of
5 to 20, depending on the chosen low scale quantum gravity theory. In the case of ADD, it
is typically taken to be of the order of 5, while it could easily be 20 for RS [48]. For models
with large extra dimensions, Emparan, Horowitz, and Myers determined in [43], see also
[44], that semi-classical black holes evaporate mainly on the observable 3-brane. Opposing
the claims in [7, 68] that due to the high temperature of the black hole compared to the
masses of light Kaluza-Klein modes, spin-2 fields with masses starting with the inverse size
of the extra dimensions L' (for n = 2, see section 2.1), most of the Hawking radiation
will be radiated off into the bulk, the authors of [43] demonstrated that a huge fraction of
the energy is taken up by standard model fields and could thus be observed by high energy
colliders. Keeping in mind the decomposition of the bulk metric into graviton fields and
an infinite tower of Kaluza-Klein modes, they pointed out that the emission of the 3-brane
fields is a four-dimensional process and should not be pictured as higher-dimensional bulk
fields restricted to a confined area. Additionally, it was indicated that the large number
of Kaluza-Klein modes is suppressed by a geometric factor due to the overlap with small
black holes and their contribution thus corresponds only to one brane field.

Because of the thermal nature of the evaporation, the black hole is expected to decay
into a many-particle final state, not discriminating between the species of the standard
model particles but still obeying the local conservation laws [6]. This would lead to a very
distinctive signature if observed in particle collisions with sufficient energy. According to
[48], it is very unlikely that these signatures will be observed at current colliders because
of their insufficient energy to produce semi-classical black holes, which have masses of at
least 5-20 TeV, well above threshold. The authors also predict a significant rise in the rate
of two-particle final states in the quantum gravitational regime due to a suppression of
the multi-particle states as a result of inelasticity effects and black hole entropy, which
might lead to a much higher ratio described in (3.5) than formerly expected [8, 12]. This,
however, does not exclude (maybe even yet unpredicted) signs of quantum gravitational
effects at a TeV level.

In recent years, much progress has been made towards the understanding of the decay of
a semi-classical black hole in a particle detector, see e.g. [69], and it is assumed that it

proceeds through a number of stages [57, 69]:

1. The first stage is called the balding phase. During this stage, the asymmetric black

hole sheds its gauge field “hair“ and loses its asymmetries via gravitational and gauge
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radiation into the bulk. This happens mostly via Schwinger emission.

2. In the second stage, the spin-down phase, the spinning, but neutral black hole will
lose mass and angular momentum by emitting Hawking and Unruh-Starobinskii

radiation.

3. It will then enter the Schwarzschild phase, in which the spherical symmetric black
hole remains to evaporate via Hawking radiation and gradually decreases in mass in

a symmetrical procedure.

4. Tt will continue to do so until it approaches a mass around the fundamental scale
Mpg ~ M,, at which it goes over into the Planck phase. To explain the no longer
semi-classical black hole’s behavior at this final stage, a quantum gravitational theory

is needed.

A phenomenological approach of black holes which do not undergo the process involving

all four stages and with masses of a few TeV will be introduced in the following section.

3.4 Quantum black holes

Other than semi-classical black holes, quantum black holes (QBHs) [17] have masses lower
than 5 x M,, i.e. up to a mass where the semi-classical regime is thought to be valid. They
are assumed to be non-thermal objects, thus do not pressingly underly the usual black hole
thermodynamics and their decay is not described via Hawking radiation. They will not
evaporate into many-particle states but only into a few particles, which will most likely
be two-particle states [48], distinguishing them from very massive black holes including
their astrophysical counterparts as well the much more massive semi-classical black holes
created in particle collisions. The horizon of a QBH corresponds to the Schwarzschild
radius. With masses of around a few TeV, their production happens for low scale gravity
models near threshold and both formation and decay take place over a very short spacetime
region. Accordingly, Schwarzschild radius and mass of the QBH approach the quantum
gravity scale. The first experimental papers setting limits on the masses of these holes
have started to appear, see e.g. [70-73]. Their very short lifetime allows for such objects,
produced in collisions of quarks and gluons, to carry an SU(3) color charge, since the QCD
length scale is much larger than the size of these objects which is about TeV ™! resulting
in hadronization being a consequent process. It can hence be uniquely determined by its

mass, spin, and gauge charges, making them very interesting objects for particle physicists.
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A QBH is thus more resonance-like, this will be elaborated in more detail in the following
chapters. We assume that the QBH is created and decays almost instantly, it is thus
sensible to imagine it as a short lived gravitational state. This is a fairly strong assumption
which is applied throughout this thesis. Other phenomenological approaches consider for
instance remnants in the decaying process, see e.g [74-76]. A model to describe these states
and their interactions using a quantum field theory is given in chapter 4. A QBH process
is expected to conserve local gauge symmetries but no comparable assumptions have been
made about global charges. With no complete understanding of quantum gravity, it is not
intelligible which global symmetries are conserved. In addition, the important question is
raised whether the mass spectrum of the produced QBHs is continuous as for macroscopic
black holes or quantized as proposed in [77]. This thesis will examine both cases, covered in
chapter 5 and 6, respectively. It is assumed in both cases, however, that their production
cross section can be extrapolated from the semi-classical one (3.33). For a continuous

mass spectrum, it takes the form

(D) tdv
(S, Tmin, n, M) 2zdz <zmmM*>2 du o

y(=)%s w

x F(n)mr?(us,n, M,) Zfl (v, Q) fj(u/v,Q) (3.38)

7.]

with the (n + 4)-dimensional Schwarzschild radius given by
ro(us,n, M,) = k(n) M [yus/M,]V/ 0+ (3.39)

where

(3.40)

n- sr<<3+n>/2>]” )
24+ n

k(n) = [2”\f
For QBHs with a discrete mass spectrum on the other hand, one considers for the total

cross section the sum of the individual ones
Ut(gf (s,m, M) ZUQBH (s Mé)BH,n,M*) . (3.41)

The individual cross sections are given by

1
O'QBH(S Mopm,n, My) = 7r (MQBH,n M.,) / 22dz/ , du dv
y(Z)2 Y
i,J

with the now constant Schwarzschild radius being

(M, M) = k()M /M3 g /MY O (3.43)
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and k(n) remains as in the continuous case before. In the RS model, the number of extra

dimensions is fixed to n = 1 and the Schwarzschild radius takes the form

Ly (2Mpr\"?
s=M"! : 3.44
e = (37TM*> (344)

With energy sufficient enough to produce multi-body final states, the production of semi-
classical black holes will dominate, cutting off the production of two-particle final states.
The cross section plays an important role, not only to determine approximate values for
the likelihood of certain final states to occur (chapters 5, 6 and 7) but also to fix the

effective theory which is described in the following chapter.
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Chapter 4

Quantum field theory for non-

thermal black holes

In this chapter, a substantially model independent field theory describing the production
of quantum black holes (QBHs) is presented. The specification effective merely indicates
that the theory is limited to a certain energy region, which in this case is the realm in which
quantum gravity effects become important and the production of non-thermal microscopic
black holes [17, 48] might happen. The study of these QBHs provides the opportunity to
gain more insights into important physical aspects, such as flavor physics.

This part of the thesis is based on calculations published in [14]. The goal of this work
is to find bounds on the fundamental Planck scale M,, using data on the anomalous
magnetic moment of the muon, low energy experiments searching for violation of lepton
flavor conservation and bounds on a neutron electric dipole moment. As discussed in
chapter 2, one has no certainty for the value of the Planck scale as it was discovered that
it might very well be lowered by effects like extra spatial dimensions [1-3] or a large hidden
sector [4, 78]. There are several experimental constraints on these theoretical frameworks,
leading to a complete exclusion of the model to bounds in the 1TeV to 100 TeV region,
depending on the number of extra-dimensions, see e.g. [70-73] or [19]!.

Since these non-thermal QBHs can be thought of as states which are created and decay
almost instantly, they will be treated as short-lived gravitational states. Using a quantum
field theory to describe these objects is natural, since these black holes only couple to a
few particles. For demonstrative purposes, the QBH will be modeled by a spinless scalar
field ¢ which can be charged under the gauge quantum numbers of the Standard Model,
but this does obviously not exclude that the QBH could be neutral. The interactions of

n review: “Extra dimensions”.
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this scalar field with the SM particles p; and p; will be chosen in such a way that the
2

geometrical cross section o ~ 7r3,

is obtained when calculating o(p; + p; — ¢) where
the scalar field ¢ represents the spinless QBH. Although the focus of this work is on the
four dimensional case and on a spinless QBHs, our results can be easily generalized to
the case of extra-dimensional black holes with spin. As stated before, quantum gravity is
assumed to conserve gauge symmetries, which implies that gauge quantum numbers must
be preserved by quantum gravitational interactions including QBHs. On the other hand,
global symmetries can be violated by quantum gravitational interactions, which might
yield to phenomena known in string theory such as Lorentz violating vacua [79]. Lorentz
violation effects typically lead to very tight bounds on the scale of quantum gravity. Here
we shall assume that Lorentz is not violated and focus on violation of flavor symmetry
and CP violation induced by QBH processes.

Due to a black hole’s unique identification by its mass, spin, and charge, it is reasonable
to describe a black hole by a massive quantum field carrying spin and charge. In case of
a QBH created in collisions of quarks or gluons, one would expect them to also carry a
QCD color charge as well, since gauge numbers cannot be violated. Furthermore, it is not
obvious whether their mass spectrum is continuous or discrete, which will be addressed
later on in this thesis. Within the scope of the proposed effective theory, the following

Lagrangian for a spinless, neutral QBH ¢ is postulated

Li= 50,606 —  Mp” (11)
One expects the first QBH mass to be of the order of the Planck mass. If the spectrum
is discrete, one can consider a collection of scalar fields. On the other hand, if the mass
spectrum was continuous, the mass of the QBH would increase with the energy of the
process. In the following, a discrete mass spectrum is assumed with the focus on the
lightest QBH. It shall be noted that the results could be trivially extended to describe a

continuous mass spectrum. Considering the higher-dimensional effective Lagrangian

C _
Lo = 5 0ud" otz + huc. (4.2)

where C'is a momentum-dependent function that will later be adjusted to yield the correct
cross section, M, = M, / /87 the reduced Planck mass and 1; represents an arbitrary SM
fermion field. We shall assume here that the QBH ¢ is neutral, from which follows that
the gauge charges of 11 must thus be matched by those of ¥5. The use of a six-dimensional
operator originates from the non-negligible effect of higher-dimensional operators in this

energy regime [48] and the suppression of four-dimensional operators for such processes,
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i.e. in four dimensions the cross section for black hole production goes as M2.

(O (p1)

(5 (]92)

Figure 4.1: Feynman diagram of the production of a QBH, represented by the scalar field

¢, created in a collision of two fermions 1.

Under consideration of the effective Lagrangian (4.2), one determines the amplitude for

the process described in Fig. 4.1

A= q2% v(p1)u(p2) (4.3)

where the four-momentum of the ¢ field ¢ = (p1 + p2) is the sum of the fermion field
momenta, respectively, and u,v denote the fermion spinors. One obtains the following

cross section for ¢ production:
T
o (26 = 6) = AP (s — M) (1.4)

where Mpy is the mass of the ¢ field, s = (p1 + p2)2. Squaring the amplitude yields

2

|A]* = (p1 —|—p2)42§1—4*4 Tr {(?1 - m1> <¢2 * mQ)}

=5"—= [s — (mq + mg)ﬂ , (4.5)

where m1 and me are the masses of the fermions ¥ and 5. We can now compare this cross

section to the geometrical cross section o = 7r2. Note that inelasticity effects have not
been considered but could easily be applied. The four-dimensional Schwarzschild radius

is given by

o (5,0,00) = Y2 (4.6)

and one thus finds:

 94s? —8sMpp + 4/5Mby; + /3
4 (s — (m1 + m2)?]

o2 (4.7)



34

where I is the decay width of ¢. Note that the following representation was used for the
delta function:

(s = Mgy)? + T2M3 ]

5(s — M) = (4.8)

The partial width of ¢ is estimated, as done for the cross section, by extrapolating it from

the semi-classical case. For N particles in the final state, one finds [17]

1 \NO=D s\ (V=D
I'(QBH — py...pN) ~ [277 ((277)2) (2> ] My (4.9)
using the general phase space factors from a decay to N massless particles. Assuming that
the mass of the QBH is of the order of the reduced fundamental Planck mass, M, ~ Mpx,
and that the QBH decays into a two particle final state, one finds in the four-dimensional

case using (4.6)
Mpu
6472

Since there are about 100 degrees of freedom in the Standard Model, the total width is

(¢ — 1 +1b2) ~ iriME’;H = (4.10)

about hundred times larger. Using this relation gives an estimate for I in (4.7). The
dimension-six operators introduced in (4.2) have interesting consequences for precise low
energy measurements, such as the anomalous magnetic moment of the muon or rare decays
forbidden in the Standard Model. They could even lead to new sources of CP violation if
a 5 is introduced in the effective Lagrangian describing the coupling of the QBH to the

fermions

C -
L6,C’P = W 8u8“¢>w1ry5¢2 + h.c. . (4.11)

It is effortless to estimate the one loop induced effective Lagrangian in the low energy
regime. Obviously the effective theory is not renormalizable, but one can use power

counting arguments to find

e 1 m; -
Lets = 5 762 2o g2 V(A & Bis)outs (112)
ij *
where m; is the mass of the heavier of the two fermions, A;; = A and B;; = B are

numerical Wilson coefficients which are found to be of order 1. The momentum cutoff
of the loop integral is taken to be of the order of the reduced Planck mass. Carefully
considering the Dirac structure of the loop diagram (see Fig. 4.2), leads to the chiral
suppression factor m;/M,. We find the well known result for the contribution of the loop

to the magnetic moment of the muon

£ (4.13)
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Figure 4.2: Feynman loop diagram of a QBH treated as a virtual object, describing the
production of the QBH from fermions 1; and 1; and its decay into fermions of the same

kind 1y, which annihilate into a photon ~.

assuming |A| = 1. The =5 term of (4.12) does not contribute to the anomalous magnetic
moment. Using Aa ~ 107Y [80] yields the following bound on the fundamental Planck

scale?:

M, > 266 GeV . (4.14)

Very few assumptions have been made to obtain this bound: It is assumed that QBHs can
be treated as virtual objects which couple to low energy modes and that these non-thermal
objects couple to only a few degrees of freedom. Surprisingly, the bound is remarkably
low and indicates that QBHs could very well be relevant for LHC physics. Bounds on
lepton flavor violating processes also lead to limits on the reduced Planck mass. Unless
the lepton number is gauged, QBH processes are expected to lead to transitions which do

not preserve lepton number. In case of lepton number violating processes, one finds:

A2 m;
D(p— ey) = é? 1094 M—:; (4.15)
A2 md
D(r—ey) =T(1 = uy) =€ 102475 313" (4.16)

The current experimental limit for the muon decay into an electron and photon is Br(u —

ey) < 1.2 x 107 and accordingly for the tau Br(r — uvy) < 4.4 x 1078 [80]3, resulting in

2With the current value of Aa ~ 2.87 x 107°, taken from [19, review: “The muon anomalous magnetic

moment”], one finds a less restricting bound of M, > 157 GeV.
3In summary table: “Leptons”.
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the following limits on the reduced Planck mass®

M, > 3 x 10*GeV (4.17)
using the bound on the transition u — ey and
M, > 3 x 10° GeV (4.18)

using the bound on the transition 7 — uvy.
If CP is violated by QBH processes, the effective Lagrangian also gives a contribution to
the electric dipole moment of leptons and quarks of the Standard Model. The Lagrangian

gives us the following electric dipole moment of the electron

_eB me
- 1672 M2

d(e)

(4.19)

Using the current experimental constraint d(e) = (0.0740.07) x 10~2¢ cm [80]°, gives the

following bound on the reduced Planck mass®:
M, >1x10*GeV (4.20)
while by using the bound for the muon, i.e. d(i) = (0.1 £0.9) x 10~ *e cm, we find

M, > 36GeV . (4.21)

Finally, one can also determine a limit by studying the contribution to the electric dipole
moment of the neutron. The current bound on the neutron electric dipole moment is

d(n) =0.29 x 10~?°ecm [80]". Using

4 1 eB dmg 1my
d = —d(d) — =d = [ == - = 4.22
(n) = gdld) = gd(v) = 75557 (3 M. 3 M*> (422)
gives a bound on the reduced Planck mass of
M, ~5x10°GeV (4.23)

where, following the previous made estimate, it proved reasonable to assume that the

Wilson coefficient is B ~ 1.

4The experimental upper bound for the lepton family violating muon decay into an electron changed
to Br(u — ey) < 2.4 x 107'2, according to [19, summary table: “Leptons”], resulting in an even higher

limit for the Planck scale of M, > 5 x 10* GeV.
5In summary table: “Leptons”.

SWith the most recent upper bound, to be found in [19, summary table: “Leptons”], for the electric
dipole moment of the electron of d(e) < 10.5 x 10™*®*¢ cm a slightly lower bound of M, > 8 x 10? GeV is

obtained.
"In summary table: “Baryons”.
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Due to the reasonably good agreement between the experimental value and theoretical pre-
diction of the magnetic moment of the muon, a rather low bound on the reduced fundamen-
tal Planck scale of 266 GeV (or even lower for the more accurate value of Aa ~ 2.87 x107?)
is found. Studying processes, in which discrete symmetries such as lepton number or CP
conservation are violated by quantum gravitational physics, provided much tighter limits
on the energy scale, at which quantum gravity effects become sizable, of up to ~ 10* GeV.
Considering that dimension-four operators describing black hole effects are highly sup-
pressed by form factors at low energies, it is assumed that higher-dimension operators
will remain at these energies [48], which would make these operators relevant to current
colliders in case of a low quantum gravity scale. One could for example examine processes
at energies well below the first QBH mass, i.e. MgH > s, by integrating out the fields ¢,

yielding the dimension-six operators:

c? 2 -
melﬁwww : (4.24)

L
with C being the same as before, thus being dependent on the momentum. We take a
momentum of the order of the typical QCD scale for the momentum of the quarks in the
proton. These operators would be applicable to describe non-thermal QBH production in
the collisions of quarks. The exchange of a QBH field which violates baryon and lepton

numbers generates similar operators. These would obviously also concede proton decay,

thus one needs to contemplate the lifetime 7 of a proton

M*12 1 M*IO
T mBCIAS T (102 16m)2 m3AS (4.25)
P QCD P *QCD

where Agcp is the typical energy of the quarks in the proton, to find Mp > 1 x 109 GeV,
using 7 > 5 x 103y [80]%. If low scale quantum gravity is the solution to the weak
hierarchy problem, the proton decay problem must be addressed. An obvious solution
could be restrict the operators to gauge the baryon or lepton number.

We will now summarize the most important assumptions made in this chapter. To find an
effective way of describing the physics of QBHS, the only concrete assumption we make
is that the QBH cross section can be extrapolated from the semi-classical case. We thus
expect QBHs to be created in the quantum gravitational regime. We assume that QBHs
can be treated as short-lived gravitational states which are created and decay almost
instantly and couple only to low energy modes. Due to their low mass of the order of a
TeV, we expect the QBHs to couple to only a few particles and have a particle-like nature.

One can thus describe their physics using a Lagrangian.

8In summary table: “Baryons”.
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It should be stressed again that there is no complete theory describing the effects beyond
the fundamental Planck scale. In the succeeding chapters, a theory of the production and
decay of QBHs is elaborated, in which many possible scenarios of the nature of quantum
gravity are considered, thus enabling one to draw conclusions from restrictions to the

fundamental Planck scale as well as the QBH model.
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Chapter 5

Quantum black holes with a

continuous mass spectrum

This chapter is based on work published in [15] and [16], the results as well as the method
will be used in the new version of BlackMax! [13], an event generator for microscopic black
holes. The code, used to determine the cross sections presented in this chapter, will be in-
cluded in one of the future versions of BlackMax to complement the currently incorporated
models. The main purpose of studying the production and decay mechanisms of QBHs
is to gain increased knowledge about gravity at the quantum level, especially at energy
regions close to the fundamental Planck scale, as well as to improve the understanding of
the model and restrictions concerning these objects. Using the extrapolated cross-section
of the semi-classical case, the production mechanism will be described. The classification
of QBHs were used to obtain branching ratios, i.e. numbers that determine how likely a
created QBH will decay into a certain final state, to establish approximations for specific

final state cross sections.

5.1 Production of QBHs with a continuous mass spectrum

Currently, a class of models with low scale quantum gravity predicts that quantum grav-
itational effects could become important at a few TeVs and is being probed directly by
measurements at the Large Hadron Collider (LHC) at CERN, see chapter 2. The produc-
tion of small black holes at the LHC would be one of the most intriguing signals of low

scale quantum gravitational physics, see e.g. [78] for a recent review.

!BlackMax Version 3.0 (written in C+4+), current version to be retrieved from http://blackmax.

hepforge.org/.


http://blackmax.hepforge.org/
http://blackmax.hepforge.org/
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As introduced in section 3.4, QBHs are quite different from astrophysical black holes in
the sense that their masses would be close to the Planck mass. Whereas semi-classical
black holes decay via Hawking radiation through several stages (balding, spin-down,
Schwarzschild, and Planck phase - see section 3.3 for a detailed description), QBHs decay
non-thermally, i.e. their entropy is not high enough to account for a thermal decay. These
relatively small black holes presumably decay into only a few particles, each with Comp-
ton wavelength of the order of the size of the QBH. It seems unlikely that they would
decay to a much larger number of longer wavelength modes. Semi-classical black holes, on
the other hand, are thermal objects that are expected to decay via Hawking radiation to
many particles, typically of the order of 20, after a spin down phase. This final explosion
would lead to a spectacular signature in a detector. It is, however, now well understood
[12, 17, 48] that it is very unlikely that semi-classical black holes will be produced at the
LHC because the center of mass energy is not high enough.

One could say that in many respects QBH are perhaps more analogous to strongly coupled
resonances or bound states than to large black holes. An important question is whether
the mass of the quantum black holes is quantized or continuous as expected in the case of
macroscopic black holes. Most studies so far are assuming that QBHs have a continuous
mass spectrum despite some recent warnings that the quantum black hole masses ought
to be quantized [77]. Due to the lack of conviction for either case, this chapter will deal
with the continuous case, whereas the following chapter 6 will consider discrete masses for
QBHs and discuss the motivation of quantized black holes.

Assuming the extrapolation of the geometrical cross section 772, the production of QBHs
at the LHC is taken to be of the form

o

: (5.1)

1 1
PP (s, Tmin,n, M) = / 2zdzﬂ a2 du
0 Tmin M*

y(z)%s v

x F(n)mri(us,n, M) Y fi(v, Q) f(u/v, Q)
1,J
where M, is the n-dimensional Planck mass, the rescaled impact parameter is defined as
2 = b/bmaz, Tmin = MBH,min/M. , n is the number of extra dimensions, F(n) and y(z)
are numerical factors introduced by Eardley and Giddings and by Yoshino and Nambu
[59, 61] to describe the effects of inelasticity, for more detail see section 3.2.2. f; and f;
are the parton distribution functions and fall rapidly for high energies. The n-dimensional

Schwarzschild radius is given by

re(us,n, M) = k(n)M; [us/M,]Y 0+ (5.2)
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where

n-sD((3+n)/2)] 0+

k) = | 2"V 2+n

(5.3)

The fact that these QBHs are non-thermal is reflected in the assumption that they decay
only to a few particles immediately after their creation. Produced in particle collisions, at
the LHC specifically collisions of quarks and gluons, QBHs can be classified with regard to

the partons creating the QBH. This classification will be specified in the coming section.

5.2 Classifications of QBHs

It is assumed that QBHs are defined by three quantities: their mass, spin and gauge
charges. Importantly, QBHs can have a QCD, or color, charge. This is not in contradiction
with confinement since the typical length scale of QCD, i.e., a Fermi, is much larger than
the size of a QBH, e.g., TeV~!. The formation and decay of a QBH takes place over a
small space-time region, from the QCD perspective it is a short distance process, thus
hadronization occurs only subsequently. Their decomposition modes depend on a few

assumptions which are as follows

I) Processes involving QBHs conserve QCD and U(1) charges since local gauge sym-
metries are not violated by gravity. Note that no similar assumption is made about

global charges.

IT) QBH coupling to long wavelength and highly off-shell perturbative modes is sup-

pressed.

Assumption (II) is necessary so that precision measurements, or, possibly, proton decay
do not force the quantum gravity scale to be much larger than the TeV range. It is not
implausible that a nonperturbative QBH state couples only weakly to long distance or
highly off-shell modes, but strongly to modes of size and energy similar to that of the
black hole.

Generically speaking, QBHs form representations of SU(3). and carry a QED charge. The
process of two partons p;, p; forming a quantum black hole in the c representation of

SU(3). and with the QED charge ¢ as it is considered to conserve gauge numbers:
pi+p; — QBH . (5.4)

From the group representations of (anti)quarks as (anti) triplets and gluons as octets in
the adjoint representation, we can calculate the multiplicities of the states. The following

different transitions are possible at a proton collider:



42

a) ¢+q: 3x3=8+1
b) g+q: 3x3=6+3
c) g+q: 3x3=6+3
d) g+g: 3x8=3+6+15
e) g+g: 3x8=3+6+15

f) g+g: 8x8=15+85+84+10+104 + 275

The subscripts A and S indicate that a state is (anti)symmetric under the interchange of
any two quarks. The group representations will be written in bold throughout this thesis.
Most of the time the black holes, which are created, carry a SU(3). charge and come
in different representations of SU(3). as well as QED charges. There are nine possible

electromagnetic charges:

1,2 4
T e +1
0 Y 3 Y 3 Y 3 and )

corresponding to the charges of the colliding quarks and gluons. The classification allows
to predict how the black holes will decay. For instance, the production cross-section of a
QBHY! is given by

v

1 1
O'pp(safﬁminan, M*) = / 2ZdZ/(> )2 du y
0 Tomin M*

u(=)%s “

x F(n)mr?(us,n, M,)

5 3 QU /0@ + o fa(. Q) (u/v,Q)
,5=0¢,q

where ¢ and j run over all the quarks and anti-quarks subject to the constraint of QED
charge neutrality. f,, f; are the quark and gluon parton distribution functions, respec-
tively. Additionally, weights according to the spin and gauge number of the partons have
been included. For the production of a specific member (i.e., with specified color) of the
octet QBHY, one finds the same expression.

It follows a detailed presentation of the branching ratio determination, the listing of the
different percentages per explicit QBH, and the application of these on the cross section

for a selection of interesting signals.
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5.3 Decay of QBHs with a continuous mass spectrum

Little is known about quantum gravity and in particular which symmetry is conserved
by quantum gravitational interactions. Thus, one is led to make different assumptions
on the type of processes which are allowed by these interactions. Five different models
corresponding to different assumptions about which symmetry is conserved or violated by
quantum gravity are used to determine the decay branching ratios. Note that the term
branching ratio may be misleading as it is not used in its usual sense, i.e. to describe the
probability of the decay of a specific particle in a specific mode, but rather to describe
the decomposition of a collection of black holes created by the same specific initial states
into a specific mode. For all models, Lorentz symmetry is assumed to be conserved and
each model takes the full range of Standard Model particles as possible decay products
into account. Neutrinos are considered to be Dirac particles which can be both left and
right handed. In case of the Higgs boson, we assume that three of the four degrees of
freedom merge with the degrees of freedom of the W and Z bosons. The models also allow
massless gravitons as possible decay products. Furthermore, the following restrictions on

the symmetries for the different models have been considered, respectively:

1. Lepton flavor, quark flavor, B-L and Lorentz invariance conserved,

[\

. lepton flavor violated, everything else conserved,
3. quark flavor violated, everything else conserved,
4. quark and lepton flavor violated, B-L conserved,
5. and everything violated except Lorentz invariance.

These models cover a multitude of possible global gauge symmetry violations and conser-
vations, with lepton and quark flavor as well as the difference between baryon (B) and
lepton (L) number violation not only being potential candidates but also detectable in
particle collisions. The classification of QBHs and the assumption that such objects decay
into two-particle states allows for a prediction of possible decay products. To determine
the number of possible states, one has to consider the color multiplets and spin factors.
Due to the high center-of-mass energies, all initial particles are considered to be massless.
Using Clebsch-Gordan-coefficients[80]2, one finds that in a collision of two fundamental
fermions, which each carry spin 1/2, the created spin-1 state is three times more likely to

form than the possible spin-0 state. If a massless vector-boson, carrying spin 1, collides

2In review: “Clebsch-Gordan coefficients, spherical harmonics, and d functions”.
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with a fundamental fermion, the spin-1/2 state is just half as likely to form compared to
the spin-3/2 state. For two gluons, the spin state ratio for the potential spin-0, spin-1 and
spin-2 states is 2:3:7. All spin factors are displayed in Table 5.1.

0 1/2 1
00| 1/2 1
0,11]1/2,3/2
1/2
1:3 1:2
0,1,2
1

2:3:7

Table 5.1: Spin factors for massless particles, determined by Clebsch-Gordan-coefficients
[80]*. Due to considering the gluon to be massless, it cannot carry a magnetization of
m = 0, which yields to the modified numbers. The numbers for the fermion - fermion

collision remain the same as stated in the review.

5.3.1 Branching Ratios of QBHs

In case of a black hole created by two up-quarks and with an incidental U(1)ey, charge
of 4/3 (see i.e. Table 5.2), the color factors give 3 x 3 = 6 + 3 for the color states when
decaying into two up quarks. This has to be weighted by the spin factors. Since both
states, spin-0 as well as spin-1, are possible, one has to multiply the amount of states with

the sum of both spin factors:
QBH(u,u,4/3) u+u: (6+3)x(1+3) . (5.6)

In case of the first two models in which quark flavor is conserved, a quantum black hole
can only decay into the quarks with the initial flavor. For all other models all up-type
quarks are weighted in the same way. For the models which allow quark and lepton flavor

violation, one obtains for instance:
QBH(u,u,4/3) - 17 +d: (3) x (1+3). (5.7)

By following the same methods and considering the total number of final states, one finds
the branching ratios to be the quotient of the number of desired final states divided by
the total number of final states. The index “initial” indicates the flavor of the colliding

particle, whereas “else” sums over all other type-like particles except the initial one. The

4In review: “Clebsch-Gordan coefficients, spherical harmonics, and d functions”.
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(150

indices “i” and “j” are used to distinguish between particles of the same flavor and dif-
ferent flavor, i.e. i # j. Note that some of the models overlap with those considered in
[81]. The branching ratios for all possible QBH classifications are given in table 5.2 to
5.9, in which the integer “0” indicates that the final state is forbidden in that particular
model. The first two columns show the particles in the final state. We will explain the
notation of the final states using the example of table 5.2, which displays the branching
ratios for a QBH produced by two up-type quarks, in the following. The possible final
states are two up-type quarks u or an antilepton I* and an antidown-type quark d. In
case of models that conserve the quark flavor, it is necessary to distinguish between the
initial quark flavor of the quarks producing the QBH and all the other flavors. This is
done by using the subscripts “initial” and “else”. Assuming e.g. two and charm-quarks
creating a QBH, the final state quarks wipnitin; Will have to be charm quarks as well.

The application of the branching ratios to the antiparticle case, respectively, is straight-

forward and will therefore not be displayed here.

Final state Branching Ratios [%)]

Particle 1 | Particle 2 | Model 1 | Model 2 | Model 3 | Model 4 | Model 5

Uinitial Uinitial 100 100 16.67 11.11 11.11
Uelse Uelse 0 0 83.33 55.56 55.56
I+ d 0 0 0 33.33 33.33

Table 5.2: QBH(u , u , 4/3): Branching ratios of the decay channels of QBHs created
by two up-type quarks (u). “initial” indicates the flavor of the incoming particles, “else”
all other up-type quark flavors. It describes an anti-lepton of any generation, d an anti-

down-type quark.
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Final state

Branching Ratios [%]

Particle 1 | Particle 2 | Model 1 | Model 2 | Model 3 | Model 4 | Model 5
dinitial dinitial 100 100 16.67 8.33 6.67
delse delse 0 0 83.33 41.67 33.33
- d 0 0 0 25 20
a v 0 0 0 0 20
a 7 0 0 0 25 20

Table 5.3: QBH(d , d , —2/3): Branching ratios of the decay channels of QBHs created
by two down-type quarks (d). “initial” indicates the flavor of the incoming particles,
“else” all other down-type quark flavors. |~ describes a lepton of any generation, @ an

. (= . .
anti-up-type quark, and V) an (anti)neutrino.

Final state Branching Ratios [%)]
Particle 1 | Particle 2 | Model 1 | Model 2 | Model 3 | Model 4 | Model 5

Uinitial dinitial 100 100 9.42 8.87 8.14
Uelse delse 0 0 75.39 70.94 65.16
I Vi 0 0 3.14 2.96 2.71
L v 0 0 0 5.91 5.43
It v 0 0 0 0 8.14
W g 0 0 8.38 7.88 7.24
W 0 0 0 1.05 0.99 0.9
W A 0 0 1.05 0.99 0.9
wt H 0 0 0.79 0.74 0.68
W G 0 0 0.79 0.74 0.68

Table 5.4: QBH(u , d , 1): Branching ratios of the decay channels of QBHs created by
an up- (u) and an anti-down-type quark (d). “initial” indicates the flavor of the incoming
particles, “else” all other (anti)quark flavors. 1 and j distinguish between particles of
different flavors and generations, i.e. i # j. I describes an anti-lepton of any generation,

(;) an (anti)neutrino.
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Final state Branching Ratios [%]
Particle 1 | Particle 2 | Model 1 | Model 2 | Model 3 | Model 4 | Model 5
Uinitial dinitial 100 100 11.1 6.67 5.56
Uelse delse 0 0 88.89 53.33 44.44
I u 0 0 0 20 16.67
d v 0 0 0 0 16.67
d 7 0 0 0 20 16.67
Table 5.5: QBH(u , d , 1/3): Branching ratios of the decay channels of QBHs created

by an up- (u) and down-type quark (d). “initial” indicates the flavor of the incoming
particles, “else” all other quark flavors. It describes an anti-lepton of any generation, (17

an (anti)neutrino.

Final state Branching Ratios [%)]

Particle 1 | Particle 2 | Model 1 | Model 2 | Model 3 | Model 4 | Model 5
Uinitial g 72.73 72.73 22.22 22.22 22.22
Uinitial ~y 9.09 9.09 2.78 2.78 2.78
Uinitial A 9.09 9.09 2.78 2.78 2.78
Uinitial H 3.03 3.03 0.93 0.93 0.93
Uinitial G 6.06 6.06 1.85 1.85 1.85

Uelse g 0 0 44.44 44.44 44.44
Uelse vy 0 0 5.56 5.56 5.56
Uelse A 0 0 5.56 5.56 5.56
Uglse H 0 0 1.85 1.85 1.85
Uelse G 0 0 3.70 3.70 3.70

d w 0 0 8.33 8.33 8.33

Table 5.6: QBH(u , g , 2/3): Branching ratios of the decay channels of QBHs created
by an up-type quark (u) and a gluon (g). “initial” indicates the flavor of the incoming

particles, “else” all other (anti)quark flavors. d describes a down-type quark.
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Final state Branching Ratios [%)]

Particle 1 | Particle 2 | Model 1 | Model 2 | Model 3 | Model 4 | Model 5
g i 29.43 23.33 13.52 12.75 12.07
u; u; 0 0 27.03 25.50 24.13
d; I; 29.43 23.33 13.52 12.75 12.07
di d; 0 0 27.03 25.50 24.13
I I 3.27 2.59 1.50 1.42 1.34
I I 0 5.18 0 2.83 2.68
v v 0 5.18 0 0 2.68
v 7 3.27 2.59 1.50 1.42 1.34
v z 0 5.18 0 2.83 2.68
v 7 0 5.18 0 0 2.68
g g 2.45 1.94 1.13 1.06 1.01
g v 2.18 1.73 1.00 0.94 0.89
g Z0 8.72 6.91 4.01 3.78 3.58
g H 6.54 5.18 3.00 2.83 2.68
g G 6.54 5.18 3.00 2.83 2.68
v 0.27 0.22 0.13 0.12 0.11
v A 1.09 0.86 0.50 0.47 0.45
v H 0.82 0.65 0.38 0.35 0.34
v G 0.82 0.65 0.38 0.35 0.34
A Z0 1.09 0.86 0.50 0.47 0.45
Z0 H 0.82 0.65 0.38 0.35 0.34
A G 0.82 0.65 0.38 0.35 0.34
H H 0.27 0.22 0.13 0.12 0.11
G G 1.09 0.86 0.50 0.47 0.45

W- W+ 1.09 0.86 0.50 0.47 0.45

Table 5.7: QBH(q; , G; , 0): Branching ratios of the decay channels of QBHs created by
a quark-anti-quark pair of the same flavor. “initial” indicates the flavor of the incoming
particles, “else” all other (anti)quark flavors. i and j distinguish between particles of
different flavors and generations, i.e. i # j. (I7) |~ describes an (anti)lepton of any

generation, (;) an (anti)neutrino, d a down-type quark, and u an up-type quark.
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Final state Branching Ratios [%)]
Particle 1 | Particle 2 | Model 1 | Model 2 | Model 3 | Model 4 | Model 5
Ginitial Ginitial 100.00 | 100.00 4.51 4.25 4.02
Gelse Gelse 0 0 76.60 72.26 68.38
I I 0 0 1.50 1.42 1.34
I IF 0 0 0 2.83 2.68
v v 0 0 0 0 2.68
Vi 7 0 0 1.50 1.42 1.34
Vi z 0 0 0 2.83 2.68
v 7 0 0 0 0 2.68
g g 0 0 1.13 1.06 1.01
g v 0 0 1.00 0.94 0.89
g Z0 0 0 4.01 3.78 3.58
g H 0 0 3.00 2.83 2.68
g G 0 0 3.00 2.83 2.68
7y y 0 0 0.13 0.12 0.11
ol A 0 0 0.50 0.47 0.45
v H 0 0 0.38 0.35 0.34
7y G 0 0 0.38 0.35 0.34
Z0 Z0 0 0 0.50 0.47 0.45
Z0 H 0 0 0.38 0.35 0.34
A G 0 0 0.38 0.35 0.34
H H 0 0 0.13 0.12 0.11
G G 0 0 0.50 0.47 0.45
W= w 0 0 0.50 0.47 0.45

Table 5.8: QBH(g; , Gj , 0): Branching ratios of the decay channels of QBHs created by
a quark-anti-quark pair of different flavor. “initial” indicates the flavor of the incoming
particles, “else” all other (anti)quark flavors. i and j distinguish between particles of
i#j.

generation, (;) an (anti)neutrino, d a down-type quark, and u an up-type quark.

different flavors and generations, i.e. (I7) I~ describes an (anti)lepton of any
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Final state Branching Ratios [%)]

Particle 1 | Particle 2 | Model 1 | Model 2 | Model 3 | Model 4 | Model 5
@ G 17.65 17.16 13.17 12.97 12.77
@ Gi 0 0 26.34 25.94 25.55
I Al 1.04 0.50 0.39 0.38 0.38
I I 0 1.01 0 0.76 0.75
v v 0 0.84 0 0 0.63
Y 7 1.30 0.50 0.39 0.38 0.38
v 7z 0 1.01 0 0.76 0.75
7 7 0 1.01 0 0 0.75
g g 49.83 48.44 37.19 36.62 36.07
g v 12.46 12.11 9.30 9.15 9.02
g Z0 12.46 12.11 9.30 9.15 9.02
v v 0.78 0.76 0.58 0.57 0.56
v Z0 0.78 0.76 0.58 0.57 0.56
Z0 Z0 0.78 0.76 0.58 0.57 0.56
Z0 H 0 0 0 0 0
A G 0.61 0.59 0.45 0.45 0.44
H G 0.17 0.17 0.13 0.13 0.13
H H 0.61 0.59 0.45 0.45 0.44
G G 0.78 0.76 0.58 0.57 0.56

W- w 0.78 0.76 0.58 0.57 0.56

Table 5.9: QBH(g, g , 0): Branching ratios of the decay channels of QBHs created by two
gluons. “initial” indicates the flavor of the incoming particles, “else” all other (anti)quark
flavors. i and j distinguish between particles of different flavors and generations, i.e. 1+ j.
(IT) I~ describes an (anti)lepton of any generation, (1;) an (anti)neutrino, d a down-type

quark, and u an up-type quark.
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5.3.2 Total cross sections of continuous QBH processes

Using a Monte Carlo integration algorithm [82], the total cross section, as described in
eq. (5.1), was determined for several center of mass energies as well as different Planck
masses. We used the Vegas integration algorithm which is part of the CUBA library for
multidimensional integration [83]. CUBA is written in C® and includes four independent
algorithms: Vegas, Suave, Divonne, and Cuhre. Vegas uses importance sampling for
variance reduction, and as every algorithm in CUBA can only solve Riemann integrals of

the form:
1
/ A%z (%) (5.8)
0

with f(Z) being a function or subroutine that can be sampled at any point in Z; € [0, 1]%.
This restriction is not serious because most integrands can be transformed to a unit cube.
We use a relative accuracy of €, = 0.001 for the Monte Carlo method which is negligible
compared to the errors due to e.g. PDF choices which we found, however, have no effect
on the order of magnitude of the cross section. We used the CTEQ6 PDF set [84] which
was initialized via the Les Houches accord PDFs (LHAPDF) interface [85], which gives
access to various sets of PDFs. CTEQ is one of the multi-institutional collaborations
that test the accuracy of QCD and extracts universal PDFs, see section 3.2.2 for more
detail on PDFs. The choice of momentum scale of the PDFs gives an error of up to
20%, depending on the number of extra dimensions, center of mass energy, and the size
of the Planck scale. It should be noted, however, that we do not perform an effective
fit in field theory in the common sense to describe QBHs but use an effective way to
describe the extrapolation of semi-classical BHs. As described in chapter 4, we match the
amplitude with the semi-classical cross section and higher-dimensional operators would
merely change the function to be matched but not affect the precision of the cross section.
Understanding the quantum gravitational regime is still one of the biggest challenges of
contemporary physics. To quantify an exact reach of the LHC, a dedicated background
study and detector simulations are needed, which goes beyond the scope of this thesis.

Since inelasticity effects are extracted from classical physics and do not necessarily apply
in the quantum regime, we assumed no inelasticity effects in the displayed results, i.e. the
inelasticity function y(z) = 1 as well as the form factors F(n) = 1 and do thus not affect
the cross section, see section 3.2.2. However, this is an assumption we made regarding the
nature of the QBHs and the inelasticity effects by Yoshino and Rychkov [61] can likewise

be applied in the numerical determination.

SCUBA has a C/C++ interface.
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The results for center of mass energies /s = 7 to 14 TeV and a fundamental Planck mass
M, ranging from 1 to 5 TeV are displayed in tables 5.10 and 5.11. The shown results are for
models with n = 5,6, 7 large extra dimensions (ADD), the Randall-Sundrum (RS) warped
extra dimension, and the four-dimensional model described in section 2.2. Although, the
neutral QBHY decays invisibly into the hidden sector in the four-dimensional model, most
QBHs created in collisions of quarks and gluons carry a QCD or U(1) charge and their
decay into SM particles will not be suppressed, see also [17]. We chose not to display the
results for n = 1,2,3, and 4 for clarity and because of the tight experimental exclusion

bounds on these models.



53

total o Model for low scale quantum gravity
(in fb) 4dim[4] | ADDn=5| ADDn=6 | ADDn=7 RS
center of mass of /s = 7TeV
M, =1TeV | 3.95x10* 1.60x107 2.13%107 2.70x107 9.34x10°
M, =2TeV | 3.41x10° 1.78x10° 2.39x10° 3.03x10° 9.54x10°
M, = 3TeV 6.40 3.77x10? 5.07x10? 6.46x10? 1.93x10?
M, =4TeV | 9.51x1072 | 6.00x10* 8.08x10" 1.03x10? 3.00
M, =5TeV | 528x107% | 3.48x107" | 4.70x107% | 5.99x107% | 1.71x107>
center of mass of /s = 8 TeV
M, =1TeV | 6.45x10* 2.49x107 3.31x107 4.18x107 1.47x10°
M. =2TeV | 7.27x10% 3.63x10° 4.87x10° 6.18x10° 1.98x10%
M, =3TeV | 2.09x10" 1.19x10* 1.60x10* 2.03x10% 6.18x10?
M. =4TeV | 6.19x107* | 3.79x10? 5.10x10? 6.50x 102 1.92x10"
M, =5TeV | 1.18x1072 7.59 1.02x10" 1.30x10" | 3.76x107*
center of mass of /s = 9TeV
M., =1TeV | 9.76x10* 3.59%107 4.78%107 6.04x107 2.16x10°
M, =2TeV | 1.33x10% 6.37x10° 8.53x10° 1.08x10° 3.52x10*
M, =3TeV | 5.11x10 2.81x10* 3.77x10* 4.79x10* 1.48x10%
M, = 4TeV 2.34 1.39x10? 1.87x10° 2.38x10° 7.10x10"
M. =5TeV | 8.84x1072 | 5.55%x10" 7.47x10" 9.52x10" 2.78
center of mass of /s = 10TeV
M, =1TeV | 1.39x10° 4.93x107 6.56x10" 8.28x107 3.00x10°
M, =2TeV | 2.18x103 1.01x106 1.35%106 1.71x106 5.64x10%
M, =3TeV | 1.03x10? 5.50x10* 7.38x10* 9.37x10* 2.93x10%
M, = 4TeV 6.38 3.70x103 4.97x103 6.32x103 1.91x102
M, =5TeV | 3.74x107" | 2.29x102 3.08x10? 3.93x10? 1.16x10"

Table 5.10: Total cross sections for the production of QBHs with a continuous mass
spectrum and for different low-scale gravity models. The center of mass energies range
from /s = 7 to 10 TeV with considered fundamental Planck masses of M, = 1 to 5 TeV

each.
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total o Model for low scale quantum gravity
(in fb) 4dim[4] | ADDn=5| ADDn=6 | ADDn=7 RS
center of mass of /s = 11 TeV
M, =1TeV | 1.91x10° | 6.51x107 8.64x107 1.09%x10% | 4.01x10°
M, =2TeV | 3.33x10° | 1.49x10° 1.99x10° 2.52x10% | 8.42x10*
M, =3TeV | 1.84x10% | 9.51x10* 1.27x10° 1.62x10° | 5.12x10%
M, =4TeV | 1.41x10" | 7.97x10% 1.07x10* 1.36x10* | 4.15x102
M, =5TeV 1.12 6.71x10? 9.03x10? 1.15%x10% | 3.42x10*
center of mass of /s = 12 TeV
M, =1TeV | 2.52x10° | 8.32x10" 1.10x 108 1.39x10% | 5.17x10°
M, =2TeV | 4.81x10% | 2.08x10° 2.77x10° 3.51x10% | 1.19x10°
M, =3TeV | 3.00x10% | 1.50x10° 2.01x10° 2.55%10° | 8.17x10?
M, =4TeV | 2.71x10" | 1.49x10* 2.00x10% 2.54x10* | 7.83x10?
M, =5TeV 2.68 1.57x10? 2.11x10? 2.68x10° | 8.05x10"
center of mass of \/s = 13 TeV
M, =1TeV | 3.23x10% | 1.04x10® 1.38x108 1.74x10% | 6.50x10°
M, =2TeV | 6.64x10% | 2.79x10° 3.72x10° 4.71x10° | 1.61x10°
M, =3TeV | 4.55x10% | 2.22x10° 2.97x10° 3.77x10° | 1.22x10*
M, =4TeV | 4.67x10" | 2.51x10* 3.36x10" 4.28x10" | 1.33x10°
M, = 5TeV 5.46 3.13x10° 4.21x103 5.35x10% | 1.62x10?
center of mass of /s = 14 TeV
M, =1TeV | 4.06x10° | 1.27x10° 1.68x10% 2.12x10% | 8.00x10°
M, =2TeV | 8.86x10% | 3.62x10° 4.82x10° 6.10x10% | 2.11x10°
M, =3TeV | 6.56x10% | 3.12x10° 4.17x10° 5.29%10° | 1.73x10?
M, =4TeV | 7.45x10" | 3.91x10* 5.24x10* 6.66x10* | 2.09x10°
M, =5TeV 9.93 5.58x10° 7.49x103 9.53x10% | 2.91x102

Table 5.11:  Total cross sections for the production of QBHs with a continuous mass
spectrum and for different low-scale gravity models. The center of mass energies range

from /s = 11 to 14 TeV with considered fundamental Planck masses of M, =1 to 5 TeV

each.

As predicted, the total cross sections increase with the center of mass energy of the
incoming particles and with the number of extra dimensions. The higher the fundamental
Planck scale, the lower the resulting cross section due to the lower threshold and thus
a larger lower bound for the momentum fraction. The drastic decrease is caused by the

rapid decrease of the parton distribution functions with rise of momentum, see appendix

B.
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5.3.3 Specific cross sections for continuous QBHs

The cross section for a specific final state, e.g. QBH — v + +, is obtained by summing
over the production cross sections of the contributing QBHs, which have been multiplied

with the desired branching ratio (cf. Table (5.2) to (5.9)):

OQBH—final state — § Oinitial state—QBH X BRﬁnal state,model - (59)

average
initial states

In the case of two photon production, the relevant initial states are a quark-anti-quark pair
and two gluons, since the produced QBH must be color neutral. There are non-negligible
cross sections for all five symmetry models. We sum up the relevant contributions to
the cross section and multiply the result with the suitable branching ratios (in this case
table 5.7, 5.8, and 5.9). The desired cross section for the chosen final state is given by
taking the average over all initial state contributions, see table 5.12 to 5.16 for a listing of
calculated cross sections of the two-photon final state. For all final states, we consider the
center of mass energies /s = 7,8, and 14TeV with a Planck mass of M, = 1 to 5TeV,
respectively. The following five low-scale gravity models are adopted: the four-dimensional
case, n = 5,6,7 large extra dimensions, and the warped dimension model.

The results for a QBH decaying into an electron and positron are displayed in table 5.17
to 5.21. As in the case of a two-photon final state, this final state is possible for every
considered symmetry model and the QBH cannot carry either color nor QED charge. One
thus finds the same initial states as for two-photon decay but with different likelihoods.
For the much more exotic signal of a final state containing an electron and antimuon,
one finds that the lepton flavor violating process is forbidden in model 1 (conserving all
symmetries) and model 3 (allowing only quark flavor violation but not lepton flavor). In
the remaining models, the leptons are treated democratically by the quantum gravity,
which thus yields to an identical branching ratio to the electron-positron final state.
Table 5.22 and 5.23 depict the cross sections for the creation of an electron and up-quark
in model 4 (B-L symmetry conserved, everything but Lorentz invariance can be violated)
and model 5 (everything but Lorentz invariance violated), respectively. The QBH from
which it decays carries a QED charge of ¢ = —%, and is, according to Lorentz invariance,
restricted to the initial state of an antiup- and antidown-quark. This final state violates
both quark and lepton flavor, thus being permitted in the first three models. The same is
applicable for the decay into an antimuon and down-quark which is presented in 5.24 and
5.25. In the latter case, the black hole has a charge of ¢ = % and can only be produced by

two antidown-quarks.
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cross section in fb Model for low scale quantum gravity
o(QBH - ~v+7) | 4dim4 |ADDn=5|ADDn=6 | ADDn=7 RS
CoM energy of /s = 7TeV
M, =1TeV 3.50x1071 | 1.57x10? 2.10x10? 2.66x 102 8.86
M, = 3TeV 1.50x107° | 9.08x107% | 1.22x1072 | 1.56x1072 | 4.60x10~*
M, = 5TeV 2.99x10710 | 1.98x1077 | 2.67x1077 | 3.41x1077 | 9.71x107°
CoM energy of /s = 8TeV
M, =1TeV 6.17x1071 | 2.64x10? 3.52x102 4.46x10? 1.51x10*
M, = 3TeV 6.32x107° 3.73x1072 5.01x1072 6.38x1072 | 1.91x1073
M, = 5TeV 9.94x107% | 6.45x107¢ | 8.70x1076 | 1.11x107° | 3.19x1077
CoM energy of /s = 14TeV
M, = 1TeV 4.71 1.64x103 2.17x103 2.75%x103 1.00x10?
M, = 3TeV 4.20x1073 2.15 2.88 3.66 1.16x107!
M, = 5TeV 3.25x107° 1.90x1072 2.55%x1072 3.24x1072 | 9.75x1074
Table 5.12:  Cross sections for QBHs decaying into two photons with lepton as well as

quark flavor, B-L and Lorentz invariance conserved (model 1). Suitable initial states for

such a process are a quark and antiquark as well as two gluons.

cross section in fb Model for low scale quantum gravity
o (QBH — v +7) 4 dim[4] ADDn=5| ADDn=6 | ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 2.93x1071 | 1.32x102 1.76x102 2.23%102 7.42
M, = 3TeV 1.23x107°% | 7.47x1072 | 1.01x1072 | 1.28x1072 | 3.79x10~*
M, = 5TeV 2.45%10710 | 1.62x1077 | 2.19x1077 | 2.79x10~7 | 7.96x10~°
CoM energy of /s = 8TeV
M, = 1TeV 517x1071 | 2.22x10? 2.96x 102 3.75x10? 1.27x10!
M, = 3TeV 5.20x107° | 3.07x1072 | 4.13x1072 | 5.25x1072 | 1.57x1073
M, = 5TeV 8.16x107° | 5.30x1076 | 7.14x107% | 9.11x107¢ | 2.62x1077
CoM energy of /s = 14TeV
M, = 1TeV 4.00 1.40x103 1.86x103 2.34x103 8.53x10*
M, = 3TeV 3.48x1073 1.78 2.39 3.03 9.62x102
M, = 5TeV 2.67x107° | 1.56x1072 | 2.10x1072 | 2.67x1072 | 8.03x10~*

Table 5.13:  Cross sections for QBHs decaying into two photons with lepton flavor violated
but quark flavor, B-L and Lorentz invariance conserved (model 2). Suitable initial states

for such a process are a quark and antiquark as well as two gluons.



o7

cross section in fb Model for low scale quantum gravity
o(QBH - ~y++) | 4dim[4 |ADDn=5|ADDn=6| ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 2.63x1071 1.18x10? 1.58x10? 2.00x10? 6.67
M, = 3TeV 1.13x107% | 6.84x1073 | 9.21x1073 | 1.17x1072 | 3.47x107*
M, = 5TeV 2.81x10719 | 1.86x1077 | 2.51x1077 | 3.20x10~7 | 9.13x10~°
CoM energy of /s = 8TeV
M, = 1TeV 4.66x1071 2.01x10? 2.68x102 3.39x102 1.15x10!
M, = 3TeV 4.70x107° | 2.77x1072 | 3.72x1072 | 4.74x107% | 1.42x1073
M, = 5TeV 8.68x107° | 5.63x1076 | 7.59x107°% | 9.68x107¢ | 2.78%x10~7
CoM energy of /s = 14TeV
M, = 1TeV 3.65 1.28x103 1.71x103 2.16x10% | 7.83x10!
M, = 3TeV 3.14x1073 1.61 2.15 2.73 8.66x 102
M, = 5TeV 2.42x107° | 1.41x1072 | 1.90x1072 | 2.41x1072 | 7.26x10~4

Table 5.14:  Cross sections for QBHs decaying into two photons with quark flavor violated,
but lepton flavor, B-L and Lorentz invariance conserved (model 3). Suitable initial states

for such a process are a quark and antiquark as well as two gluons.

cross section in fb Model for low scale quantum gravity
o (QBH — v +7) 4 dim[4] ADDn=5| ADDn=6 | ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 2.50x1071 | 1.13x102 1.51x102 1.91x102 6.35
M, = 3TeV 1.07x107°% | 6.49x1073 | 8.73x1073 | 1.11x1072 | 3.29x10~*
M, = 5TeV 2.66x10710 | 1.76x1077 | 2.38x1077 | 3.03x10~7 | 8.65x10~°
CoM energy of /s = 8TeV
M, = 1TeV 4.44x1071 | 1.91x10? 2.55x 102 3.23x10? 1.09x 10!
M, = 3TeV 4.46x107° | 2.63x1072 | 3.53x1072 | 4.50x1072 | 1.35x1073
M, = 5TeV 8.23x107° | 5.34x1076 | 7.19x107% | 9.17x107¢ | 2.64x1077
CoM energy of /s = 14TeV
M, = 1TeV 3.49 1.23x103 1.63x103 2.06x103 7.48x10*
M, = 3TeV 2.98x1073 1.53 2.04 2.60 8.23x1072
M, = 5TeV 2.30x1075 | 1.34x1072 | 1.80x1072 | 2.29x1072 | 6.89x10~*
Table 5.15:  Cross sections for QBHs decaying into two photons with lepton and quark

flavor violated, but B-L and Lorentz invariance conserved (model 4). Suitable initial states

for such a process are a quark and antiquark as well as two gluons.
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cross section in fb Model for low scale quantum gravity
o(QBH =~y +~) | 4dim[4 |ADDn=5|ADDn=6|ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 2.39x1071 1.08x102 1.44x102 1.82x102 6.06
M, = 3TeV 1.02x107° 6.18x1073 8.31x1073 1.06x1072 | 3.13x107*
M, = 5TeV 2.53x10710 | 1.68x1077 | 2.26x1077 | 2.88x10~7 | 8.22x10~°
CoM energy of /s = 8TeV
M, = 1TeV 4.24x1071 1.83x10? 2.44x10? 3.09x10? 1.04x10*
M, = 3TeV 4.25x107° 2.50x 1072 3.36x1072 4.28x1072 | 1.28x1073
M, = 5TeV 7.83x107% | 5.07x107% | 6.84x107¢ | 8.72x107¢ | 2.51x10~7
CoM energy of /s = 14TeV
M, = 1TeV 3.33 1.17x103 1.56x103 1.97x103 7.16x10!
M, = 3TeV 2.84x1073 1.45 1.95 2.47 7.84%1072
M, = 5TeV 2.19x1075 | 1.27x1072 | 1.71x1072 | 2.18x1072 | 6.56x107*
Table 5.16:  Cross sections for QBHs decaying into two photons with lepton and quark

flavor, as well as B-L violated and only Lorentz invariance conserved (model 5). Suitable

initial states for such a process are a quark and antiquark as well as two gluons.

cross section in fb Model for low scale quantum gravity
o(QBH — et +e7)| 4dim[4 |ADDn=5| ADDn=6| ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 3.14x107! | 1.40x10? 1.86x102 2.36x10? 7.90
M, = 3TeV 1.43x107° | 8.71x1073 | 1.17x1072 | 1.49x1072 | 4.41x10~*
M, = 5TeV 2.91x10710 | 1.93x1077 | 2.60x1077 | 3.32x1077 | 9.46x107°
CoM energy of /s = 8TeV
M, = 1TeV 5.46x1071 | 2.31x10? 3.09x 102 3.91x10? 1.33x10!
M, = 3TeV 6.04x107° | 3.56x1072 | 4.78x1072 | 6.09x1072 | 1.82x1073
M, = 5TeV 9.63x107° | 6.25x107% | 8.43x107% | 1.08x107> | 3.09x10~7
CoM energy of /s = 14TeV
M, = 1TeV 3.94 1.33x103 1.77x103 2.23x103 8.23x10*
M, = 3TeV 3.91x1073 2.00 2.67 3.39 1.08x107!
M, = 5TeV 3.11x1075 | 1.81x1072 | 2.44x1072 | 3.10x102 | 9.33x107*

Table 5.17:  Cross sections for production of a QBH decaying into an electron and positron
with lepton as well as quark flavor, B-L and Lorentz invariance conserved (model 1).

Suitable initial states for such a process are a quark and antiquark as well as two gluons.
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cross section in fb Model for low scale quantum gravity
o (QBH — et +e7)
or 4 dim[4] ADDn=5|ADDn=6 | ADDn=7 RS
o (QBH — ut +e7)
CoM energy of /s = 7TeV
M, = 1TeV 2.59x1071 1.15x10? 1.54x10? 1.95%10? 6.52
M, = 3TeV 1.17x107% | 7.12x1073 | 9.58x1073 | 1.22x1072 | 3.61x1074
M, = 5TeV 2.38x10710 | 1.58x1077 | 2.13x1077 | 2.71x1077 | 7.73x107°
CoM energy of /s = 8TeV
M, = 1TeV 4.51x107 | 1.91x10? 2.55%10? 3.23x10? 1.10x10!
M, = 3TeV 4.94x107°% | 2.91x1072 | 3.91x1072 | 4.98x1072 | 1.49x1073
M, = 5TeV 7.87x107% | 5.11x107% | 6.89x107% | 8.78x1076 | 2.53x10°7
CoM energy of /s = 14TeV
M, = 1TeV 3.28 1.11x103 1.47x103 1.86x10% | 6.86x101
M, = 3TeV 3.21x1073 1.64 2.20 2.79 8.85x1072
M, = 5TeV 2.54x107° | 1.48x1072 | 1.99x1072 | 2.54x1072 | 7.63x10~*
Table 5.18: Cross sections for QBHs decaying into an electron and positron, or alterna-

tively into an electron and anti-muon, with lepton flavor violated, but quark flavor, B-L and
Lorentz invariance conserved (model 2). The center of mass energies \/s = 7,8, and 14TeV
are considered with a Planck mass of M, = 1 — 5TeV, respectively. The following five
low-scale gravity models are adopted: the four-dimensional case, n = 5,6,7 large extra
dimensions, and the warped dimension model. Suitable initial states for such a process are
a quark and antiquark as well as two gluons. The decay into an electron and anti-muon

is forbidden in model 1 and 3. Due to the symmetry restrictions in models 2, 4 and 5 the

cross sections of both cases are identical.
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cross section in fb Model for low scale quantum gravity
oc(QBH —» et +e7) | 4dim4 | ADDn=5|ADDn=6| ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 2.40x107! 1.07x102 1.43x10? 1.82x10? 6.06
M, = 3TeV 1.09x107% | 6.61x107% | 8.89x107% | 1.13x107% | 3.35x10~*
M, = 5TeV 2.76x10710 | 1.83x10~" 2.47x1077 3.15x1077 | 8.97x107°
CoM energy of /s = 8TeV
M, =1TeV 4.21x1071 | 1.80x10? 2.40x 102 3.04x10% | 1.03x10!
M, = 3TeV 4.53x107° 2.66x1072 3.58x 1072 4.56x1072 | 1.37x1073
M, = 5TeV 8.49x107? | 5.50x107% | 7.42x107% | 9.46x107¢ | 2.72x10°7
CoM energy of /s = 14TeV
M, =1TeV 3.16 1.09x103 1.45x103 1.83x10% | 6.70x10!
M, = 3TeV 2.95x1073 1.51 2.02 2.57 8.14x1072
M, = 5TeV 2.33x107° 1.36x102 1.83x102 2.32x1072 | 7.00x10~4
Table 5.19: Cross sections for QBHs decaying into an electron and positron with quark

flavor violated, but lepton flavor, B-L and Lorentz invariance conserved (model 3). The
center of mass energies \/s = 7,8, and 14TeV are considered with a Planck mass of M, =
1 —5TeV, respectively. The following five low-scale gravity models are adopted: the four-
dimensional case, n = 5,6,7 large extra dimensions, and the warped dimension model.

Suitable initial states for such a process are a quark and antiquark as well as two gluons.
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cross section in fb Model for low scale quantum gravity
o (QBH — et +e7)
or 4 dim[4] ADDn=5 | ADDn=6 | ADDn=7 RS
o (QBH — u* +e7)
CoM energy of /s = 7TeV
M, =1TeV 2.28x107 | 1.02x10? 1.36x10? 1.72x10? 5.75
M, = 3TeV 1.03x107° | 6.26x107% | 8.42x107% | 1.07x1072 | 3.18x10~*
M, = 5TeV 2.62x10710 | 1.73x1077 | 2.34x1077 | 2.98x1077 | 8.50x107°
CoM energy of /s = 8TeV
M, =1TeV 4.00x1071 1.71x10? 2.28x10? 2.89x10? 9.80
M, = 3TeV 4.29x107° | 2.52x1072% | 3.39x107% | 4.32x107% | 1.29x1073
M, = 5TeV 8.04x107? 5.21x1076 7.03x1076 8.96x1076 | 2.58x1077
CoM energy of /s = 14TeV
M, =1TeV 3.01 1.04x10? 1.38x10? 1.74x10% | 6.37x10!
M, = 3TeV 2.80x1073 1.43 1.92 2.43 7.71x1072
M, = 5TeV 2.21x107° | 1.29x107% | 1.73x107% | 2.20x10"% | 6.63x10~*
Table 5.20:  Cross sections for QBHs decaying into an electron and positron , or al-

ternatively into an electron and anti-muon, with lepton as well as quark flavor vio-
lated, but B-L and Lorentz invariance conserved (model 4). The center of mass energies
Vs = 7,8, and 14TeV are considered with a Planck mass of M, = 1 — 5TeV, respec-
tively. The following five low-scale gravity models are adopted: the four-dimensional case,
n = 5,6, 7 large extra dimensions, and the warped dimension model. Suitable initial states
for such a process are a quark and antiquark as well as two gluons. The decay into an
electron and anti-muon is forbidden in model 1 and 3. Due to the symmetry restrictions

in models 2, 4 and 5 the cross sections of both cases are identical.
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cross section in fb Model for low scale quantum gravity
o (QBH — et +e7)
or 4 dim[4] ADDn=5 | ADDn=6 | ADDn=7 RS
o (QBH — u* +e7)
CoM energy of /s = 7TeV
M, =1TeV 2.17x1071 | 9.69x10! 1.29x102 1.64x10? 5.47
M, = 3TeV 9.82x1076 5.95x1073 8.00x1073 1.02x1072 | 3.02x107*
M, = 5TeV 2.49x1071 | 1.65x1077 | 2.22x1077 | 2.83x1077 | 8.07x107?
CoM energy of /s = 8TeV
M, =1TeV 3.81x1071 1.63x10? 2.17x10? 2.75x10? 9.33
M, = 3TeV 4.07x107° | 2.40x107% | 3.22x107% | 4.10x107% | 1.23x1073
M, = 5TeV 7.64x107° 4.95x1076 6.67x1076 8.51x107% | 2.45x1077
CoM energy of /s = 14TeV
M, =1TeV 2.87 9.88x 102 1.31x10? 1.66x10% | 6.07x10!
M, = 3TeV 2.66x1073 1.36 1.82 2.31 7.34x1072
M, = 5TeV 2.10x107° | 1.22x107% | 1.64x107% | 2.09x107% | 6.30x10~*
Table 5.21:  Cross sections for QBHs decaying into an electron and positron, or alter-

natively into an electron and anti-muon, with lepton as well as quark flavor, B-L vio-
lated, and only Lorentz invariance conserved (model 5). The center of mass energies
Vs = 7,8, and 14TeV are considered with a Planck mass of M, = 1 — 5TeV, respec-
tively. The following five low-scale gravity models are adopted: the four-dimensional case,
n = 5,6, 7 large extra dimensions, and the warped dimension model. Suitable initial states
for such a process are a quark and antiquark as well as two gluons. The decay into an
electron and anti-muon is forbidden in model 1 and 3. Due to the symmetry restrictions

in models 2, 4 and 5 the cross sections of both cases are identical.
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cross section in fb Model for low scale quantum gravity
o(QBH —u+e¢”) | 4dim[4 |ADDn=5|ADDn=6| ADDn=7 RS
center of mass of /s = 7TeV
M, =1TeV 5.04x107% | 2.46x10! 3.29x10* 4.18x10* 1.35
M, = 3TeV 4.89x1077 | 3.01x107* | 4.06x107* | 5.17x107* | 1.52x107°
M, = 5TeV 5.68x10712 | 3.76x107° | 5.07x107% | 6.47x107% | 1.84x10~10
center of mass of /s = 8 TeV
M, =1TeV 9.91x107% | 4.66x10" 6.24x10* 7.91x10" 2.59
M, =3TeV 2.61x1076 1.58x1073 2.12x1073 2.70x1073 8.01x107°
M, =5TeV 2.04x10710 | 1.33x1077 | 1.79x1077 | 2.29x10°7 | 6.56x107°
center of mass of /s = 14 TeV
M, =1TeV 1.08 4.26x10? 5.68 x 102 7.18x102 2.50x10!
M, =3TeV 4.13x1074 2.24x107! 3.00x107! 3.82x107! 1.18x1072
M, =5TeV 1.48x107 8.89x1074 1.20x1073 1.52x1073 4.53x107°
Table 5.22: Cross sections for QBHs decaying into an electron and up-quark with lepton

as well as quark flavor violated, but B-L and Lorentz invariance conserved (model 4). The

suitable initial state for such a process is an antiup-quark and an antidown-quark.

cross section in fb Model for low scale quantum gravity
o(QBH - u+e”) | 4dim[4 |[ADDn=5|ADDn=6| ADDn=7 RS
center of mass of /s = 7TeV
M, =1TeV 4.20x1072 | 2.05x10! 2.74x10* 3.48x10! 1.12
M, = 3TeV 4.08x1077 | 2.51x107% | 3.38x107* | 4.31x107% | 1.27x107°
M, =5TeV 4.73x10712 | 3.13x107% | 4.23x107° | 5.39x107Y | 1.54x10710
center of mass of /s = 8 TeV
M, =1TeV 8.26x1072 | 3.89x10! 5.20x 10" 6.59x 10" 2.16
M, = 3TeV 2.18x107% | 1.31x1073 | 1.77x1073 | 2.25x1073 | 6.68x107°
M, = 5TeV 1.70x10710 | 1.11x1077 | 1.49x1077 | 1.90x1077 | 5.47x107°
center of mass of /s = 14 TeV
M, =1TeV 8.96x1071 | 3.55x102 4.73x102 5.99x102 2.09x10*
M, = 3TeV 3.44x107* | 1.87x107! | 2.50x10~! | 3.18x10~% | 9.86x10~3
M, =5TeV 1.24x1076 | 7.41x107* | 9.97x107% | 1.27x1072 | 3.78x1075

Table 5.23: Cross sections for QBHs decaying into an electron and up-quark with lepton
as well as quark flavor, and B-L violated and only Lorentz invariance conserved (model 5).

The suitable initial state for such a process is an antiup-quark and an antidown-quark.
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cross section in fb Model for low scale quantum gravity
o(QBH —»d+u™) | 4 dim[4] ADDn=5| ADDn=6| ADDn=7 RS
center of mass of \/s = 7TeV
M, =1TeV 6.58x 1072 3.27x 10! 4.38x10" 5.56x 10" 1.78
M, = 3TeV 4181077 | 2.57x107* | 3.46x107* | 4.41x107* | 1.30x107°
M, =5TeV 5.83x10712 | 3.86x107° | 5.21x107% | 6.64x107° | 1.89x10~10
center of mass of /s = 8 TeV
M, =1TeV 1.32x107! 6.31x10! 8.45x 10! 1.07x10? 3.48
M, = 3TeV 2.30x1076 | 1.39x107% | 1.87x107% | 2.39x1073 | 7.07x107°
M, =5TeV 1.94x1071% | 1.26x1077 | 1.70x1077 | 2.17x1077 | 6.24x107°
center of mass of /s = 14 TeV
M, =1TeV 1.46 5.80x 102 7.73x102 9.78x 102 3.41x10!
M, =3TeV 4.70x1074 2.59x1071 3.47x1071 4.41x1071 1.36x1072
M, =5TeV 1.33x1076 | 8.00x107* | 1.08x1073 | 1.37x1072 | 4.07x107°
Table 5.24: Cross sections for QBHs decaying into an anti-muon and down quark with

lepton as well as quark flavor violated, but B-L and Lorentz invariance conserved (model

4). The suitable initial state for such a process consists of two antidown-quarks.

cross section in fb Model for low scale quantum gravity
o (QBH — d+ u™) 4 dim[4] ADDn=5 | ADDn=6 | ADDn=7 RS
center of mass of /s = 7TeV
M, =1TeV 5.27x107% | 2.62x10! 3.50x10* 4.45x10* 1.43
M, =3TeV 3.34x1077 2.06x10~* 2.77x10~* 3.53x1074 1.04x107°
M, = 5TeV 4.67x10712 | 3.09x107% | 4.16x107° | 5.31x107° | 1.51x1071°
center of mass of /s = 8§ TeV
M, =1TeV 1.06x107' | 5.05x10* 6.76x10* 8.57x10* 2.79
M, =3TeV 1.84x107° 1.11x1073 1.50x1073 1.91x1073 5.65x107°
M, =5TeV 1.56x10710 | 1.01x1077 | 1.36x1077 | 1.74x1077 | 4.99x107°
center of mass of /s = 14 TeV
M, =1TeV 1.17 4.64x102 6.19x102 7.83x102 2.73x10!
M, = 3TeV 3.76x107* | 2.07x1071 | 2.78x107' | 3.53x107! | 1.09x1072
M, =5TeV 1.07x107¢ 6.40x10~4 8.61x1074 1.10x1073 3.26x107°
Table 5.25:  Cross sections for QBHs decaying into an anti-muon and down quark with

lepton as well as quark flavor, and B-L violated and only Lorentz invariance conserved

(model 5). The suitable initial state for such a process consists of two antidown-quarks.
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Chapter 6

Quantum black holes with a

discrete mass spectrum

This chapter will elaborate the effects of a discrete mass spectrum on the model, especially
the cross sections, of quantum black holes (QBHs) and is based on work published in [15]
and [16].

6.1 Production of QBHs with discrete masses

Till recently, only a continuous mass spectrum had been considered for quantum black
holes. This was sensible since most of the physics is extrapolated from the classical black
hole case. However, motivated by the existence of a minimal length in models trying to
unify quantum mechanics with general relativity [86-89], it was suggested in [15] (see also
[77]') that non-thermal quantum black hole masses could be quantized in terms of the
Planck scale. Due to a partitioned mass distribution, we thus propose the production of
plateau-shaped black hole states before reaching the semi-classical regime.

Whereas a continuous quantum black hole is more likely to be seen as gravitational scat-
tering, the phenomenology of the equivalents with discrete masses is rather different.
Their behavior is not unlike that of heavy particle states with a very short life time
(T'(QBH — 2 particles) ~ ﬁMQ pp using dimensional analysis, as shown in chapter 4),

which will decay to a few particles.

'In [77] the authors give both a physical and mathematical reason for the proposal of quantized black
hole masses. As a physical reason, they argue that a continuous spectrum of finite norm states would
also imply an infinite production rate. The mathematical reason they give is based on the fact that
any hermitian operator has discrete finite norm eigenfunctions, assuming a Poincare invariant asymptotic

background.
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Assuming the Planck mass to be M, = 1TeV, we expect about 5 QBH states between
the Planck mass before reaching the semi-classical regime. The production cross section
of discrete QBHs is given by the sum of the individual cross sections, i.e. distinguished by

their mass [15],

Ugf (s,m, M,) ZUQBH s MéBH,n,M*) . (6.1)

Similar to the continuous cross section, see eq. (5.1), the individual cross sections are

extrapolated from the semi-classical case and take the form

1
dv
o0 pn (s, Mopm,n, My) = mr3(Mopn, n, Ms) / 2 ﬁMQB 2

y(2)2s

n)Zfz(an)fJ(u/v>Q) ) (6'2)

Z’hj

u

where Mgpp is the mass of the quantum black hole, respectively. One observes a constant
Schwarzschild radius, and thus a constant parton level cross section, which relies on the

mass of the specific black hole and not on the center of mass energy
rs(Mpi,n, M) = k(n) M [Mop /M. O (6.3)

As before, z = b/bpqz is the rescaled impact parameter and F'(n) as well as y(z) describe
the effects of inelasticity numerically fitted by Yoshino and Nambu [59, 61]. The labels i,j
run over the different particles species, f;,f; are the parton distribution functions evaluated
at the scale of momentum transfer () and u, v are the momentum fractions of the incoming
particles. k(n) remains as in the continuous case

n_sD((34n)/2)1Y/ 1+
24+ n

k(n) = |2"VT (6.4)

Assuming that space-time is quantized at short distances and that there is a minimal
length [86-91], the mass distribution is expected to be partitioned in terms of the Planck
mass. If the Planck mass is of the order of 1 TeV, one would expect five different black
hole states before reaching a continuum in the semi-classical regime. For higher Planck
masses, the number of states is hugely dependent on the center of mass energy because of
the suppression due to the parton distribution factors. The factors F'(n) and the functions
y(z) have been calculated in the framework of classical black holes and are not known for
non-thermal quantum black holes. We are thus setting the factors F(n) = 1 as well as
the functions y(z) = 1. This is an approximation which is reasonable since these factors
have been calculated for classical black holes and may not apply to quantum black holes.

However, let us emphasize that the functions y(z) describe the lost energy of the incoming



67

partons to gravitational radiation. Since this has nothing to do with the decomposition of
the black holes or the type of black hole produced, we expect that the functions y(z) for
quantum black holes will be similar to the classical case.

One might worry that the cross section for non-thermal black holes could be exponentially
suppressed. However, such a suppression has been refuted in [62]: Because of the seminal
work of Eardley and Giddings [57], we know that there are classical trajectories with two
particle initial conditions which evolve into black holes, the process is clearly not classically
forbidden. Furthermore, the time-reversed process is not thermal and involves very special

initial (final) conditions.

6.2 Decay of QBHs with quantized masses

Although the physics of the QBHs with discrete masses appears to be very different from
the continuous case, the classification of these objects according to their mass, spin, QCD
and QED charge remains the same. As it is described in detail in section 5.2, we will only
emphasize the keypoints:

e The QBH can carry a SU(3). color charge. Considering quarks and gluons as initial

(=) =) (=) (=)
particles, the following color states are possible: 1, 3, 6, 8, 10, 15, 27.

e There are nine possible electromagnetic charges: 0, +£1/3, +2/3, +4/3, and +1.
e The spin factors for the likeliness of a final spin state can be found in table 5.1.

One finds the same branching ratios as given in section 5.3.1, for the five considered models
corresponding to the symmetries of the underlying theory, i.e. lepton and quark flavor,

B-L, and Lorentz invariance.

6.2.1 Total cross sections of QBHs with discrete masses

As aforementioned, we assume that there are five quantum black hole states between the
Planck mass and the continuous semi-classical region. We thus calculate the total cross
section for these five states for different models with low scale quantum gravity using a
Monte Carlo integration algorithm specifically designed for the discrete mass spectrum
[82]. We use the CTEQ6 PDF set and assume for the inelasticity effects y(z) = 1 and
form factors F'(n) = 1. Our results can be found in Tables 6.1 to 6.2 which correspond
to different center of mass energies (y/s = 7,8, and 14TeV). We emphasize that these

intermediate black holes will have different spins. We are summing over these allowed
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spin states in the cross sections given in Tables 6.1 to 6.2. Similar to the continuous case,
we present results for models with n = 5,6, 7 large extra dimensions (ADD), the Randall-
Sundrum (RS) warped extra dimension, and the four-dimensional model described in

section 2.2.
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total o model for low scale quantum gravity
(in fb) 4dim[4] | ADDn=5| ADDn=6| ADDn=7 RS
center of mass energy of /s = 7TeV
M, =1TeV
Mpg =1TeV | 2.10x10* 1.46x107 1.98x107 2.52x107 7.03x10°
Mpyg =2TeV | 4.47x103 9.81x10° 1.28x10° 1.60%10° 7.48x10%
Mpr =3TeV | 5.61x10? 6.27x10* 8.03x10* 9.86x10* 6.26x10°
Mpyg =4TeV | 3.31x10* 2.29x103 2.90x103 3.52x103 2.77x10?
Mpg =5TeV | 5.64x107" | 2.69x10" 3.37x10" 4.06x10" 3.78
M, = 3TeV
Mpg = 3TeV 5.24 3.66x10° 4.94x10° 6.31x10° 1.76x102
Mpr =6TeV | 4.03x107° | 8.85x107* | 1.16x107% | 1.44x1073 | 6.75x107°
M, = 5TeV
Mpr =5TeV | 4.94x107* | 3.45x107" | 4.65x107' | 5.94x107' | 1.66x1072
center of mass energy of /s = 8§ TeV
M, =1TeV
Mpg =1TeV | 3.24x10* 2.26x107 3.05x107 3.90x 107 1.09%10°
Mpg =2TeV | 8.96x10° 1.97x10° 2.57x10° 3.20x10° 1.50x10°
Mpyg =3TeV | 1.72x103 1.92x10° 2.46x10° 3.02x10° 1.92x10%
Mpg =4TeV | 2.00x10? 1.38x10* 1.75%10* 2.12x10* 1.67x10°
Mpp =5TeV | 1.14x10" 5.42x10? 6.78x10? 8.18x10? 7.61x10!
M, = 3TeV
Mpg =3TeV | 1.64x10" 1.15x10* 1.55x10% 1.98x10* 5.51x10?
Mpyg =6TeV | 1.52x1073 | 3.34x107 ' | 4.36x107% | 5.44x107' | 2.55x1072
M, = 5TeV
Mpi =5TeV | 1.07x1072 7.47 \ 1.01x10" \ 1.29x10* | 3.59x107*

Table 6.1: Total cross sections for the production of QBHs with masses above the chosen
reduced Planck mass of M, = 1,3 and 5 TeV, respectively, and below center of mass

energy of the initial particles of 7 and 8 TeV.
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total o model for low scale quantum gravity

(in fb) 4dim[4] | ADDn=5| ADDn=6 | ADDn=7 RS

center of mass energy of /s = 14 TeV

M, =1TeV

Mpg =1TeV | 1.61x10° 1.12x108 1.52x10% 1.94x108 5.40x10°
Mpg =2TeV | 8.39x10* 1.84x107 2.41x107 3.00x107 1.41x10°
Mpg =3TeV | 4.09x10* 4.57x10° 5.85x10° 7.19x10° 4.56x10°
Mpg =4TeV | 1.79x10* 1.24x10° 1.56x10° 1.90x10° 1.50x10°
Mpg =5TeV | 6.84x10° 3.26x10° 4.08x10° 4.92x10° 4.58x10*

M, = 3TeV

Mpg =3TeV | 4.19x102 2.92x10° 3.94x10° 5.04x10° 1.40x10*
Mpg =6TeV | 2.10x10" 4.61x10° 6.02x10° 7.50x10% 3.51x10?
Mpyg =9TeV | 1.80x1071 | 2.01x10* 2.58x 10" 3.17x10! 2.01

Mpg =12TeV | 1.61x107° | 1.12x107% | 1.41x107% | 1.71x107% | 1.35x10™*

M, =5TeV

Mgy =5TeV 7.69 5.36x10° 7.24%10° 9.25x10°% 2.58x10?

Mpr =10TeV | 1.98x1072 | 4.34x107% | 5.67x107! | 7.07x107! | 3.31x1072

Table 6.2: Total cross sections for the production of QBHs with masses above the chosen
reduced Planck mass of M, = 1,3 and 5 'TeV, respectively, and below center of mass energy

of the initial particles of 14 TeV.

Due to the quantized energy levels, one finds that the total cross sections in case of a
discrete mass spectrum are smaller than the cross sections determined for the continuous
case. We again observe an increase of the cross section with growing center of mass energy

and a decrease for higher Planck masses.
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6.2.2 Specific cross sections for discrete QBHs

Different to the continuous case, we need to also sum over the mass states to determine

the cross section for a specific final state:

O0QBH—final state — 5 E Oinitial state—QBH, s X BRfinal state,model - (65)

. average masses
initial states

Each cross section for a specific initial states was calculated via equations (6.1) and (6.2)
by using a Monte Carlo integration algorithm. Assuming a specific model, we sum up the
cross sections for all contributing masses up to the center of mass energy and then multiply
the result with the suitable branching ratios (Table 5.2 to 5.9). The desired cross section
for the chosen final state is given by taking the average over all initial state contributions.
We calculated the cross sections for the same final states as given in section 5.3.3 to
compare the results. As in the continuous case, the results are shown for center of mass
energies /s = 7,8, and 14TeV and for the Planck masses of M, = 1,3, and 5TeV which
suffices to understand the diversifications. Thus, one finds the cross sections for all suitable
discrete QBHs, i.e. with all different masses and possible initial states, decaying into two
photons in table 6.3 to 6.7 for the appropriate symmetry model, respectively. Table 6.8 to
6.12 give numbers for the final states of an electron and positron as well as for an electron
and antimuon if the symmetry restrictions allow such a process. The lepton and quark
flavor violating processes of a QBH decaying into an electron and up-quark (table 6.13,
6.14) as well as into an antimuon and down-quark (table 6.15,6.16) are given for model
4 and 5. The limitations to all shown creation processes, including the possible initial
states, can be found in section 5.3.3 or partially in the table captions. To allow for a
useful comparison, the same low-scale gravity models as for the continuous case, that is
the four-dimensional case proposed in [4], three models with n = 5,6, and 7 large extra

dimensions, as well as the warped dimension model.
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cross section in fb model for low scale quantum gravity
o (QBH = v +7) 4dim[4 | ADDn=5|ADDn=6| ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 2.33 x107' | 1.51 x10? 2.03 %102 2.60 x102 7.39
M, = 3TeV 1.27 x107° | 8.85 x1072 | 1.19 x10~2 | 1.53 x1072 | 4.25 x10~*
M, = 5TeV 2.81 x10719 | 1.96 x10~7 | 2.65 x10~7 | 3.38 x1077 | 9.42 x107°
CoM energy of /s = 8TeV
M, = 1TeV 4.08 x1071 | 2.56 x102 3.45 x102 4.40 x10? 1.27 x10!
M, = 3TeV 5.18 x107° | 3.61 x1072 | 4.88 x1072 | 6.23 x1072 | 1.74 x1073
M, = 5TeV 9.13 x107? | 6.37 x107% | 8.60 x1076 | 1.10 x10~° | 3.06 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 3.35 1.69 x103 | 2.28 x10% | 2.90 x10% | 8.88 x10!
M, = 3TeV 2.97 x1073 2.05 2.77 3.53 9.87 x1072
M, = 5TeV 2.63 x107° | 1.83 x1072 | 2.48 x1072 | 3.16 x1072 | 8.81 x10~*

Table 6.3: Cross sections for discrete QBHs decaying into two photons with lepton as well
as quark flavor, B-L and Lorentz invariance conserved (model 1). Suitable initial states

for such a process are a quark and antiquark as well as two gluons.

cross section in fb model for low scale quantum gravity
o (QBH — v+ 1) 4 dim[4] ADDn=5| ADDn=6 | ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 1.95 x1071 | 1.26 x10%® | 1.70 x10* | 2.18 x102 6.19
M, = 3TeV 1.04 x107° | 7.28 x1073 | 9.83 x10~3 | 1.26 x1072 | 3.50 x10~4
M, = 5TeV 2.30 x10710 | 1.61 x1077 | 2.17 x10~7 | 2.77 x10~7 | 7.72 x10~?
CoM energy of /s = 8TeV
M, = 1TeV 3.42 <1071 | 2.15 x10% | 2.90 x10% | 3.70 x10%> | 1.06 x10*
M, = 3TeV 4.27 x1075 | 2.98 x1072 | 4.02 x1072 | 5.13 x10~2 | 1.43 x10~3
M, = 5TeV 7.49 x107° | 5.23 x107% | 7.06 x107% | 9.01 x1076 | 2.51 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 2.84 1.44 x103 1.94 x103 2.47 x10% | 7.55 x10*
M, = 3TeV 2.46 x1073 1.70 2.29 2.93 8.19 x1072
M, = 5TeV 2.17 x107° | 1.51 x1072 | 2.04 x1072 | 2.61 x1072 | 7.26 x10~*

Table 6.4: Cross sections for discrete QBHs decaying into two photons with lepton flavor
violated but quark flavor, B-L and Lorentz invariance conserved (model 2). Suitable initial

states for such a process are a quark and antiquark as well as two gluons.



73

cross section in fb model for low scale quantum gravity
o (QBH = v +7) 4 dim[4] |ADDn=5|ADDn=6| ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 1.75 x10~! | 1.14 x10? 1.53 x10? 1.96 x102 5.57
M, = 3TeV 9.56 x107% | 6.67 x1073 | 9.00 x1073 | 1.15 x1072 | 3.20 x10~4
M, = 5TeV 2.64 x10710 | 1.84 x1077 | 2.49 x10~7 | 3.18 x10~7 | 8.85 x107?
CoM energy of /s = 8TeV
M, = 1TeV 3.09 x107! | 1.94 x102 2.62 x102 3.34 x102 9.61
M, = 3TeV 3.85 x107° | 2.68 x1072 | 3.62 x1072 | 4.63 x1072 | 1.29 x10~3
M, = 5TeV 7.96 x1079 | 5.55 x107¢ | 7.50 x1076 | 9.58 x1076 | 2.67 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 2.59 1.32 x103 | 1.78 x10% | 2.27 x10% | 6.91 x10'
M, = 3TeV 2.22 x1073 1.53 2.07 2.64 7.37 x1072
M, = 5TeV 1.96 x107° | 1.37 x1072 | 1.84 x1072 | 2.36 x1072 | 6.56 x1074

Table 6.5: Cross sections for discrete QBHs decaying into two photons with quark flavor
violated, but lepton flavor, B-L and Lorentz invariance conserved (model 3). Suitable

initial states for such a process are a quark and antiquark as well as two gluons.

cross section in fb model for low scale quantum gravity
o (QBH — v+ 1) 4 dim[4] ADDn=5| ADDn=6 | ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 1.67 x1071 | 1.08 x10% | 1.46 x10* | 1.86 x102 5.30
M, = 3TeV 9.07 x107% | 6.32 x1073 | 8.54 x1073 | 1.09 x10~2 | 3.04 x10~*
M, = 5TeV 2.50 x10710 | 1.75 x10~7 | 2.36 x10~7 | 3.01 x10~7 | 8.39 x10~?
CoM energy of /s = 8TeV
M, = 1TeV 2.94 x10~1 | 1.85 x10? | 2.50 x10® | 3.19 x102 9.15
M, = 3TeV 3.65 x1075 | 2.55 x1072 | 3.44 x1072 | 4.39 x10~2 | 1.22 x1073
M, = 5TeV 7.55 x107° | 5.26 x107% | 7.11 x107% | 9.08 x1076 | 2.53 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 2.47 1.26 x103 1.70 x103 2.16 x10% | 6.60 x10*
M, = 3TeV 2.11 x1073 1.45 1.96 2.51 7.01 x1072
M, = 5TeV 1.86 x107° | 1.30 x1072 | 1.75 x1072 | 2.23 x1072 | 6.22 x10~*

Table 6.6: Cross sections for discrete QBHs decaying into two photons with lepton as well
as quark flavor violated, but B-L and Lorentz invariance conserved (model 4). Suitable

initial states for such a process are a quark and antiquark as well as two gluons.
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cross section in fb model for low scale quantum gravity
o (QBH = v +7) 4dim[4 | ADDn=5|ADDn=6| ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 1.59 x10~! | 1.03 x10? 1.39 x102 1.78 x10? 5.06
M, = 3TeV 8.62 x107% | 6.02 x1073 | 8.12 x1073 | 1.04 x1072 | 2.89 x10~*
M, = 5TeV 2.38 x10719 | 1.66 x10~7 | 2.24 x10™7 | 2.86 x10~7 | 7.97 x107°
CoM energy of /s = 8TeV
M, = 1TeV 2.81 x1071 | 1.77 x10? 2.38 x102 3.04 x102 8.74
M, = 3TeV 3.47 x107° | 2.42 x1072 | 3.27 x1072 | 4.18 x1072 | 1.16 x10~3
M, = 5TeV 7.18 x1079 | 5.00 x107¢ | 6.76 x1076 | 8.63 x1076 | 2.40 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 2.36 1.21 x103 | 1.63 x10% | 2.07 x10% | 6.31 x10'
M, = 3TeV 2.01 x1073 1.38 1.87 2.39 6.67 x1072
M, = 5TeV 1.77 x107° | 1.23 x1072 | 1.66 x1072 | 2.13 x1072 | 5.92 x1074

Table 6.7: Cross sections for discrete QBHs decaying into two photons with lepton as well

as quark flavor, B-L violated and only Lorentz invariance conserved (model 5). Suitable

initial states for such a process are a quark and antiquark as well as two gluons.

cross section in fb model for low scale quantum gravity
o(QBH — et +e”)| 4dim4 |ADDn=5|ADDn=6| ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 2.07 x107! | 1.34 x10* | 1.81 x10® | 2.31 x102 6.58
M, = 3TeV 1.22 x107° | 8.48 x1073 | 1.15 x1072 | 1.46 x1072 | 4.08 x10~4
M, = 5TeV 2.74 x10719 | 1.91 x1077 | 2.58 x10~7 | 3.30 x10~7 | 9.18 x10~°
CoM energy of /s = 8TeV
M, = 1TeV 3.60 x10~1 | 2.24 x10> | 3.03 x10®> | 3.86 x10%> | 1.11 x10!
M, = 3TeV 4.95 x1075 | 3.45 x1072 | 4.66 x1072 | 5.95 x1072 | 1.66 x10~3
M, = 5TeV 8.85 x10™? | 6.17 x107% | 8.33 x1076 | 1.06 x107° | 2.96 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 2.82 1.39 x103 1.87 x103 2.38 x10% | 7.34 x10*
M, = 3TeV 2.76 x1073 1.90 2.57 3.28 9.16 x1072
M, = 5TeV 2.52 x107° | 1.75 x1072 | 2.37 x1072 | 3.03 x10=2 | 8.43 x10~*

Table 6.8: Cross sections for production of a QBH decaying into an electron and positron
with lepton as well as quark flavor, B-L and Lorentz invariance conserved (model 1).

Suitable initial states for such a process are a quark and antiquark as well as two gluons.
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cross section in fb model for low scale quantum gravity
o (QBH — et +e7)
or 4 dim[4] ADDn=5 | ADDn=6 | ADDn=7 RS
o (QBH — ut +e7)
CoM energy of /s = 7TeV
M, = 1TeV 1.71 x1071 | 1.11 x10% | 1.49 x10%> | 1.90 x10? 5.43
M, = 3TeV 9.95 x1076 | 6.94 x10~3 | 9.37 x1073 | 1.20 x10~2 | 3.33 x10~*
M, = 5TeV 2.24 x10719 | 1.56 x10~7 | 2.11 x10~7 | 2.69 x10~7 | 7.49 x10~°
CoM energy of /s = 8TeV
M, = 1TeV 2.97 x1071 | 1.86 x10® | 2.50 x10® | 3.19 x10? 9.19
M, = 3TeV 4.05 x1075 | 2.82 x1072 | 3.81 x1072 | 4.87 x1072 | 1.36 x10~3
M, = 5TeV 7.23 x107° | 5.04 x107¢ | 6.81 x106 | 8.69 x10=6 | 2.42 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 2.34 1.16 x10? 1.56 x10? 1.98 x10% | 6.11 x10!
M, = 3TeV 2.26 x1073 1.56 2.11 2.69 7.52 x1072
M, = 5TeV 2.06 x107° | 1.44 x1072 | 1.94 x1072 | 2.48 x1072 | 6.90 x10~*

Table 6.9: Cross sections for discrete (QBHs decaying into an electron and positron, or

alternatively into an electron and anti-muon, with lepton flavor violated, but quark flavor,

B-L and Lorentz invariance conserved (model 2). The center of mass energies \/s =

7,8, and 14TeV are considered with a Planck mass of M, = 1,3, and 5TeV, respectively.
The following five low-scale gravity models are adopted: the four-dimensional case, n =
5,6, 7 large extra dimensions, and the warped dimension model. Suitable initial states for
such a process are a quark and antiquark as well as two gluons. The decay into an electron

and anti-muon is forbidden in model 1 and 3. Due to the symmetry restrictions in models

2, 4 and 5 the cross sections of both cases are identical.
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cross section in fb model for low scale quantum gravity
o (QBH — et +e7) 4 diml[4] ADDn=5| ADDn=6 | ADDn=7 RS
CoM energy of /s = 7TeV
M, = 1TeV 1.59 x10~! | 1.03 x10® | 1.39 x10® | 1.77 x10? 5.05
M, = 3TeV 9.22 x107% | 6.43 x1073 | 8.69 x1073 | 1.11 x10=2 | 3.09 x10~*
M, = 5TeV 2.60 x10710 | 1.81 x10~7 | 2.44 x10~7 | 3.12 x10~7 | 8.70 x10~°
CoM energy of /s = 8TeV
M, = 1TeV 2.79 x1071 | 1.75 x10* | 2.35 x10% | 3.00 x102 8.63
M, = 3TeV 3.70 x10™° | 2.58 x1072 | 3.48 x1072 | 4.45 x1072 | 1.24 x1073
M, = 5TeV 7.78 x107% | 5.43 x1076 | 7.33 x107% | 9.36 x107¢ | 2.61 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 2.25 1.13 x10% | 1.52 x10® | 1.93 x10® | 5.94 x10*
M, = 3TeV 2.08 x1073 1.44 1.94 2.48 6.92 x1072
M, = 5TeV 1.89 x107° | 1.31 x1072 | 1.78 x10~2 | 2.27 x10~2 | 6.32 x10~*

Table 6.10: Cross sections for discrete QBHs decaying into an electron and positron with
quark flavor violated, but lepton flavor, B-L and Lorentz invariance conserved (model 3).

Suitable initial states for such a process are a quark and antiquark as well as two gluons.
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cross section in fb model for low scale quantum gravity
o (QBH — et +e7)
or 4 dim[4] ADDn=5 | ADDn=6 | ADDn=7 RS
o (QBH — ut +e7)
CoM energy of /s = 7TeV
M, = 1TeV 1.51 x107t | 9.78 x10! | 1.32 x10% | 1.68 x10? 4.80
M, = 3TeV 8.74 x1076 | 6.10 x1073 | 8.23 x1072 | 1.05 x10~2 | 2.93 x10~*
M, = 5TeV 2.46 x10719 | 1.71 x1077 | 2.31 x10~7 | 2.96 x10~7 | 8.24 x107°
CoM energy of /s = 8TeV
M, = 1TeV 2.64 x1071 | 1.66 x10® | 2.23 x10® | 2.85 x10? 8.19
M, = 3TeV 3.51 x1075 | 2.45 x1072 | 3.30 x1072 | 4.22 x1072 | 1.17 x1073
M, = 5TeV 7.37 x107° | 5.14 x107% | 6.94 x106 | 8.87 x10=6 | 2.47 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 2.14 1.08 x10? 1.44 x10? 1.84 x10% | 5.65 x10!
M, = 3TeV 1.98 x1073 1.36 1.84 2.35 6.56 x1072
M, = 5TeV 1.79 x107° | 1.25 x1072 | 1.68 x1072 | 2.15 x102 | 5.99 x10~*

Table 6.11: Cross sections for discrete QBHs decaying into an electron and positron , or

alternatively into an electron and anti-muon, with lepton as well as quark flavor violated,

but B-L and Lorentz invariance conserved (model 4). The center of mass energies \/s =

7,8, and 14TeV are considered with a Planck mass of M, = 1,3, and 5TeV, respectively.

The following five low-scale gravity models are adopted: the four-dimensional case, n =

5,6, 7 large extra dimensions, and the warped dimension model. Suitable initial states for

such a process are a quark and antiquark as well as two gluons. The decay into an electron

and anti-muon is forbidden in model 1 and 3. Due to the symmetry restrictions in models

2, 4 and 5 the cross sections of both cases are identical.
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cross section in fb model for low scale quantum gravity
o (QBH — et +¢7)
or 4dim[4 | ADDn=5|ADDn=6| ADDn=7 RS
o (QBH — u™ +e7)
center of mass energy of /s = 7TeV
CoM energy of /s = 7TeV
M, = 1TeV 1.44 x10~Y | 9.31 x10! 1.26 x102 1.60 x 102 4.56
M, = 3TeV 8.31 x107% | 5.79 x1073 | 7.82 x1073 | 9.99 x1073 | 2.78 x10~*
M, = 5TeV 2.33 x10719 | 1.63 x10~7 | 2.20 x10~7 | 2.81 x10~7 | 7.82 x10~°
CoM energy of /s = 8TeV
M, = 1TeV 2.52 x1071 | 1.58 x10? 2.13 x102 2.71 x102 7.80
M, = 3TeV 3.33 x107° | 2.32 x1072 | 3.14 x1072 | 4.01 x1072 | 1.12 x10~3
M, = 5TeV 7.00 x107? | 4.88 x107% | 6.59 x1076 | 8.42 x1076 | 2.35 x10~7
CoM energy of /s = 14TeV
M, = 1TeV 2.04 1.02 x10% | 1.38 x10% | 1.75 x10% | 5.38 x10!
M, = 3TeV 1.88 x1073 1.29 1.75 2.23 6.24 x1072
M, = 5TeV 1.70 x107° | 1.18 x1072 | 1.60 x10~2 | 2.04 x10=2 | 5.69 x10~*

Table 6.12: Cross sections for discrete QBHs decaying into an electron and positron, or
alternatively into an electron and anti-muon, with lepton as well as quark flavor, B-L
violated, and only Lorentz invariance conserved (model 5). The center of mass energies
Vs = 17,8, and 14TeV are considered with a Planck mass of M, = 1,3, and 5TeV, respec-
tively. The following five low-scale gravity models are adopted: the four-dimensional case,
n = 5,6, 7 large extra dimensions, and the warped dimension model. Suitable initial states
for such a process are a quark and antiquark as well as two gluons. The decay into an
electron and anti-muon is forbidden in model 1 and 3. Due to the symmetry restrictions

in models 2, 4 and 5 the cross sections of both cases are identical.
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cross section in fb model for low scale quantum gravity

c(QBH - u+e™) 4 dim[4] ADDn=5 | ADDn=6 | ADDn=7 RS

center of mass energy of /s = 7TeV

M, =1TeV 3.47x1072 2.35%x10! 3.17x101 4.05x10! 1.14
M, =3TeV 4.22%x1077 | 2.94x10~* | 3.98x10~* | 5.08x10~* | 1.41x10°°

M, =5TeV 5.34x10712 | 3.72x1079 | 5.03x1079 | 6.42x107° | 1.79x10~10

center of mass energy of /s = 8 TeV

M, =1TeV 6.71x1072 | 4.46x10! 6.02x10* 7.68x10" 2.17

M, = 3TeV 2.20x1075 | 1.54x1073 | 2.07x1072 | 2.65x10~% | 7.38x107°

M, =5TeV 1.88x10710 | 1.31x10~7 | 1.77x1077 | 2.26x10~7 | 6.30x107°
center of mass energy of /s = 14 TeV

M, =1TeV 7.28x1071 | 4.22x102 5.69x10? 7.25%10? 2.13x10!

M, = 3TeV 3.09x107% | 2.14x1071 | 2.90x107! | 3.70x10~ | 1.03x1072

M, =5TeV 1.24x107% | 8.65x107% | 1.17x1073 | 1.49x1073 | 4.15x107°

Table 6.13: Cross sections for discrete QBHs decaying into an electron and up-quark with
lepton as well as quark flavor violated, but B-L and Lorentz invariance conserved (model

4). The suitable initial state for such a process is an antiup-quark and an antidown-quark.

cross section in fb model for low scale quantum gravity

oc(QBH »u+c”) | 4dim[4] |ADDn=5|ADDn=6|ADDn=7 RS

center of mass energy of /s = 7 TeV

M, =1TeV 2.89x10~2 1.96x 10! 2.64x10% 3.37x10% 9.48x10~!
M, =3TeV 3.52x10~7 | 2.45x10~* | 3.31x10~* | 4.23x10~* | 1.18x107°
M, =5TeV 4.45x10712 | 3.10x1079 | 4.19x107Y | 5.35x107Y | 1.49x10°10

center of mass energy of /s = 8 TeV

M, =1TeV 5.59x 1072 3.72x 101 5.02x 101 6.40x 101 1.81
M, = 3TeV 1.83x1076 | 1.28x1073 | 1.73x1073 | 2.21x1073 | 6.15x10~°
M, =5TeV 1.57x10710 | 1.09x10~7 | 1.48x10~7 | 1.89x10~7 | 5.25x107?

center of mass energy of /s = 14 TeV

M, =1TeV 6.07x107! 3.52x 102 4.74x102 6.04x 102 1.78x 10!
M, =3TeV 2.57x107* | 1.79x10~1 | 2.41x10~! | 3.08x10~! | 8.60x10~3
M, =5TeV 1.03x107% | 7.21x107% | 9.73x107% | 1.24x1073 | 3.46x10~°

Table 6.14: Cross sections for discrete QBHs decaying into an electron and up-quark with
lepton and quark flavor, as well as B-L violated and only Lorentz invariance conserved

(model 5). The suitable initial state consists of an antiup-quark and an antidown-quark.
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cross section in fb model for low scale quantum gravity
c(QBH —-d+pt)| 4dim[4 |ADDn=5|ADDn=6| ADDn=7 RS
center of mass energy of /s = 7TeV
M, =1TeV 4.57x1072 3.12x10% 4.21x10! 5.37x10* 1.51
M, = 3TeV 3.61x1077 | 2.51x107* | 3.40x107% | 4.34x10™* | 1.21x107°
M, = 5TeV 5.48x10712 | 3.82x107% | 5.16x107° | 6.59x107? | 1.84x10710
center of mass energy of /s = 8 TeV
M, =1TeV 8.98x1072 | 6.03x10! 8.13x10! 1.04x102 2.93
M, = 3TeV 1.94x1076 | 1.36x107% | 1.83x1073 | 2.34x1073 | 6.52x1075
M, =5TeV 1.79x10710 | 1.25x1077 | 1.68x10~7 | 2.15x10~7 | 5.99x10~°
center of mass energy of /s = 14 TeV
M, =1TeV 9.79x1071 | 5.74x102 7.73%102 9.85x 102 2.89x10!
M, = 3TeV 3.57x107% | 2.48x1071 | 3.35x107! | 4.28x107% | 1.19x1072
M, =5TeV 1.12x107% | 7.79x107% | 1.05x1073 | 1.34x1073 | 3.74x107°

Table 6.15: Cross sections for discrete QBHs decaying into an anti-muon and down quark
with lepton as well as quark flavor violated, but B-L and Lorentz invariance conserved

(model 4). The suitable initial state for such a process consists of two antidown-quarks.

cross section in fb model for low scale quantum gravity
o (QBH — d+ u™) 4 dim[4] ADDn=5|ADDn=6 | ADDn="7 RS
center of mass energy of /s = 7 TeV
M, =1TeV 3.66x1072 | 2.49x10! 3.37x 101 4.30x10* 1.21
M, = 3TeV 2.88x1077 | 2.01x107* | 2.72x107% | 3.47x10~* | 9.66x10~6
M, =5TeV 4.38x10712 | 3.06x1077 | 4.13x107° | 5.27x107° | 1.47x10~1°
center of mass energy of /s = 8 TeV
M, =1TeV 7.18x1072 | 4.82x10! 6.51x 101 8.31x 101 2.34
M, = 3TeV 1.56x1076 | 1.08x1073 | 1.47x1073 | 1.87x1073 | 5.21x107°
M, =5TeV 1.43x10710 | 9.97x1078 | 1.35x1077 | 1.72x1077 | 4.79x107°
center of mass energy of /s = 14 TeV
M, =1TeV 7.83x107" | 4.59x102 6.18x10? 7.88x102 2.31x10"
M, = 3TeV 2.86x107% | 1.99x1071 | 2.68x107! | 3.43x10~! | 9.55x1073
M, =5TeV 8.93x1077 | 6.23x107% | 8.41x10~* | 1.07x1073 | 2.99x107°

Table 6.16: Cross sections for discrete QBHs decaying into an anti-muon and down quark
with lepton as well as quark flavor, and B-L violated and only Lorentz invariance conserved

(model 5). The suitable initial state for such a process consists of two antidown-quarks.
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Chapter 7

Enhancement of supersymmetric

particle production via quantum

black holes

Despite the LHC accumulating data at an impressive pace, there is so far no indication of
physics beyond the Standard Model. On the contrary, the discovery of a Higgs boson with
a mass of 125 GeV would fit very nicely with the minimal Standard Model. Additionally,
this may be an indication that the hierarchy problem was not the correct principle to guide
us towards physics beyond the Standard Model but simply a fine tuning problem. As long
as no further physics beyond the Standard Model is detected, the lack of observation of
new particles beyond the Standard Model ones proves to be a blow to models designed to
stabilize the value of the Higgs mass at the weak scale. Thus, it is particularly serious for
supersymmetric models which justification lies precisely in stabilizing the Higgs potential
which comes at the expense of introducing a plethora of new particles and some tedious
model building to break supersymmetry.

One could argue that supersymmetry is useful to unify the gauge couplings of the Stan-
dard Model and give up the hierarchy problem as suggested in [92, 93] but it has been
demonstrated recently that threshold corrections, whether they are due to quantum grav-
itational physics or strong dynamics above the unification scale, can account very nicely
for the numerical unification of these couplings without having to introduce new parti-
cles below the grand unification scale [94-97]. While supersymmetry may not be relevant
at the weak scale, it has been recently emphasized that this symmetry is important for
quantum gravity [98]. However, below the Planck scale, this symmetry could be broken

as jokingly suggested in the supersplit supersymmetry April fools’ day paper [99].
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In this paper we advocate that if supersymmetry is broken at a very high energy scale and
even in a supersplit scenario, the particles of that sector must interact gravitationally with
the particles of the Standard Model. In particular, quantum black holes must be able to
mediate transitions from our sector, i.e. the Standard Model, to the hidden supersector.
In order to illustrate our point, we shall consider the Minimal Supersymmetric Standard
Model (MSSM) with all supersymmetric particles, including an extra Higgs boson, to have
masses of the order of the Planck scale. Actually, quantum black holes could be a gateway
to any hidden sector that interacts only gravitationally with the particles of the Standard
Model. If supersymmetry is restored at the Planck scale, it is apparent that besides being
produced via quantum black holes, superpartners of the Standard Model particles will ob-
viously also be produced via the well studied processes. Quantum black holes would thus
lead to an enhancement of the cross sections and allow to expand the search for superpart-
ners beyond the expected reach of the LHC in traditional supersymmetric searches. The
black hole production cross section is given, by the geometric cross section introduced in
the previous chapters and is for high center of mass energies much larger than any usual
particle physics cross section.

While models with low scale quantum gravity [1-4, 78] have been introduced to address
the hierarchy problem, the real value in these ideas was to show that we do not know from
first principles the energy scale at which quantum gravitational effects become strong.
Indeed, the Planck scale could be anywhere between a few TeV and the traditional 10'?
GeV. If the Planck scale is low, and accessible to the LHC, supersymmetric particles must
be produced in quantum black hole processes as well. Due to their masses close to the
Planck scale and their resulting non-thermal character, QBHs are expected to decay to
only a couple of particles immediately after their creation. The interaction with matter is
fixed with regard to the classification of the QBHs presented in Section 5.2, i.e. they are
classified according to their Lorentz, U(1)ey,, and SU(3). groups. This leads to most of the
QBHs carrying a SU(3). charge as well as QED charges. We will use their classification
to predict their decay, including supersymmetric particles, by means of their production
process. We will consider the enhancement of supersymmetric particles through QBH
processes for a continuous as well as a discrete mass spectrum. In both cases, we ex-

trapolate the production cross section from the semi-classical case, see Chapters 5 and 6,
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respectively. For a continuous mass spectrum, the cross section is given by

1
dv
(Pp)(s Tmins T M / 2zdz /;xman* ?

y(2)2s w

x F(n)mri(us,n, M,) Zfl v, Q) fi(u/v,Q) (7.1)
7‘7
where the (n + 4)-dimensional Schwarzschild radius takes the form
ST+ Vs )
s(us,n, M) = |2" — M [~ " 2
retuson, b = [y HE L ) (7.2

For QBHs with discrete masses, on the other hand, one assumes the total cross section to

be the sum of the individual ones:

Jt(gf (s,m, M,) ZUC%)H (s MéBH,n,M*) , (7.3)
with
v
QBH(S Mopm,n, M) = 7r (MQBH,n M,) / QZdzﬂMQB 2 du o
u(=)2s “
n) Y fi(v, Q) fi(u/v,Q) (7.4)
.3
The Schwarzschild radius, now being constant, is expressed by
3 D((3+n)/2) Y/ N
(M, b = 2y P HOEEN Ty g e (rs)

This obviously yields to the total cross sections given in Chapters 5 and 6.

For reasons of clarity and since it serves to illustrate the purpose of this work, we
will present the cross sections for all possible final states for a Planck mass of 3TeV
and a 14TeV LHC. We thus assume that the first quantum black hole has a mass of

3TeV. The total cross sections for this scenario are given in Table 7.1. Since the particle

4 dim ADDn=5 | ADDn=6 | ADDn=7 RS
continuous | 6.56x10%2 | 3.12x10° 4.17x10° 5.20%10° | 1.73x10%
discrete | 4.40x10% | 2.97x10° 4.00x10° 5.12x10° | 1.44x10%

Table 7.1: Total cross sections for discrete and continuous QBHs at M, = 3TeV and

/s = 14TeV in fb, considering that all symmetries are conserved.

spectrum of supersymmetric theories is much richer than in the Standard Model, the
branching ratios calculated and used in [15, 16] have to be revisited. This was done

by D.Fragkakis, assuming that the particle spectrum at the Planck scale is that of the
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MSSM, and the branching ratios can be viewed in Section D, Tables D.1 to D.5. It
should again be noted that the term branching ratio is not used in its usual sense but to
describe the decomposition of a collection of black holes created by the same initial states
particles. Obviously, the branching ratios are strongly dependent on the symmetries which
are preserved by quantum gravity. Here we are as conservative as possible and assume that
gauge symmetries, flavor symmetries, B-L. number and Lorentz invariance are conserved.
Following the procedure in Chapters 5 and 6, the cross section for a specific final state
in the continuous case is obtained by summing over the production cross sections of the
contributing QBHs which have been multiplied with the desired branching ratio (cf. Tables
D.1 to D.5):

O0QBH—final state — § Oinitial state—»QBH X BRéinal state -

average
initial states

Each cross section for a specific initial state was calculated using the Monte Carlo inte-
gration algorithm developed for Chapter 5. We then multiply the result with the suitable
branching ratios. The desired cross section for the chosen final state is given by taking
the average over all initial state contributions. We considered an ADD brane world model
with 5, 6 and 7 extra dimensions [1, 2], the Randall Sundrum model [3] with one warped
extra dimension and a four-dimensional model with TeV quantum gravity presented in
[4].

Assuming that space-time is quantized at short distances and that there is a minimal
length [86, 88-91], the mass distribution is expected to be partitioned in terms of the
Planck mass. As before, the cross section for a specific final state is obtained by summing
over the production cross sections of the contributing QBHs which have been multiplied

with the desired branching ratio Tables (2) to (9):

OQBH—final state — E E Oinitial state—QBH, ., ¥ BRfinal state,model -

. average masses
initial states

For the sake of illustration we take a Planck mass of 3 TeV and a center of mass energy
of 14 TeV. The minimal quantum black hole mass is 3 TeV and we set all the Yoshino
and Nambu functions to one. We find that if the reduced Planck scale is in the TeV
region, the cross section for the production of superpartners could be quite large even in a
supersplit scenario, indeed they are typically large at least for the continuous black mass
scenario. The production cross section for each decay mode is obtained by multiplying
the production cross section for quantum black holes in a given model and multiplying it

by the appropriate branching ratio. Note that the conservation laws we have chosen allow
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transitions of the type uu — @@ which look like a baryon number violating operator. One
should, however, keep in mind that these operators are only relevant for energies /s ~ Mp
since there is a threshold energy for the production of quantum black holes. These effective
operators could, become problematic if inserted into loops. Since very little is known about
quantum gravity and the physics of these quantum black holes, we choose not to worry
about it. It could be that these holes do not couple to long wavelength and highly off-
shell perturbative modes are suppressed or that B is conserved in these processes. In the
latter case, quantum black holes formed by two quarks would always decay back to two
quarks, while quantum black holes formed by a gluon and a (anti-) quark, two gluons or a
quark and anti-quark would still be allowed to decay into the superpartners of Standard
Model particles. The numerical cross sections for the different final states allowed in our
model can be found in the following tables; the continuous mass case cross sections in
Tables 7.2 to 7.5 are obviously larger than the one obtained for a discrete mass spectrum
(Tables 7.6 to 7.9). Note that if the supersymmetric particles all have masses equal to the
Planck scale, i.e. 3TeV in the value we took to illustrate our framework, the signature
for supersymmetric particles would be quite different from usual ones. While they will be
produced via the well studied typical supersymmetric production mechanism, they will
principally be produced via quantum black hole processes. Note that quantum black holes
with masses smaller than twice the Planck scale would not decay into the supersymmetric
sector as there is no phase space available. For heavier black holes, in our example heavier
than 6 TeV, they would be able to decay to two supersymmetric objects which would
decay quickly to two standard model particles and an extra supersymmetric one via the
usual supersymmetric decay channels. This production mechanism is very different from

the standard ones and dedicated searches should be considered.
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Particle 1 Particle 2 4 dim ADD n=5 | ADD n=6 | ADD n=7 RS
u u 6.69 3.02x10% | 4.03x10% | 5.11x10° | 1.70x10?
u i 1.68x1071 | 8.50x10' | 1.14x10% | 1.45x102 4.60
u d 2.65 1.25x10% | 1.68x10° | 2.13x10° | 6.96x10"
u d 4.69x1071 | 2.41x10% | 3.23x10% | 4.10x10% | 1.30x10!
i d 1.11x107! | 5.75x10' | 7.70x10' | 9.78x10* 3.09
a d 1.49x1072 8.06 1.08x10" | 1.37x10' | 4.26x10*
d d 9.20x1071 | 4.50x10% | 6.02x10% | 7.64x10% | 2.47x10!
d d 1.46x107% | 7.53x10' | 1.01x10% | 1.28x102 4.05
U u 8.90x10~3 4.75 6.37 8.09 2.52x1071
d d 1.35x1072 7.45 1.00x10" | 1.27x10' | 3.91x10*
u g 4.82x1071 | 2.42x10% | 3.24x10% | 4.11x10% | 1.31x10!
u 5 6.02x1072 | 3.02x10' | 4.05x10' | 5.14x10! 1.64
u A 6.02x1072 | 3.02x10' | 4.05x10! | 5.14x10! 1.64
u H 2.01x1072 | 1.01x10' | 1.35x10" | 1.71x10' | 5.47x107!
u G 4.01x1072 | 2.01x10! | 2.70x10' | 3.42x10! 1.09
d g 1.66x107! | 8.53x10* 1.14x10% | 1.45x102 4.59
d v 2.07x1072 | 1.07x10' | 1.43x10' | 1.81x10' | 5.74x10~"
d A 2.07x1072 | 1.07x10" | 1.43x10' | 1.81x10' | 5.74x10~!
d H 6.90x1073 3.55 4.76 6.05 1.91x107*
d G 1.38x1072 7.11 9.52 1.21x10! | 3.82x107!
a g 1.67x1072 8.90 1.19x10" | 1.52x10' | 4.74x10*
a v 2.09x1073 1.11 1.49 1.90 5.92x1072
i A 2.09x1073 1.11 1.49 1.90 5.92x1072
12 H 6.97x10* | 3.71x10~" | 4.97x107" | 6.32x10~" | 1.97x10~2
u G 1.39x1072 | 7.42x107! | 9.95x107! 1.26 3.95x1072
d g 2.23x1072 | 1.21x10' | 1.62x10' | 2.06x10' | 6.38x10~"
d v 2.79x1073 1.51 2.02 2.57 7.97x1072
d A 2.79x1073 1.51 2.02 2.57 7.97x1072
d H 9.30x10~* | 5.02x107" | 6.74x107" | 8.56x107" | 2.66x10~2
d G 1.86x1073 1.00 1.35 1.71 5.31x1072

Table 7.2: Continuous mass spectrum black holes. Particle 1 and Particle 2 refer to

the

particles produced in the decomposition of the black hole. For illustration, we considered

a center of mass energy of 14 TeV with a Planck scale of 3 TeV and a minimal black hole

mass of 3TeV. All cross sections are in fb.
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Particle 1  Particle 2 4 dim ADD n=5 | ADD n=6 | ADD n=7 RS
I~ It 7.78x1073 3.96 5.31 6.74 2.14x1071
v v 7.78x1073 3.96 5.31 6.74 2.14x1071
g g 3.24x1072 | 1.71x10* | 2.29x10' | 2.91x10!' | 9.12x107!
g v 1.17x1072 6.10 8.18 1.04x10" | 3.27x107*
g A 2.67x1072 | 1.37x10' | 1.84x10' | 2.34x10' | 7.39x10!
g H 1.50x1072 7.63 1.02x10' | 1.30x10' | 4.12x107*
g G 1.50x1072 7.63 1.02x101 | 1.30x10' | 4.12x107*
v v 1.04x1073 | 5401071 | 7.24x107' | 9.20x107" | 2.90x 1072
ol A 2.92x1073 1.49 2.00 2.54 8.06x102
¥ H 1.87x1073 | 9.54x107! 1.28 1.62 5.16x10~2
v G 1.87x1073 | 9.54x107" 1.28 1.62 5.16x1072
A A 2.92x1073 1.49 2.00 2.54 8.06x102
A H 1.87x1073 | 9.54x10~ ! 1.28 1.62 5.16x1072
A G 2.20x1073 1.13 1.51 1.92 6.08x1072
W- wt 2.92x1073 1.49 2.00 2.54 8.06x1072
H H 7.18x107% | 3.67x107% | 4.92x107! | 6.25x107! | 1.98x1072
H G 3.26x107* | 1.73x107 ! | 2.32x107! | 2.95x107! | 9.21x1073
G G 2.82x1073 1.44 1.94 2.46 7.79x1072

Table 7.3: Continuous mass spectrum black holes. Particle 1 and Particle 2 refer to the
particles produced in the decomposition of the black hole. For illustration, we considered
a center of mass energy of 14 TeV with a Planck scale of 3'TeV and a minimal black hole

mass of 3TeV. All cross sections are in fb.
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Particle 1 Particle 2 4 dim ADD n=5 | ADD n=6 | ADD n=7 RS
a m 1.67 7.54x10% | 1.01x10% | 1.28x10% | 4.26x10!
i i 4.55x1072 | 2.31x10* | 3.10x10* | 3.94x10! 1.25
i d 6.63x10~1 | 3.14x10% | 4.19x10% | 5.32x10> | 1.74x10"
a d 1.17x107 | 6.02x10 | 8.07x10! | 1.02x102 3.24
i d 2.79x1072 | 1.44x10* | 1.93x10' | 2.45x10' | 7.73x107!
i d 3.72x1073 2.02 2.70 3.44 1.06x10~!
d d 2.30x10~' | 1.12x10% | 1.50x10% | 1.91x10? 6.17
d d 4.00x1072 | 2.07x10' | 2.77x10' | 3.52x10! 1.11
U i 2.23x1073 1.19 1.59 2.02 6.31x1072
d d 3.38x1073 1.86 2.50 3.18 9.79%10~2
a g 1.61x1071 | 8.06x10' | 1.08x10% | 1.37x10? 4.38
i 5 2.01x1072 | 1.01x10* | 1.35x10' | 1.71x10' | 5.47x107!
i 20 2.01x1072 | 1.01x10* | 1.35x10' | 1.71x10! | 5.47x107!
@ H 2.01x1072 | 1.01x10' | 1.35x10' | 1.71x10' | 5.47x10~"
a G 4.01x1072 | 2.01x10! | 2.70x10' | 3.42x10! 1.09
d g 5.52x1072 | 2.84x10' | 3.81x10' | 4.84x10! 1.53
d 5 6.90x 103 3.55 4.76 6.05 1.91x107!
d 20 6.90x10~3 3.55 4.76 6.05 1.91x107!
d H 6.90x1073 3.55 4.76 6.05 1.91x107!
d G 1.38x1072 7.11 9.52 1.21x10" | 3.82x107!
i g 5.58x 1073 2.97 3.98 5.06 1.58x107!
a A 6.97x10~* | 3.71x107% | 4.97x107! | 6.32x107! | 1.97x1072
i Z0 6.97x107* | 3.71x107! | 4.97x107! | 6.32x107 | 1.97x1072
i H 6.97x10* | 3.71x10~" | 4.97x107" | 6.32x10~" | 1.97x10~2
u G 1.39x1072 | 7.42x107! | 9.95x107! 1.26 3.95x1072
d g 7.44x1073 4.02 5.39 6.85 2.13x107!
d 2 9.30x10~* | 5.02x107! | 6.74x107! | 8.56x107! | 2.66x10~2
d 20 9.30x10~* | 5.02x10~" | 6.74x107" | 8.56x107" | 2.66x10~2
d H 9.30x10~* | 5.02x107" | 6.74x107" | 8.56x107" | 2.66x10~2
d G 1.86x 1073 1.00 1.35 1.71 5.31x10~2

Table 7.4: Continuous mass spectrum black holes. Particle 1 and Particle 2 refer to

the

particles produced in the decomposition of the black hole. For illustration, we considered

a center of mass energy of 14 TeV with a Planck scale of 3 TeV and a minimal black hole

mass of 3TeV. All cross sections are in fb.
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Particle 1  Particle 2 4 dim ADD n=5 | ADD n=6 | ADD n=7 RS
I~ I+ 2.15x1073 1.10 1.48 1.88 5.94x10~2
7 7 2.15%1073 1.10 1.48 1.88 5.94x1072
g g 2.85x1072 | 1.46x10' | 1.96x10' | 2.49x10 | 7.87x10~!
7 7 2.15x1072 | 1.10x10' | 1.47x10' | 1.87x10' | 5.92x10~*
7 Z0 2.15x1072 | 1.10x10* | 1.47x10" | 1.87x10" | 5.92x10~!
g H 2.00x1072 | 1.02x10' | 1.36x10' | 1.73x10% | 5.50x10~!
g G 1.50x 1072 7.63 1.02x10 | 1.30x10% | 4.12x107!
5 o 2.59x10~3 1.32 1.77 2.25 7.14x1072
o Z0 2.59x1073 1.32 1.77 2.25 7.14x1072
5 H 2.50x1073 1.27 1.70 2.16 6.87x 1072
5 G 1.87x1073 | 9.54x10" 1.28 1.62 5.16x10~2
20 Z0 2.59%1073 1.32 1.77 2.25 7.14x1072
20 H 2.59% 103 1.32 1.77 2.25 7.14x1072
20 G 2.20x1073 1.13 1.51 1.92 6.08x10~2
w- wH+ 2.59%1073 1.32 1.77 2.25 7.14x1072
H H 2.59x1073 1.32 1.77 2.25 7.14x1072
H G 2.20x1073 1.13 1.51 1.92 6.08x10~2
G G 2.82x1073 1.44 1.94 2.46 7.79%x1072

Table 7.5: Continuous mass spectrum black holes. Particle 1 and Particle 2 refer to the
particles produced in the decomposition of the black hole. For illustration, we considered
a center of mass energy of 14 TeV with a Planck scale of 3'TeV and a minimal black hole

mass of 3TeV. All cross sections are in fb.
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Particle 1 Particle 2 4 dim ADD n=5 | ADD n=6 | ADD n=7 RS
u u 4.33 2.87x10% | 3.87x10% | 4.94x10° | 1.40x10?
u i 1.18x1071 | 8.10x10' | 1.09x10% | 1.40x102 3.90
u d 1.76 1.19x10% | 1.61x10° | 2.05x10% | 5.77x10"
u d 3.32x1071 | 2.29x10% | 3.10x10% | 3.95x10% | 1.10x10!
i d 7.93x1072 | 5.48x10' | 7.39x10' | 9.44x10! 2.64
a d 1.11x1072 7.72 1.04x10" | 1.33x10' | 3.71x10*
d d 6.25x1071 | 4.27x10% | 5.76x10% | 7.36x10% | 2.06x10!
d d 1.04x1071 | 7.17x10" | 9.68x10" | 1.24x10? 3.46
U u 6.54x1073 4.54 6.13 7.83 2.18x1071
d d 1.03x10~2 7.15 9.66 1.23x10" | 3.44x107!
u g 3.35x10~1 | 2.30x10% | 3.11x10% | 3.97x10% | 1.11x10!
u v 4.19x1072 | 2.88x10 | 3.88x10' | 4.96x10! 1.39
u A 4.19x1072 | 2.88x10' | 3.88x10' | 4.96x10! 1.39
u H 1.40x1072 9.59 1.29x10" | 1.65x10' | 4.63x10*
u G 2.80x1072 | 1.92x10' | 2.59x10* | 3.31x10' | 9.25x107!
d g 1.18x107!' | 8.13x10* 1.10x10% | 1.40x102 3.92
d v 1.47x1072 | 1.02x10" | 1.37x10" | 1.75x10" | 4.89x10~!
d A 1.47x1072 | 1.02x10' | 1.37x10' | 1.75x10' | 4.89x10~!
d H 4.91x1073 3.39 4.57 5.84 1.63x1071
d G 9.81x1073 6.77 9.14 1.17x10! | 3.26x107!
a g 1.23x1072 8.51 1.15x10" | 1.47x10' | 4.10x10*
a v 1.53x1073 1.06 1.44 1.83 5.12x1072
i A 1.53x1073 1.06 1.44 1.83 5.12x1072
i H 5.11x10~* | 3.55x10~" | 4.79x10~" | 6.12x10~" | 1.71x10~2
u G 1.02x1073 | 7.09x107! | 9.58x107! 1.22 3.41x1072
d g 1.66x1072 | 1.15x10' | 1.56x10* | 1.99x10" | 5.55x107!
d v 2.08x1073 1.44 1.95 2.49 6.94x1072
d A 2.08x1073 1.44 1.95 2.49 6.94x10~2
d H 6.92x107% | 4.81x107" | 6.49x1071 | 8.29x107! | 2.31x1072
d G 1.38x1073 | 9.62x107! 1.30 1.66 4.63x1072

Table 7.6: Discrete mass spectrum quantum black holes. Particle 1 and Particle 2 refer
to the particles produced in the decomposition of the black hole. For illustration, we
considered a center of mass energy of 14 TeV with a Planck scale of 3 TeV and a minimal

black hole mass of 3 TeV. All cross sections are in fb.
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Particle 1  Particle 2 4 dim ADD n=5 | ADD n=6 | ADD n=7 RS
I~ It 5.48x1073 3.77 5.10 6.51 1.82x107 1
v v 5.48x1073 3.77 5.10 6.51 1.82x107!
g g 2.36x1072 | 1.63x10* | 2.20x10' | 2.82x10! | 7.86x107!
g v 8.43x1073 5.82 7.86 1.00x10" | 2.80x10~*
g Z0 1.90x1072 | 1.31x10' | 1.77x10' | 2.26x10' | 6.31x107!
g H 1.05x1072 7.26 9.81 1.25x10' | 3.50x107*
g G 1.05x1072 7.26 9.81 1.25x10 | 3.50x107!
v v 7.46x107% | 5.15x107" | 6.96x1071 | 8.89x10~! | 2.48x1072
v A 2.06x1073 1.42 1.92 2.45 6.86x 1072
¥ H 1.32x1073 | 9.08x107! 1.23 1.57 4.38x1072
v G 1.32x1073 | 9.08x10~! 1.23 1.57 4.38x1072
A 70 2.06x1073 1.42 1.92 2.45 6.86x 1072
A H 1.32x1073 | 9.08x10~! 1.23 1.57 4.38x1072
A G 1.56x1073 1.07 1.45 1.85 5.17x1072
W- wt 2.06x1073 1.42 1.92 2.45 6.86x1072
H H 5.08x107% | 3.50x107" | 4.72x107! | 6.03x107! | 1.69x 1072
H G 2.39x107* | 1.65x107 ! | 2.23x107! | 2.85x107! | 7.96x1073
G G 2.00x1073 1.38 1.86 2.37 6.63x1072

Table 7.7: Discrete mass spectrum quantum black holes. Particle 1 and Particle 2 refer
to the particles produced in the decomposition of the black hole. For illustration, we
considered a center of mass energy of 14 'TeV with a Planck scale of 3'TeV and a minimal

black hole mass of 3 TeV. All cross sections are in fb.
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Particle 1 Particle 2 4 dim ADD n=5 | ADD n=6 | ADD n=7 RS
a m 1.08 7.17x10% | 9.68x10% | 1.24x10% | 3.49x10!
i i 3.20x1072 | 2.20x10' | 2.98x10! | 3.80x10! 1.06
i d 4.41x1071 | 2.98x10% | 4.02x10% | 5.13x10%> | 1.44x10"
a d 8.31x1072 | 5.73x10' | 7.74x10' | 9.88x10! 2.76
i d 1.98x1072 | 1.37x10' | 1.85x10' | 2.36x10* | 6.59x10~!
i d 2.78x1073 1.93 2.61 3.33 9.28x102
d d 1.56x10~! | 1.07x10% | 1.44x10% | 1.84x10? 5.16
d d 2.86x1072 | 1.97x10' | 2.67x10* | 3.40x10' | 9.51x107!
U i 1.64x1073 1.13 1.53 1.96 5.46x10~2
d d 2.57x1073 1.79 2.41 3.08 8.60x10~2
a g 1.12x1071 | 7.67x10' | 1.04x10% | 1.32x10? 3.70
U ol 1.40x1072 9.59 1.29x10' | 1.65x10' | 4.63x107*
i 20 1.40x1072 9.59 1.29x10' | 1.65x10' | 4.63x107*
n H 1.40x1072 9.59 1.29x10" | 1.65x10* | 4.63x10~!
a G 2.80x1072 | 1.92x10' | 2.59x10* | 3.31x10' | 9.25x107!
d g 3.93x1072 | 2.71x10' | 3.66x10' | 4.67x10! 1.31
d 5 4.91x10~3 3.39 4.57 5.84 1.63x107!
d Z0 4.91x1073 3.39 4.57 5.84 1.63x107!
d H 4.91x1073 3.39 4.57 5.84 1.63x1071
d G 9.81x1073 6.77 9.14 1.17x10 | 3.26x107!
i 7 4.09x10~3 2.84 3.83 4.89 1.37x107!
i A 5.11x107* | 3.55x1071 | 4.79x107! | 6.12x1071 | 1.71x10~2
i Z0 5.11x107* | 3.55x107! | 4.79x107! | 6.12x107! | 1.71x1072
i H 5.11x10~* | 3.55x10~" | 4.79x10~" | 6.12x10~" | 1.71x10~2
u G 1.02x1072 | 7.09x107! | 9.58x 1071 1.22 3.41x1072
d g 5.54x1073 3.85 5.19 6.63 1.85x107!
d ¥ 6.92x10~* | 4.81x107! | 6.49x107! | 8.29x107! | 2.31x1072
d 20 6.92x10~* | 4.81x10~" | 6.49x107" | 8.29x10~" | 2.31x10~2
d H 6.92x107% | 4.81x107" | 6.49x1071 | 8.29x107! | 2.31x1072
d G 1.38x1073 | 9.62x 10~ 1.30 1.66 4.63x10~2

Table 7.8: Discrete mass spectrum quantum black holes. Particle 1 and Particle 2 refer
to the particles produced in the decomposition of the black hole. For illustration, we
considered a center of mass energy of 14 TeV with a Planck scale of 3 TeV and a minimal

black hole mass of 3 TeV. All cross sections are in fb.
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Particle 1  Particle 2 4 dim ADD n=5 | ADD n=6 | ADD n=7 RS
I~ I+ 1.52x1073 1.05 1.42 1.81 5.06x 102
7 7 1.52x1073 1.05 1.42 1.81 5.06x1072
g g 2.02x1072 | 1.39x10' | 1.88x10' | 2.40x10' | 6.71x107!
g o 1.52x1072 | 1.04x10' | 1.41x10' | 1.80x10' | 5.03x10~*
7 Z0 1.52x1072 | 1.04x10' | 1.41x10' | 1.80x10' | 5.03x107!
g H 1.41x1072 9.69 1.31x10 | 1.67x10% | 4.67x107!
g G 1.05x1072 7.26 9.81 1.25x10! | 3.50x107!
5 o 1.83x1073 1.26 1.70 2.17 6.06x1072
5 20 1.83x1073 1.26 1.70 2.17 6.06x10~2
5 H 1.76x1073 1.21 1.63 2.09 5.84x1072
5 G 1.32x1073 | 9.08x10~* 1.23 1.57 4.38x10~2
20 Z0 1.83x1073 1.26 1.70 2.17 6.06x102
20 H 1.83x1073 1.26 1.70 2.17 6.06x 102
20 G 1.56x1073 1.07 1.45 1.85 5.17x1072
w- wH+ 1.83x1073 1.26 1.70 2.17 6.06x1072
H H 1.83x1073 1.26 1.70 2.17 6.06x1072
H G 1.56x1073 1.07 1.45 1.85 5.17x1072
G G 2.00x1073 1.38 1.86 2.37 6.63x10~2

Table 7.9: Discrete mass spectrum quantum black holes. Particle 1 and Particle 2 refer
to the particles produced in the decomposition of the black hole. For illustration, we
considered a center of mass energy of 14 'TeV with a Planck scale of 3'TeV and a minimal

black hole mass of 3 TeV. All cross sections are in fb.
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Chapter 8

Conclusion

Models of low scale gravity and their consequences have been studied in many publications,
not only because they predict quantum gravity to be accessible at low energies and thus in
the reach of ongoing colliders such as the LHC, but also because they provide approaches
to resolve the seemingly unnatural hierarchy problem. The current lack of observation of
any indications of physics beyond the Standard Model (SM) has been a setback for the
excitement of these models. Nonetheless, the continuing studies and recent experiments
prove to give essential insights into the quantum theory of gravitational effects. The search
of extra dimensions yielded to fruitful combined studies in both fields of particle and as-
trophysics. They undoubtedly give limits, e.g. on the fundamental Planck mass, which
bring us closer to a better understanding of processes in such an energy regime.

In this thesis we reviewed the leading models suggesting a low scale quantum gravity, see
Chapter 2. This includes the proposed large volume of extra dimensions, which was fol-
lowed shortly after by the suggestion of the existence of one warped extra dimensions. In
addition, we review the four-dimensional model that proposes a large hidden sector due to
the running of the gravitational constant. Motivated by these models, the concept of black
hole creation in high energy collisions was put forward and has been extensively studied
up to the semi-classical regime. A review of black holes created in particle collisions is
given in Chapter 3. A theoretical approach of Quantum Black Holes (QBHs), gravitational
objects with masses close to the Planck scale, followed. In pursuit of the proposition of
these non-thermal objects, the work presented in this thesis extends the theory regarding
these objects.

In Chapter 4, we establish an effective way of describing the production mechanism of
QBHs using SM quantum fields. Remaining in a model independent description, we were

able to match the amplitude to the extrapolated geometrical cross section by applying
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the necessary Feynman rules. Using an effective Lagrangian formulation for non-thermal
QBHs, we derived bounds on the fundamental Planck mass. The reasonably good agree-
ment between the experimental value of the anomalous magnetic moment of the muon
and the theoretical predictions leads to a bound on the Planck mass of the order of 266
GeV, which only assumes that QBHs can be treated as virtual objects and couple to low
energy modes. Additionally, we considered processes in which discrete symmetries, such as
lepton number or CP, are violated by quantum gravitational physics. One obtains tighter
limits on the energy scale at which quantum gravity effects become sizable, respectively
10* GeV and 10® GeV. These bounds are surprisingly weak. Again, we want to stress here
that these limits are determined in a model independent way. On the other hand, we find
that the limit coming from the lack of observation of proton decay is much tighter and
unless this decomposition is forbidden by some mechanism, it represents the tightest limit
to date on the reduced Planck mass. Note that cosmic rays allow one to set a limit on the
four-dimensional Planck mass of about 500 GeV [40], but there are several theoretical un-
certainties in that bound. In contrast, the limits presented in this paper are rather model
independent. A consequence of our result is that the assumption made in [17] concerning
the coupling of QBHs to long wave modes or their lack of virtuality can be relaxed. Unless
quantum gravity violates CP, QBHs could well be within the reach of the LHC.

Chapter 5 deals with the production and decay of QBHs with a continuous mass spectrum
at the LHC within several frameworks for low scale quantum gravity. We investigated the
processes in ADD with n = 5,6, and 7 extra dimensions, Randall and Sundrum’s brane
world and a 4-dimensional construction proposed in [4]. The collisions are assumed to
take place at the different center of mass energies and we present the total production
cross sections for 7TeV to 14 TeV. Several models corresponding to different symmetry
conservation laws are studied and the cross sections for the following specific final states
are given: A QBH decaying into two photons, an electron-positron pair and accordingly
an electron-antimuon pair, an electron and up-quark, and an antimuon and down-quark.
The Planck scale is taken to be 1 TeV, 3TeV, and 5 TeV. We find that the cross sections
can be sizable, depending on the value of the Planck scale. For the LHC operating at a
center of mass energy of 7 TeV and 8 TeV, the cross sections are, generally speaking, only
able to probe a Planck mass in the 1 TeV region. We observe the expected increase in the
total cross section with center of mass energy of the process and for models with a higher
number of extra dimensions. For higher Planck masses, the cross sections decrease rapidly

due to the momentum dependence of the parton distribution functions. It shall be noted
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that all cross sections calculated in this thesis have been determined using LHAPDF! [85]
with the CTEQ6 parton distribution functions [84] and could be calculated for any other
set of parton distribution functions (PDFs). The different PDF's do not change the order
of magnitude of the results, we observed only a slight discrepancy compared to using the
CTEQ5M [100]. For the choice of momentum scale, we found that it results in a difference
between choosing the fundamental Planck mass and the inverse Schwarzschild radius of
maximal 20%, so not affecting the order of magnitude either. The discrepancy is actually
smaller for most cases, increasing with the size of the Planck scale.

With regard to specific final states, we anticipate that the SM background for these center
of mass energies is likely to be too large to probe a Planck scale higher than 2 TeV. For
a 14 TeV LHC, we expect to be able probe the Planck scale up to 3 TeV. For rare events,
such as final states with a muon and a positron or an electron and up-quark back to back,
one could potentially test a larger Planck scale due to absent background of SM processes.
To quantify an exact reach of the LHC, a dedicated background study and detector sim-
ulation is required which goes beyond the scope of this thesis. The implementation of
this model into the black hole generator BlackMax will, however, allows the user to make
assumptions about the quantum gravitational regime. We emphasize that the limits found
in the literature on the production of small, semi-classical, black holes do not apply to
those considered here.

Acknowledging models proposing the existence of a minimal length in quantum gravity
[86-91], we considered a discrete mass spectrum for QBHs in Chapter 6. As expected, due
to the underlying phenomenology in quantizing the discrete states, we find lower total cross
sections than in Chapter 5. Although the nature of the discrete QBHs is more particle-like
than in the continuous case, where the QBHs rather correspond to gravitational scatter-
ing, the discussed objects resemble plateau shaped signatures. The considered spacing in
terms of the examined Planck scale yields clearly to smaller cross section. It shall be noted
that in case of a fixed quantization, e.g. 1TeV, and higher Planck masses, i.e. 3TeV or
5TeV, this characteristic is not given. How the mass spectrum is quantized cannot be
known without a complete understanding of quantum gravity and it would be interesting
to compare our proposed discretization to different ones in future projects. Since we do
not restrict ourselves to a certain symmetry model for quantum gravity, the same branch-
ing ratios as portrayed for the continuous case apply to the final states of discrete QBHs.

This is reasonable if one assumes that the same quantum numbers, i.e. SU(3),, U(1) and

For more information refer to Section C.
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spin are conserved. As for the continuous case, we assume a large SM background for
most of the final states, which resemble two jets back to back, whereas final states with
two photons or two leptons should be easy to identify at the Large Hadron Collider and
should be the focus of searches. It shall be highlighted that in case of a quantum theory
of gravity that violates lepton, quark flavor, or even B-L, we find more exotic signatures,
such as a high transverse momentum muon and a high transverse momentum positron
back to back or a muon-down-quark pair final state, which cross sections are shown in this
chapter. These final states would undoubtedly be smoking guns for non-thermal quantum
black holes and could enable one to probe considerably higher Planck scales.

In Chapter 7 we argued that even if supersymmetry is broken at the Planck scale, the su-
perpartners of the Standard Model particles must couple gravitationally to their Standard
Model partners. We extend the decay mechanism to include all supersymmetric cases
and present all possible final state cross sections for a center of mass energy of 14 TeV
and a Planck scale of 3TeV. Quantum black holes could thus be a portal into the su-
persymmetric world and we estimated the enhancement of the production cross sections
of supersymmetric particles. Under the considered assumptions about supersymmetry,
we have shown that in models with low scale quantum gravity, supersymmetric particles
could be produced with large cross sections at the studied center of mass energy. The
signatures for these transitions are rather different from standard supersymmetric ones
and a discovery of supersymmetry in this scenario would require dedicated searches. It
shall be noted that the branching ratios in this case consider quantum gravity to conserve
all quantum numbers. Since the understanding of a quantum theory of gravity is still far
from complete, it would be sensible to direct future research into less conservative sym-
metry restrictions, such as quark and lepton flavor violating processes.

It is important to note that for the production of QBHs, we assumed that the cross section
can be extrapolated from the semi-classical case. This has been done by using an effective
way of describing the physics of QBHs by matching the cross sections to each other. One
can thus not picture the description as a full effective field theory in the usual sense, i.e.
higher-dimensional operators will only change the procedure of the matching but not the
cross section or its precision. With this extrapolation in mind, QBHs have much smaller
masses and entropies than semi-classical black holes and their decay cannot be described
thermally. They are so to speak particle-like and couple only to a few particles, allowing
for a description using SM fields. We do, however, expect them to couple only to low en-

ergy modes and assume that processes involving QBHs conserve QCD and U(1) charges.
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In other words, quantum gravity does not violate local gauge symmetries but we make no
such assumption about global charges, for which we provide a number of different appli-
cable symmetry restrictions.

With searches for physics beyond the Standard Model at current experiments in energy
regions which have never been reached in collider experiments before, we are closer to
probing the quantum gravity regime than we have ever been before. If the Planck scale
is indeed lower than traditionally expected, one of the most interesting signatures would
definitely be the production of quantum black holes. With experimental bounds starting
to appear [71-73] and theoretical predictions, we cannot only learn about the theory of
quantum black holes but also set limits on the scale at which quantum gravitational effects

become relevant.
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Appendix A

Dimensional analysis and Planck

mass conventions

A.1 Dimensional analysis

In case of an dimensionless metric for higher dimensional space-times and considering

natural units, we find for the following parameters:

e length: [length] = [mass]~*

compactification radius: [R] = [mass]?

e Newton constant: [Gy] = [mass] 2
e higher dimensional gravity coupling: [G.] = [mass]_(2+”)
e higher dimensional scalar field: [¢] = [mass](H”)/ 2

A.2 Planck mass conventions

In the literature, one finds different conventions for the relation of the higher-dimensional
Planck mass M, and Newton’s fundamental gravitational constant GG,. Dimopoulos and

Landsberg [6] define the Planck mass to be

n 1

where n is the number of extra dimensions. On the other hand, Giddings and Thomas [8]

(see also [101]) proposed the following convention

MTL+2 _ (27T)n

*GT A G* (A2)
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For the determination of the production cross section of QBHSs, we use the PDG convention

[47] which defines the ratio to be

n+2 __ (271-)“ ) (Ag)

*PDG 87 G,

This yields to a relation of the different conventions of

n+2 __ (27r)nMn+2 _

M2 (A.4)

1
*PDG S *DL 5 *GT

Whereas there is a small relative correction between the convention used by Giddings
and Thomas and the PDG convention, the factor between the convention proposed by
Dimopoulos and Landsberg and the PDG convention becomes substantial for higher di-

mensions, see table A.1.

n 0 1 2 3 4 ) 6 7

M. ppe /M 0.20 | 0.63 | 1.12 | 1.58 | 1.99 | 2.34 | 2.65 | 2.92

DL

M,ppe /My | 0711 0.79 | 0.84 | 0.87 | 0.89 | 0.91 | 0.92 | 0.93

Table A.1: Relation between different conventions for the fundamental Planck mass de-

pending on the number of extra dimensions n, where M, stands for the PDG convention

[47], M

*DL

PDG

for the convention introduced by Dimopoulos and Landsberg [6], and M, for

*GT

the convention by Giddings and Thomas [8].



110

Appendix B

Plots
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B.1 Parton distribution functions
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Figure B.1: Plot of the parton distribution function with the momentum scale @) chosen
to be the center of mass energy /s = 14 TeV. The parton distribution function f(z,Q?)
multiplied by the momentum z for a variety of quarks and antiquarks is plotted against

the momentum z. The plot was generated using the HepData PDF plotter [102].
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Figure B.2: Plot of the parton distribution function with the momentum scale ) chosen to
be the fundamental Planck scale M, = 1TeV. The parton distribution function f(z, Q?)
multiplied by the momentum z for a variety of quarks and antiquarks is plotted against

the momentum z. The plot was generated using the HepData PDF plotter [102].
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Figure B.3: Plot of the parton distribution function with the momentum scale @) chosen
to be the fundamental Planck scale r;!(y/us = 14TeV,n = 1, M, = 1TeV) ~ 0.41 TeV.
For purposes of illustration, we consider the ADD model with one extra dimension, a
fundamental Planck scale of M, = 1TeV, and a center of mass energy of \/us = 14 TeV.
The parton distribution function f(z,@?) multiplied by the momentum z for a variety of
quarks and antiquarks is plotted against the momentum x. The plot was generated using

the HepData PDF plotter [102].
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Appendix C

Code Manual

This part of the thesis covers a manual for the C++ code “QBH.cc” [82] which is used to
determine the cross sections of quantum black holes (QBHs) described in Chapter 5, 6 and
7. We will outline the installation process, including the necessary libraries and interfaces

to compile and run the program, as well as the input and output.

C.1 Installation

The compilation of QBH.cc requires the GNU Compiler Collection (GCC). The program
uses the Les Houches accord PDFs (LHAPDF) an interface that provides access to sets of
parton distribution functions (PDFs). Since it is of essential use for the successful com-
pilation of the program, the installation process is described in the following section. In
addition, we cover the installation of CUBA [83] which is the library used for the multidi-

mensional numerical integration.

C.1.1 LHAPDF interface

To download the most recent source code and find a detailed description of the inter-
face, visit lhapdf .hepforge.org. After unpacking the tar file, change into the LHAPDF

directory
cd lhapdf-"version"

of the downloaded version of LHAPDF. Choosing the low memory version and assuming

that the user has root privileges, now configure with
./configure --enable-low-memory ,

whereas you would create an alternative directory and use
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./configure --prefix=/path/to/directory --enable-low-memory

if you do not possess root privileges. To avoid causing issues with the configuration, the
newly created directory has to be named differently from the LHAPDF directory. Now

run

make

(sudo) make install

which should have created the static and dynamic library, respectively:

/usr/local/lib/1ibLHAPDF.a

/usr/local/lib/1ibLHAPDF.so .

To download a specific PDF set, use the command

lhapdf-getdata cteq6.LHpdf

where “cteq6.LHpdf” could be replaced by any other available PDF set, a comma sep-
arated list of PDF sets, a group of sets defined by the group name, e.g. “cteq”, or the

command “all” to download all available sets.

C.1.2 CUBA library

The stand-alone versions of QBH.cc use the Vegas algorithm of the CUBA library [83] for

the numerical Monte Carlo integration. The source code can be downloaded at

www.feynarts.de/cuba/ .

After unzipping the directory, the user has to run the commands

.\configure

make

to finalize the installation of the library. This should have created the static library

libcuba.a

in the CUBA directory. The current version of QBH.cc uses the version CUBA-3.1.
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C.2 Compilation and execution of QBH.cc

There are different models of QBH.cc depending on the considered theoretical background.

The user has the opportunity to determine the cross sections for
e QBHs with a continuous mass spectrum (QBH_continuous.cc),
e QBHs with a discrete mass spectrum (QBH_discrete.cc),

e QBHs with a continuous mass spectrum including supersymmetric particles in the

final state (QBH_continuous_SUSY.cc),

e (QBHs with a discrete mass spectrum including supersymmetric particles in the final

state (QBH_.discrete SUSY.cc).

Each model allows the user to produce cross sections for a range of fundamental Planck
masses and center of mass energies. Additionally, we provide “_single.cc” versions which
let the user check a certain set of parameters. The parameters for each version can be
modified in the headerfile, respectively, which is described in more detail in the following

section. To compile the desired version of QBH.cc use the command
make (BH_continuous

where QBH_continuous can be replaced by any of the versions:
(QBH_continuous.cc, QBH_discrete.cc, QBH_continuous_SUSY.cc,
(QBH_discrete_SUSY.cc, (QBH_continuous_single.cc, (QBH._discrete_single.cc,
(QBH_continuous_SUSY_single.cc, (QBH._discrete_SUSY_single.cc.

The user then needs to run it by using
./QBH_continuous

or accordingly. If the user wants to run the code with another version of CUBA or LHAPDF,

the program will have to be modified at the indicated parts in source and makefile.

C.3 Input for QBH.cc

There are various parameters which can be chosen by the user. The input parameters for
QBH.cc can be found and changed in the according headerfile. For the continuous case,
for only SM particles as well as including supersymmetric particle production, one can

change the parameters in
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input/inputParameter.h ,
or alternatively in the single case
input/inputParameter_single.h .

For the discrete case, one needs to modify input/inputParameterDiscrete.h and
input/inputParameterDiscrete_single.h, respectively. There are a number of variable

input parameters.
1. NUM_EXTRA_DIM sets the number of the extra dimensions.
2. THEORY_TYPE sets the underlying model of the extra dimensions.
e TheoryType: :ADD: Model proposed by Nima Arkani-Hamed, Savas Dimopou-
los, and Gia Dvali with the choice of extra dimensions from n=20,...,7.
e TheoryType: :RS1: Model constructed by Randall and Sundrum with the num-
ber of extra dimensions fixed to be equal to 1.
3. CONSIDER_INELASTICITY sets the constraints from inelasticity.
e CONSIDER_INELASTICITY = false: All center-of-mass energy is trapped be-

hind the event horizon and no elasticity effects are considered.

e CONSIDER_INELASTICITY = true: Only a fraction of center-of-mass energy is
behind the event horizon and the inelasticity effects by Yoshino and Rychkov

[61] are considered.
4. SCALE_PDF sets the scale of the parton distribution functions.

e ScalePDF: :MD: reduced Planck mass.

e ScalePDF: :RS: inverse Schwarzschild radius.

5. COM_ENERGY: sets the center of mass energy of the initial proton system in GeV. In
the _single.cc case this is fixed to one value, in the case for various center of mass
energies the minimal (COM_ENERGY_MIN) and maximal (COM_ENERGY_MAX) considered

value has to be specified.

6. REDUCED_PLANCK_MASS: sets the value of the fundamental quantum gravity scale in
GeV. In the _single.cc case this is fixed to one value, in the case for various
fundamental Planck masses the minimal (REDUCED_PLANCK_MASS_MIN) and maximal

(REDUCED_PLANCK_MASS_MAX) considered value has to be specified.
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7. X_MIN: sets (only for a continuous mass spectrum) the ratio of the minimal QBH

mass over the Planck scale.

The user can also change the Monte Carlo variables in the headerfile to change the inte-
gration parameters, such as the relative accuracy.

The branching ratios can be found in
input/BranchingRatios/BranchingRatios.csv

for only SM particles in the final state, as described in Section 5.3.1, and in
input/BranchingRatios/BranchingRatiosSusy.csv

for including supersymmetric particles in the final state, see Chapter D. We use the Monte
Carlo particle numbering scheme [19] to specify the incoming and outgoing particles. The

necessary numbers can be found in Table C.1.

1(djj11] e ||21| g
20 u || 12 | v || 22| #v
3 s | 13] pl 23] 2°
41 c|| 14| v, || 24 W+
5|/b|l15]| 7 |25 H
6|t ||16]|v |39 G

Table C.1: Particle numbering scheme; antiparticles: negative numbers
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C.4 Output for QBH.cc

QBH.cc prints the basic information about the input settings to the terminal screen and

produces a comma-separated text file of the form?
crossSection_ADD_n7_M3TeV_s14TeV.txt .

This output file includes information about all possible QBHs. The filename indicates
the underlying model of extra dimensions, the number of extra dimensions, the chosen
fundamental Planck mass and the center of mass energy. The output file will be organized
in blocks, the line beginning with QBH classifies the incoming particles creating the QBH.
The following lines give the cross sections for the possible final states, indicated by the first
two entries in each line, for the considered symmetry restrictions. In the above mentioned

case, one would e.g. find for two anti-up-quarks creating a QBH:

QBH ,-2,-2,,,,
-2,-2,233.118,233.118,38.8529,25.902,25.902
-2,-4,0,0,38.8529,25.902,25.902
-2,-6,0,0,38.8529,25.902,25.902
-4,-4,0,0,38.8529,25.902,25.902
-4,-6,0,0,38.8529,25.902,25.902
-6,-6,0,0,38.8529,25.902,25.902
11,1,0,0,0,8.63398,8.63398
11,3,0,0,0,8.63398,8.63398
11,5,0,0,0,8.63398,8.63398
13,1,0,0,0,8.63398,8.63398
13,3,0,0,0,8.63398,8.63398
13,5,0,0,0,8.63398,8.63398
15,1,0,0,0,8.63398,8.63398
15,3,0,0,0,8.63398,8.63398
15,5,0,0,0,8.63398,8.63398

For the supersymmetric case, we considered only one symmetry model, thus one would

only find one value for the cross section of each final state.

!depending on the chosen version, the name of the output file can slightly vary.
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Appendix D

Branching ratios including

supersymmetric particles

This chapter lists the branching ratios used to determine the cross sections for quantum
black hole (QBH) processes with supersymmetric particles in the final state. Based on the
branching ratios determined for QBHs which only decay into SM particles, the branching
ratios were determined for a model in which we assume quark and lepton flavor as well as
Lorentz invariance to be conserved. Using the classifications of the QBH according to its
SU(3) color charge and spin, the branching ratios for SM and supersymmetric particles
take the values shown in Table D.1 to D.5.

If one considers a black hole created by two up-quarks, the QBH carries an incidental
U(1)em charge of 4/3. One finds 3 x 3 = 6 + 3 for the color states when decaying into two
up quarks. This has to be weighed by the spin factors; both spin states, spin-0 as well
as spin-1, are possible, we thus multiply the amount of states with the sum of both spin

factors:

QBH(u,u,4/3) 5u-+u: (6+3)x(1+3)=36 . (D.1)

The up-squark particles on the other hand carry an integer spin charge of one and therefore

only apply to the spin-0 state. We find
QBH(u,u,4/3) >u+u: (6+3)x(1)=9 (D.2)

and thus the ratio displayed in Table D.1. The other branching ratios are determined

accordingly.
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QBH (u, u, 4/3) QBH (d, d, -2/3)
Particle 1 Particle 2 Branching Ratios | Particle 1 = Particle 2 Branching Ratios
u u 80% d d 80%
i i 20% d d 20%
QBH (u, d, 1/3) QBH (u, d, 1)
Particle 1 Particle 2 Branching Ratios | Particle 1 Particle 2 Branching Ratios
u d 80% u d 80%
i d 20% i d 20%

Table D.1: Branching ratios for QBHs with electric charge created by up and down-type
quarks (u, d) decaying into standard model and supersymmetric particles (denoted by

tilde). All symmetries, including i.e. quark flavor, are assumed to be conserved.

QBH (u, g, 2/3)
Particle 1 Particle 2 Branching Ratios
u g 54.55%
u ~ 6.82%
U A 6.82%
u H 1.52%
u G 3.03%
0] g 18.18%
i ol 2.27%
i 20 2.27%
i H 1.52%
i G 3.03%

Table D.2: Branching ratios for QBHs created by up-type quark (u) and gluon (g) decaying
into standard model and supersymmetric particles (denoted by tilde). The QBHs carry
a QED charge of 2/3. All symmetries, including i.e. quark flavor, are assumed to be

conserved.
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QBH (g, g5, 0)
Particle 1 Particle 2 Branching Ratios
qi qd; 80%
qi 4 20%

Table D.3: Branching ratios for QBHs created by quark-antiquark pair with different quark
flavor decaying into standard model and supersymmetric particles (denoted by tilde). The
QBHs carry no QED charge. All symmetries, including i.e. quark flavor, are assumed to

be conserved.

QBH (¢i; ¢, 0)

Particle 1 Particle 2 Branching Ratio | Particle 1 Particle 2 Branching Ratios
u i 20.52% i ﬁ 5.13%
d d 20.52% d d 5.13%
I~ I+ 2.28% I~ I+ 0.57%
v 7 2.28% v 7 0.57%
g 4.28% g g 4.28
g v 3.8% g 5 3.8%
g Z0 3.8% g 20 3.8%
g H 2.85% 7 H 2.85%
g G 3.26% g G 2.44%
v v 0.48% 5 5 0.48%
~y Z0 0.48% 5 70 0.48%
y H 0.36% o H 0.36%
v G 0.4% o G 0.3%
Z0 70 0.43% 20 20 0.48%
Z0 H 0.36% 20 H 0.36%
Z0 G 0.4% 70 G 0.3%
H H 0.12% H H 0.12%
G G 0.76% G G 0.19%

w- wt 0.48% w- W+ 0.48%

Table D.4: Branching ratios for QBHs created by quark-antiquark pair with the same
quark flavor decaying into standard model and supersymmetric particles (denoted by
tilde). The QBHs carry no QED charge. All symmetries, including i.e. quark flavor,

are assumed to be conserved.
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QBH (g, g, 0)

Particle 1  Particle 2 Branching Ratio | Particle 1 Particle 2 Branching Ratios
¢ i 17.32% di i 11.54%
I~ I+ 0.51% I~ I+ 0.34%
v 7 0.51% 7 7 0.34%
g 25.35% g g 18.11%
g ~y 6.34% g ol 4.53%
g Z0 6.34% g 20 4.53%
v v 0.4% o o 0.28%
v A 0.4% 5 Z0 0.28%
Z0 70 0.4% 70 Z0 0.28%
Z0 H 0.1% 70 H 0.07%
Z0 G 0.09% Z0 G 0.48%
H H 0.06% H H 0.05%
G G 0.57% G G 0.11%

w- wt 0.4% w- W+ 0.28%

Table D.5: Branching ratios for QBHs created by two gluons decaying into standard model
and supersymmetric particles (denoted by tilde). The QBHs carry no QED charge. All

symmetries, including i.e. B-L, are assumed to be conserved.
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