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PRECISION CALCULATIONS IN UNIVERSAL EXTRA DIMENSIONS
Daniel Wiegand, PhD

University of Pittsburgh, 2018

The Standard Model of particle physics, despite its amazing success, is in need of an extension
to describe nature at high scales. One class of proposals for such an extension are field
theories with extra dimensions. Many of these models have attractive features like stable
dark matter candidates, promising at least partial answers to natures questions.

Our focus lies with investigating the impact radiative corrections have on the phenomenology
of the Universal Extra Dimensions (UED) model and the subsequent discovery potential
at e.g. Hadron colliders. We study in detail the Next-to-Leading-Order corrections to
the pair production of heavy vector color-octets, as they typically appear in such models.
Additionally, we discuss how a variation of the cutoff scale influences this result. This
is of particular importance since this a priori unknown scale represents a large source of
uncertainty.

Subsequently we investigate radiatively induced operators for the entire Standard Model
formulated in UED, particularly the impact they have on the degenerate mass spectrum and
KK-number violating decays. This allows us to derive bounds from both indirect searches

and directly detectable new physics signals.
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1.0 INTRODUCTION

The Standard Model (SM) of particle physics manages to describe the data we collected
on the electroweak and strong interactions of matter with astonishing precision. Although
highly successful it cannot be regarded as a complete description of nature for a number of
reasons.

From a purely theoretical point of view it has to be noted that the Standard Model can
only be an effective model for a UV-complete theory, which emerges above some a priori
unknown cutoff scale. This picture is supported by evidence [1-3] that a theory containing a
fundamental scalar, like the Higgs within the Standard Model, becomes trivial at very high
scales. The UV-completion of the theory might additionally be able to unify the Standard
Model forces and thus bring down the unsatisfactorily large number of unfixed parameters
which so far could only be determined through measurement.

On the phenomenological side is the Standard Model unable to address the observed matter-
antimatter asymmetry in the universe or the existence of massive neutrinos. Additionally,
we do not currently understand how to incorporate gravity into the existing framework at
a fundamental level. Perhaps the biggest phenomenological caveat relates to the Standard
Model not containing a viable dark matter candidate. Over the years there has been an
abundance of observational evidence for the existence of dark matter, like the discrepancy
between measured and predicted orbital velocity of disk galaxies [4] or the observed gravita-
tional lensing exhibited by galaxy clusters [5]. Based on say the ACDM cosmological model,
dark matter represents about a quarter of the energy content of the universe, whereas the

matter described by the Standard Model accounts for only about five percent:

Qo = U + Qe + Qa = (1.00 £ 0.009), (1.1)



with the fractional density parameters measured [6] for baryonic matter 2, = (0.049+0.001),
dark matter Q. = (0.259 £ 0.006), and 2, = (0.692 + 0.006), describing the vacuum energy
of space.

Even though the microscopic structure of dark matter has been a mystery for some time,
a compelling explanation would be the existence of new elementary particles, that are only
interacting through gravity and the weak nuclear force, or new dynamics comparable to the
weak force. These so-called WIMPs (weakly interacting massive particles) would be required
to be stable (or at least sufficiently long-lived) and have a mass O(TeV) to explain the dark
matter relic abundance we observe in the universe today.

Countless models for physics beyond the Standard Model (BSM) have been constructed in
an effort to resolve some or all of these problems. However, only experiment can shed light
on what is and is not realized in nature. We have to rely on clues from direct discoveries and
indirect constraints. It is very difficult to draw conclusions from indirect searches, since the
decoupling theorem [7] states that the specifics of UV physics contributing to SM operators
- once integrated out - cannot be reconstructed from the low-energy effective operators in
details. Our goal therefore is to develop a set of tools and techniques that lead to robust
and precise predictions to compare with experimental data. Going beyond the leading order
in perturbation theory is an integral part in doing so: Radiative corrections can represent
sizable contributions to observables, reduce unphysical scale dependencies and shape the
phenomenology of a model considerably.

One attractive set of BSM theories is based on the idea that our four dimensional space-
time is only a subspace of a more complicated higher-dimensional spacetime; postulating
the existence of one or more Extra Dimensions in addition to the typical four. A number of
models impose a parity on their particle content, which helps the predictions they make to
evade the strong electroweak precision constraints. Additionally it forces new states to be
pair produced, leading to rather weak bounds from the direct searches conducted so far. The
same parity usually leads to the lightest new particle in the spectrum being stable and thus
representing a possible dark matter candidate. An extensive review of dark matter within
the Extra Dimensions context can be found in [8].

The idea to formulate field theory in a higher dimensional space dates back to the 1920s. The



first serious attempt was made by Theodor Kaluza [9], who equipped General Relativity with
an additional space-like dimension in an effort to find a unified description of gravity and
electromagnetism, the only fundamental forces known at the time. He additionally assumed
that the components of the 5D metric tensor are constant across the fifth dimension and

then parametrized that metric tensor as

1

eVi%g,, +e Vi®A, A, | e VE%A,
Gary = (1.2)

2 2
eiﬁ‘bA;‘f e Vi’

with ¢, A, and ¢ all being functions of the four original spacetime coordinates. Our
conventions are such that lowercase greek indicees refer to the first four dimensions u €
{0,1,2,3}, while uppercase latin ones denote all five dimensions M € {0,1,2,3,5}. The
fifth coordinate x5 we will occasionally call y.

Calculating the 5D Einstein-Hilbert action for this particular metric allowed him to show
that the 5D curvature scalar R® factorizes into a 4D one R® built from 9w, an abelian field
strength tensor for the field A, and a kinetic term for the scalar field ¢ minimally coupled

to the metric
1 1
Ss ~ / &2V ~GR® = V; / d*z\/—g [R(4) - Ze’\/g¢FuVF“” — 50u00"0| (1.3)

where V5 is the volume of the fifth dimension, that can be absorbed into the definition of
the 4D Newton’s constant.

He thus showed that General Relativity in five dimensions describes gravity as well as free
electromagnetism in four dimensions and an additional massless scalar, called the Dilaton.
This is not entirely surprising since the general 5D coordinate invariance of R®) can be
separated into 4D diffeomorphism invariance and a U(1) symmetry, forcing A, to appear
only as part of F,, = 0,4, — 0, A,.

The aesthetically unpleasing ad hoc assumption that none of the fields depend on the fifth
coordinate was improved upon by Oskar Klein [10], who instead imposed a cylindricity

condition on them, such that the two points y and y + 27 R were identified, giving the 5D



space-time the geometry of the cylinder M, x.S7, with M, being regular 4D Minkowski space.
Making R, the so-called radius of compactification, sufficiently small then also resolves the
phenomenological issue of the apparent absence of a fifth spatial dimension from everyday
life - for conventional energy scales, the fifth dimension is not resolved and we observe an
effectively 4D world. In modern terminology we refer to the 4D encasing subspace of the
compactified volume as the Brane, and the higher dimensional enclosed space as the Bulk.

Klein’s postulate leads to a number of interesting features. The 5D energy-momentum

relation
2 2 2 2 2 2
B =p;, + Dy, TP, + 0, tm (1.4)

now also links the energy of our particles to their momenta along the fifth dimension p,. At
the same time we know, due to de Broglie, that the wavelengths of those particles need to
be multiple integers of the circumference of the extra dimension

_27TR
=

A (1.5)

Or in other words, that the momentum along the fifth dimension needs to be quantized in
. 1 .
units of %:

27 2mn n

IR TP T RR TR (16)

Plugging this quantization condition back into original 5D energy-momentum relation, we

now see that every 5D field actually posseses an infinite amount of excitations of energy F,

2
n -

By =Dl 05, T 05, +m o+ 55 = P+ M (1.7)

If we define M,, = y/m? + I’;—i we can alternatively say in the 4D compactified theory every

particle is accompanied by a tower of Kaluza-Klein (KK)-modes with identical quantum
numbers but increasingly heavier masses M,,.

Even though it is possible to induce non-Abelian Yang-Mills theories through more involved
compactification procedures in higher dimensions, the original Kaluza-Klein model is not
suited to reproduce all SM physics. It is particularly not possible [11] to introduce chiral

fermions, necessary for the weak interaction, into the original theory.



There is however a plethora of modern iterations of models with extra dimensions inspired
by those historic attempts. Generally speaking they fall into two categories: those where
the underlying 5D metric is intrinsically curved (warped geometry) and those where the
metric is flat. Those models can be further classified as to how many of the fields in the
model are localized on a Brane and how many get to penetrate the Bulk. Examples for a
warped geometry include Randall-Sundrum models [12,13], that confine all particles except
the graviton to the Brane, and more recent attempts [14,15] which also allow for SM fields
to penetrate the Bulk. Large Extra dimensions [16,17] constitute an example with a flat
geometry but only gravity propagating inside Bulk, whereas Universal Extra Dimensions
[8,18] do not confine any fields to the Brane. A more detailed discussion can be found
in [19], which we use as a general reference point. Many of these theories share a universal
set of fundamental features, while some of the phenomenological details might differ from
model to model. We chose the minimal setup of one Universal Extra Dimension (mUED) as
a concrete framework for our studies.

In this thesis we try to shed light on the influence loop corrections have on the discovery
potential of Universal Extra Dimensions scenarios along with how they help to shape their
phenomenology, which in turn can serve as the base on which to build a search strategy. The
thesis is structured in the following way:

In Chapter 2, we review the concrete theoretical models this work is based on. Our main
focus is on the minimal Standard Model extension with one Universal Extra Dimension.
We introduce the general concepts by the example of a ®* toy model and give the full
SM Lagrangian in Appendix A. Additionally, we describe the construction of the two-site
Coloron model equipped with an exchange symmetry. It can be regarded as the low-energy
effective theory of mUED), in which all KK-modes heavier than level-1 have been integrated
out. This distinction becomes necessary since truncated mUED violates gauge invariance,
making it ill-equipped for some of our later calculations. The Coloron model we present
respects the full gauge symmetry, albeit non-linearly, making it a better suited framework.
In Chapter 3, we describe the next-to-leading order (NLO) QCD corrections to the pair
production of heavy color-octet vector bosons as they appear in the aforementioned Coloron

model (or as the level-1 KK-gluons in the mUED version of QCD). We elaborate on several



subtleties concerning the gauge fixing and renormalization procedure, which are inherent
to the production of heavy colored Vectors. The soft divergencies are treated through the
two-cutoff phase-space slicing method, which we describe before utilizing it for the process
at hand. We present the full NLO production cross section, discuss its scaling behavior, and
the corresponding x-factor.

In Chapter 4, we extend the analysis from the lowest KK-mode running in the loops, in
order to quantify how much the previously truncated modes change the Coloron predictions.
We apply and compare a number of approaches designed to extract meaningful results for
the formally infinite sums of vertex diagrams. The most straightforward approach is an
analytic summation over all modes in the compactified theory up to a hard cutoff scale A.
Additionally, we present a general prescription on how to extract the asymptotic behavior
of the vertex functions consistent with dimensional regularization. Finally we compare our
results with those obtained from the exact functional renormalization group equation, applied
to uncompactified QCD in 5D.

In Chapter 5, we investigate the impact that radiatively induced operators, localized on the
boundary, have on the phenomenology of mUED. This is a twofold process. In step one
we consider two-point functions that give rise to mass corrections of the KK-modes. These
mass corrections significantly shape the decay channels of interest since the mass spectrum
is almost degenerate at tree level. Secondly, we consider the KK-number violating coupling
of a single level-2 mode into two SM modes within the complete mUED SM. The literature
reports results for the logarithmic contributions to number of such mass corrections and
couplings, while we present the full one-loop results, as well as some completely new, finite
operators.

Through those couplings it would be possible to produce a single level-2 mode at say a collider
and then detect the successive decay into a pair of SM modes without anything escaping.
This represents an attractive search strategy (even though the modes under consideration
are heavier than the level-1 modes discussed in Chapter 3), because even-parity modes are
not bound by the pair production requirement that parity odd modes are limited by. We
then discuss the phenomenological implications that come along with our findings.

In Chapter 6 we summarize our main results and provide an outlook that places them into



perspective.



2.0 THEORETICAL CONCEPTS

This chapter serves as a review of established theoretical concepts that are the foundation
of the work this dissertation presents.

We begin by constructing ®* theory in the mUED model and discuss important features that
are relevant to our work. Additionally we describe how to implement the Standard Model
in this framework, particularly the inclusion of chiral fermions and then present the final 4D
Lagrangian in Appendix A.1.

In the second part we discuss the so-called two-site Coloron model as a low-energy ap-
proximation of QCD in mUED. The Coloron is a non-linear sigma model, that describes
the infrared behavior of a number of extra dimensional models, in energy regimes where all
heavy modes but the first one are integrated out. The distinction between Coloron and UED
models becomes necessary, however, since the truncated mUED version of QCD breaks 5D

gauge invariance and is therefor not suited for the NLO calculation we present in Chapter 3.

2.1 UNIVERSAL EXTRA DIMENSIONS

The minimal UED scenario consists of one additional flat space-like dimension that is popu-
lated by all SM fields. The compactification procedure (shown in Fig. 1) initially follows the
original one by Kaluza and Klein by confining the extra dimension to a finite volume and
periodically identifying its ends. Therefore all fields that are functions of the fifth coordinate
y are invariant under y — y + 27 R.

However, to accommodate the chiral SM fermions, an additional breaking of 5D Lorentz in-

variance is necessary. This achieved through so-called orbifold boundary conditions. Specif-



ically, the Lagrangian is required to be invariant under the Z, transformation y — —y. The

y y
Z,
y=20 ¢ y = mXR o /_\ o
\\\ /” \ y /
\\ ,'l fixed points
(4) (B) ©)

Figure 1: UED orbifolding. (A) periodic boundary conditions leading to My = M, x S;. (B)
Mapping out a Zy symmetry by identifying two opposite sides of the circle. Leading to (C)

two fixed points on the boundaries of the essentially flat bulk.

extra dimension in this setup can be visualized as being curled up on a circle which is then
pinched at two fixed points y = 0, 7R and subsequently the upper and lower half circle
are identified, leading to a mild topological defect in the resulting spacetime. The resulting

space-time structure is, defects aside, still flat and described by the 5D metric tensor

with the regular 4D Minkowski metric 7, = diag{1, -1, -1, —1}.

2.1.1 ®?in 5D - A Toy Example

After the qualitative description of the philosophy of minimal Universal Extra dimensions
we now move on to summarizing the technical implementation within a field theoretical
framework. As a first example we consider ®* theory with the previously described single
extra dimension compactified on an S;/Z, orbifold and how to move from the 5D theory to

the 4D effective theory.



The periodicity condition imposed on the fifth space-time coordinate implies that there exists

a Fourier expansion of the field into discrete modes

q)(x>y) = L

VTR

(2.2)

B0 () + \/§Z (cﬁ (z) cos % + ¢, (x)sin %)

The appearance of a zero mode in the expansion is enabling us to account for the Standard

1
5

Model modes, since the zero modes do not receive a mass contribution proportional to
They are however an obstacle when describing fields that do not appear in the Standard
Model and whose modes therefore all need to be heavy enough to evade detection. For this
work, that is of particular importance for the fifth component of the vector fields, A5, which
is identified as the Goldstone boson stemming from the breaking of 5D Lorentz invariance
through the compactification.

By introducing suitable boundary conditions at the fixed points we can project out the modes

that are even/odd under the Z, symmetry and control which fields retain SM modes (which

are even, since they are independent of y). This can be accomplished by demanding that

Neumann B.C. 0;®, =0 for even fields

Dirichlet B.C. ®_ =0 for odd fields, (2.3)

on the boundary y = 0, 7 R.

The corresponding field expansion for the even/odd fields then becomes

1
@ = —
+($7y) \/ﬁ R

O_(2,y) = \/% 3" 6u (2)sin "—]g (2.4)

Now we can construct an effectively 4D Lagrangian by integrating the 5D ®* theory over

bo () + \/EZ% (x) cos 2

the fifth coordinate y, where for simplicity we assume ® to be Z; even

R 2 Y
L= / dy {%8]\4(1) (z,y) OM® (2,y) — %CID (z, y)2 — %‘P (x, y)4}. (2.5)

—7mR
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Next we substitute the expansion of the field in terms of modes into the Lagrangian and
perform the integration over y. In the process it is useful to define a dimensionless coupling

constant through

A

A= —.
TR

(2.6)

We arrive at an effectively 4D Lagrangian that firstly contains a kinetic piece, describing the

dynamics of the the modes propagating in our flat space:

1 m? (1 1 n?
Liin = §8u¢08“¢0 - 7@% + ; {Eaucbna“% —3 <m2 + ﬁ) flﬁ} (2.7)

SM mode level-n KK mode
The particle content of this theory is simply a scalar zero mode of mass m and an infinite
tower of scalar fields with mass /m?2 + z—z, as the less rigorous argument made in the intro-
duction suggested.
The second part of the Lagrangian, arising from the quartic interaction of the original 5D

Lagrangian is then

)\ [e.e] [e.e] 1 [e.e]
Lont =3 {¢g + 662 2 ont2V20 Y dedidulin g D ¢k¢z¢m¢nA,SZm}

k,l,m=1 k,lmmn=1
(2.8)
where the A symbols are permutations of the Kronecker delta function ¢;;, that we define in
Appendix A. The tree-level vertices of this 4D compactified theory are shown in Fig. 2. The
defining phenomenological features of our model, relevant to our projects are in summary:

Infinite KK towers Every 5D field gives rise to an infinite tower of increasingly heavy

modes in the 4D compactified theory. The zero modes then acquire a mass through elec-
troweak symmetry breaking (EWSB), which in turn also shifts the mass of the higher KK-
modes. All fields in the effective theory inherit the quantum numbers from the 5D field,
despite the difference in mass.

KK parity is an exact symmetry After breaking 5D Lorentz invariance through the

compactification a residual parity is still a good symmetry of the system. Geometrically
this can be visualized as a reflection about the midpoint y = 7R/2 of the orbifold combined

with application of the Z, transformation, rendering even-numbered field modes invariant

11



Figure 2: ¢* tree-level vertices as they appear in the compactified theory. (A) pure SM
vertex, (B) two SM modes and two KK modes, (C) one SM mode and three KK modes and
(D) pure KK vertex. All Feynman diagrams in this thesis are produced using JAXODRAW
2.0 [20].

while odd-numbered modes change sign. In our specific model this statement is true at any
loop order, so even radiatively induced processes cannot violate KK-parity. The lightest
particles in the spectrum can therefore only be pair produced in experiments (cf. Chapter 3)
as a direct consequence. Furthermore does the parity lead to KK contributions to low energy
observables being at least loop-suppressed (cf. Chapter 4).

KK number violation The tree-level Lagrangian also conserves KK-number, which means

that for all tree-level vertices appearing in the 4D effective theory (here especially (C) and

(D) in Fig. 2) the mode numbers of the modes participating in the interactions obey

[+m+n=0 for 3-point vertices

kxtl+m=En=0 for 4-point vertices. (2.9)

Loop-induced processes however violate these conditions, as shown in Fig. 3. The left side
is built from vertices that appear in the original tree-level Lagrangian and shrinks into the
non-derivative, effective diagram shown on right, if we expand the loop integral in the region
where the momentum transfer is small in comparison to the mass M,,.

Since extra dimension theories are non-renormalizable, there can be additional operators

generated at a cut-off scale A. These are typically small, since the cut-off scale is estimated

12
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b O I

¢0 ¢2n ¢0 ¢2N
(4) (B)

Figure 3: Loop induced process that produces a four-point operator that violates KK-number
but conserves parity (A) loop process set up of KK-number conserving tree-level vertices (B)
the effective vertex breaks KK-number conservation by 2n units. Note that there also exist

similar S and U channel contributions to the effective vertex, which we omit here.

to be A ~ few x 10 R™! [18,22]. However, in general, the list of UV-induced operators
could also include the boundary-localized KK-number violating interactions, and since they
compete with loop-induced boundary terms, they can be phenomenologically relevant [85].
In the MUED scenario it is assumed that KK number is approximately conserved by the UV
theory, so that the UV boundary terms are negligible.

The 5D operators corresponding to KK-number violating processes are localized on the
boundaries, while the Bulk operators obey the rules 2.9. An operator leading to KK-number

violating vertices would for example be
TR

1
EBoundary > 5 / dyCN [5<y) + 5<y + WR)}(I) (SC, y>N ) (210)

—7mR

with some dimensionful coefficient C'y.
We can substitute the field for its Fourier expansion into modes as we did before, and

performing the integration over y we find the 4D Lagrangian
N n
LBoundary O W <¢0(SE') + ﬂ; ¢n($)> + (%(96) + ﬂ;(—l) ¢n($)>

(2.11)
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Expanding the binomials into their power series we see how the KK-parity violating operators

explicitly cancel

Cyn

EBOundary D) ( )N/Q s (212)

o)™ —¢0($)N_lz¢n(x) 1+ (=" +---

leaving us with a set of operators that violate the number conservation but continue to

respect KK-parity

Cn
‘CBoundary D) ( )N/2

o)™ + Nepo()~ 1Z¢2n (2.13)

Notice that the second term in the expansion reproduces the non-deriavtive operator, radia-
tively induced in Fig. 3.
How these radiatively induced operators shape the phenomenology for the mUED SM and

the mass corrections they can induce is discussed in Chapter 5.

2.1.2 The Standard Model in 5D

The construction of an mUED model that reproduces the Standard Model at lowest order
follows the same principle as our toy model, but exhibits some subtleties.

We promote all SM fields to 5D fields and from the usual SM interactions, one can construct
the MUED Lagrangian and Feynman rules, see e. g. Refs, [8,24-26]. It is however not possible
to construct an equivalent of 5 in 5D, so we have to induce SM fermions chiral under SU(2)
in a different way [27]. We introduce two 5D fermion fields ¥ and ¢ that are doublets and

singlets under SU(2) respectively. Their Fourier expansion then reads

U (z,y) =

1
VTR
b () = &{mmﬂ; [PLvh(e) cos 2 4 Pgio )sin%}}- (2.14)

{mmﬂi [Pw(@) cos 2+ Pow(a >sm%}},

Their zero modes are massless fermions that can be used to define chiral SM fermion through

Ysm = PV + Prir (2.15)

14



with the usual 4D projection operators Pr/r = %(1 + ~v5). Whereas the higher KK-modes
combine to two sets of vector-like fermions, that are doublets/singlets under SU(2).

After having constructed chiral fermions the ingredients of our mUED version of the Standard
Model are complete. We summarize the quantum numbers of all fields involved in Tab. 1.

Note that every 4D vector field A, is accompanied by a Goldstone boson As. For practical

Field SUB)e SU@)L UQl)y  Zs
GM = (G*,G?) adj. - - ()
WM = (Wr, W5) - adj. - (+,—)
BM = (B*, BY) - ~ adj.  (+,-)
(Qr, Qr) 3 2 —-1/6  (+,-)
(up, ug) 3 - +2/3  (—,4)
(dy, dg) 3 - -1/3  (—,+)
(Lv, Lr) - 2 -1/2 (+,-)
(eL, er) - - -1 (=+)

o - 2 41/2 4

Table 1: Field content of the minimal universal extra dimension (MUED) model and their

gauge and Z, quantum numbers.

calculations, one also needs to introduce gauge-fixing and ghost terms for the 5D gauge fields

VM (V =G, W, B). In this work, a covariant gauge fixing is employed, which has the form

TR
L= 4 |-+ OV — €95V, 2.16
2 260 i
—7mR
1 TR
Lohost = 5 / da® [é“(—a“awf 8?)6”+g(5’f“bc(—6‘“é“G;cb+fa5aachb)]. (2.17)
—7mR

where ¢* and ¢* are 5D ghost and anti-ghost fields, respectively, a,b, c are adjoint gauge
indices, fo¢ is the non-Abelian structure constant, and ¢® denotes the 5D gauge couplings
for each of the three vector fields. For simplicity, the choice ¢ = 1 for the gauge parameter
is used throughout this work.

For the top quark, the SM Higgs Yukawa coupling cannot be ignored. It leads to mixing

15



between the singlets u,, and first component of the (),, fields, which we call U,, to remain

consistent with notation of App. H of Ref. [26]. The mass matrix reads

> M, n my Un

(Un m , (2.18)

™y _Mn Un

Diagonalizing this mass matrix leads to two degenerate mass eigenstates 7, and 7T}, given by

Un cos O 5 sin 67 T,
- (2.19)

Up, sinf7  —y5cos6l | \ T

with mass and mixing angle

My = /M2 +m?, tan 207 = % (2.20)

Even in the limit of massless SM quarks (#1 = 0) the diagonalized mass eigenstates do not
coincide with the original flavor eigenstates, due to the fact that the diagonal elements have
a relative sign between them. The transformation reduces in that case to u™ — —vsu,.
Similarly we have to diagonalize the mass matrix for the electroweak KK-bosons. We can
define the KK-photon A}, and KK-Z Z7 through the Kaluza-Klein generalization of the
Weinberg angle

A cosf, sinf B

"= " " " (2.21)

A —sinf, cosf,) \ W,
This redefinition is necessary to diagonalize the mass terms, which in the B and W3, basis
take the form

A

7 +omp, + g0’ 191920 Bun

( B W;ﬂ) , (2.22)

1 2 n? S)02 1.2,2

191920 77 omy, + 1950 W3

where dm? are the mass corrections stemming from the one-loop self-energies of the elec-
troweak gauge bosons in question.

Analogously we define the charged KK-W bosons as W, = \/Li (Wi, £iwl ).
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2.2 THE TWO-SITE COLORON MODEL

We now describe the construction of the two-site Coloron model as we will employ it in our
calculation in Chapter 3. It serves to describe the low-energy physics of mUED and other
extra dimensional models after all KK-modes heavier than n = 1 have been integrated out.
The two-site Coloron model is based on an extension of the strong gauge group to the product
group SU(3); x SU(3),, which is broken down to SU(3), by a non-linear sigma model. In
addition, invariance under the Z, transformation P is imposed, which interchanges the two

SU(3) groups:
P SU(3), + SU(3),. (2.23)

This exchange symmetry mimics the KK parity of UED. The Lagrangian of the model can
be divided into three parts,

L= ﬁgauge + »Cferm + £gf- (224)
The gauge part is given by
2

1 v 1 v
Egauge = —ZGlﬂyGT — ZGQW/GS + Z tr{DuZD“ET} (225)

Here G, are the field strength tensors of SU(3); (¢ = 1, 2), with gauge couplings g; = g2 = g.

Y denotes the non-linear sigma field
> = exp(2iniT4/ f), (2.26)

where A = 1,...,8 is implicitly summed over, T4 are the SU(3) generators, f is a constant of
mass dimension, and 74 are the Goldstone fields of the broken SU(3). Its covariant derivative

is given by
DY = 0,% —ig G}, TS +ig 5G4, T4 (2.27)
Under SU(3), x SU(3),, the ¥ field transforms as a bi-fundamental,

S — U, S U (2.28)
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The X field is responsible for the breaking of SU(3), x SU(3), to the vectorial subgroup

SU(3). The gauge mass eigenstates in the broken phase are

G =L(Gl, + Gy, ca (Gt — G3,)- (2.29)

L( 1
V2 V2

Here Gﬁ is the (massless) gluon field of SU(3), with coupling strength g; = g/ V2, whereas
C;f is the massive Coloron field with mass M = g f, which “eats” the Goldstone fields 7.
Eq. (2.25) has the same form as for the Coloron model in Ref. [28] with the additional

constraint that the two gauge groups have equal coupling strength. The latter requirement

is a consequence of the P parity, which was not considered in Ref. [28]. Under this parity

P - GA - Ga

2

Gy — G, cl— —Ci, S — 3 (2.30)

Since C’lj‘ is odd under P, the massive Colorons can only be produced in pairs.

The fermion part of the Lagrangian reads

Lrerm = Q1iB/1Q1 + QQ’iEQQQ + q”iﬂvq’ -Y [cjlfq' — QQSTq/ + h.C.]
+ Wil + UxiPous + Wibvu — Y [iéu — e’ + hee. (2.31)

+ dviphdy + dyiPady + diPvd — Y [diéd — do&Td +h.c.].

Here 11, 15 and 1)’ are quark fields in the fundamental representation of SU(3);, SU(3),
and SU(3)¢, respectively (¢ = ¢, u,d). The ¢ = ¢ fields are chiral doublets under the weak
SU(2)w group, whereas ¢ = u,d are singlets. The relevant quantum numbers and chirality

of the quark fields is summarized in Tab. 2. Their covariant derivatives read

Dy = 0utpy — ZQG TA% + ..
Dl;ﬂva = 8,u,¢)2 ZgG TA¢2 + . [¢ =4q,u, d]
Dy, = 0,0 — 4 (GA + G4 )T% + .., (2.32)

where the dots indicate electroweak interactions, which are ignored in this work. Further-

more, £ is the “square root” sigma field according to the CCWZ construction [29],

£ = exp(in* T/ f). (2.33)
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Field Chirality SU(2)w SU(3); SU(3)2 SU(3)c

G L 2 3 1 -
q2 L 2 1 3 -
q R 2 - - 3
Uy R 1 3 1 -
Us R 1 1 3 -
u’ L 1 — — 3
dy R 1 3 1 —
ds R 1 1 3 -
d L 1 - - 3

Table 2: Quantum numbers and chirality of the quark fields in the two-site symmetric

Coloron model.

Under SU(3), x SU(3),, these fields transform as

Uy — Upthy, Gy = Ugthy, ' = Uy, € — U UL = UyeUy, (2.34)

where Uy is the transformation matrix of the fundamental representation of the vectorial

subgroup SU(3)c. The effect of P parity on the fermion fields is

Py > )y, Y= =, §— 5T- (2.35)

The introduction of the 1’ fields is necessary to be able to write down invariant Yukawa
terms (with coupling strength Y') in eq. (2.31).

The physical quark mass eigenstates are

= \%Wlﬂ”ﬁz)? [V = q,u,d
W= L — )PPy [ =0Q,U,D) (2.36)
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where P p = %(1 + ;). Here the v fields are massless chiral P-even SM-like quark fields,
whereas the U fields are P-odd fermion fields with a vector-like mass My = v/2Y". In general,

the Yukawa coupling Y is a free parameter, but for the sake of analogy to UED we impose
Y = M/V2, ie. My=M. (2.37)

The final component of the model is the gauge-fixing and ghost term. For a covariant gauge

it can be defined in the following P-symmetric form,

2
Lot = —3(F)? = L(F? Z b (2.38)
where
A L 4 9, a
Fi :ﬁGm*‘\/gifW )
1 g

and da! is the parameter of an infinitesimal SU(3); gauge transformation. For the calculation
presented in the following sections, the Feynman gauge £ = 1 has been employed. In this
gauge, the unphysical Goldstone fields 74 receive a mass M = g.f = gf/+/2 from eq. (2.38).

< (u; + uy) and a P-odd

The ghost fields mix to form a P-even massless gluon ghost u, = 7

Coloron ghost u¢ = \%(ul + us) with mass M. Thus one obtains

M2
Lo = 5 [@G1 + (@0 - 2 (")~ MovCy

— ﬂ?@%? — a2 (0% + M*ud + gsfac ﬁ?@“(uf(}’c + uCCC)

+ gsfaBc ﬂé@“(uqu + ugGS) + gSMfABc(agAug - ﬂéuf)ﬂo. (2.40)

In summary, the two-site symmetric Coloron model defined in this way contains several
states with mass M in addition to the SM particle content. Besides the Coloron vector-
boson, heavy vector-like quarks are required to enforce the P-parity as an exact symmetry.
This model can be viewed as a low-energy approximation of the 5-dimensional minimal UED
model (mUED) with compactification radius R = M !, where only the zero modes and first
KK excitations are kept as dynamical degrees of freedom. Note, however, that the Coloron

model is not identical to a simple truncation of mUED at the n = 1 level, since such a
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truncated UED model would violate gauge invariance [30], whereas the model presented
here respects the full gauge symmetry, albeit non-linearly. In fact, the Feynman rules for
the two-site Coloron model and the first KK excitation in mUED are mostly identical, but
there are a few differences, which are mentioned in Appendix A.2.

In a more general sense, the two-site symmetric Coloron model can be regarded as a low-
energy description of any model with massive color-octet vector bosons that are odd under

some (approximate) parity.
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3.0 COLORON PAIR PRODUCTION AT NLO

We now consider the pair production of heavy vector color octets at Hadron colliders, as
they appear in mUED as the level-1 KK-partner of the gluon, as described in [31]. QCD
corrections have been computed for a number of pair production processes of colored BSM
particles, including (but not limited to) squark and gluino production in the Minimal Super-
symmetric Standard Model (MSSM) [32-34], leptoquark pair production [35], production of
massive vector quarks [36], and pair production of scalar color octet bosons [37]. The cor-
rections were generically found to be sizeable and important to reduce the large dependence
of tree-level results on the renormalization scale. Thus, for a robust prediction of the pro-
duction of colored BSM particles at hadron colliders, the inclusion of next-to-leading order
(NLO) QCD corrections seems mandatory.

QCD corrections to production of single vector octets have been studied in Refs. [28, 38].
The Coloron model our analysis is based on (cf. chapter 2) is similar in spirit but equipped

with an exchange symmetry to mimic KK-parity.

3.1 OBTAINING THE CROSS SECTION THROUGH PHASE SPACE
SLICING

Massive Colorons can be pair produced at hadron colliders, such as the LHC. The tree-level
process pp — C'C can be divided into two partonic sub-channels, gq¢ — CC and gg — CC,
with the relevant diagrams shown in Fig. 4. Note that at leading order this process is
identical to of KK gluon pair production in mUED.

At NLO, one needs to consider one-loop corrections to the subprocesses ¢¢ — C'C and gg —
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CC, as well as real emission of an extra gluon at tree-level, q¢ — CCg and gg — CCyq. A few
sample diagrams are shown in Figs. 5 and 6. Both the loop contributions and real emission
contributions are separately IR divergent, but the divergencies cancel in the combined result.
Additionally, the quark-gluon induced subprocesses qg — CCq and gg — CCq appear for the
first time at NLO. At NLO, the predictions for Coloron pair production become sensitive to
assumptions about the UV completion. The renormalization procedure employed here takes
a bottom-up approach, assuming that the running couplings are defined at the mass scale
M of the Colorons’. In the next subsection, the renormalization scheme is discussed in more

detail.

3.1.1 Renormalization

In this work, the renormalization is performed by using the on-shell scheme for the wave-
function and mass renormalization of the physical states and MS renormalization for the
strong coupling constant. However, due to the fact that the two-site Coloron model is
fundamentally a non-renormalizable theory, there are several subtleties that need to be
addressed. These will be discussed in this section, together with a brief summary of the
remaining aspects of the renormalization.

For the external states the wave-function renormalization constants
0zZY =078 [ =qu,d, 0629,  6Z° (3.1)

are introduced for the left- and right-handed (massless) SM quarks, the gluons, and the
massive Colorons, respectively. As usual, their values are determined through the residues

of the renormalized propagators, leading to
02 n = —Re(S{r(0)}, 027 = —Re{5Z59(0)}, 62 = —Re{5Z2° (M%)}, (32)

where 3f 1 (p?), 29(p?) and £€(p?) are the left /right-handed quark self-energies, transverse

gluon self-energy and transverse Coloron self-energy, respectively.

tIf instead the couplings are defined at a high scale A > M, this may lead to additional moderately-sized
contributions to the NLO result. This will be explored in the next chapter. However, experience from other
BSM calculations indicates that the numerically dominant part of the NLO QCD is generated by SM gluon
exchange contributions and thus does in this case not depend on the details of the UV completion.
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The masses of the Colorons and massive quarks are renormalized according to the on-shell

prescriptions
M
SME = Re{SO(M?)},  SMy = TRe{SL(OM) + THMY) +25{ (M)}, (39)

The mass parameter in the gauge-fixing term gets renormalized in the same way as the
Coloron mass.

Note that, while we assume that the Colorons and massive quarks have the same mass M at
tree-level, as in mUED, they are technically independent parameters in the Coloron model
and thus receive different mass counterterms. In mUED, in fact, the degeneracy of the KK
masses is also broken at the one-loop level due to boundary terms [39], which we investigate
in Chapter 5.

Following the analogy to mUED, therefore, we assume that the mass difference between the
Coloron mass, M¢, and the vector-like quark mass, My, is small: |Mqo — My|/M ~ O(as).
Within the contributions to O(as) we thus set Mo = My = M but allow the masses to
deviate by a small numerical amount in the tree-level contribution, consistent with this
power counting.

The strong coupling constant is renormalized in the 5-flavor MS scheme. In this scheme,
only the gluons and five light quarks are included in the scale evolution of the ag, whereas
the scale dependence of the top quark, Coloron and heavy vector quark loops is accounted
for through explicit logarithms in the finite part of the counterterm. See e.g. Ref. [32] for
an application of this scheme in the context of supersymmetry. For the g1, ggg, g¥¥ and
gCC' gauge coupling, this leads to

957 = gs(w) (1+07,) (3.4)
62, = az(:) [— %(% — e+ log(47r)>

- %log 21—2? + (% — gnq> log ]\5—22 - glog ]\Z—j} , (3.5)
Bo =05 + By = (11 - gnq> + <% - 4nq3—i— 6), (3.6)

where n, = 5, and p is the renormalization scale, which is taken equal to the regularization

scale for simplicity. Furthermore, ¢ = (4 — D)/2, where D is the number of dimensions in
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dimensional regularization.
To be consistent at our order in perturbation theory requires the coupling of the Born
contribution to the cross section to run at two loop. The two-loop beta-function for n,-

flavor QCD reads

dag 11 4 Qg 17 o, 10 g\ 2
== (50— gtm) 52 - (5O~ goutm —20stm ) (32)°, @7

and was taken from [40].

On the other hand, for the Cy)W¥ and gCm couplings (where 7 is a Goldstone boson), one needs
different coupling counterterms. This is not entirely surprising, since these couplings are not
SU(3)c gauge interactions, but are instead related to the larger non-linear SU(3), x SU(3),
symmetry.

To determine the u-dependence of these couplings, one may assume that all gluon and
Coloron coupling have the same value at y = M, and the C¥¥ and gCm couplings do not
effectively run for ;4 < M. Thus one finds

U - Z'__C“S(“)_ _2 1_ T _/63 %2

CyW ) 9 1 [ (10 Bnq) (e e + log(4 )) + 5 log 2| (3.8)
_ , as(p) 21 n, 1 By M?

gCr : 529 = 1 [— (—4 — —2 —6 —7E + log(47r) + —2 log — |- (3.9)

In addition, one needs a counterterm for the vacuum expectation value of the sigma field, X.
This counterterm, denoted by the symbol ¢, appears in the renormalization of the Goldstone

self-energy:

ot
e —ibapg (3.10)

In a Higgs-like theory, this counterterm is usually determined from the requirement that the
renormalized tadpole terms of the Higgs field should vanish. For the Coloron model, however,
the symmetry breaking mechanism is left unspecified, and the radial degrees of freedom of the
sigma field (which correspond to the Higgs scalars in a weakly coupled symmetry breaking
sector) are assumed to be integrated out. Therefore the tadpole condition cannot be used
here.

On the other hand, as explained for example in Ref. [41], the counterterm for the vacuum

25



expectation also appears in the Goldstone self-energy X7(p?). Thus one can impose the

renormalization condition
ot = —M ¥7(0), (3.11)

which in a Higgs-like theory is completely equivalent to the tadpole condition.

3.1.2 Infrared Divergencies and Phase Space Slicing

After removing the ultraviolet divergencies, that appear when the loop momentum goes to
infinity, through renormalization we now have to consider what happens at the opposite end
of the spectrum. Some loop functions develop infrared divergencies when a massless propa-
gator goes on-shell (soft divergence) or the momentum of two neighboring massless particles
align (collinear divergence). They manifest as poles in €, analogous to the UV divergencies,
in dimensional regularization.

Those soft singularities luckily cancel order-by-order in perturbation theory between the vir-
tual contributions to the process and the bremsstrahlung corrections to the corresponding
Born-level process (Kinoshita-Lee-Nauenberg Theorem [42]). The real emission of a gluon
from an external leg is shown exemplary in Fig. 7 and we see that the singularity arises
through the propagator of the (massless) quark, either when the energy of the emitted gluon
reaches zero or the angle 6 between the quark and the gluon closes. The initial state, collinear
divergencies of our process do not cancel through the real emission diagrams but are absorbed
into the redefinition of the parton density functions.

One way to carry out the cancelation described explicitly is the phase-space slicing with
two cutoffs, first described in [43]. We follow a more modern prescription, as summarized
in [44]. According to this scheme, the phase space integration of the 2 — N +1 real radiation

contribution is split into three categories

1
OA+B—N+1 :2_s/dFN+1 |MN+1|2

1

=5s [/ dl 1 [Mya]* + / dl g1 My + / dl N1 ‘MN+1|2}- (3.12)
S C H
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Here dI'y; is the N + 1-particle phase-space measure given by

N+1 N+1 dD_lk’
dl y.1 = (2m)P6P - K —
N1 = (2m) (pl + P2 ; > H 22mP 1B,

n=1

(3.13)

and My, the 2 -+ N 4 1 matrix element.

The integrals are over the regions of phase-space, where the gluon becomes soft (S), hard-
collinear (C') and hard-collinear (H). In those limits we can approximate the integrals
and analytically extract the divergencies that will cancel against those from the virtual
contributions, as we describe below. In a final step we integrate the divergence-free hard-
collinear region numerically and match it to the finite pieces left after all poles have been

canceled.

3.1.2.1 The Soft Limit The integration region denoted by S is the phase-space region
where the the gluon that has been radiated off becomes soft. This region is characterized

through

3
0<E, < 55§ (3.14)
by the cutoff parameter dg and a typical energy scale, here the partonic center-of-mass energy
5. We can start by factorizing the N + 1 body phase-space into the N body one and one for
the gluon

D—1
_ Ty A=k,

Wwnl 2(2m)P-1E,

(3.15)

performing the D dimensional angular integral we arrive at simple factorization formula

_arytizd ™ (3.16)

T
ANt I[1—2¢8m &

so all that needs to be performed is the integral over the gluons energy, inside the boundaries

3.14, given through

dsV2/2
dr, = / dE,df,d6, B}~ sin' 7> 0; sin™> 0. (3.17)
0
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We similarly decompose the 2 — N + 1 matrix element into the Born-level matrix element

2 — N and an eikonal factor, by expanding for small energies F,

Myl = =gl My ? AT 3.18
| N+1‘ soft R| N‘ ; (pz . kg)<pj : k!]) ( )

where in the case of dimensional regularization the renormalization scale pg enters to ensure
that both sides of the equation have the same mass dimension.
Finally we can combine the factorized phase-space and matrix element and arrive at an

expression for the soft contribution to the cross section

. T(1— ¢ (dmpid\e —pi D,
Al n 1 |IM 2:/dr Myl x & R /dF i
/S N+1 ’ N+1‘ N‘ N‘ 2 F(l _ 26) ( S ) ; g (p@' 'pg)(pj ,pg>

(3.19)

The Eikonal factor can be integrated analytically and contains the relevant pole. They can

be found in the literature [44,45]. The integrals relevant for our calculation are listed in B.2.

3.1.2.2 The Collinear Limit The integration region denoted by C' is the phase-space

region where the the gluon that has been radiated off becomes collinear to another massless

particle, but the energy remains in the hard region. This region is characterized through
5.5 - p 1~ cosfy < 5.5 (3.20)

2 E,

where 0, is the angle enclosed between the gluon and quark, as it appears in 7.

Similarly to the soft case we can expand the phase-space measure and the 2 — N + 1 for
small values of 6, and find that they factorize into a finite Born-level term and a divergent
piece.

If we define the parton density function (PDF) for incoming partons A and B through

d0p+B—>N+1 = fA(ZL')dZL'dO'A+B_>N+1 (321)
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where f(z)dx is the probability of getting parton A from the proton, carrying a momentum

fraction between x and x + dx, we can write the factorized cross-section as

as T[1—¢] [dmp®\° 1\ . dz [1—2]"°
dopyBsNy1 = fA( >[27r1“[1—2€]< . OA+B—N e O, “‘Paa(z,€)— > > dr,

(3.22)

where P4 denotes the Altarelli-Parisi kernel [46], describing the probability of parton A
emitting a collinear gluon and continuing as parton A’. We ignore the initial state parton B
for notational convenience for now.

The collinear divergencies in the splitting functions can be absorbed into the renormalization
of the PDFs of the incoming partons. We do that in the MS scheme, with the renormalization
scale up.

The soft and collinear contributions are combined with the virtual corrections to arrive at
do =" / daday { [filwr, o) fi (w2, o) + (16 2)] [d5(5) + o)) (5;0,)]
1]
+ [filwr, pe) fi (o, pw) + i@, pr) fiwe, pe) + (1 2)]d5§§])(§)} (3.23)
with

(3.24)

=0 12 Qs s 1—z ,
(z, pir) Z/ — [ a,UF) o {Bk(z) ln<u—%75c) — Py(2)].

Here f;(x, ur) is the proton PDF for the parton ¢ with the factorization scale pp; d&g»)) is the
differential partonic Born cross-section for the incoming partons i and j; d&i(j(-]) is the one-loop
corrected partonic cross-section including the soft radiation terms; Pix(z) and P/ (z) are the
finite and O(e) pieces of the unregulated splitting kernels (see e.g. Refs. [44]), and § = x;x9s.
Note that the form of eq. 3.23 changes slightly for the quark-gluon induced subprocesses,
which do not receive Born contributions.

The remaining hard radiation region, labeled “H”, is constrained by the conditions 55\/75 <k,
and 1 — cosfy > (50%5 It is finite and can be computed with numerical Monte-Carlo
integration methods. Both the hard contribution and the result in eq. 3.23 separately depend
on the choices for §; and .. However, as long as the cutoff parameters are kept sufficiently

small, this dependence drops out in the combined total result.
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3.1.3 Notes on the Technical Implementation

The way the Coloron model has been implemented makes it necessary to decide on a scheme
in which to treat ~; in dimensional regularization, even though the model is not chiral in
nature. Nailvely one expects 5 to anticommute with all other Dirac matrices which is in
practice insufficient to unambiguously define traces that contain odd numbers of v5. We

therefore need to pick an additional prescription to ensure that e.g.:

Tr [ysyH 9" vPy7] = 4ietP? (3.25)

One possibility is the so-called Breitenlohner-Maison scheme [47] which assumes the anti-
commutator {vs,v*} to be non-vanishing in D = 4 — 2e dimensions, corresponding to a term
proportional to € in the Lagrangian that explicitly breaks chiral symmetry. Alternatively
one can choose the Larin scheme [48] in which 75 remains anticommuting and chiral sym-
metry is conserved but one is required to treat the non-conservation of the chiral current
(Adler-Bardeen-Jackiw anomaly) separately. Both schemes lead to identical results in the
context of this and the following chapters, for technical reasons we utilized the ”$LARIN”
option implemented in FEYNCALC.

The calculation has been performed using several publicly available computing tools, but
additional components were specifically implemented by the authors. The Feynman rules
of the Coloron model (see Appendix A.2) have been incorporated into FEYNARTS 3 [49],
which was used for generating the relevant diagrams and amplitudes. The color, Dirac and
Lorentz algebra was performed with FEYNCALC [50].

To simplify the treatment of tensor loop integrals, the one-loop amplitude was contracted
with the Born amplitude and the sum over the spins of external particles carried out be-
fore any tensor reduction. As a result, most tensor structures in the numerator of the loop
integrand can be canceled against propagator denominators. For the remaining tensor inte-
grals, Passarino-Veltman reduction has been used [51]. One thus arrives at a final result in
terms of standard one-loop basis functions. The IR-finite basis integrals have been evaluated
numerically using LOOPToOOLS 2 [52], whereas the IR-divergent basis integrals were taken

from Ref. [53], and are listed in Appendix B.1.
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For the qq channel, two fully independent calculations have been carried out. One is based
on dimensional regularization for the UV singularities and gluon and quark mass regulators
for the soft and collinear divergencies, respectively. The other calculation has employed
dimensional regularization for all types of singularities. Perfect agreement between the two
results at the level of differential cross-sections was obtained. For the gg channel, the use of
a mass regulator is not suitable. Nevertheless, we have performed many independent checks
of partial contributions to the final result.

The numerical integration over the final-state phase space and initial-state PDFs is imple-
mented in the form of a Monte-Carlo generator in Fortran. This implementation is based on

Ref. [54] and produces weighted parton-level events.

3.2 NUMERICAL RESULTS

In the following, we present phenomenological results for Coloron pair production at the
LHC with /s = 14 TeV. Throughout this section, the CTEQ6.1M PDF set [55] have been
used, as incorporated in the LHAPDF framework [56].

As a first consistency check, the independence of the total NLO cross-section on the soft
and collinear slicing cut-offs, d; and 9. is shown in Fig. 9. The figure depicts two separate
plots for the dependence on ds and d., respectively. It can be seen that the combined virtual,
soft and collinear contributions (og;y) and the hard real emission contribution (o9_,3) are
separately logarithmically dependent on s and d., but this dependence cancels in the sum
oNLO = 0syv +09_,3. The remaining power contributions, proportional to 4. and 0, are neg-
ligibly small for all practical purposes if the cut-off parameters are smaller than about 1073
and 10~%, respectively. Note that the plots in Fig. 9 are subject to statistical errors from the
Monte-Carlo integration over initial parton momentum fractions and final-state phase space.
However, the cancellation of soft and collinear logarithms happens already point-by-point
for the fully differential cross-section, after integration over only the one-particle phase-space
of the massless final-state parton in o9 ,3. Therefore, the accuracy of the cancellation of the

0s and o, dependence is very high, as shown in the lower boxes of the Fig. 9.
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The optimal choice of the cut-off parameters needs to strike a balance between two con-

straints: (1) The non-logarithmic power contributions, proportional to 7., are minimized

by choosing each cut-off parameter as small as possible, whereas (7i) the statistical error for
the 2 — 3 phase-space integration increases if ds. are too small. For the remainder of this
section, we use ds = 5 x 107% and 6. = 5 x 107°.

In Fig. 10, the LO and NLO total cross-sections are shown as a function of the Coloron mass
M. For this plot, the mass of the P-odd quarks has been fixed according to the mUED
prediction, i.e. My = M — AM, where AM is the mass splitting due to boundary terms in
mUED [39]. To show the qualitative behavior we restrict ourselves to employ the leading
logarithm of the mass splitting, the full one-loop result can be found in 5.1.2

11lag |
167 W

A2
n—

2

AM =M

(3.26)

Since AM is a one-loop contribution itself, we neglect it inside the O(ag) corrections to the
cross-section and set My = M there. For the UV cut-off of mUED we choose A = 20 M.

In the lower part of the figure, the K-factor onpo/0ro of the NLO and Born cross-sections
is shown. As evident from this plot, the K-factor depends only mildly on M and amounts
to about 0.88. It is interesting to note that the NLO contributions are negative in all three
subprocesses, ¢q¢ — CC + X, g9 — CC + X, and qg/qg — CC + X, the latter of which
is only generated by 2 — 3 real emission diagrams and is turned negative due to the PDF
renormalization. While the overall correction is relatively modest, and of a typical mag-
nitude for high-energy QCD processes, it is nevertheless relevant for accurately evaluating
current limits and the discovery potential of the LHC for mUED and related models [23].

In addition, the computation of the NLO QCD corrections serves to reduce the theoretical
uncertainty from the renormalization and factorization scale dependence. This is demon-

strated in Fig. 11, where the two scales have been varied in parallel, 4 = pup. Considering

+15%

179> which is reduced

the range 0.75 < u/M < 1.5, the LO cross-section changes by about
to fg;‘; for the NLO cross-section. Note that the dominant source of uncertainty stems from
the renormalization scale, whereas the factorization scale by itself has a subdominant effect.
In Fig. 12, we also show how the cross-section changes when the mass splitting AM =

M — My is modified from the mUED prediction. Note that the gg channel does not depend on
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this parameter at tree-level, and we neglect the mass splitting within the one-loop corrections.
Therefore, only the qq channel is shown in Fig. 12.

We restrict ourselves to the mass ordering My < M, to avoid the situation where the heavy
quarks may become resonant in the subprocess qg — CCyq, i.e. qg — C'¥ production with
the subsequent decay ¥ — C'q. This would correspond to a different process than than the
one studied in this chapter and is left for future work.

As evident from Fig. 12, the q¢ — C'C subprocess depends very sensitively on AM. However,
since the gg channel is dominant, the total cross-section varies only by a few percent for
reasonable values of the mass splitting.

Finally, Fig. 13 displays the impact of the NLO corrections on the differential cross-section
in terms of the rapidity y = %ln g%zi. Here E and pp, are the energy and longitudinal
momentum of one of the final-state Colorons. Since, after summing over colors, we have
two identical Colorons in the final state, the rapidity distribution is symmetric. As one
can see from the figure, the effect of the NLO corrections results in a slight enhancement
of the tails of the rapidity distribution relative to the central region. This can be partially
understood from a simple kinematic effect, since the recoil against extra radiated partons

causes a broadening of the rapidity distribution.

3.3 SUMMARY AND CONCLUSIONS

The production of colored new physics particles at the LHC may be subject to sizeable
QCD corrections. In this article, results for the NLO corrections to the pair production of
color-octet vector bosons have been presented. Such new vector bosons appear, for example,
in Coloron models or models with extra space dimensions. There are characteristic versions
of these models where the single production of color-octet vector bosons is forbidden by a
parity symmetry, such as an exchange symmetry for Coloron models and Kaluza-Klein parity
for extra dimensional models. For concreteness, this chapter focuses on a two-site Coloron
model, which is based on two copies of a non-linear sigma model for the gauge sector. In

addition, the presence of the exchange symmetry requires the introduction of heavy partners
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to the SM quarks. This model can serve as a gauge-invariant low-energy effective description
of the minimal universal extra dimension (mUED) model.

The renormalization of the two-site Coloron model involves several peculiarities that do not
occur for models with colored particles of spin less than one. For instance, the couplings
of the SM gluon and the massive Coloron are identical at tree-level, but they receive differ-
ent counterterms at higher orders. In addition, the broken gauge symmetry of the massive
vector boson requires the introduction of a counterterm for the symmetry-breaking vacuum
expectation value. This may be surprising at first glance, given that the symmetry-breaking
mechanism is not specified in the non-linear sigma model, but in fact this counterterm can
be uniquely determined from the Goldstone self-energy.

The calculation of the NLO corrections presented in this chapter is based on a largely auto-
mated computer implementation, using publicly available packages supplemented by in-house
routines. For the combination of virtual loop corrections and real radiation contributions,
the phase-space slicing method has been employed. Several checks of the results have been
performed.

It is found that for the standard choice of the renormalization scale, u = M, where M is
the Coloron mass, the NLO correction has a relatively modest impact on the Coloron pair
production cross-section. The total NLO cross-section is 11-14% smaller than the LO result
for values of M between 1 and 2 TeV. At the same time, the dependence of the cross-section
on the renormalization scale is significantly reduced, by a factor of 2-3. By studying the
rapidity distribution it is furthermore observed that the NLO contribution cannot be charac-
terized by a simple global K-factor, but instead the K-factor is slightly smaller in the central
rapidity region and slightly larger for large absolute values of rapidity.
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Figure 4: Born-level diagrams contributing to massive color-octet vector-boson pair produc-
tion. Here the spring—solid lines indicate massive color-octet vector-bosons, while the double

lines indicate massive P-odd quarks, and the dashed line indicates a P-odd Goldstone scalar.
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Figure 5: Sample one-loop diagrams contributing to Coloron pair production. See Fig. 4 for

the definition of the different propagator line types.
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Figure 6: Sample real radiation diagrams contributing to Coloron pair production. See Fig. 4

for the definition of the different propagator line types.
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Figure 7: Real Emission of a soft/collinear gluon from a final state quark. The momentum

square (p — ky)? = —2E,E,(1 — cos ) in the denominator of the propagator goes to zero for

either ; — 0 or cosf — 1.
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[Beenakker, Kuijf, [Harris, Zanderighi (2011)]
Van Neerven, Smith (1989)] [Hopker (1996)]

Figure 8: Flowchart illustrating the additions made to the FEYNCALC/FEYNARTS frame-

work. Yellow routines represent publicly available packages, while green are direct amends

to that code. White parallelograms represent external input and the red integrator is a set

of separate FORTRAN routines.
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Figure 9: Dependence of the NLO cross-section for the pp — CC on the soft cut-off g
(left) and the collinear cut-off 6. (right). Both plots are for a pp center-of-mass energy
of \/s = 14 TeV, Coloron mass M = 1 TeV, and renormalization and factorization scales
p = pup = M. Furthermore, in the left (right) panel, the fixed value §. = 107° (§; = 1073?)

has been used.
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Figure 10: Total LO and NLO Coloron pair production cross-sections as function of the
Coloron mass M, for /s = 14 TeV and u = ur = M. The mass splitting between the
Colorons and P-odd quarks in the Born contribution has been set to the value predicted by
mUED, see text and eq. (3.26), while the splitting has been neglected in the NLO corrections.

The lower panel shows the ratio between NLO and LO cross-sections.
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Figure 11: Dependence of the total LO and NLO Coloron pair production cross-sections on
the combined renormalization and factorization scale u = pgp. The plot is based on the pp
center-of-mass energy /s = 14 TeV, mass M = 1 TeV, and mass splitting M — My in the
Born contribution as predicted by mUED, see text and eq. (3.26).
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Figure 12: Total LO and NLO Coloron pair production cross-sections as function of quark-
Coloron mass splitting AM = M — My. The other input parameters have been set to
Vs =14 TeV, mass M =1 TeV, and u = pup = M.
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Figure 13: Differential cross-section for Coloron pair production in terms of rapidity at LO

and NLO accuracy, for \/s = 14 TeV, mass M =1 TeV, and = pup = M.
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4.0 THRESHOLD BEHAVIOR OF VERTEX FUNCTIONS

While the question of scale sensitivity of couplings in extra-dimensional theories has a long
history [58-63], a detailed analysis of the difference between the effective zero-mode gauge
bosons and their KK excitations is so far missing. Such an analysis is the topic of this
chapter, together with an extensive discussion of the influence of the UV cutoff scale on
both vertices.

The calculation in the previous section was performed in a model which truncates the KK-
tower for all modes heavier than n = 1. If this represents a valid approximation is the
subject of investigation in this chapter, based on Ref. [64]. Furthermore it is important to
discuss and quantify how big the uncertainty is that is being introduced into the calculation
by truncating after a certain mode number. To this end we evaluate the Wilson coefficients
stemming from increasingly heavier KK-modes in the loop for the three SM QCD-operators
as well as the a vertex with two KK level-1 modes and a SM mode.

The g9 — Q1 — Gi; vertex receives infrared divergent contributions from diagrams containing
SM modes. We calculate the full one-loop decay width T'[G7 — ¢o Q1] through two cutoff
phase space slicing to fix the IR physics. Considering the decay width instead of the naked
Wilson coefficient is not only helping us to put our results in perspective by considering a
physical observable, but also technically necessary, since the IR divergence appears in three
as well as four-point operators, prohibiting to us to define a universal Wilson coefficient.
The modes n > 2 can be included straightforwardly. For every new level participating in
the loop we renormalize the vertex and report the change of the beta function, as well as the
resulting Wilson coefficient. We then extract the asymptotic behavior from the summed up
vertex functions and compare them. In a final step we analyze the behavior of the vertex

functions by perturbatively solving the exact Functional Renormalization Group Equation
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(FRGE).

4.1 INFRARED DIVERGENT CONTRIBUTIONS

Completely analogous to the procedure employed in chapter 3 we calculate the decay width
for the process G; — qo @1 (we obtain the same result for the decay into doublet quarks as
for singlets, since we are considering QCD corrections only).

Diagram (A) in Fig. 14 represents the only tree-level Feynman describing the Coloron decay.

Calculating the squared matrix element necessary for the decay width we find

|'/\/lBOHI|2 = 5 NcCr (Mél - Mé1) (QMél + Mél) ) (41)

which vanishes if the Coloron and KK-Quark masses are identical on kinematic grounds. We
therefore assume again a radiatively induced mass splitting as we did in section 3.2. Since
the mass splitting is small in comparison to the mass scale of the process we will perform
the calculation of the NLO corrected matrix element only to lowest order in Mg, — Mg, .
The decay width for the two-body processes can be derived from the corresponding matrix
elements via

2

_ M2 — M3
Iy (G1 — qo Q1) = WM@‘Z- (4.2)
Gt

The renormalization (example loop diagram (B) in Fig. 14) is performed in the same way
we described in section 3.1.1, with the exception that we also need a field renormalization

5ZSR for the external KK-quark leg, which can be defined in the on-shell scheme through

0
028 = —Re {S(M3,)} - M3, e {ZR(0%) + 22 (7) + 258 () }

5 (4.3)

22
p 7MQ1

Furthermore we require the vertex renormalization constant defined in the MS scheme 67 g’]
from eq. (3.9). Also note that for our analysis we assume all quarks to be massless, including

the top, such that n, = 6.
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(4) (B) (@)

Figure 14: Sample diagrams the decay of the level-1 gluon decay Gy — qo Q, within the
Coloron model. (A) Born-level decay (B) NLO correction to the Born vertex (C) real emission

contribution with an infrared divergence.

To remove the infrared divergencies we employ phase-space slicing with two cutoffs in the
way described in section 3.1.2. The soft divergencies from the real emission diagrams, (C)
in Fig. 14 exactly cancel the soft poles of the one-loop functions. Collinear divergencies only
arise from the diagram containing the final state gluon being emitted from the SM quark leg.
That case is described by the same Altarelli-Parisi splitting kernel we found for the initial
state radiation in eq. (3.22).

The three-body phase space integration in the hard, non-collinear regime can be performed

analytically. The phase space measure for that case reads

dl's = Mél B Mél - 2E3MG1 dEgd(COS 0) |M ’2 (4 4)
3 2 (MG1 - E3<1 — COS 9)) 647T3MG1 ’ .

and is dependent on the energy of the final state gluon E3 and the angle 8 between the gluon
and the SM quark. The integration range of these two variables is restricted by the soft and

collinear conditions expressed through

M3
—1<cosh<1-— = Oc,
FEs (Mé1 —2M¢g, Es — Mél)
Mg, Mg, — M}
0, < By < — <L 4.5
2 ° = T = 9Mg, (4:5)

After carrying out the integration over the three-body matrix element the cancelation of

cutoff parameters between the three and two-body processes is then checked explicitly. Due
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to the approximation in which we work the s-factor is a constant, independent of any of
the masses, and turns out to be k = 1.238. In Fig. 15 we plot the dependence of the LO
and NLO decay width on the cutoff scale A, that was introduced through the radiative mass
splitting between the KK-quark and gluon.

4.2 CONTRIBUTIONS FROM HIGHER MODES

In order to calculate the contributions from modes with n > 2 to the previously described
process, we need to renormalize the vertex at any order n, that consists of modes containing
but not exceeding n. After introducing a counterterm that is dependent on renormalization
constants for the external legs with level-n modes in the loop we absorb the rest of the UV
divergence into a coupling renormalization of form

g
3272

from which we then can extract the contribution (3, of the level to the overall beta function

da”' 1 da B,
dlogp  o20logp 21

(4.7)

4.2.1 Standard Model Vertices

The three QCD tree-level vertices, the quark-gluon vertex as well as the pure Yang-Mills
vertices, within the Standard Model receive contributions from higher KK-modes running in
the loop (an example diagram for each is shown in Fig. 16). All modes within in the loop
have the same mode-number starting at n = 0, as a consequence of KK-parity.

The standard result for the QCD beta function is reproduced by the zero modes at one loop
and found to be

11 4
Psm = <€CA - ganf) . (4.8)
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Figure 15: Full LO and NLO decay width for the level-1 KK-gluon decaying into a regular
quark and the level-1 KK-quark within the Coloron model. Both curves exhibit the same A

dependence, since the k-factor is constant in our approximation.
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(4) (B) (@)

Figure 16: Sample diagrams for the KK-contributions to the SM vertices. (A) quark-gluon

vertex (B) three-point gluon vertex (C) four-point gluon vertex.

Now when allowing for KK-modes with n > 1 in the loop, we acquire an additional contri-

bution to the beta function every time we cross the energy threshold %

7 8
Bn = <§CA - §anf) : (4.9)

These contributions to the beta function lead to a running of the strong coupling constant
that deviates from the Standard Model behavior, described for a renormalization scale be-

tween A < < A+ R by

ag' (n) =ag' (M) + ﬂ;—: log (MLZ) + g—; > log ( . )

n=1
=ag' (M,) + 628—71:[ og (MLZ> + g—: [ARlog <L> — log (AR!)] : (4.10)
where the sum over KK-modes extends up to a UV-cutoff scale A.
It has to be noted that the sum is strictly speaking only defined for an integer cutoff number.
We therefore write AR, as it appears in and from the summation, to be understood as
the argument of the Gauss floor function |[AR], rounding down to the largest integer not
exceeding AR.
Since we take all external legs to be massless there is no dipole operator being generated

in the Lagrangian. We find that the vector coupling gy — qo — Go as well as the three and
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four-point gluon couplings receive the same Wilson coefficient C'sy;. Summing over all modes

within the loop up to the cutoff-scale that coefficient then reads

3 AR n2
Canm (1) = 1992S7r2 > [QCA — (210 — 16n,T}) log ((uRVH . (4.11)

n—

Notice the that the first term in the bracket is independent of the Renormalization Group

running and represents a threshold correction.

4.2.2 KK-Vertices

In the case of two external legs being KK-particles the one-loop corrections to the vertex

induce a dipole operator and the total interaction under consideration becomes

loiad

_iCQOQlGlfV‘uPL - quQ1G1 ﬁQVPL- (412)

If only Standard Model modes and the first KK-mode are allowed in the loop, the coupling

renormalization of eq. (3.9) contributes to the beta function with

(4.13)

3+ 85C2%)(Cy —2C 8
/BColoron = <( A)1(2 4 F) - ganf) .

The contributions to the vertex function from higher modes are shown in Fig. 17 and can be
straightforwardly calculated for every new mode allowed in the loop. The renormalization
procedure is again done level by level and require the on-shell field renormalizations for
external legs.

The beta function resulting from the coupling renormalization at every level n > 2 is identical

to the one we found for the SM vertices for n > 1, reported in eq. (4.9).
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Figure 17: Sample diagrams for the KK-contributions to the vertex with two level-1 modes

as external legs.

For the Wilson coefficients appearing in front of the vector coupling of eq. (4.12) we separate

the NLO contribution into terms proportional to C4, Cr and n, and find

3 AR 2
g n
_ s E - 4.14
CKK,Q(M) =
3 AR 2 2
gs 2 2 n (TL + 1)
= 1 4 4 2 1 — 71
647T20An§:1{5+ n+4n®+n (8 +3n+ n)og<<n+1)2) og( (R): ,
CKK,3(M) =
3 AR 2 2
gz 13 5 M 5 n (n+1)
1272anf ngl {6 +2n+2n° + 5 (3+ 3n+2n?) log (1) og (R)?

Additionally we can calculate the dipole coefficient, which is finite and does not require

renormalization
) AR 2
9s 2 1 t 2n —n
D = 28 —4 —2 2 1 : 4.15
q0G1Q1 6472 (CA ) (OA CF) ; |: + 2 o8 ((n + 1)2)} ( )
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4.2.3 Asymptotic Expansion

The analytic summation using elliptical Jacobi theta functions, that has been employed in
Ref. [58,59], is not an accurate method for our case, since we are defining our coupling
renormalization within the MS scheme. We are however able to recover the same results in
the large AR limit, as the theta function method does within the on-shell scheme, using a
somewhat different approach.

We begin by performing the summation up to mode N = |AR| analytically. The only

non-trivial sums appearing are of the form
N
n '[N +1]
1 — ) =1 _ 4.16
;Og<n+1) 0g(F[N+2])’ (4.16)

which can be rewritten using the Euler I' function as a generalization of the factorial, and

;nlog <HL+1> —log (T[N +2)) + C[-1,N +1] - ¢'[-1,N + 2], (4.17)

which can be carried out using the Riemann ¢ function. The prime denotes a derivative with
respect to the first argument of the generalized ¢ function ([s,a] = > >~ (n + a)~®. One

solves the sums involving higher moments analogously, like e.q.:

N n
21 —

= —% +2log (A) —log (T[N +2]) + {'[-2, N + 1] = ¢'[-2, N + 2] + 2{'[-1, N + 2],

(4.18)

where A = 1.282427 - -- denotes the Glaisher-Kinkelin constant.

For the asymptotic expansion of the first sum, in a region where AR becomes large we

simply utilize Stirling’s Formula

log (T[N]) = N(log (N) — 1) — %log (%) L0 (N7?). (4.19)
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For the sums involving higher powers of n, the asymptotic expansion of the derivative of the

generalized Riemann ( function can be performed according to

-1, N] = —NT(l ~ 2log (N)) — glog (N)+ %(1 +log (N) + 72;N2 LON,
-2, N] = —%(1 ~ 3log (V) — N7 log (N) + 1—]\;(1 4+ 2log (V) — ﬁ LO(N.
(4.20)

It is worth noting at this point that the Riemann ( function is related to the elliptical Jacobi

theta function through

ol

/Oooﬂ(ﬁn(it)—l)t‘ _ 2 E]g[s, 1], (4.21)

t T2

making our order by order recovery of the results derived with the aide of the theta function

not entirely surprising.

The Wilson coefficients reported in eq. (4.11) and eq. (4.15) can therefore be asymptoti-

cally expanded for large values of the cutoff scale and we find

3 1

which agrees to leading order with

3 1

(4.23)

This serves to show, that they both exhibit the same leading order behavior in a regime
where the fifth dimension is being resolved.

For the dipole moment we find

2
g 1
Dq0Q1G1 = —6471'2 (Ci — 4)(0,4 — QCF) (10g(2ﬂ') - 2) -+ @ <_AR> . (424)

The dipole operator therefore stays finite even in the limit A — oc.
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4.2.4 Exact Renormalization Group Running

It is instructive to perform the same analysis by using the exact functional renormalization
group equation FRGE, which we will apply to the 5D uncompactified theory. To put our
findings in context we begin by briefly summarizing the derivation of the main tools used. In
the review we largely follow Ref. [65], which is based on the original renormalization group
work [66,67].

The Schwinger functional Wi[J;] and the generating functional Zy[.J;] for an arbitrary theory
containing a number of fields ®;(z) in the presence of an external source J can be related in

the path-integral formalism via

exp {iWy [Ji]} = /D@i exp {iS [@;(x)] + iASy [®;(x)] + i / deJn(I)n(x)} = ZolJi],

(4.25)

where we ignore an overall normalization, which is irrelevant for our argument. Additionally
we introduced an explicit regulator term ASj, designed to suppress the low energy modes
below the some intermediate cutoff scale k. The regulator is usually defined as

dPp -

AS 9] = [ 555000 (17) 8,(-p) (1.26)

where Ry is the regulator shape function. For R, to define a sensible IR cutoff it has
to monotonically interpolate between the the UV cutoff A (becoming infinite as we push
A — 00) and the IR regime (vanishing as k — 0).

We chose to work with Litim’s optimized regulator [68], given by
Ri(p*) = (K> —p*) © (K* — p°) (4.27)

in terms of the Heaviside theta function. This regulator is optimized in the sense described
in [69] and allows us to perform the relevant integrals analytically.

We absorb the explicit regulator term into the tree-level action in the following derivation
and restore it in the final result.

Splitting the fields ®;(x) into classical parts ¢;, which solve their respective equations of
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motion, and quantum parts d¢;(x), it is reasonable to assume that the classical piece will

change much more slowly than the quantum piece, such that

D () = ¢; + 0¢(x)

= Z(] = [ Dborexs {z's 6+ 06 + 08,60+ 30+ [ 0% (6,+ 56,) Jn}, (4.28)

where the path integral over the classical field will only contribute a constant which can be
absorbed into the overall normalization.
We now expand the action around the classical solution, where its first derivative with respect

to the fields vanishes, marking its saddle point,

528
S [Cbz] =S [sz] + %/dfﬁd@ {5¢m (m

) 5%} T (4.29)
®;=¢;

where we kept terms up to second order, which is consistent up to 1-loop order. The second
derivative in brackets signifies the Hessian matrix of the action S.

Inserting the expansion in our original definition of the Schwinger functional we find

; 2
iW[J;] =log (exp {iS [p:] + / dD:an¢n} / Dé¢; exp {% / deldech(me;S%dqﬁn})

D
—iS [¢:] + / deJn¢n+%log L
det | 572
i [rk @, + / dD:an@n} , (4.30)

where in the middle line we performed the path integral over the fields d¢; making use of

the generalized Gauss integral

/ Dy exp{—% / deldD:rggp(xl)Agp(xg)} = (4.31)

and in the last equality we defined the effective action as the Legendre transform of the

Schwinger functional.
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Absorbing all constant pieces into the bare action S we can read off the saddle point ap-

proximation for the effective action

1 >
[,=5-— §log (det ‘an—fm + Ribmn

). (4.32)

Since we will be dealing with theories that contain two types of fields at a time it is useful
to note that the Hessian is a 2 X 2 block matrix. In order to solve the determinant inside
the logarithm it is necessary to make use of a general determinant identity

A B

det = det ‘D‘ det ‘A —CD'B (4.33)
C D

and then apply the trace identity
log (det ‘AD = Tr (z|log (A) |x) (4.34)

to the pieces remaining inside the logarithm. Note that this identity is well defined through
the insertion of an arbitrary complete set of eigenstates |x).

Taking the derivative of the effective action with respect to the renormalization time pa-
rameter ¢t = log (%) we arrive at an one-loop exact integro-differential equation describing
the flow of the coarse-grained effective action between the two fixed points k£ = 0, where no
modes are integrated out, such that I'y represents the full quantum action I', and k£ = A,
where all modes are integrated out and we are left with the classical action I'y = S. The
so-found flow equation that interpolates the two regimes, can schematically be written as

1 9%S _

This procedure represents the one-loop approximation of the general concept found in Ref. [67].
We chose to solve the flow equation through the non-local heat kernel expansion [70-74],
which is based on the fact that the term under the trace on the right-hand-side of (4.35) is
generally of the form of a heat kernel

O Ri(A)

A,w) = .
T w) = A RA(D)

(4.36)
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In all our considerations the heat kernel will depend on a second derivative Laplace type
operator A, that is related to the covariant derivative of the theory under consideration

through
A=—-DyDM +U, (4.37)

where U denotes the non-derivative part of the operator.
The trace over the heat kernel can be asymptotically expanded in terms of so-called non-local
structure functions [70-74]. We furthermore define the gauge connection Qy/n = é [Dyr, D).

For a flat background metric the asymptotic form of the flow equation then becomes

oLy, = ) (4;),23 / Pz [Tr[l]Q% (i) + Tr [UgyU] + Tr [QMNgQQMN}] (4.38)

The structure functions appearing in the expansion can be conveniently defined with the

help of a basis of ”Q-functionals” [87]

L 26(1-6)
guzk) =5 | deQp_, (Y],
0

1

1
galz, k) = %le (] = o /O aEQp_y [, (4.39)

where the () functionals are in turn related to the original heat kernel of our theory in

question through
Qn [hy] = / dss "hy (5 + a,w) = / dss e hy (s, w), (4.40)
0 0

where h;, denotes the Laplace transform of hj;. The second equality explains the short-hand
notation used to describe a heat kernel with a shifted argument.
It is possible to bring the @-functionals into a more convenient form by applying a Mellin

transformation. This leads to

Qn [h] = / dss" thy (s,w) for n >0,
0

mn

Qun ] = (~1)" Ly (s, w)

Be for ne Z<0. (4.41)

s=0
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From those identities we can calculate all special cases appearing in our analysis. Choos-
ing Litim’s regulator as mentioned earlier, we find the remaining relevant functionals not

explicitly stated in the literature, namely

Q1 [hi] = N

ﬁ 3
% (m) . (4.42)

Furthermore it is useful to already mention the integrals over those two functionals with

Qs lhy] =

shifted arguments, as they appear in the definition of the structure functions

/0 déQ s [ R0 E} % (k — %Arcﬂmhﬁ)

2
/Ode[Zélg} ﬁ(zfﬁ 3

B aPareTanh Y ) (043
Z(z )*ArcTan P (4.43)
4.2.4.1 QED-like Contributions To compare the results extracted from the FREG

Il
SN—
/N

ot

w
|
W
»Jk‘??
I
|
2I

with the explicit one-loop calculation performed earlier we analyze the contributions stem-
ming from QED-like interactions separately from the ones stemming from QCD-like inter-
actions. The general strategy on how to solve the flow equation at one loop for QED and
QCD can be found in Ref. [75].

It is sufficient to consider the QED contributions as they appear for the Yang-Mills term of
the theory. Through 5D gauge invariance all interaction terms in question acquire the same
Wilson coefficient.

The one-loop effective action for 5D quantum electrodynamics, containing a massless fermion,

can be found in the literature, e.g. [76]. We start from the classical action

Sqep = / dPx {%AM (aQnMN — (1 — %) aMaN) AN + z'mm/;}. (4.44)

to which we apply the one-loop saddle point approximation (4.32). The resulting effective

o (e (1= 7o) o) )

— Tr (z|log (iD) |z) . (4.45)

action is then

1
1ﬂl—loop :SQED + ETT <IL‘
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Working from this general result we can bring the second term into the form of a heat kernel

by noting that

Tr <$ ‘ log (ZID) ’ :1:> = %Tr <:zc ’ log (—]f) ‘ a:> = %Tr <a: ‘ log <—D2 — gO'MNFMN> ‘ x> f,

(4.46)

For simplicity we ignore the last term in the logarithm in eq. (4.45), since we are not interested
in operators with fermions as external legs at this point. Taking then the derivative of the

effective action yields

1 Oy Ry (—0?)MN 1 O Ri(A)
o'y, = =T — =T 4.47
=5 —OPnMN + Ry (—0?)MN 2" —D?2+ U+ Ri(A) ]’ (4.47)
which is the desired heat kernel form of the flow equation.
Next we identify the field monomials from which our non-local expansion is built
1
U= —§UMNFMN and QMN = ZFMN (448)
The expansion of the flow equation then reads
Ty 1 D MN |
o =~ g [ &P Tr[1] Qg Al + Far (200 — Dga) FMY|. (4.49)
T2

To extract the the coefficients we wish to compare with our previous results we make the

well-motivated Ansatz for the effective action

[y [A]

= / de%Fﬁ/[N [6°° + 103> (=D?)] F>MY, (4.50)

F2

TThe second equality holds, since qilf = aybN —iapoMNpy.
*For the Dirac trace we used the facts that {T'a,In} = 2nyn, Tr[TMIN] = 4pMN and
Tr [DETETMIN] = 4 (K EgMN — pKMpLN 4 p BN LMY a5 well as Ty I'M = 5 and for the color trace

Te [T, T = Ty6°
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of which we will take the derivative with respect to the renormalization scale and match to
the non-local expansion in eq. (4.49). This leads us to a differential equation for the scale

dependent polarization function and the field renormalization constant

T 1 D e
O (Zu(1+ L) =~ [ 5@y ol + 5 (@51 1] = Qg 15079,
(4.51)
where we use the short-hand notation z = —D? and introduced the Dynkin index by taking

the color trace Tr[T°T"] = T;d*" in our expansion.

We solve this equation firstly in the limit of zero momentum transfer z — 0, since we know
that the polarization function vanishes II; (0) = 0. In that limit the right hand side of
eq. (4.51) changes like

LI [Q%_l [h] = Qo [hf“_g)ﬂ z——io>/oo d¢ [%5(1 —§)Qn_y [Tu]

2z Jo 0

1
= Edi [hy] - (4.52)
We arrive at a simple differential equation for the field renormalization
T
KZk=35Qp 5[], (4.53)

which can be integrated to yield both the QED-contribution to the anomalous dimension of

the gluon field, as well as the beta function. We write them in terms of the 4D couplings

9(5) = g\/’ﬂ'R

o7 2 2T
k

where we used the identification 7, = 5
g

With these results we can solve the original differential equation for the polarization function,

which now reads

1 Ty 2 e , , Jz
+ 7y, 6473 3/2 2k (4k* — 3z) V/z — (4k* — 2)(12k* + 292°) ArcTanh Ik
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where we have to drop the term proportional to II; on the right hand side, since it gives rise
to terms O(g*).

We can now integrate the flow down from the UV cutoff A to an infrared scale k. The theory
is well-behaved in the UV and the polarization function vanishes there, such that IIx(z) =0

for any z. This leaves us with

——Tf92 2 2 2 Vz
= o3 [—2k:(12k: + 132)v/z + 3(4k* — 2)(4k* + 52)ArcTanh o

+1822 (L12<‘2/—;> — Liz(—;/—;))] : (4.56)

for n, flavors of quarks.

ITx(2)

We cannot perform the limit £ — 0, where the polarization function is badly divergent. This
signifies a breakdown of the validity of our perturbation theory in the regime where QCD

becomes strongly coupled.

4.2.4.2 QCD-like Contributions Similarly to the previous section we now construct
the effective action for QCD-like contributions. This is best done using background field
gauge [77]. We follow the spirit and notation of Ref. [78] and split the field in a classical
background field and a fluctuation as done in eq. (4.28)

Ay = Apr + 6 A (4.57)
The tree-level action then takes the form
D e pamn 1 (mabe a2 ab=b\ (PMac ¢
Saop = [ AP = F FNY - o (DMéA : ) - (DMC> (D ¢ ) . (458)
where D), denotes the derivative with respect to the background field, while Dj; contains
the full field. ¢, is the corresponding Faddeev-Popov ghost.
The effective action I [A, ¢, C; Z] is not only dependent on the full field A,; but also explicitly
depends on the classical field, which enters through the gauge fixing. It is necessarily not
invariant under original gauge transformation, since the gauge fixing is necessary to perform

the path integral.

On the other hand it is invariant under an extended set of gauge transformations provided the
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classical field transforms simultaneously. The full set of infinitesimally gauge transformations

with local gauge parameter 6(z)

§A = —Db6 (),
Ay = —Dy6"(x),

5c® = —igh® () (T4)"c", (4.59)

where 7'} is the set of generator matrices in the adjoint representation.
The effective action takes its simplest form for Ay; = A,; in which case the first two transfor-
mations in (4.59) become identical and the whole set is of the standard gauge transformation
form under which the newly constructed action I'[A, ¢, ¢; A] is invariant.
Using the background field method one can construct the renormalization flow equation,

which we quote from [87]

(4.60)

ol'Al = =T — —
! m 2 . DT+RI<;(DT) 2

1 atm(m)—nm@)] . 0R(-D°) — niRe(-D°)
D’ +Rk(—D ) ’

with the covariant Laplacian (Dg)%, = (—=D2)* nan+U2,. We can immediately determine

our building blocks for the non-local expansion, namely

Comparing the resulting flow equation with the derivative of our ansatz we arrive again at

a differential equation for field renormalization and polarization function

021+ T0(2) = o [ dea@e [ 9) + 2= [ [15079] — Qg )]

(4.62)

In the limit z = 0 the polarization function again vanishes, I1(0) = 0, and the differential
equation simplifies to

Ca 26—

2Qs 4l (463)
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where we can extract the the QCD-contributions to the anomalous dimension and to the beta
function after evaluating the @-functionals. In D = 5 we find in terms of the 4D coupling

constants

7 2
n,?CD = ——at L —T7Cy g kR and Opal = Ca

4.64
Z 1672 s 47 T (4.64)

Substituting those results back into the full equation and solving for the polarization function

we find
T (2) =02 (1 + T(2)) (4.65)
1 Oy , ) ; Y
7 560 2k(12k* — 292)/z — (4k* — 2)(12k* 4 292) ArcTanh =

which can be integrated down from A to an IR cutoff scale k, at which we become non-
perturbative. Again we find II5(z) — 0 as A reaches infinity, leaving us with a polarization

function dependent on k

y(2) =29 (o (122 + 532)/Z — (442 — 2)(1242 + 552) ArcTanh | L2
£(2) ={gaara7m | 2F(12K° +532)vz — (4h7 — 2)(12k° + 552) ArcTanh | =

s (1) ()] s

The limit £ — 0 on the other hand is not save, marking a break down of our theory, and

remains regulated.
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4.3 PHENOMENOLOGICAL ANALYSIS

From eqs. (4.54) and (4.64) one finds that the cutoff dependence of the effective gauge

coupling is given by

1 1 g (7 4

9s(A)  gs(0) 87 ZCA_ganf)AR- (4.67)

Since this was obtained in the framework of an uncompactified 5D theory, there is no dis-
tinction between couplings of zero modes and higher KK modes.

The result in eq. (4.67) is numerically close, but not identical to the linear AR terms in
egs. (4.22) and (4.23). The difference stems from threshold corrections that contribute to
(4.22) and (4.23) at each KK level. Thus, even when we study the dependence of the effective
vertex coupling on A for AR > 1, i.e. at scales much beyond the compactification radius,
there is a non-vanishing impact of the compactification. In other words, when considering
mUED at large scales one does not trivially recover the uncompactified 5D theory.

This is illustrated in Fig. 18. In this plot it is assumed that the there is some fundamental
5D coupling at the scale Ag = 20R™!. The curves illustrate the effect of integrating out all
energy scales beyond AR™! in different approximations. The solid blue line corresponds to
the result (4.67) from the flow equation. The solid green curve depicts the result from the
explicit calculation of the gqg vertex diagrams, as in eq. (4.11) with ¢ = A, whereas the
solid orange curve is the approximation (4.22). The dotted green and orange curves are the
equivalent cases for the G Qg vertex, egs. (4.15) and (4.23). The vertical axis is normalized
such that the effective gqq coupling at n = 1 is equal to its SM value.

First of all, the plot demonstrates that the large-A R expansions (orange) provide an excellent
approximation to the level-by-level calculations (green). Furthermore, it shows that all
approaches lead to similar results for the dependence of the effective gauge couplings on the
truncation scale. However, there are difference at the few-percent level, which stem from
the following two facts: The flow equation is insensitive to threshold corrections from the
compactification; and the G1()1¢ and gqq vertices have different logarithmic dependencies on
A. Note that the plot also includes the running from the coloron contribution, see eq. (3.9).

From a low-energy perspective, on the other hand, the dependence of the gauge vertices on
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Figure 18: Running of the SM vertex function qo — qo — go (solid line) and the KK vertex gy —
Q)1 — G (dashed line). We compare the full summation up to the cutoff with the asymptotic
expansion as well as the results obtained from the FRGE running. The integration constants

have been fixed such that the couplings coincide at AR = 20.

the cutoff A is not directly observable. However, if KK gluons and KK quarks should be
discovered in the future, one can compare the strength of the SM ¢gqq coupling with the
G1Q1q vertex. While the leading linear AR dependence drops out in this difference, there is

still some sensitivity to the cutoff scale from the logarithmic terms in eqs. (4.22) and (4.23):

3 1
Conucr(8) = Con(8) = =5 (210 +9C = 100, Ty) o (AR) + O 37 ) - (4.08)

Including the contribution to the running from the lowest modes, see eq. (3.9), and assuming
that the ggq and G1(Q)1q couplings are identical at the scale y = A, one finds that the
observable couplings depends on A as follows:

990Q1G1 (Ril) ~ 23952
Jaoaogo (1) 19272

log (AR) . (4.69)

For AR = 10...50, this amounts to an effect between 3.5% and 6%.

This means that the prediction of the decay rate for G; — ()1, including O(ay) corrections,

63



depends on the unknown UV completion of mUED. At the same time, the impact of this
UV sensitivity is rather mild, at the level of a few percent, which may be negligible for most
practical purposes.

While a more complete analysis of different processes in mUED and larger classes of extra-
dimensional models is beyond the scope of this work, we expect that a similar conclusion
can be reached in these cases. This conjecture is based on our observation that the leading
UV sensitivity cancels when normalizing the KK gauge boson vertex to the SM gauge boson
vertex, as dictated by the renormalization flow equation. The cancellation still works when
including the threshold corrections at each KK level, and thus it should hold in any extra-
dimensional extension of the SM. The next-to-leading term, while enhanced by log(AR), is

nevertheless numerically rather modest.

4.4 SUMMARY AND CONCLUSIONS

As discussed in chapter 2 do models with extra dimensions generally feature infinite KK-
towers of new states that need to be considered when calculating loop corrections within
those models. KK-number conserving operators receive corrections from the full spectrum
of these modes. The corrections are in general dependent on a cutoff scale A at which the
model breaks down and some unspecified UV completion is required to describe the physics.
In this article we investigated the numerical impact of this unknown cutoff parameter on
physical observables. As a concrete framework we considered QCD in a spacetime with one
additional universal extra dimension, which is compactified on a circle with a Z, orbifold.

In the first half of this article, the problem was discussed from the viewpoint of the com-
pactified 4D effective theory. We computed the full one-loop QCD corrections to the SM
gauge-boson vertex gqq as well as the vertex G1Q1q (or, equivalently, G1Q1q), which con-
tains two level-1 KK modes. These include vertex diagrams, on-shell counterterms for the
external legs, and MS coupling counterterms generated by loops up to KK level n. The MS
scale dependence of the gqq vertex can be described through the regular QCD beta function,

where the well-known SM result is supplemented by an extra term each time one of the KK
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thresholds is crossed. Additionally, the Wilson coefficient of the gq/q vertex receives a finite
threshold correction from each KK level, which is not described by the beta function.

For the G1Q17 (G1Q1q) vertex we proceeded similarly. For concreteness, we considered the
physical process G; — ¢@;. The NLO corrections to this decay exhibit soft divergencies
in the virtual vertex contributions, which can be canceled against the real radiation con-
tributions with the two cutoff phase-space slicing method. This part of the calculation is
identical to a 4D coloron model. Overall, the beta function for this vertex differs from the
SM gq/q vertex, but the contribution from higher KK modes (n > 1) is identical for the
9qq and G1Q1q beta functions. Furthermore, the Wilson coefficient for the G1Q,q vertex
receives KK threshold corrections, which differ from the ones found for the SM vertex.

The results for both vertices can be conveniently written in terms of an expansion for large
values of the cutoff scale A. It turns out that their leading terms, which are linear in AR,
are identical. The first difference between the two vertices appears at the subleading order
log (AR). Higher orders beyond the log term are numerically very small and can be ne-
glected.

In the second half, we studied the cutoff dependence within uncompactified 5D QCD, using
the functional renormalization group flow equation. To solve the equation and extract the
beta function we applied the saddle-point approximation and utilized the non-local heat
kernel expansion method. Through this approach we were able to find the flow equation
analogue of the one-loop beta function. Its coefficient coincides with the leading order be-
havior of the running of the coupling found for the explicit diagrammatic calculation in the
compactified theory. However, the uncompactified 5D framework is not able to reproduce
the contributions from the threshold corrections in the 4D framework.

When comparing the diagrammatic 4D calculations of the gqq and G1Qq vertices, as well
as the 5D flow equation result, one finds that the NLO prediction for the decay G; — ¢Q is
indeed sensitive to the choice of the UV cutoff and thus to the unknown high-scale physics.
However, the numerical impact of this uncertainty is numerically rather modest, since the

leading contributions cancel in the comparison.
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5.0 RADIATIVE CORRECTIONS TO MASSES AND VERTICES IN MUED

Having discussed the pair-production of level-1 modes we can now ask how that picture
changes for higher modes in the spectrum. Since those modes are heavier than the first
excitation one would naively assume their phenomenology plays a sub-leading role. As we
however discussed in Chapter 2 can radiative corrections induce KK-number violating cou-
plings, which for a number of level-2 modes means that they can couple to a pair of SM
modes through a one-loop process, conserving parity. Therefore the level-2 modes do not
need to be pair produced and lead to drastically different detector signatures than the level-1
modes did.

In [79] we calculate the full one-loop improved mass spectrum of the KK-modes and the
induced couplings. Generally speaking the resulting contributions are logarithmically di-
vergent and stem from 5D operators localized on the boundary, that violate KK-number.
The logarithmic pieces log AR for the mass corrections and a number of processes have been
reported in the literature. For typical values of AR ~ 10--- 50, those logarithms are however
of similar magnitude as the non-logarithmic, finite contributions, and therefore might impact
the phenomenology considerably. The remaining finite terms are calculated and their phe-
nomenological impact is discussed. We additionally find previously unconsidered couplings,

that do not depend on log AR but are nevertheless non-zero.

5.1 MASS CORRECTIONS

The KK modes of fields propagating in a compactified extra dimension receive loop-induced

corrections to the basic geometric mass relation m,, = n/R. These corrections stem from
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contributions where the loop propagators wrap around the extra dimension. They can be
separated into two categories: bulk and boundary mass corrections [39,80].

While the bulk corrections are present in extra-dimensional models with and without orb-
ifolding, and they lead to mass terms that are independent of #° and conserve KK number,
the boundary terms are a consequence of the orbifolding condition, and they lead to mass
terms that are localized in the extra dimension. For example, for a scalar field, the boundary

mass correction has the form

LD %R [6(2°) + 6(2° + 7R)|@TD2D. (5.1)

These boundary terms break KK number.

Both the bulk and boundary corrections are induced first at one-loop order. Whereas the
bulk corrections are UV finite, the boundary contributions are UV divergent and must be
renormalized. We employ MS renormalization for this purpose, with the MS scale set to the

cut-off scale A.

5.1.1 Approach

To compute the mass corrections we choose to work in the effective 4D theory. Every self-
energy diagram contributing to the corrections of a given mode contains the infinite tower
of increasingly heavy KK-modes running in the loop and needs to be treated in a manner
similar to the one described in Ref. [80]. We will begin by describing the general procedure
employed on the example of diagram (A) in Fig. 19. For a vector boson the self-energy can

be decomposed into covariants according to

152 (0%) = = [ (P (0%) + 20D (%)) = pup T ()] 6 (5:2)

where additionally to the usual transverse part H(T1 ) a second contribution H(T2 ) emerges as a
proportionality constant to the fifth momentum component.

The mass correction is then defined as

OME, = — M2 e {1 (M2) + TP (M12) } (5.3)
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Both the self-energy and the resulting mass correction are dependent on an infinite sum
over all heavy modes running in the loop, which in turn is divergent. To find a sensible
regularization scheme we first make use of the Poisson summation identity

Y fn)y=> F{ftk) (5.4)

n=-—oo k=—o00

where the Fourier transform F is defined as

F{f} (k) = / h dx e 2™k f (1), (5.5)

—c0
By applying the identity to the divergent mass correction, the sum over KK-numbers is
transformed into a sum of winding numbers in position space about the fifth dimension.
The most straightforward way to define a physical observable is to subtract the (formally
infinite) contribution of the zero winding number from the sum, since it is equivalent to the
diagram in the 5D uncompactified theory.

For our example we restrict ourselves to the mass correction of the first vector mode; all
higher modes can be found by rescaling the mode number. The example diagram then

amounts to a mass correction described by

2 34 — 41d + 11d?
M2 =Y Ao(M?
oMy, =550 (d—3)(d—1) o(M7)
2 o
g 27 72
S S E— -2 —1] A M
+ 5= cAnE_l:{[n@ d) + d — 1] Ag(n*M?)

—[(n+1)(3—2d) —d+1] A ((n +1)>M?)

+ M2(d — 1)(5 + 2n + 2n2) By (M?, n2M2, (n + 1)2M?) } : (5.6)

where d = 4 — 2¢ is the number of space-time dimensions in dimensional regularization, and
the term outside the sum stems from the diagram with a zero mode (massless SM vector
boson) in the loop.
The explicit form of the Ay and B, functions appearing in the equation are well-known and
can be written as

Ag(M?) = M? (% +1—1In ]Z—;) , (5.7)

1 M?
By (M, (n + 1)2M2,n2M2) =- +2—ln? +2[nlog(n) — (n+1)log(n+1)]. (5.8)
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Splitting up the first term in order to extend the sum to include n = 0 and taking the the
limit d — 4 yields
234> 112 A? g> -
2 2 Z 2
5MV1 = —WCAM <— + ln -_— -+ @CA n lnn (59)

n=0
where any polynomial terms under the sum have been dropped since their Fourier transform
only amounts to derivatives of delta functions. Note that we assumed the existence of a MS
UV-counterterm at the cut-off scale u = A to cancel the divergence in the remainder.

The remaining sum is now treated as outlined above, starting from the Fourier transform

= Tikx 1 TE

where (™ denotes the n-th distribution derivative of the Dirac d-function.
Dropping the zero winding number (k=0) piece, we can identify the finite rest in terms of

the Riemann (-function

2 ¢(3)
> il = g 3 (o) ~ 55 511)
The finite contribution to the mass correction stemming from diagram (A) then is given by

g’ M} (23 112 ¢(3
SMy, = 355 Ca < n+7+g7§2)>, (5.12)

where L,, = In(A?/m?). The last term in parenthesis, proportional to ¢(3), can be identified
as a contribution to the bulk mass correction [80], so that the remaining two terms belong
to the boundary mass correction. In a similar fashion, the contribution from other diagrams
in Fig. 19 to the boundary corrections can be singled out.

Analogously we decompose the fermion self-energies displayed in Fig. 21 according to
57 (0) = [pPiZr(0?) + pP-(0") S0 (0?) + My Ss(p%)] 67, (5.13)

with fundamental SU(N) indices i, j, and Py = (1 & 5)/2. The fermion mass correction is

then given by

OMy, = —" Re {Sp(M?) + (M) +255(M?)}, (5.14)
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and similarly for the scalars in Fig. 20. In all cases, the relevant diagrams have been gener-
ated with the help of FEYNARTS 3 [49].

It is interesting to note that the boundary mass corrections can also be obtained by com-
puting KK-number violating self-energy corrections. In this case, the bulk contribution is
absent, and only one KK level contributes in the loop.

For instance, for the case of a vector boson, the KK-number violating V,—V,, self-energy

(with n’ = n £+ 2) can be written as [80]
050 = = Y (07) 5 (0% + 0L (6°) = pp T (0°) | (5.15)

as a consequence of the 5D Lorentz symmetry. Thus from this self-energy one can extract
H(T1 ) and H(T2 ) and then compute the KK-number conserving mass correction from (5.3).
We have explicitly checked that both approaches lead to the same results for the boundary

mass corrections.

5.1.2 Results

In the following, results for the KK-mode mass corrections induced by boundary terms are
presented for a general theory with an unspecified non-Abelian gauge interaction. The one-
loop diagrams contributing to the masses of KK gauge bosons, KK scalars and KK fermions
are shown in Figs. 19, 20, and 21, respectively.

The mass corrections obtained with the methods described in the previous section read as

follows. As before, we use the abbreviation L, = In(A?/m?2).

2
-, ) g 23 154 oo (1 4
- Lot ) = Y ()PTy( L - 1
6mVn i 3272 |:CA( 3 o 9 iescalars( ) ! 3 ! 9 ’ (5 6>
- 1
2 =2 2 2 P;

omg, =m + M35 {Cpg (6L, + 16) — iesgalars(—l) Ni(Ly, + 1)} , (5.17)
_ 1 _

Sy, = M [C’Fg2 (9Ln + 16) — N (~)RRAL, + 2)} . (5.18)

i€scalars

Here my,, denotes the mass of the n-th KK excitations of a generic gauge boson, where Cy
is the quadratic Casimir invariants of the adjoint representation. Similarly, my, and mg.,

are the masses of a KK-fermion and Zs-even KK-scalar, respectively, in the representation r
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with quadratic Casimir Cr. In a SU(NV) theory one has C4 = N and Cr = (N?—1)/(2N) for
the fundamental representation. The sums run over the different scalar fields in the theory,
with Zy-parity P;, Dynkin index T}, Yukawa coupling h;, and scalar 4-point coupling A;'.
Note that the two components of a complex scalar field need to be counted separately in the
sum. As already pointed out in Ref. [80], fermion loops do not contribute to the self-energy
boundary terms of gauge bosons and scalars, due to a cancellation between Zy-even and -odd
fermion components.

A Zs-even scalar can also receive power-divergent contributions, which can be written as a

boundary mass term [80]

TR

LD 5

[6(2°) + 6(2° + 7 R)[m*®Td . (5.19)

This term produces a mass correction of m? for the zero mode, while the higher KK masses
are shifted by 2m?2. Thus, relative to the zero mode, the masses of the KK excitations
receive a correction of m?, see eq. (5.17). While naive dimensional analysis would suggest
that m? ~ O(A?), this is not consistent with the presence of a light scalar in the spectrum,
as is the case in the SM. Instead, to generate the SM as a low-energy effective theory, one
has to assume that m? is tuned to m? < R~2.

The logarithmic parts o« L, in egs. (5.16)—(5.18) can be compared to Ref. [80], but we find
some discrepancies: The one-loop scalar mass corrections should be proportional to Cp,
instead of T in Ref. [80], and the fermion mass contribution from Yukawa couplings is a
factor 3 smaller than reported theret.

As evident from the equations above, the non-logarithmic terms are smaller than the terms
proportional to L, ~ 4---8 (for n ~ O(1)) by at most a factor of a few. Thus their
contribution is phenomenologically important.

The KK mass corrections in MUED can be determined by simply substituting the appropriate

SM coupling constants and group theory factors in the formulae above. For the gauge bosons

tThe convention for the normalization of these couplings is the same as in appendix A.2.
Specifically, the b; terms in line (b) of Tab. IIT in Ref. [80] should have opposite signs.
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this leads to

. 2 154
sm2 —=m2-33_ (031, + —= 2
. 2 104
5 2 — 2 95 1 Ln 21
my, = m,, 39,7 5L, + = | (5.21)
B} 2 /1 2
sm2 =m2- (2 4= 5.22
B, =M\ Tt T g ) (5-22)

_ 1 [ 16 27 1 1
) =my,——= |¢3( 3L, + — 2 =L,+3 2( =L, + - 5.23
- 1 [ 16 27 1 1 1 1
6 = Mp—— |93 3Ln + + S| =Ln+3 —Ln+ - | —hi( =L+ 3
MQan 1672 _93( * 3>+92(1 * >+gl(16 +9> \1""3)]
(5.24)
1 [ 16 16
My, = My 2( 3L, + — 2L, + — 5.25
=g | (304 ) + (L g )| (5.25)
. 1 [, 16 ) 16 )
- 1 [ 16 1 4
0 5 [\ 3Ln + 5 )+ gt Lut g 2
Mmaq, " 1672 _93(3 nt 3>+91(4 n+9):|a (5 7)
- L[ ,/27 o[ 9
— —L —L 1 2
(San n167T2 _92(16 n+3) +gl(16 n+ ):| ) (5 8)
- 1 9
Mg, = Mo 501 (ZLn + 4) ; (5.29)

where ()3, and t,, denote the third generations of the KK excitations of the left-handed and
right-handed up-type quark fields, respectively. Finally, the mass correction to the KK Higgs

boson reads

- 1 9 3
Omiy, = Mgy + 1My 7o lgi (ZL” + 6) +9i (ZLn + 2) g (L + 1)} . (5.30)

In the above expressions, g; 23 are the couplings of the SM U(1)y, SU(2), and SU(3)¢ gauge
groups, respectively, while h; is the top Yukawa coupling and Ay the Higgs self-coupling.

The numerical impact of these corrections will be discussed in section 5.3.
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5.2 KK-NUMBER VIOLATING INTERACTIONS

As is well-known, the Lorentz symmetry breaking from orbifolding leads to loop-induced
boundary-localized interactions which can break KK number [80]. From a phenomenolog-
ical point of view, 2-0-0 interactions between a level-2 KK mode and two zero modes are
particularly interesting, since they can mediate single production and decay of a level-2 KK
particle at colliders.

The logarithmically enhanced contributions, o< In(AR), to these vertices have been consid-
ered in Refs. [80,95]. Here, the non-logarithmic contributions are also computed, which
are important for two reasons. On one hand, they can be numerically of similar order as
the In(AR) term and thus lead to sizable corrections of the known KK-number violating
couplings. On the other hand, there are additional vertices that are UV-finite but non-zero.
Since these do not contain any In(AR) terms, they have not been considered before, but they

can lead to phenomenologically relevant new production and decay channels.

5.2.1 Approach

The calculation of the KK-number violating couplings can be relatively easily performed
by directly computing the Xo,—Yy—Z, vertices in the 4D compactified theory. Here X, Y
and Z stand for any MUED fields. Since all leading-order vertices in MUED do conserve
KK-number, one needs to consider only level-1 KK modes inside the loop.

As before, the authors have used FEYNARTS 3 [49] for the amplitude generation, and FEYN-
CALc [50] was employed for part of the Dirac and Lorentz algebra manipulations. Similar
to the mass corrections discussed above, UV divergences have been renormalized in the MS
scheme with the scale choice = A.

Throughout this chapter, unless mentioned otherwise, contributions from electroweak sym-
metry breaking (EWSB) have been neglected, since these are suppressed by powers of vR. In
particular, mixing between the KK-Z boson and KK photon or between the KK-top doublet

and singlet has not been included for the particles running inside the loops.
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5.2.2 Results

Let us begin by writing the results for a generic theory with arbitrary non-Abelian gauge
group and an arbitrary number of fermionic and scalar matter fields. Detailed expressions

for the specific field content and interactions of MUED are listed in Appendix C.

5.2.2.1 po—1po— V4 coupling: This vertex can be written in the form
—Z.CwowOVQ")/MTaPi . (531)

Here Py are right-/left-handed projectors and T are the generators of the gauge group. For
a U(1) group (such as U(1)y), T is simply replaced by the charge (hypercharge Y). The
coefficient Cy, 1, Teceives contributions from the vertex and self-energy corrections shown

in Fig. 23 and reads
V2g 23 157 T
Cyopore = 6472 {92 CX (ELI — =27 ) ng CF< 9L, — 13 + T)

1 2
NG R 9)

i€scalars

2
+ Y (~nPR? (L1 —l4 o 2M)} , (5.32)

C¢o oVo

iE€scalars

where C] is the adjoint Casimir of the gauge group of V', which has the gauge coupling g,
and T}/ is the Dynkin index for the representation of the scalar ¢ under the same group. The
sum ), runs over all gauge groups under which 1 is charged, with gauge couplings g, and
C% being the Casimir of the representation of ¢ with respect to the gauge group k. For U(1)
groups, Ty and CF. get replaced by the corresponding charges. h; is the Yukawa coupling
between scalar ¢ and .

Finally, eq. (5.32) depends also on Cy, 6,0vi/Crovove, the ratio of the couplings of the scalar
7 and the fermion 1 to the gauge field V. Some care must be taken when defining the signs
of these couplings. The signs of the ratio should be +1 (—1) if ¢y and ¢, have the same
representation or the same charge sign for the gauge group of V', and they run in opposite

directions (the same direction) in Fig. 23.

74



The logarithmic part of the first two lines in eq. (5.32) agrees with Ref. [80]. The logarithmic
part of the last line in eq. (5.32) has been computed in Ref. [95] for a U(1) group, but we

obtain a different result.

5.2.2.2  Py—1po—V{ coupling: There are two form factors that can facilitate the single

production and decay of a level-2 KK-quark. The first is a Dirac-type chiral interaction,
—i0w2¢OVO’YMTaPi s (533)

whereas the second is a dipole-like interaction,

174
aq,

_DwzdloVo TPy, (534)

QmKK

where ¢ is the momentum V{'. Note that by only considering these two expressions, we
restrict ourselves to transverse polarization modes of the VJ' boson. If VJ' was a massive
W or Z boson, their longitudinal modes must be excluded when using eq. (5.33), since they
would receive contributions from an additional form factor proportional to (ks — ko)*, where
ko and ko are the (incident) momenta of the 19 and 1y fermion, respectively. The restriction
to transverse gauge boson polarizations is justified since the contribution of the longitudinal
mode of W or Z bosons is suppressed by vR.

For the computation of the coefficient Cly,y,1;, one needs to consider the diagrams in Fig. 24,
which yield

V2g 2
Cimpovo = 13 [92 cY (ZLl - 2) +4) g 0;2} . (5.35)
k

The dipole-like interaction in eq. (5.34) is generated only by the vertex diagrams in Fig. 24 (A).

The result reads

V2¢ 32
D¢21/10V0 = m |:92 CX(WQ - 7) + Zgi Cllg <3 o T)
k

2 2
s <—1>Pm3<%-1+” — C@'Wﬂ)]. (5.36)

C’wo PoVo

i€scalars

As evident from these expressions, both Cy,yov, and Dy,yav, are independent of In(AR), and

have not been previously reported in the literature.
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5.2.2.3  V#*(p)-Vy P (k1)-V{F (k2) coupling: Restricting ourselves, as before, to trans-

verse polarizations for V"’ (k) and V*°(k,), this coupling can be written in the form

fabc{ [n;w(p - kl)p + 771/p(k1 - k2)u + npu(kQ - p)l/} CVQVOVO

+ [_nMVkLP + npukll’] DV2V0V0 + an(kl - kQ)N EVzVoVo} . (537>

Here f.. are the structure constants of the gauge group. Furthermore, p, k; and ky are the
vector boson momenta, which are all taken to be incoming.

The coefficient Cy,y,y, receives contributions from all diagrams in Fig. 25, whereas Dy,y,v,
and Ey,y,v, are only generated by the first diagram in the figure. At one-loop level, they are

given by

V24 157 72 , 4 g2
CV2V0V0 = W |:CX <—T -+ ?> — Z (—1)PZTJY <§ — E>:| s (538)

i€scalars

247 91 8 —
Dy, = V2 [CX <— —7r2) + Y (~nhTy = } , (5.39)

647T2 6 iEscalars 12
V24 38 32
EV2V0V0 - W CX (3 - T) . (540)

These results, which are also independent of In(AR), are new.

5.2.2.4 To—ty—Py / ta—to/bo—Po coupling: Level-2 KK top quarks can have loop-
induced decays into zero-mode top or bottom and Higgs states, which are proportional to
the top Yukawa coupling. Here any component of the Higgs doublet can appear in the

final state, including the Higgs bosons as well as longitudinal W and Z bosons. The result,
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including strong and electroweak contributions, reads

_ .m
t2_t0_h0 . _'_ Zﬁpf Ct2t0(1>0 )

_ m
t2_t0_ZL : - TtP, Ctgt()(bo y (541)
_ o =m
t2_b0_W2_ . — Z\/éTtPf Ctgto@o 9

V2 8 40 3  3n?
Chytody = 642 [9§ (ng + 3 7T2) + g3 (—3L b + ?) (5.42)

23 83  Hr? 3
20+ — — =— ) —2R’L; + A =(L; + 1
+gl(9 1+18 24) Ly + 2( 1+ 1),

_ m
Ty—to—ho: —i—P; CTytog »
, my (5.43)
TQ_tO_ZL . - 7P+ CTQtOCI’O )

V2 [ (8 40 o (15 3
Clytowy = 6472 {93 (ng + ? -7 ) + g5 (ZLl +9 - ?> (5.44)

43 1 7 3
N —=Li+>+=—]—2hL —(L; +1)].
+91( 36 1+9—|—24> h; 1+)\2( 1+ 1)
5.2.2.5 &, decay couplings: The level-2 KK excitation of the SM Higgs doublet can
be decomposed into a neutral CP-even component hs, a neutral CP-odd component y», and
a charged pair ¢7,

+
D, = o . (5.45)

\/%(hg + ixa)
They have a rich variety of loop-induced couplings to pairs of zero-mode particles. In this
work we do not attempt a comprehensive discussion of these channels, but only present a
few interesting aspects.
The leading decay channel of hy and s is into ¢t pairs, which is dominantly induced through
QCD loops. The result is given by

_ m
totohg . — ZTtCtotth s (546)
_ m
totoxz : 1757t0t0t0h2 ; (5.47)
v2g3 is
C(150150h2 = 6477'5) Cr {_4111 -4+ ? . (548)
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The logarithmic part of this expression agrees with Ref. [95].

hs does not have any decays into gluon pairs since there is a cancellation between the Z,-
even and Zy-odd KK-tops inside the vertex loop. However, it can couple to electroweak
gauge boson pairs via loops involving level-1 KK-gauge and KK-Higgs bosons, although this
effective interaction is suppressed by vR. Nevertheless, this subdominant decay channel is
still interesting since it can lead to di-photon resonance signals. We find that it can be

written as

1C; kvR i
EhQVOVO D) Z — ho O,uVF MV (549)
4= 64y/2m2

where the j,k = 0 refers to the U(1) field By and j,k = 1,2,3 to the SU(2) gauge boson
Wy, The coefficient Cjj, are given by

Cop= I [g2(87% — 58) + 24g2(x> — 10) + 48X (272 — 27)

128
+ 3(41g7 + 9395 — 120)) L4 ], (5.50)
0y = 19228 [97(122 — 872) + 24A(54 — 47?) + 24¢2(10 + 37%)
— 15 (5g; + 4195 — 24)\) L4], [j=1,2,3] (5.51)
Cos = —% [2g7(27° — 65) — SA(1T — 272) + 8¢2(35 + 372)
+ 3 (5¢; + 81g3) L1], (5.52)
Cop = Coy =Ciy=Ci13==Cy3=0. (5.53)

In contrast to the CP-even component, the CP-odd y, can have a loop-induced coupling to

gluon pairs. The g5, (k1)-g5, (k2)-X2 has the form

— v \/592
TCQOQOXQEM klkz’ CQOQOXQ - 6—43 mtR2. (554)

As for the hy decay into vector bosons, it is suppressed by v R, but may still be relevant for

the production of x5 at hadron colliders.
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5.3 PHENOMENOLOGICAL IMPLICATIONS

In this section, we study the mass spectrum of KK particles with improved one-loop correc-
tions, including finite (non-logarithmic) terms, and their decays and collider implications of

KK-number violating interactions.

5.3.1 Mass Hierarchy

We begin our discussion with the mass spectrum of KK particles at level-1, which is shown
in Fig. 26 for R™! =1 TeV and AR = 20 without (left) and with (right) finite contributions,
respectively. KK bosons (either spin-0 or spin-1) are shown in the left column, while KK
fermions are in the middle (for first two generations) and right column (for third generation).
In general is the mass spectrum slightly broadened by the finite corrections. For example,
the mass splitting § = mQ;l—;:n“ between KK quark (@) and KK photon (;) increases from
~20% to ~25% (for AR = 20), making the decay products harder in the cascade decays.
Since they become slightly heavier for a given value of R~!, their production cross sections
of KK quarks would decrease slightly. Therefore it is worth investigating the implications
of finite terms to see which effect between the increased efficiency and the reduced pro-
duction cross section would make a more pronounced difference. The dependence on AR
is logarithmic and we observe similar patterns in the mass hierarchy for a wide range in
(R™', AR) space, with the exception of the KK Higgs and KK leptons. The KK Higgs
bosons masses (magenta in the left column) are highly degenerate with the SU(2)y-singlet
KK lepton masses (e, red in the middle column), as shown in the left panel of Fig. 26,
but finite corrections increase the mass difference between the two, as shown in the right
panel. In particular, this can affect the hierarchy of the lightest and next-to-lightest level-1
KK particles, abbreviated as LKP and NLKP, respectively. The (LKP, NLKP) structure
has been studied in detail in Ref. [96], and we reproduce some of their findings as shown
in the left panel of Fig. 27. For a given value of AR, the NLKP is the SU(2)-singlet KK
lepton if R~ < R;!, while the NLKP is the charged KK Higgs for R~ < R;!, where R} is
determined by my+ (R;', AR) = m e (R;", AR). The red curve in the left panel of Fig. 27
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is the solution of this equation. To study this in detail, we plot the mass difference between
them as a function of R™! for AR = 20. The corresponding result (red, solid) is labeled as
(a) in the right panel of Fig. 27. Fixing a typo in the Higgs mass correction of Ref. [80]
(2 should be 4, as already mentioned in section 5.1.2), we obtain the (blue, dashed) curve,
labeled as (b). With this correction, KK leptons are always the NLKP, in contrast to what is
shown in the left panel. Including the finite terms in eq. (5.30), we find an even larger mass
splitting, shown by the (green, dotted) curve (labeled as (c)). This could have some impact
on the computation of the KK-photon relic abundance, since co-annihilation processes are
important in this degenerate mass spectrum [95]. Finally, we revisit the mass eigenstates of
the KK photon and KK Z boson. In the weak eigenstate basis, the mass matrix is found to
be

for + 0mp, + jgi? 2 i’ (5.55)

191920° A+ omyy, + 19507

where § is the total one-loop correction, including both bulk and boundary contributions.
In Fig. 28, we show the dependence of the Weinberg mixing angle 6,, on R~ for the first five
KK levels (n = 1,...,5) for AR = 20, without (left) and with (right) finite contributions

respectively. As shown in the plots, the Weinberg angles are further suppressed by the finite

terms, S;;z%ﬁ: < 0.55 for large R~!. Their dependence on AR is weak and similar to that in
Ref. [80].

5.3.2 Branching Ratios of Level-2 KK Excitations

The decay channels of level-1 KK particles are the same as before. Although there are minor
numerical changes due to the change in mass spectrum, including finite terms, the main
branching fractions remain the same as those in Ref. [83]. In this section, we focus on the
branching fractions of level-2 KK particles.

Unlike the decay of n = 1 KK particles, which always give rise to an invisible stable KK
particle in the decay, n = 2 decays do not necessarily produce such missing-particle signa-
tures. In fact, there are three decay channels of level-2 KK particles: (i) decay to two n =0
modes (denoted as 200), (ii) decay to two n = 1 modes (211), and (iii) decay to one n = 2
and one n = 0 modes (220). Both the 220 and the 211 channels are phase space suppressed,

80



since KK particles are more or less degenerate around m, ~ n/R, while 200 decays are
suppressed by one loop. Therefore branching fractions of n = 2 KK particles are sensitive
to details of the coupling structure and mass spectrum, which illustrates the importance
of computing the finite corrections. In the case of the 211 decay channel, each level-1 KK
particle would then proceed through its own cascade decay and give one missing particle at
the end. Therefore single production of a level-2 KK particle followed by a 211 decay gives
two missing particles, while pair production of level-2 KK particles plus their subsequent 211
decay gives four missing particles at the end of their cascade decays. On the other hand, a
KK particle that decays via a 200 channel will appear as a resonance, if both SM particles

can be reconstructed.

5.3.2.1 1, Decays We first consider the branching fractions of level-2 KK fermions,
which are shown in Figs. 29 and 30 for KK quarks and KK leptons, respectively. The
branching fractions for SU(2);-doublet KK fermions are shown in the left panel, while those
for SU(2)y-singlet KK fermions are on the right. In Fig. 29 and the right panel of Fig. 30, re-
sults with finite corrections are shown in solid curves, whereas previous results from Ref. [97]
are shown in dotted curves. While one observes no significant changes in existing decay
channels, there are new ones based on our findings as explained in the previous section.
SU(2);, KK leptons have the new vW~, £Z, and ¢~ channels, which contribute with 0.1%
to 2%, while the branching fraction of us to ug is as big as 2.5%. In the case of KK lepton
decays, EWSB effects are important, i.e. a sizable mixing between KK photon and KK Z is
expected for low values of R (see eq. 5.55). It turns out that my, —m., —my, approaches
0 as R~! — v, which is why the £+, branching fraction becomes larger. This effect is more
pronounced for the SU(2)y, singlet lepton. This pattern does not appear for KK quarks, since
mass corrections to KK quarks are larger than those to KK gauge bosons (see Fig. 30).
Branching fractions of SU(2), doublet quarks are rather complicated as shown in the left
panel of Fig. 30. New decay channels dW, ug and uZ, show branching fractions of 2.5-4.5%,
1.5-2.5% and 1-2%, respectively.

Branching fractions for neutral KK leptons and the down-type KK quarks are similar. For

example, looking at the dy decay we find the dv, and d;7; channels to be dominant with BR
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~ 45%, but the branching fraction into dg is slightly higher at about 8%. This is due to the
different hypercharge couplings between the up-type and the down-type quarks. Branching
fractions into dZ and dv are negligible as before.

Finally we show the branching fractions of level-2 KK top quarks in Fig. 31. In this case
we find that the branching fractions of the SU(2);, doublet KK top into th or tZ are 3-6%
each. Other 200 decay modes into tg and bW+ show branching fractions of about 2-4% and
1-2%, respectively. The ¢y branching fraction is below one percent, which implies that the
KK top decays directly to two SM particles ~ 8-15% of the time. The SU(2)y, singlet KK
top does not have decays to SU(2);, gauge bosons, and branching fractions for th and tg are
of order 1-5.5% and 2-12%, respectively, for 250 GeV < R~! < 2 TeV. Due to the Yukawa
correction to the KK top mass, two-body decays of level-2 KK top into W, By, t;Z; and tv,

are suppressed for low values of R~

5.3.2.2 V5 Decays Fig. 32 shows the branching fractions of n = 2 KK gauge bosons as
a function of R, Overall, we find our results are similar to those in Ref. [97] with a few
notable changes.

Firstly we considered the new decay channels g — gg, Zo — WTW~, WF — ZW* and
W; — yW#*. Their rather moderate branching fractions contribute with 1-2%, 0.3%, 2-3%,
and 0.7%, respectively.

The leptonic branching fractions of Z; and 7, become smaller with finite corrections and are
now about 0.7%.

Due to larger mass corrections for strongly interacting particles (KK-gluon and KK-quarks),
only the n = 2 KK gluon can decay to KK-quarks (gq2 or ¢1¢;), while two-body decays of
KK Z and W gauge bosons into KK quarks are kinematically closed. With finite corrections
and additional decay channels, the total decay widths of level-2 bosons increase by a factor
of ~ 2 for electroweak gauge bosons and ~ 5 for KK gluon as shown in Fig. 33. However,
their decay widths are still very small due to the phase space suppression of 220 and 211
decays and loop-suppression of 200 decays, as mentioned at the beginning. For electroweak

<1073, and Ty, /my, ~ 0.02 for KK gluons.

~J

gauge bosons, I'y, /my,

82



5.3.2.3 Cross Sections and Signatures Single production of level-1 KK particles is
forbidden due to KK-parity and therefore they must be produced in pairs from collisions
of two SM particles or from the decay of level-2 KK particles. However, both single and
pair productions are possible for level-2 KK particles. Single production cross sections are
suppressed by a loop factor, while pair production cross sections are suppressed by phase
space.

All cross sections are calculated at tree level considering five partonic quark flavors in the
proton along with the gluon at the 14 TeV LHC. We sum over the final state quark flavors
and include charge-conjugated contributions. We used CTEQG6L parton distributions [57]
and chose the scale of the strong coupling constant to be equal to the parton-level center-
of-mass energy. All results are obtained using CALCHEP [98] based on the implementation
of the MUED model from Ref. [26]. Since the particle content and KK number conserving
interactions remain the same, we only modified the KK mass spectrum and KK number
violating interactions in the existing implementation which is based on Ref. [80]. We also
implemented the new interactions which are described throughout this chapter.

We summarize single production cross sections of n = 2 KK gauge bosons (left) and n = 2
KK quarks (right) in Fig. 34. While overall one observes a slight increase in production cross
sections for the KK-gauge bosons, the gg — ¢ production channel has been computed for
the first time here and contributes at a sizable level. All KK-fermion single production cross
sections presented here had also not been considered previously.

Fig. 35 shows the pair production of KK quarks (left) and associated production of KK
quark and KK gluon (right), respectively.

Another interesting channel is associated production of KK top with SM top quark. pp —
Tot + tTy is shown as a (black, solid) curve, labeled as ‘Tyty’ in the left panel of Fig. 35.
Since T5 has a large branching fraction into th and a sizable branching fraction into ¢, bW
or tZ, this production could be constrained by cross section measurements of SM processes

such as ttv, tt, tth and tt.

Finally, we plot the total integrated luminosity £ (in fb™!) required for a 50 excess of signal
over background in the di-electron (red, dotted) or di-muon (blue, dashed) channel, as a

function of R™! (in GeV). We have used the same backgrounds, basic cuts and detector
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resolutions as described in Ref. [97]. In each panel of Fig. 36, the upper set of lines labeled
‘DY’ only utilizes the single V5 productions from Fig. 34. The lower set of lines (labeled ‘All
processes’) includes in addition indirect vo and Z, production from the cascade decays of
level-2 KK quarks to level-2 KK gauge bosons from Fig. 35. We do not include contributions
from single production of level-2 KK quarks, so as to compare more directly against results
in Ref. [97]. They would make a small contribution to the total luminosity as shown in the
right panel of Fig. 34.

For both di-electron and di-muon channel, we observe no significant change in the required
luminosity compared to results from Ref. [97], although we notice a slight reduction or
increase in the luminosity, depending on the value of R~!. This is due to the interplay
between improved results on cross sections and branching fractions. Overall, production
cross sections are increased as shown in Figs. 34 and 35, while branching fractions decrease
as shown Fig. 32. The high-luminosity LHC with 3 ab~! would be able to probe the level-2
KK photon up to R™! ~ 1.2 TeV in the p*pu~ and R~ ~ 1.5 TeV in the e*e~ channel.
The corresponding reach for the level-2 KK Z boson is lower due to the relevant branching

fractions.

5.4 SUMMARY AND CONCLUSIONS

In this article we presented the one-loop corrected mass spectrum and KK-number violating
decays of level-2 KK states into SM particles in models with universal extra dimensions.
As a concrete framework we chose to add one additional universal extra dimension to the
SM, which is compactified on a circle with a Z, orbifold. Due to its non-renormalizability
the model is regarded as an effective low-energy theory with a hard cutoff scale A at which
an unspecified UV-completion is expected to describe the physics. This enables us to write
down sensible MS counterterms with a logarithmic sensitivity to the cutoff. All calculations
were performed in the 4D effective theory using publicly available software supplemented by
in-house routines.

The self energy diagrams giving rise to the mass corrections contain an infinite tower of states
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in the loop, whose summation requires additional regularization. To this end we employed
the Poisson summation identity to identify the divergent pieces in winding number space
and remove them. The results can be divided into logarithmically divergent boundary terms
and finite bulk contributions.

The low cutoff scale (AR < 50, considering perturbativity and unitarity [18,22]) implies that
the leading (logarithmic) terms in the one-loop corrections to KK masses are not as large as
those in supersymmetry, and finite contributions could play an important role phenomeno-
logically.

When including the new finite (non-logarithmic) corrections, the mass spectrum broadens
and each KK particle becomes heavier, which implies that the pair production cross sections
of level-1 KK particles at colliders would be reduced but their acceptance rate would increase.
We also examined the nature of the NLKP, and confirmed that it is always the right-handed
KK lepton, which is different from what has been stated in the literature, where the NLKP
was thought to be the KK-Higgs for a large KK scale. The KK Weinberg angles are further
reduced such that weak eigenstates are basically mass eigenstates.

Using the same methodology, we have calculated finite corrections to the decays of level-2
KK states into SM particles, including previously unknown couplings. Since the interactions
violate KK number, only a finite number of diagrams contribute to the vertices and no addi-
tional regularization is necessary. We then revisited the computation of branching fractions
for level-2 KK particles. For KK fermions the basic features remain the same as before with
the addition of new decay modes opening up at the few-percent level. The largest effects
appear in the decay of level-2 KK top quarks, i.e., the branching fraction of the left-handed
KK top quark into th is about 20-30%. Branching fractions of level-2 gauge bosons are also
updated. Overall, the decay widths of level-2 particles are observed to increase when these
effects are included, but they are still narrower than the detector resolution.

Finally, we would like to make a few comments about other potentially interesting collider
and dark matter phenomenology. In this chapter, we showed results for the production of
level-2 KK gauge bosons at the LHC. It is desirable to study these with a more detailed
simulation, including single and pair production of level-2 KK fermions, and set bounds on

(R™!, AR) from various resonance searches, such as V4 decays to ¢/, jj, WTW~= W*Z, ZZ,
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tt. Here one can make use of boosted W, Z and ¢ event topologies.

The collider phenomenology of singly produced level-2 KK fermions provides interesting sig-
natures. For instance, searches for excited quarks in various final states would constrain
level-2 decays such as pp — Q2/qs — ¢'V, where V.=, Z, W or g. Q3 or go could appear
as a single three-jet resonance via ¢'V, with Vo — fo f{.

Other interesting topologies involve the top quark and the Higgs. They may not provide
the best sensitivity in a search for this particular model since certain signal-to-background
ratios may be small. However they could serve as a benchmark model for various searches

and provide useful search grounds. We list a few examples below.

o pp — toty with ty — th, ty — tg or ty — 1

o pp — ToTh with Ty — th, Ty — Zt, T — tg, T — ty or Ty — tyy (72 — tt)

e pp — ByB, with By — Zb or By — Wit (and small branching fractions to By — gb,
By — by)

e pp — byby with by — gb (and small branching fractions to by — b, and by — Zb)

o pp — Qa, g2, Q2Q5, g2G> (both single and pair production) with Qy — qg or Q2 — gy

o TyTy — tth + X (inclusive tth production)

As discussed earlier, level-1 KK particles are always produced in pairs due to KK parity
and lead to signals with missing transverse momentum. Final states with jets + leptons +
missing transverse momentum are known to provide stringent bounds on R~ (see Ref. [23]).
It is worth revisiting these analyses with our improved mass spectrum, since the broader
mass pattern will lead to signal efficiency gains while at the same time the increased masses
will reduce the production cross sections.

The computation of the relic abundance of KK dark matter has a rather long history [21,
82,95]. Ref. [95] includes both coannihilation and resonance effects, which play a crucial
role in increasing the preferred mass scale of the KK photon. Our results imply that a
slightly broader mass spectrum would reduce effective cross sections in the coannihilation

—al (mf—ml )
AL

: e
processes (which are suppressed by ey oy

! .
~ e r(mi—m) where TR a:’f is the freeze-
e

out temperature and m; is the mass of the coannihilating particle, m/) is the improved mass,

and m,, ~ m/ is the mass of KK photon), pushing m,, to a lower value. However, 11 — 20
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processes with the level-2 particle decaying to two zero modes would increase the effective
annihilation cross section efficiently, increasing the preferred value for m.,. This is a highly
non-trivial and complicated exercise and we postpone it to a follow-up study.

We hope that our results will be useful for investigations of the phenomenology of universal

extra dimensions and also provide interesting event topologies for various collider searches

[36).
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Figure 19: Generic Feynman diagrams for the one-loop contributions to the self-energies of
KK vector bosons. Here wavy, dashed, dotted and solid lines indicate the KK modes of
vector bosons, scalars, ghosts and fermions, respectively. Vs denotes the scalar degree of
freedom from the fifth component of a 5D gauge field, whereas H stands for the contribution

from a genuine 5D scalar field.
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Figure 20: Generic Feynman diagrams for the one-loop contributions to the self-energies of

KK scalars. See caption of Fig. 19 for further explanations.
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Figure 21: Generic Feynman diagrams for the one-loop contributions to the self-energy of

KK fermions. See caption of Fig. 19 for further explanations.
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Figure 22: Contributions to the 1)y, Va vertex, where the blobs indicate one-loop cor-
rections. Zero-mode vector and fermion propagators are depicted through normal wavy
and solid lines, respectively, whereas level-2 vector and fermion propagators are shown as

wavy-solid and double-solid lines, respectively.

=

Figure 23: Vertex diagram contributing to KK-number violating vector-boson—fermion cou-

plings involving a KK-Higgs in the loop.
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Figure 24: Contributions to the 1,—)y-V, vertex. See caption of Fig. 23 for more explana-

tions.
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Figure 25: Contributions to the Vo-Vy-Vj vertex. See caption of Fig. 23 for more explana-

tions.
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Figure 26: Mass spectrum of KK particles at level-1 for R~' = 1 TeV and AR = 20 without
(left) / with (right) finite contributions.
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Figure 27: Left: The phase diagram in the (R~', AR) plane from Ref. [96] is reproduced
using the incorrect numerical factor (see text), which shows that the KK Higgs could be the
NLKP in MUED for a large value of R™'. Right: Fixing AR = 20, the old (incorrect) result
is shown in (red, solid) as a function of R™'. The correct result is shown in (blue, dashed),
while the curve in (green, dotted) includes finite terms. We find that KK leptons are always
the NLKP.
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Figure 28: Dependence of the Weinberg angle 0,, for KK levels (n = 1,---,5) on R™! for
AR = 20 with (right) / without (left) finite contributions.
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Figure 29: Branching fractions of SU(2)-doublet level-2 KK lepton (left) and charged
SU(2)y-singlet level-2 KK lepton (right). Solid curves include finite corrections and new

decay channels, while dotted curves are old results.
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Figure 30: Branching fraction of SU(2)-doublet level-2 KK quark (left) and SU(2)y,-singlet
level-2 KK quark (right) for the up-type.

1.0 T T T
BR(ty) < 1% AR=20
0.8 —
= = oslf -
[aV]
C}\Pl T t171
o N
) N
= x 0.4 E
& @
BR(W*b)/2= BR(tZ) ~BR(th)
0.2 1% < BR(th)~BR(tZ) < 5.5%
2% < BR(tg)=BR(W'b) < 12%
500 1000 1500 2000 500 1000 1500 2000
R™! (GeV) R™! (GeV)

Figure 31: Branching fraction of SU(2);-doublet KK top quark (left) and SU(2); -singlet KK

top quark (right).
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Figure 32: Branching fractions of v, Zy, Wi and g, for AR = 20.
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Figure 33: The decay width of level-2 gauge bosons as a function of R~* for AR = 20. Solid

curves include finite corrections, while dotted curves are old results.
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Figure 34: Single production cross section of level-2 KK gauge bosons (left) and level-2 KK
fermions (right) as a function of R™'. Dotted curves (left) are results from Ref. [97] and solid
curves are new results including finite terms. Level-2 fermion cross sections and o(gg — ¢2)

have been computed first time. The cut-off scale has been set to AR = 20.
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Figure 35: Strong production of n = 2 KK particles at the 14 TeV LHC. The left panel
shows KK-quark pair production, while the right panel shows KK-quark/KK-gluon associ-
ated production and KK gluon pair production. Updated results (solid curves) are similar

to old results (in dashed curves from Ref. [97]). The cut-off scale has been set to AR = 20.
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(right). We show the total integrated

luminosity £ (in fb™') required for a 50 excess of signal over SM backgrounds in the di-

electron (red, dotted) and di-muon (blue, dashed) channels. In each plot, the upper set of

curves labeled as ‘DY’ make use of the single production of 7, or Z, (from Fig. 34), while the

lower set of curves labeled as ‘All processes’ includes indirect o and Z, productions from

n = 2 KK quarks (see Fig. 35). We assumed the same signal and background efficiencies

used in Ref. [97] and combined with our updated cross sections and branching fractions.
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6.0 CONCLUSIONS AND OUTLOOK

In this dissertation I investigated the impact of radiative corrections and loop-induced pro-
cesses on our understanding of the Standard Model formulated with a Universal Extra Di-
mension compactified on a 51/z, orbifold. After giving a general introduction to the models

and techniques at work I then presented our findings in a number of projects:

e In Chapter 3 I presented our calculation of the NLO corrections to the pair production of
heavy vector color octets, as they appear in the two-site Coloron model. This served as
a low-energy approximation for the production of level-1 KK-gluons, similar to a model
where all higher modes were integrated out. The renormalization procedure involved
several subtleties, which were discussed in detail. Furthermore I described the two-cutoff
phase space slicing procedure, which was employed to remove the infrared divergencies
from our calculation.
The impact of the corrections to the cross section was found to be modest, as it reduced
the numerical value by 11 — 14%. The uncertainty introduced into the leading order
result through unphysical renormalization and factorization scales is largely reducedf in

the NLO result.

e In Chapter 4 I discussed the uncertainty introduced into mUED predictions (like the
ones in the previous chapter) through truncating the KK-towers at a UV-cutoff scale A.
To that end I reviewed our calculation of the vertex corrections contributing to the SM
QCD operators and the mUED operators containing two KK-1 modes as external legs.
To account for the infrared behavior of the ¢o — ()1 — G vertex function we calculated
the full one-loop decay width T'[G; — ¢o Q1] using two cutoff phase-space slicing. The

contributions from higher modes were then treated through an analytic summation over
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the modes up to the cutoff. Afterwards we extracted the asymptotic behavior of the sums
with respect to A. As an additional independent method we also calculated the results
again by applying the exact functional renormalization group to the uncompactified
theory in 5D.

We found that the terms up to linear and logarithmic order of the direct summation
describe the vertex functions astonishingly well. Furthermore do the SM vertex function
exhibit the same leading order behavior as the KK vertex functions, causing them to
converge in the limit of large A. The functional renormalization group analysis revealed
that the same behavior is shown by the uncompactified theory. The numerical difference
between the methods considered is of the order of a few percent.

In Chapter 5 I revisit our study of the impact that radiatively induced boundary op-
erators have on the phenomenology of mUED. The operators investigated were mass
corrections to the entire mUED particle spectrum and KK-number violating three-point
interactions. Results for a number of these have been scattered throughout the literature
but were constrained to the terms proportional to the logarithm of the cutoff scale. We
reported the finite pieces for each of these results and found them to be comparable
in size. Additionally we found a number of new operators that are not logarithmically
sensitive to A.

We found the mass spectrum to be considerably broadened by the new finite terms cal-
culated, and also that the right-handed KK-lepton is always the next-to-lightest particle
in the hierarchy. The KK-number violating couplings allow for level-2 KK modes to
decay radiatively into a pair of SM particles. We discussed the changes of the branching

fractions and discovery reaches in light of the new and updated results.

Even though chances are slim for a particular BSM model to ”correctly” describe nature, a

large number of models within a certain class share similar characteristic features. Therefore

it is not sensible to analyze ones favorite model, in hope of defying the odds and predict a

groundbreaking discovery. The best course modern phenomenology can take is to develop

universal tools and search strategies, covering as many of those distinguishing features as

possible. Once decisive discoveries pointing into the direction of new physics are made it

is of utmost importance to have a robust analysis machine ready to understand the results
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obtained and put them in context.

In this thesis I employed minimal Universal Extra Dimensions as a concrete framework but
focused to understand some of the features that many extra dimensional models generally
share, making our insights, results and developed tools applicable to many scenarios. I hope
to have made a contribution in terms of this philosophy, since this truly is an exciting time
for physics, where hints to what lies beyond the Standard Model may be lurking just around

the corner.
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APPENDIX A

LAGRANGIANS AND FEYNMAN RULES

A.1 MUED LAGRANGIAN

This appendix lists a complete set of Standard Model Lagrangian in a universal extra di-
mensions model in 5 dimensions with a S'/Z, orbifold compactification. The conventions
are chosen such that Greek indices take values 0, 1,2, 3, assigned to the uncompactified di-
mensions, while capital Latin indices describe the full 5D theory, where the extra spatial
dimension is denoted as z° where necessary. The 5D coupling constants are labeled with a

superscript (5) and are related to the 4D effective couplings through

q® ho) NE)

9= Py

for the gauge, Yukawa and Higgs self coupling respectively.

Furthermore we have to define the conventions for the extension of the Clifford algebra,
'Y = (y#,i7°) , such that {I" TV} =2pM", (A.2)

where nM¥ is the flat 5D metric tensor
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and n* = diag{4+ — ——} the usual 4D Minkowski metric. It is also helpful to define an
extended set of A symbols [26]

1
Amnl 5l,m+n + 5n,l+m + 6m,l+n ;

Afnnlk — (SkvlerJrn + 6l,m+n+k + 5m,n+k+l + 5n,k+l+m + (5k+m,l+n + 6k+l,m+n + 5k+n,l+m )

Aimlk = 5k,l+m+n — 5l,m+n+k — 6m,n+k+l — (Sn,k;_t,_H_m + 5k+l,m+n + 5k+m,l+n + 5k+n,l+m )

A;lrml = 5l,m+n + 5n,l+m + 5m,l+n )

AY ik = —Okitmtn — Omantk + Omontktt + Onbtiom — Okttmtn + Oktmitn + Oktnidm -
(A4)

A.1.1 The Gauge Sector

As a generic example, we show the gauge sector Lagrangian for a single vector field in the
adjoint representation of SU(N), which contains a four-component vector V, (x,2°) and a
fifth component Vi (z, 2°), which takes the role of a Goldstone boson. Additionally we require
the ghost field ¢ (z, 2°). After compactification the Lagrangians read

1 mh 5 1 a a,MN 1 i 5 1 a 1a,uv 1 a 1a,5v
‘CGauge :E Rdx _ZFMNF7 = 5 Rd-fl? 4FMVF — §F5VF ’ ,

TR
tor =y [ o {00 (0%) - 0013 (05%))°

—7TR

TR
Lhost =% / dz® {e (z,2°) (—0"0,, + £02) ¢ (w,2°)

—7R

+¢®) fabe (—8“6“ (x, x5) %% (.r, 935) & (:v, .CE5) + £05¢” (:v, .CE5) V5ch (fE, x5))} , (A.D)

with ¢ being the gauge parameter in the generalized R¢ gauge. After decomposing the 5D

fields into Fourier modes, according to

Vo (e.0%) = S [+ VIS ) e ]

1
VTR R

25
V5(x z° \/ ZV” sm

[ +fzm m%? (A6)

c® (x,x5) =
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and performing the integral over the fifth dimension one obtains the effectively 4D pure

Yang-Mills pieces, given by

L 5 (7 bey by 0.
5/ Rdl, (F5aVFa V) — _ <EVMn,a + auv%n _ gCa c‘/5n7 VM ,c)

n=1

+ Z \/_gcfade < Vma + a Vma gcabc‘/&_)m,bvli),c) Vﬂ dvl eHA;lnnl

m,n,l=1

C«abcc«ade Z ‘/'5771 bvn C‘/E)l dvk euAmlnk ’ (A?)

m,n,l,k=1

TR 00 00
/ de (FSVF(I;,LV) _ F/?I’/aFO’auV + QQC«abc Z Fl(jl;avn,buvn,cu + Z (auvun,a _ ayv}77a>2
—7R

DO | —

n=1
[eS)

+ 2gcabc Z (auvyn,a o ayvﬂn,a) (VO,b,LLvn,cu + VO,cuvn,bH)

n=1
)

+ \/igcabc Z (a,uvym,a _ ayv;n,a) Vn,buvl cuAl

mnl

m,n,l=1
+ ZQQ(CCLbc(VHO,bVVn,c + VVO,CV#n,b))Q

n=1
oo

+ \/592 Z Cabcoade (VB,bVVm ,C VO cvm b) v d,uVl eVAmnl
m,n,l=1
+ Z g Crabcc«adevm bvn cvl duvk’ CVA

m,n,l,k=1

(A.8)

mnlk>
a gauge fixing part given by
Lor =5 [(a#vj) DI CAEE Y ] (A.9)

and finally the ghost piece

> n2
LGhost = — EO’“auauco’“ — gfabcaugo,avf,cco,b _ E |:—n aaua M _’_g e a:|

n=1

gfabcz [ayCOavnc nb+aucnavoc nb_i_au—'navnc 0b_+_£ —navnb Oc]

n=1
_ ifabc Z |:a/.1,—l avm ,C.n, bAlmn 5 —l avm ,C n, bA;lmn:| ) (A]_O)
\/§ m,n,l=1
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A.1.2 The Fermion Sector

Analogously, we show the Lagrangian for a fermion in the fundamental representation cou-
pled to a generic SU(N) gauge field. The structure of the SM makes it necessary to dis-
tinguish between Fermions W that transform as doublets under SU(2) and those that are

singlets ). Their respective decomposition is

U (z,2°) = \/jT_R {\IIL(I) + \/QZ {P_\IJ%(x) cos % + P, U%(x) sin %} } )

¥ (2,7%) = \/;_R{ +fz {PWR cos?%—P W (x )sin%”. (A.11)

The generic Lagrangian for either of the Fermions coupling to Vs (z, %) can be written as

TR
Ly = %/ da® {z\if (x, x5) M [8M +ig® Vi (x,x5)} v (x,x5)}
—7R

= Uy (8 +igV0) U — > % LAYER A
n=1

o0

+ Z WA (0 +igVD) U + 03" (0, +igVL) U — g0 AP VT + g4y VU]

+ Ui VIURALL - (A.12)

min

Z (WA VWL AL+ WY VIRA,
n,l=1

3
wm '
i

A.1.3 The Higgs Sector

Due to the somewhat complicated structure of the four-point interactions between the Higgs
and electroweak gauge bosons, we here show the Higgs Lagrangian not just for a generic
gauge group, but write the explicit Lagrangian for a Higgs doublet coupling to the U(1)y
field By (x, z°) and the SU(2);, field Wy (x, z°).

The Higgs doublet @ (z,z°) is decomposed as

® (z,2°) = \/717_]% { )+ \/_ZCD cos%} (A.13)

and inserted into the Lagrangian

Litiggs = %/WR da® [(DMCI) (z,2°)) (DM ® (2,2%)) + 2@ (2,2°) @ (,2°) — A (D (2,2°) @ (x,ﬁ)ﬂ

—7R

104



2
- . o . 191 o f . 0 191 o
+Z au‘i‘ZgQWM +TBM q)n 8“+Zg2W M+TB H (I)n
n=1

+igy [(8“(1)0)TW£<I>n + (0", WDy — O W (04 D) — <1>5W§T(a#<1>n)]

n=1

. 1 .
- Kaﬂ +ig WO + @Bg> @0} Kaﬂ F g, WO %BO"> cpo}

tige Y [(aucpm)fwgcpl - @jwy(au@m)] Al
m,n,l=1

/l:g - n n n n

+ I [(©00) B, 4 (040,) By — B0 Do) — O B0 )|

n=1

igl = n t pn _ »inpnrap 1
S (e e stzgran]

m,n,l=1
+B> [cbgWgTW"ﬂcbn + WO W R, + SiWH W00, + ef Wt Ie, 4 of et Wgcpo]
n=1

2 oo

+ I ST ol wtwrea, + Rfwr W e, 4 0 WO + o], W WD, | AL

mnl

m,n,l=1
B o n
2SS ] s

+ ER N oW Brw, + ol Wi By + o)W B, + SfW By + ol Wi B e,

n=1

+ O B"WD, + B BWID, + Of BHWd, + &f B WDy + & B¥ W', |

3y [@;WSTBW@, + BT BHD, + ®f W BD, + of W B,

m,n,l=1

+ OB WD, + f BHW g + O] B¥W D, + D) B WP, | Al

mnl

N 91492 3 [@LW‘TTBW% + @LBlMW:(I)m] A ik
m,n,l,k=1
2 o0
+ L3 [200BLB 0, + 20] BLB" g + O B B

n=1

2 o)
g . - §
+ 4¢1§ > [2%323 H®, + O By B P, + @InB#B’“%} AL
m,n,l=1
g% N T l 2
' Z zl;—l [(I)mBZB M(I)k} Amnlk;
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2

JR— i N (i,
1

0o 9 n n
+ Z {CI)S (92W5n + %BEL) Oy — E@(T) (92W? + %BQ> o, + —df <92W5L + %BQ) (I)O}

R
n=1
1 - g1 g1
-—= Y <I>T< W, —B’“)( W, —Bl)cp
ﬁmnlzl[ 92Ws + 5 b5 ) (9275 + 55

2 o 2
i\ <¢3<1>O> ) {(opg@n + ot cpo) + 2@5@@2%]
n=1

—V2\ o @, (®Id, + /P, ) AL O! &, bl D, A2 A4
m l 0 mnl mnlk *

m,n,l=1 m,n,l, k=1

A.1.4 The Yukawa Sector

To ensure that the SM Fermions acquire a mass through EWSB one has to consider the

Yukawa couplings to the Higgs field. For a down-type fermion they are described by

1 [ _
Lyukawa = 7 / da® {hz(5)\11 (l’, :CE)) (0 (l’, 1'5) P (xg iL’S)}
2 R

—T

= hiULp®o + I Z U7y ®o + Uhe Bo] + hi Z VL yiP, + ViR,

n=1 n=1

+ 2 D [VRURPAL ., + VT BA,] (A.15)

m,n,l=1

&

and for an up-type fermion they can be constructed in complete analogy.
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A.2 FEYNMAN RULES FOR THE TWO-SITE COLORON MODEL

A.2.1 Feynman Rules Involving Massless Quarks

»;
o g T (A.16)
v,

_Z'gsfy#Ti;l (A.17)
—ig" PLT} (A.18)
U;
ct igsy" PrTy) (A.19)
;s
Qi
e — G T (A.20)
¥
U;
e P T (A.21)
b
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A.2.2 Vertices Involving the Top Quark

T;
>%@ ct —igsy" [sin 07 Pr + cos 07 Py T (A.22)
tj
!
oA igsy" [sin 07 Pr, + cos 07 Pr| T} (A.23)
t;
T;
—— - Js [Sin QTPL — COS HTPR} T’Z <A24)
£
Ti/
> - —Gs [sin 07 Pr — cos 07 P | T} (A.25)
tj

A.2.3 Three-Point Boson Vertices

¢
e 95 [(pB — pa)’ " + (pa — po)” 1 + (pc — pB)" n*] fABC
Gl (A.26)
¢
c, g5 [(pB — pa)’ 0" + (pa — pc)’ 1" + (pc — pB)" n*] fA5°
cy (A.27)
Gl
. ﬂ_c _Z'gSMn/'WfABC (A28)
Ch
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%5)
e gs (ps — po) fABC

/

7B s
s

A.2.4 Feynman Rules Involving Ghosts

Q@n

fABC

OO 951

. ew

woooNes e
[aaccat I Vi

A.2.5 Four-Point Boson Vertices

Gl G2,

_ng2 [nuunpa (fACEfBDE _ fADE'fCBE')
+nupnua (fADEfC’BE . fABEfDCE)

+nua77up (fABEfDCE . fACEfBDE)}
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(A.29)

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)



_ZgSQ [nuunpa (fAC’EfBDE . fADEfC’BE)
+nupnuo (fADEfCBE . fABEfDCE)

Gp %% e ( FABE (DCE _ pACE fBDE)}

_ZgSQ [nuunpg (fACEfBDE . fADEfCBE)
+n,up771/0' (fADEfCBE _ fABEfDOE)

+nyanup (fABEfDCE o fACEfBDE)}

Cf; ///71'0
4 . ACE yBDE BCE fADE
i igin (FACPFIPE + fROEFADE)
N\ D

oy AN

iggnuu (fAC’EfBDE + fBCEfADE)

Gp

(A.35)

(A.36)

(A.37)

(A.38)

Note that the Feynman rules in this appendix agree with those for KK-level-1 gluons and

quarks in mUED, with the exception of (A.36), which has an additional factor % in mUED.

110



APPENDIX B

SPECIAL INTEGRALS AND FUNCTIONS

B.1 ONE LOOP FUNCTIONS AND IDENTITIES

In this appendix we summarize all scalar one-loop functions which exhibit UV or IR/collinear
divergencies. These integrals have been calculated in the literature in a variety of ways; we
simply summarize the ones important for the calculations in this thesis. Our main points
of reference have been [53,100] as well as [99]. The finite loop functions that could not be
reduced to Ag functions were numerically calculated using LOOPTOOLS.

Since our calculations only concern NLO contributions is it sufficient to consider the real
parts of all loop functions up to order €', we therefore omit any imaginary parts in this

appendix.

To list the functions in their most compact form it is useful to define two variables

_1-h

= d = B.1
T -5 an X2 1 527 ( )
that themselves depend on
4m? 4
Br=y/1-0 and gy= 1o T (B.2)
s s — (my — my)
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B.1.1 Integrals with Ultraviolet Divergences

We begin with the scalar tadpole integral

Ay (m?) = ,ﬁ/ g1 E +1—log (Z’—j)} (B.3)

72 q2 — m?2

and its generalization

dPq 1 1 (D D Ag (m?)
N2 2¢ _
o) = [ = (5 ) (5 1) T 4

which is useful as it allows us to calculate an arbitrary N-point integral in the special case,

where all external momenta are zero.

Furthermore we expect UV divergencies from all scalar bubble integrals, which we define as

B () = [ : 5
) 1> - . . .
i [q2 — mi)[(q +p)” — m3]
The most general form can be expressed analytically through
1 1 1 2
By (p2;m%,m§) =-+2+x,log (1 — —) + x_log (1 — —) — log (%)
€ T4 x_ 1
P amiemd (P mi—mi\t w3 .
= (e ) (B5)
2p 2p p

Note that even though By(0,0,0) vanishes identically, we only set it to zero at the very end
of the calculation. It is useful to write By (0,0,0) = =~ — -~ to distinguish between UV

cuv €IR

and IR poles in our calculation.

B.1.2 Integrals with Soft Divergencies

We continue to quote all necessary three and four-point integrals that exhibit infrared diver-

gencies.
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B.1.2.1 Triangle Functions The general triangle integral is of the form

Co(p?’pg’ (pl +p2)2; mi m%? mg) -
in? [q2 —mi][(q + p)? — m3][(q + p1 + p2)? — m3]

All infrared divergent triangle diagrams can be expressed through a set of 6 linearly indepen-
dent basis functions if one makes use of the symmetry identities, expressing the cyclicality

of the triangle functions

Co(pl,pQ,pg,m%,mg,mg) Co(pl,pg,pQ,mg,m%,mg) (B.8)
Co(pt, p3, 3 mi, ms, m3) = Co(p3, 13, pi; m3, m3, m7). (B.9)
The relevant functions in that base are then
Cy (0,0, 5:0,0,0) = % L% . %log (;%) + %log2 (%) . 71—7;2] : (B.10)
for the s-channel as well as
Co(0,p3,t;0,0,m?) = (B.11)

1 1 Z_t 2 t 2 _ 2
- P2
m?—t m?—t m?
— log? —1 — |1 — B.12
o < m? ) Og(m2—p§) Og(/ﬂ)]’ (B12)

00(07 m27 tv 07 07 m2) =

1 1 1 m? m? t 2

=——|—+4+-1 log? L B.13
t—m? [262+60g<m2—t>+0g <m t)+ 12< )+24} ( )

for which it is useful to quote the special case in which t — m?2, which yields

1 1 m?
2 2. 2\
CO(O,m,m,O,O,m)—ﬁ{—Z—{—l—log(ﬁ)}, <B14)
and finally

2 2, 2 2\ __
CO(m27 S, M3, 07 My, m3) -

T 1 Mo 2
= -1 Lig{ 1 —29— | — —
o (1 — 22) { og (x2) + 12( T m3) 1

. ms 1 mo
+ L12 <1 — SL’Q@) + L12 (.1’2) 5 10g2 <m_3>

+ log (22) {—- log (w5) + 2log (1 — 23) + log (m;m?’)} } (B.15)
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B.1.2.2 Box Functions The general scalar box integral is of the form

D0<p%7p%7p§7 (pl +p2 +p3)27 (pl +p2)27 (p2 +p3)27 m%?m;mga m?}) = <B16)

o [dPq 1
i | AT = e =
There exists a set of 16 linearly independent basis functions for infrared divergent box in-
tegrals. All other divergent box functions are can be expressed through the base when

exploiting the cyclic symmetry relations

Do(p?, p3, 15, 03, 5, t;m3, m3, m3, m3) = Do(p3, p3, 3, Pt £, 5;m5,m3, mi,mi),  (B.17)
DO(pfupgap§7pz2bSut;mfamgam;mi) = Dﬂ(p?pp;p;pi S7t;m?7mi)m§7mg)' (Blg)

The relevant functions for our calculations are
Do(0, p3, p3, P4, 5,1;0,0,0,0) = (B.19)
1 2 1 s t pi 5 [ P
= 55— |— 5+ |log (—) + log (——) + log <—>> + log” | =
pipi — st l e e ( > p P p?
2 1 2.2 1 2,2
+ log? p_:; — Zlog? p3p24 — log? % ~ Zlog _Pap3
Iz 2 Spt T 2 tp?
+ 2 2 2,2
~ log? (——2> — 2L, (1 - @) — 2Li (1 - @) + 2L (1 - @)
W S S 2t

1o (<2) + ﬁ}
t 3
Dy(0,0,m? m?,s,t:0,0,0,m?) = (B.20)
il () 2 e ) ()
o) () 5]

Dy(0,0,m? m?, s,t;m?, m? m?,0) = (B.21)

1 1 (mz _ t)2
— O [E log (z1) — 21og (x2) log (52) — 2log (x2) log (mQ—u?>

7T2
— 2L12($2) + 2L12<—ZE2) — 7:| s
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Do(0,m?,0,m? t,u;m?, m?,0,0) = (B.22)

B 1 1 1 1 m? —t l m? —t T
C(t—m?) (u—m?) [ ¢ o8 w2 S\ T 12

and finally

Dy(0,0,m?,m3,s,£,0,0,0,m3) = (B.23)
1 1 1 s m2 —t
SR ————— = 21 -2 7
s(t—m3>[e2 e(og(u2>+ Og(ma—m%>
+

2 . 2\2
—L12<1+ (m3 72711) >
sm

2

!
Q—t 2 Q_t
+ 2log (%) log (m2 5 ) + 2log <E21> log (%)
my m; H my —my
m2 — m2 m2 — m2 2
—92] B S | —2 ) D
(M e ()

B.1.3 Derivatives of One-Loop Functions

It is furthermore important to summarize the first derivatives of the By functions, since the
field renormalization constants in the on-shall scheme are obtained through the derivatives of
the self-energy functions with respect to the momentum of the external leg they are stemming
from.

For derivatives with zero external momentum it is useful to note, that

02 B, 9By
= 4p* + 2D )
<a<p2>2 b o)

0B,
=2D— , B.24
5 (B:24)

p?=0

82
Oprop,,

Bo(p27 m%v mg)

p2=0
since the calculation of the derivatives are considerably simplified if one utilizes partial
integration with respect to the loop momentum.

The only two cases for zero momentum derivatives are given by By functions with different
masses

By (0,mi, mj) = (B.25)

1 4—D
- (mQ - m2)3 (mgAO (m%) - m%AO (mg)) + D (m%AO (mi) - mng (mg))
1 2
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and the degenerate case with equal masses in the loop
1/D D Ag(m?)
2,2\ _ 0
Notice, that in the both cases the derivatives are UV finite.

For external momentum not equal to zero we similarly perform the derivative and arrive

at the general formula

By(p?,mi,mj) = (B.27)

1
- 2_1?2 BU(Ov m%’ mg) - BO(an m%7mg) + (m% - mg - p2>00(0’p27p27m37m37 m%) )

which can be further simplified by splitting and partially integrating the Cjy function.

It is important to note that the special case

D -2 Ao(m2>

Bo(m,0m) = = gt

(B.28)

represents a soft divergence, even though Aj functions are UV-divergent, and therefore war-
rants to be kept and treated separately. This relates to the fact that the threshold p? — m?
exhibits an IR divergency.

B.1.4 Useful Identities and Special Cases

Additionally we would like to quote a handful of special cases and finite functions that appear
in our calculations and have played a special role.

These are the B, function that lies exactly on the energy threshold, as it appears in the
self-energies of the level-1 KK particles

2,2

1 men n?
Bo(m%,n*m?%, (n+1)*m?) ==+2—1o ( )i n+1)lo (—) B.29
o ( )m7) = - e\ ( ) log EE (B.29)

as well as the corresponding Cy functions describing the KK-contributions to SM operators

2
Co(0,0, s,m? m? m?) = 1 [log (1 — Bl) — 7T2] , (B.30)

28 1—}-51

which holds in the case that s > 4m?, and to operators with two level-1 KK modes as
external legs

2 2 2 92 2 2 2,2 1 1 n
Co(0,m*,m*, n"m*, n*m=*, (n £ 1)*m*) = —— |£— + log . (B.31)
n

m2 n4+1
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B.2 SOFT ANGULAR INTEGRALS

In this appendix we quote the soft angular integrals as they appear in our description of
the real emission processes in Chapter 3 and Chapter 4. The integrals left in question are
generally of the form

- o ™ o + bcos 91)_k
Ly= [ dbsin">6 / df, sin~> 6 o b.52
kl /0 18 ! 0 2o ? (A+ Bcosty + C'sin by cosby)!’ ( )

after the integration over the gluons energy F, has been performed.

These integrals have been reported in the literature and we restrict ourselves to listing the
ones useful for our calculations. It should however be noted that some of these have only
been reported up to O(e°), which is insufficient since in a few cases the linear term gives a
non-vanishing contribution. These cases have been calculated by us and are included. The

remaining integrals follow [44,45].

To report the most compact form of the integrals it is helpful to define
Xs = (aA—bB)* — (A* — B — C?) (a® - V?) . (B.33)

We furthermore separate the integrals into classes based on how their coefficients relate to

o2 sane(w (2) - (1)), B

where ) (2) = 1;/((;)) is the digamma function.

I — T {10 A+VB2+(C?
VBT cEl P\A-VBEicCe

Li 2V B? + C? N 1 log? A+ VB?+ (C?
1 f—
\A+ VB2t (2 1% A— B+ (C?

each other.

+ 2¢

}, (B.35)

2 A A4+ /B2 +(C?
Too 14+ e———=1log , (B.36)
A% — B2 - (2 vV B?% 4+ (C? A— B2+ (C?
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A—-bB+ VX
L = ”1%<a bB ¥ S) (B.37)
vV Xg aA—bB — /Xy
2a (B? 2 _20AB b(bA — aB A—bB+ VX
ILo=m alB +C )—i- ( 3a )og - + Vs : (B.38)
(A2 — B2 — (C?) Xg X2 aA—bB —+/Xg
T
Tig = —— B.
10 (167 ( 39)
T 1
Ton — — — B.40

_L{_éﬂog <%> —6|:10g2 (A—\/BMFC?) (B.41)

11_a(A—|—B) A2 — B2 _ (2 A+B
L A+VB2 12 + 9Li B+ VB4
2 ® \a—vBEro N A vEio
B- B>+ C?
—2L B.42
12( A+B >:|}7 ( )

i [t () e ((25) e (5]
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KK-NUMBER VIOLATING COUPLINGS IN MUED

APPENDIX C

In this appendix, the KK-number violating couplings discussed in section 5.2 are shown for

the MUED extension of the SM. Here gy 23 are the couplings of the SM U(1)y, SU(2)r, and

SU(3)¢ gauge groups, respectively, while h; is the top Yukawa coupling and Ay the Higgs
self-coupling. The L, is defined as L,, = In(A%/m2).

_iC¢0¢0V27MTaPi

CQoQoGs

CtLotLoGz

Cuoquz

OtRotRoG2

Cdo doGo

3
1 13 7n?
+9?<—1L1 “5 "t m)}

CbLObLOG2

4 4

4 4

1 13 7n? 2
+gg(__L1__+i) hg(Ll_M_

V23 1172 ) 52

2 1172 52
v2g; [g%(llLl 135 1 ) +g%(—4L1 - =4

6472 3 9

2
+h§<2L1 — 24 ?)}
7T2

2 1
v2g; [gg (11L1 35—

6472
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2 1172 27 39
‘62_:5 {gg(llLl 135 — 1 ) +g§(——L1 - =+

2 1172 27 39
\6/4_7?; {992, (11L1 +35 — 37T ) + 95 (__Ll -—+

4

13 77
) Wf(—Ll‘E*%

)

16

2

)



CQoQouz, =

OtLOtLOZ2

CLOLOZQ

CQOQOBQ

OtLotLoB2

V295 52 Tr? 33 299 4372
—120; — = + — 2 =L

6472 3 3
1 13 7n?
2
I, = =4
+91( PR T 144)}

ObLObLOZQ
V20 [ 52 Tm 33 299 4372

120 — = + — L
647r2lg< Ty 3>+g2<4 AT 16)

1 13 7n? 2
2( ==Ly — = hZ( Ly —
+91< T 36+144)+ 13+
V295 [ 5 (33 299 437 9 13 772
Bl S 2( 2. - 24 2 °
64%2[92(4 AT 16>+gl( 1 4+16>}
V2g 52 Tm 27 39  21x?
120 — =+ — ==L — —
647r2lg< ! 3+3>+92( 1 4+16)

7 T Tn?
2
Y ST
+gl< 127 12+144>]

CbLObLOB2

V291 [ 52 Tm 27 39  21x?
120, — = + — 2 -0, — =

64#2{g( ! 3+3>+92(41 4+1)

7 7w
—L — )+ R Li+5
+gl< 127 12+144>+ (1+ * )}

V2 52 Tn? 13 s
Cuou —12Ly — S 4 — (2L, -6
V2 52 Tm 13 T
CtratmaPs = G {9( ml‘?*?)*ﬁ(‘#l‘“ 9)
71_2
+h?(2L1—5+?>}
V2q 52 Tm 4 5 Tn?
C, 120 — = 4+ — 2L — S 4 —
dodo B 647?2{g( 1ot 3)“’1( 3! 3+36)]
V20 27 39  21x? 31 125  7r?
C 2 —=L, — = 2 - 4 —
LokoBz = G2 [92( ;T T 16) gl( 1270736 716
V293 (28 119 772
€epe __L - TS -
Ceacols 647r2< 3T 9 " 4)}
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Note that C' is defined without T, in contrast to eq. (5.33). In the expressions below, A is
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an SU(3) color index.

OQQQOGO
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1
Ougqug
Sw

1 =
- Cdz doZo
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In egs. (C.19) ff., the £ signs indicate the upper/lower entry of a fermion doublet.
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(
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(C.16)
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(C.18)

(C.19)

(C.20)

(C.21)
(C.22)
(C.23)
(C.24)

(C.25)

Note that D is defined without 7%, in contrast to eq. (5.34). In the expressions below, A is
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an SU(3) color index.

DQ2Q0G0 =

‘DT2tL0G0

Dugqu’O
Dt2tRoGo

Dd2doGo

DQ2Q0Z0 =

DTQtLOZO/DBQbL()ZO =

DQ2Q0'YO
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b V25 9 9x?
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of L T of ™
+9 (12 48) + h; ( 1 1>} (C.27)
647T2 g5(=17+277) + i (5 - 3)} (C.28)
\/—93 2 4 7T2 7.(_2
—1 2 — _ h2 Z 9 9
6ar |5 7*””91(3 3)+t<2 )} (C.29)
\/_.93 2 2 2 ]. 7T2
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T - J V2g; 4
_gDuzquO = EDTQUOWO = 9672 |:g§(4 - 7T2) + g% (g - ? (035)
1 = 1 -~ V29 4 n? 2
—thztRoZo = athtRmo = 962 [93(4 —7°) + g} <§ -5 )T h - (C.36)
I = I = V29 2 2 o1
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203¢
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In egs. (C.31) ff., the £ signs indicate the upper/lower entry of a fermion doublet.

fabc{ [nuu(p - kl)p + pr(lﬁ - k2)u + np,u(k2 - p)u} CVQVOVO

+ [—n,wklyp + npuk‘Q,,,} Dv,viove + Mwp(k1 — k2) EVQV()V()} [all momenta incoming]

Concocio = 36\fT “Zg (—% + %TQ> (C.A1)
De,coce = 36\27%2]3 (% - 7T2) (C.42)
Ec,co6, = 36\2?33 (? - STWZ> (C.43)
Crawiwy = % Wy Wit Zo — %CW;WOHO - Zg{;—ig} (_% + 82?) (C.44)
Dawiws = o Duvgwg 2 = =5 Duvg g = o (% - 4222) (©45)
EZQWJW[; = %EWQWJZO = _iEWQWJWO - 28{3%3 (% - 3T7T2) (C.46)
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