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Abstract

In the first part of this thesis the decay of the light stop into a charm quark and the
lightest neutralino, £; — cx?, is calculated at one-loop level in the Minimal Super-
symmetric extension of the Standard Model (MSSM) in the framework of Minimal
Flavor Violation (MFV). In a previous calculation only leading logarithms of the
scale of MF'V have been taken into account. The neglected terms lead to deviations
in the decay width of about 10%. Moreover, if MFV is assumed at a high scale the
large logarithms of this scale need to be resummed to all orders. These resummation
effects can decrease the stop decay width by a factor 20 and reduce the branching
ratio, which is widely assumed to be near 1, to 0.5.

The second part of this thesis covers the calculation of next-to-leading order (NLO)
corrections in the strong coupling constant a;, to the pair production of squarks of
the first two generations in the MSSM. In contrast to previous works no assumptions
regarding the squark masses have been made and the different subchannels have been
treated independently. The results have been implemented in a Monte-Carlo pro-
gram which allows to calculate the QCD corrections for arbitrary distributions. It is
investigated whether the assumption made so far that K-factors are flat in distribu-
tions is correct. Since it turns out that the differential K-factor can vary in a range
of 35% the full NLO corrections should be taken into account in phenomenological
studies.

Zusammenfassung

Im ersten Teil der Arbeit wird der Zerfall des leichten Stops in ein Charm-Quark
und das leichteste Neutralino, ; — cx!, auf Ein-Schleifen-Niveau in der Minimalen
Supersymmetrischen Erweiterung des Standardmodells (MSSM) unter der Annahme
von Minimaler Flavorverletzung (MFV) berechnet. Zum ersten Mal werden nicht nur
fiihrende Logarithmen der MFV-Skala beriicksichtigt. Die bisher vernachléssigten
Terme wirken sich in der Groflenordnung von 10% auf die Zerfallsbreite aus. Wird
MFV an einer hohen Skala angenommen, so miissen die groflen Logarithmen dieser
Skala resummiert werden. Diese Resummationseffekte konnen die Zerfallsbreite um
einen Faktor 20 reduzieren und dazu fithren, dass sich das Verzweigungsverhiltnis,
das bisher immer als nahezu 1 angenommen wurde, auf 0.5 verringert.

Im zweiten Teil werden Korrekturen néchst-fithrender Ordnung in der starken Kop-
plungskonstante ay der QCD zur Paarproduktion von Squarks der ersten beiden
Generationen im MSSM berechnet. Im Gegensatz zu dlteren Arbeiten werden die
einzelnen Squark-Massen nicht als entartet angenommen und die verschiedenen Sub-
kanéile einzeln betrachtet. Die Ergebnisse sind in einem Monte-Carlo-Programm im-
plementiert, so dass QCD Korrekturen fiir beliebige Verteilungen berechnet werden
konnen. In einer ersten Anwendung wird iiberpriift, ob die verbreitete Annahme,
dass der K-Faktor in den Verteilungen flach ist, gerechtfertigt ist. Es stellt sich
heraus, dass der differentielle K-Faktor in einem Bereich von 35% variieren kann
und deshalb die vollstdndigen Verteilungen fiir phdnomenologische Studien bertick-
sichtigt werden sollten.
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Chapter 1

Introduction

Cztowiek nigdy nie oglada sie na to, co zrobione;
Ale na to patrzy, co ma przed sobq do zrobienia.

One never notices what has already been done;
One only sees what still remains to be done.

- Marie Sktodowska-Curie
Letter to her brother, 18 Mar 1894

The world and universe we live in is full of fascinating natural phenomena. It is
even more fascinating that in the course of the past centuries it was possible to
understand a multitude of these phenomena on the smallest scales. By uniting all
known elementary particles and the fundamental forces between them, apart from
the gravitational force, in a consistent theoretical framework, the Standard Model
(SM) of particle physics is a remarkable achievement in modern physics. The SM
comprises Quantum Chromodynamics (QCD), the theory of strong interactions, and
the unified theory of electromagnetism and the weak interactions in a renormalizable
quantum field theory, which accounts for a wide variety of experimental data over an
energy range of more than twelve orders of magnitude. However, in contrast to this
incredible accuracy in the confirmation of SM predictions there are experimental as
well as the theoretical arguments suggesting that it cannot be the ultimate theory:
Not only is the gravitational force not incorporated in the theory but the experi-
mental evidence for Dark Matter and Dark Energy clearly reveals the limitations
of the SM, since it does not offer a satisfactory explanation for these observations -
just to mention two of the existing problems.

Among the many propositions for physics beyond the Standard Model (BSM), so-
called supersymmetric (SUSY) theories provide a very elegant way to solve part of
the problems of the SM. In their simplest realization, the Minimal Supersymmetric
extension of the SM (MSSM) [1-7], each SM particle is paired with a SUSY part-
ner with identical quantum numbers except for a difference of half a unit in spin.



2 1. Introduction

Since none of the SUSY particles have been observed so far they are assumed to be
heavier than their SM partners which means that SUSY is not an exact symmetry.
Theoretical considerations imply that these new particles should have masses no
larger than a few TeV otherwise SUSY would not provide a solution to the so-called
fine-tuning problem of the SM ([8] and references therein). Roughly speaking, the
fine-tuning problem refers to the circumstance that the parameters of the SM must
be adjusted very precisely in order to agree with experimental observations. Due
to the conservation of a symmetry called R-parity SUSY particles can only be pro-
duced pairwise and the lightest supersymmetric particle (LSP) is stable. In many
MSSM scenarios the LSP is neutral and can be identified as a suitable Dark Matter
candidate. This leads to typical experimental signatures consisting of multiple jets
or leptons originating from the final state particles of SUSY decay cascades and
missing transverse energy as a consequence of the LSP being weakly interacting and
neutral and therefore escaping the detector.

A lot of effort has been put in phenomenological investigations of SUSY in the past
30 years, which has influenced the detector design of the Large Hadron Collider
(LHC) located at CERN near Geneva. This proton-proton accelerator currently
operates at a center-of-mass energy of 8 TeV and is a perfect experimental tool
to test predictions of theories beyond the SM. With the discovery of a new boson
[9, 10], potentially a Higgs boson originating from the mechanism of electroweak
symmetry breaking [11-15], the LHC has already attained one of its major goals.
The recorded data has also been used to search for SUSY particles. No excesses over
the SM expectations have been reported so far in these searches and these results
have been translated into exclusion limits on the masses of the potential SUSY
particles [16, 17].

For the interpretation of the experimental data precise theoretical predictions are
needed. This thesis contributes to this effort by calculating higher order corrections
in perturbation theory to supersymmetric production and decay processes.

In the first part of this thesis the flavor changing neutral current (FCNC) decay of
one of the SUSY partners of the top quark, the light stop #;, to a charm quark c
and the lightest neutralino !, which is the LSP in most MSSM scenarios, is cal-
culated at one-loop level. In the MSSM the scalar partners of the right-handed
and left-handed quarks, called squarks and denoted by ¢ and Gg, mix to form two
mass eigenstates, ¢; and ¢», with ¢; defined to be the lighter one. In the case of
the SUSY partners to the top quark large mixing effects can lead to one stop mass
eigenstate, t;, being significantly lighter than all other squarks and also lighter than
the top quark. If additionally the mass difference of the lighter stop #; to the lightest
neutralino ¥Y is small, the decay considered here ¢; — ¢ + ¥ can be the dominant
decay channel. So far, only an approximate formula for the decay width at one-loop
level has been available [18]. Apart from calculating the exact one-loop decay, the
impact of resummation effects which take into account certain terms to all orders of
perturbation theory is analyzed.

In the second part of this thesis the pair production of squarks of the first two
generations is calculated at next-to-leading order (NLO) in SUSY QCD perturba-



tion theory. Squark pair production is the dominant production channel for colored
SUSY particles in the rather high mass regions [19], which are still allowed by the
LHC exclusion limits for squarks and gluinos. In contrast to the existing calcula-
tion in [20] the squark masses are not assumed to be degenerate and all contributing
subchannels, characterized by different flavor and chirality combinations, are treated
independently. In order to provide not only inclusive cross sections but also distri-
butions for arbitrary observables the calculation has been implemented in a fully
flexible parton-level Monte-Carlo program. With this set-up it is possible to study
the effects of the NLO corrections in the various subchannels as well as their impact
on the shapes of distributions. Since the NLO corrections are known to be large
on the one hand and the shapes of distributions are widely used for phenomeno-
logy on the other hand the recalculation of this process and its implementation in
a Monte-Carlo framework provides a useful tool for a variety of phenomenological
studies.

This thesis is organized as follows: The following chapter introduces the relevant
theoretical aspects of SUSY and summarizes the status of the experimental searches
for squarks of the first two generations and for the top squarks. Since the third
generation squarks are subject to large mixing effects the strategies of the searches
for the first two generations cannot be straightforwardly adopted. In Chapter 3
concepts in theoretical particle physics necessary for the calculations in this thesis
are presented. Chapter 4 contains the detailed discussion of the first part of the
thesis, the calculation and the results of the numerical evaluation of the FCNC decay
t; — ¢+ XY at one-loop level. The second part of this thesis, the calculation of the
NLO SUSY QCD corrections to squark pair production, is described in Chapter 5.
Both calculations as well as their results and implications are summarized at the
end of Chapter 4 and Chapter 5, respectively.
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Chapter 2

Supersymmetry

2.1 Introduction

Before first supersymmetric theories were developed, the list of potential space-time
symmetry transformations was considered complete since the formulation of Ein-
steins theory of relativity, which was accomplished in 1905. In 1967 the Coleman-
Mandula theorem [21] seemed to confirm this point of view. This theorem states
that the space-time symmetries of the Poincaré algebra and internal symmetries
cannot be combined in any but a trivial way and implies that apart from the known
generators - the generator of space-time translations P, and the generator of homo-
geneous Lorentz transformations M, - no other generators with non-trivial Lorentz
transformation properties exist. However, the argumentation of the theorem does
not exclude generators which transform as spinors under Lorentz transformations.
For generators Q),, with a being the spinor index, the Coleman-Mandula theorem
cannot be applied and non-trivial combinations of space-time and other continuous
symmetries can be constructed. In 1971 Golfand and Likhtman have shown [22] that
it is possible to combine such a generator, which will be the generator of the new
SUSY transformations, together with the known generators P, and M), consistently
in an algebra. The most general form of such a SUSY algebra in a consistent inter-
acting quantum field theory was constituted 1975 by the Haag-Lopuszanski-Sohnius
theorem [23]. The non-trivial commutation relations between the operators Q,, P,
and M, of such an algebra will be specified in Section 2.2.

Although originally not developed nor designed for, SUSY theories can solve some
of the problems of the SM in an elegant way. The SM is a consistent, renormalizable
quantum field theory, based on the gauge group SU(3)c x SU(2), x U(1)y, that
accounts for a plethora of experimental data over an energy range of over twelve
orders of magnitude. Nevertheless the SM is incomplete. There are experimental
as well as theoretical arguments which suggest that the SM cannot be the ultimate
theory [24]. On the experimental side studies of the fluctuations in the spectrum of
the relic microwave background from the Big Bang have established the existence of
Cold Dark Matter in the Universe, for which there is no candidate in the SM. Ob-
servations of type la supernovae at large red shifts as well as the cosmic microwave
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background radiation both suggest that the bulk of energy in the Universe must re-
side in the so-called Dark Energy, a novel form of energy which cannot be explained
so far. Although gravitational effects are tiny and can be safely neglected at the level
of elementary particle interactions, it is unsatisfactory from the theoretical point of
view that gravity is not incorporated in the SM. Furthermore, a unification of the
strong and electroweak interactions has not been achieved yet. Extrapolating the
corresponding couplings to a high energy scale by using the renormalization group
equations of the SM suggests that the couplings should unify but this unification is
not realized completely within the SM. Another problem is related to the electroweak
sector of the SM. Although the spontaneous breaking of the electroweak symmetry
can be incorporated by introducing new scalar fields, this has to be done “by hand”
via an arbitrary scalar potential. That means that there is no understanding of why
the squared mass parameter for the Higgs field is negative.

Most of these arguments point to new physics but do not point decisively to the
scale for this new physics. The so-called fine-tuning problem, which has already
been mentioned in the introduction, not only suggests that there should be new
physics, but also that the scale of the new physics has to be close to the electroweak
scale. This fine-tuning problem is not a difficulty of the SM itself but rather an
unnatural sensitivity of the Higgs potential to new physics in almost any potential
extension of the SM. The electrically neutral part of the SM Higgs field is a complex
scalar H with a classical potential

V =m%|H|? + \H|*. (2.1)

The SM requires a non-vanishing vacuum expectation value for H at the minimum
of the potential. This will occur if A > 0 and m% < 0. It is known experimentally
that the the mass parameter m? is very roughly of order —(100 GeV)?. The problem
resides in m?% receiving large virtual corrections from every particle that couples to
the Higgs field. For example, the correction to m?% from a loop based on the 4-boson

self interaction yields
A

1672
Here A is an ultraviolet momentum cutoff used to regularize the loop integral. It
should be interpreted as at least the energy scale at which new physics enters to alter
the high-energy behavior of the theory. Terms which grow at most logarithmically
with A are neglected in this discussion. Assuming that the SM is valid up to the scale
where electroweak and strong forces unify, then A is of the order ~ 10'¢ GeV. The
problem is then that the correction to m? is some 30 orders of magnitude larger than
the required value of m?%, ~ —(100 GeV)? and an enormous amount of fine-tuning
is necessary. Since quarks, leptons and the electroweak gauge bosons of the SM all
obtain masses from the vacuum expectation value of the Higgs field, the entire mass
spectrum of the SM is indirectly sensitive to the cutoff A. Not accepting this high
sensitivity to new physics entering at A > 1 TeV, a potential solution would be to
assume the existence of new degrees of freedom already at the TeV scale. These
new degrees of freedom must then serve to cancel the quadratic divergence. In this

A+ (2.2)

2 _
Ami; =
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context it is useful to examine the correction to m?% from a loop containing a Dirac
fermion f. If the Higgs field couples to f with a term in the Lagrangian AH f f,
the virtual correction yields

N

812
where the minus sign is due to the closed fermion loop. Comparing this equation
with Eq. (2.2) suggests that the opposite signs in the fermionic and bosonic cor-
rections could lead to the cancellation of the quadratic divergencies. However, the
particle content of the SM is not sufficient and a total cancellation can only be
achieved by introducing new degrees of freedom. Moreover, it is desirable to have
this cancellation occur to all orders, not just at the one-loop level. In general, one

would not expect this cancellation to be complete unless a relation between the
couplings of fermions and bosons exits, which guarantees that

M=), (2.4)

Am?, = A+ (2.3)

Such relations occur only due to symmetries. A symmetry which relates properties
of bosons and fermions is referred to as a supersymmetry. As it will become clear
later on, SUSY requires that for every boson, a fermion partner should exist, and
vice versa. Apart from providing a solution to the fine-tuning problem, there are
several more motivations for examining SUSY. For example by using SUSY evolu-
tion equations the extrapolation of the electroweak and strong couplings to a high
energy scale can lead to a common unification point, in contrast to the SM. Further-
more, in SUSY models with conservation of a symmetry called R-parity the LSP
is stable. In many scenarios this LSP is a massive, neutral and weakly interacting
particle representing a suitable Dark Matter candidate. The last point which should
be mentioned here, is that most SUSY models provide a dynamical electroweak sym-
metry breaking mechanism. Renormalization effects drive the Higgs boson squared
mass parameter to negative values, while those for other scalars are left positive,
resulting in the observed electroweak symmetry breaking pattern. The wide array
of issues addressed by SUSY theories can be seen as hint for SUSY being realized
in nature.

2.2 The Minimal Supersymmetric Extension of
the SM

The MSSM [1-7], the Minimal Supersymmetric extension of the Standard Model, is
minimal in the sense that the particle spectrum of the SM is only extended by the
necessarily required amount of SUSY particles. Comparing Egs. (2.2) and (2.3) in
detail visualizes that each fermion of the SM needs to be paired with two complex
scalars with /\3@ = ) in order to cancel the quadratic divergencies completely. There-
fore, SUSY transformations generated by the operator () have to turn a bosonic
state into a fermionic state, and vice versa:

@|Boson) = |Fermion) Q|Fermion) = |Boson) . (2.5)
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Since spinors are complex the hermitian conjugate of @, @7, is also a symmetry
generator. The possible forms for such symmetries in an interacting quantum field
theory are restricted by the Haag-Lopuszanski-Sohnius theorem mentioned in the
introduction. For theories like the SM, which have fermions whose left- and right-
handed pieces transform differently under the gauge group, this theorem implies that
the generators @ and Q' must satisfy an algebra of anticommuting and commuting
relations of the following form:

{Qu @)} = 2(0")w Fu (2.6)
{Qu@} = {QLQ}y=0 (2.7)
[Qu, P = [QF,P] =0 (2.8)
(Qa, M) = i (0pw)ap Qb - (2.9)

Here, the @), are two-component Weyl spinors, so that a,b = 1,2. The expressions
ot =(1,0), 6" = (1,—0") and 0" = %(0"G” — c”o") are based on the Pauli matri-
ces o' (i = 1,2,3). The operator P, is the four-momentum generator of space-time
translations and the operator M, is the generator of homogeneous Lorentz trans-
formations. Together with the Poincaré algebra the Eqgs. (2.6)-(2.9) constitute the
Super-Poincaré algebra.

The single-particle states of a SUSY theory fall into irreducible representations of
the Super-Poincaré algebra, which are called supermultiplets. Each supermultiplet
contains fermions and bosons, which are the superpartners of each other. Equa-
tion (2.6) implies that the squared mass operator P? commutes with ) and Q' and
thus, that particles inhabiting the same supermultiplet must have equal eigenvalues
of P? and therefore equal mass. The generators @ and Q' commute also with the
generators of the gauge transformations. As a consequence, particles in one super-
multiplet must have equal internal quantum numbers, i.e. electric charges, weak
isopsin and color charges. Furthermore, it can be derived from Egs. (2.6)-(2.9) that
each supermultiplet contains an equal number of fermionic and bosonic degrees of
freedom.

The simplest possibility to construct a supermultiplet with an equal number of
fermionic and bosonic degrees of freedom is to combine a Weyl fermion and two real
scalars. The Weyl fermion has two spin helicity states, and therefore two fermionic
degrees of freedom, whereas each real scalar has one bosonic degree of freedom.
These two real scalar degrees of freedom can be assembled into one complex scalar
field. This combination of a two-component Weyl fermion and a complex scalar field
is called a chiral supermultiplet.

The next possibility for a supermultiplet contains a spin-1 vector boson. In order
to guarantee the renormalizability of the theory, this must be a massless gauge bo-
son, at least before the gauge symmetry is spontaneously broken. A massless spin-1
boson has two helicity states and therefore two bosonic degrees of freedom. Its
superpartner is a massless spin-1/2 Weyl fermion with two fermionic degrees of free-
dom. Gauge bosons must transform as the adjoint representation of the gauge group
and so must their fermionic partners, which are called gauginos. Since the adjoint
representation of the gauge group is its own conjugate, the left- and right-handed
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components of the gauginos must have same gauge transformation properties. Such
a combination of a spin-1/2 gaugino and spin-1 gauge boson is called a gauge su-
permultiplet.

In the MSSM each particle is therefore part of a chiral or a gauge supermultiplet and
is paired with a superpartner which differs in spin by half a unit. Only the chiral
supermultiplet can contain fermions with left- and right-handed parts transforming
differently under gauge group transformations. All known fermions, the quarks and
leptons of the SM, have this property and have to be assembled in chiral supermul-
tiplets. The left- and right-handed components of quarks and leptons are separate
two-component Weyl fermions, so each of them must have its own complex scalar
partner. The names for these spin-0 partners are constructed by prepending an “s”.
So they are called “squarks” and “sleptons”. The symbols are the same as for quarks
and leptons but a tilde (7) denotes the superpartners. The superpartners of the left-
and right-handed parts of the squarks are thus the left- and right-handed squarks,
Gr and gg. Since squarks are spin-0 particles, the indices L and R do not refer to
their helicity but to the helicity of their superpartners.

The Higgs boson as a spin-0 particle must also reside in a chiral supermultiplet.
However, one supermultiplet is not enough. With only one Higgs chiral supermulti-
plet the electroweak gauge symmetry would suffer from a gauge anomaly. This can
be avoided by introducing two Higgs supermultiplets, one with weak hypercharge
Y = 41/2 and another one with Y = —1/2. Furthermore, only a Y = +1/2 Higgs
supermultiplet can give masses to up-type quarks and only a Y = —1/2 Higgs super-
multiplet can give masses to down-type quarks. The SU(2), doublet with Y = +1/2
is denoted H, = (H, , H?) and the one with Y = —1/2 with H, = (HS, H;). For
spin-1/2 superpartners the ending “-ino” is added to the name of the correspond-
ing SM particle. The fermionic partners of the scalar Higgs particles are called the
higgsinos and are denoted by a tilde. All chiral supermultiplets of the MSSM are
summarized in Table 2.1 and classified according to their transformation properties
under the SM gauge group SU(3). x SU(2)r x U(1)y.

Table 2.2 summarizes the gauge supermultiplet of the MSSM which contain the vec-
tor bosons of the SM. The SU(3)¢ color gauge interaction is mediated by the gluon
g whose spin-1/2 superpartner is the gluino §. The gauge bosons W+ W° W~ and
B of the electroweak gauge symmetry SU(2);, x U(1)y are paired with the spin-1/2
partners called winos W+, W W~ and bino BP.

Supersymmetry breaking and mass eigenstates

The chiral and gauge supermultiplets listed in Tables 2.1 and 2.2 illustrate the par-
ticle content of the MSSM. If SUSY was an unbroken symmetry, then all SUSY
particles would have the same masses as their SM partners. Such particles could
not have evaded experimental detection. The fact that none of the predicted SUSY
particles have been observed so far suggests that they must be heavier than the
known SM particles and that SUSY must be a broken symmetry. Thus a realis-
tic phenomenological model must contain SUSY breaking. Fortunately, it can be
shown that the breaking of SUSY does not destroy the cancellation of quadratic di-
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Name Spin 0 | Spin 1/2 | SU(3)¢, SU(2)L, U(1)y

Squarks, Quarks | (4 dp) | (ug dp) (3,2, %)
W Un (3,1, -3)

dy dr (3,1, 3)

Sleptons, Leptons | (7 ér) (vep) 1, 2, —%)
r €r (1,1, 1)

Higgs, Higgsinos | (H HO) | (H} HY) (1,2, +3)
(H3 Hy) | (H] Hy) (1,2, —3)

Table 2.1: Chiral supermultiplets in the MSSM. There are three families for each of
the quark and lepton supermultiplets, but only the first-family representatives are
presented.

Name Spin 1/2 | Spin 1 | SU(3)¢, SU(2)r, U(1)y
Gluino, Gluon 7 g (8, 1, 0)
Winos, W-Bosons | W= WO | W+ w° (1, 3, 0)
Bino, B-Bosons B° B° (1, 1, 0)

Table 2.2: Gauge supermultiplets in the MSSM.

vergences mentioned in the introduction of this chapter. If SUSY is explicitly broken
due to scalar masses differing from their fermion counter parts, no new quadratic
divergences occur [24]. From a theoretical point of view it is appealing to con-
sider that, like electroweak gauge symmetry, SUSY is broken spontaneously. Many
models of spontaneous SUSY breaking have been proposed [25-33]. However, the
exact mechanism of spontaneous SUSY breaking is unknown, therefore it is useful to
parametrize this ignorance by introducing so-called soft SUSY breaking terms in the
effective MSSM Lagrangian [34]. The denotation “soft” refers to terms of positive
mass dimension. Based on the fine-tuning problem, it has been illustrated in the
introduction of this chapter that by introducing two complex scalar fields for every
SM fermion quadratic divergencies can be canceled. In particular, this cancellation
can only be done when the relation )\? = A between the coupling constants holds.
SUSY breaking terms with positive mass dimension ensure that this relation is ful-
filled and a broken SUSY still provides a solution to the fine-tuning problem. This
means, that the effective MSSM Lagrangian can be written as

L = Lsusy + Lot - (2.10)
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Name Spin | Gauge Eigenstates | Mass Eigenstates
iy, g dp, dr iy, g dp, dg
Squarks 0 S, Sg CrL Cr S, Sp Cr Cp
tr tr br br t1 ty by by
Higgs bosons | 0 HY HY HfH; h° H° AY H*
Neutralinos | 1/2 | B° W° H° HY % %9 K
Charginos | 1/2 | Wt W~ Hf H; | X X7 X3 Xa
Gluino 1/2 g g

Table 2.3: Gauge and mass eigenstates of SUSY particles relevant for this thesis.

All gauge and Yukawa interactions are contained in Lgysy which is invariant under
SUSY transformations, whereas Ly breaks SUSY but includes only terms with
positive mass dimension.

The superpartners listed in Tables 2.1 and 2.2 are not necessarily the mass eigen-
states of the theory. Due to the effects of electroweak symmetry breaking the higgs-
inos and electroweak gauginos with same electric charges mix with each other, and
so do the scalar Higgs particles. Furthermore, the squarks and sleptons, respectively,
with same electric charge and color quantum number can mix with each other. Just
the gluino, being the only color octet fermion, cannot mix with any other particle
of the MSSM.

In the first part of this thesis the decay of a top squark into a charm quark and
the so-called neutralino is calculated at one-loop level with charged particles in the
loops. The second part contains the calculation of NLO corrections in SUSY QCD
for squark pair production. Table 2.3 gives an overview of the gauge eigenstates and
the corresponding mass eigenstates relevant for these calculations.

With arbitrary soft terms the mass eigenstates of the squarks should be obtained
by diagonalizing two 6 x 6 matrices, one for the up-type squarks and one for the
down-type squarks. However, most of the SUSY breaking models assume flavor-
blind soft terms and predict that most of the mixing angles are small. In particular,
mixing angles between squarks of different generations are suppressed. Furthermore
Yukawa interactions of the first two generations can be neglected, since they are
proportional to the fermion masses. With these assumptions left-right mixing is
only taken into account in the third generation of the squarks. Therefore, the mass
eigenstates of the first two generations of squarks are assumed to be identical with
the gauge eigenstates, but the mass eigenstates of the third generation squarks differ
from the gauge eigenstates and are therefore denoted t1, %y and lN)l, Z~)2.

Within the SM with just one complex Higgs doublet a single neutral spin zero par-
ticle, the Higgs boson, is left in the spectrum as a relic of the spontaneous breakdown
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of the electroweak symmetry. This is because the charged component of the doublet
and one of the neutral components are the three would-be Goldstone bosons which
become the longitudinal components of the W=+ and Z° bosons after electroweak
symmetry breaking. Since the symmetry breaking pattern of the MSSM is the same
as the one of the SM, the same set of would-be Goldstone bosons is expected. How-
ever, since now two sets of complex doublets are available, two charged, H™ and H~,
and three neutral spin zero bosons, h°, H® and A°, remain in the physical spectrum
of the MSSM.

Mass eigenstates due to the mixing of the neutral higgsinos and gauginos are called
neutralinos. The diagonalization of the corresponding 4 x 4 mass matrix for the
four fields (B°, WO, HY, HY) yields the four neutralino mass eigenstates denoted by
XY (i = 1,2,3,4). By convention, they are labeled in ascending order, so that
mf(? < m;{g < mig < mf(ﬁ‘

Finally, charginos are the mass eigenstates based on the mixing of the charged higgs-
inos and winos. In the basis of these four eigenstates (W*, f[j, w-, F[d’), the 4 x 4
mass matrix can be diagonalized by means of two unitary 2 x 2 matrices leading
to two negatively charged mass eigenstates X7, and two positively charged mass
eigenstates )21“2 with mass conventions Mgt < M.

This concludes the general presentation of theoretical aspects of SUSY relevant for
this thesis. Detailed expressions for the MSSM Lagrangian and the soft SUSY
breaking terms can be found in [35]. Specific details needed for the discussion of the
calculation of the stop decay and the squark pair production process will be given
in the corresponding Chapters 4 and 5.

2.3 Experimental Searches

Experimental searches for SUSY particles have been performed in the past in a va-
riety of different channels at various accelerators, such as the Large Electron Positron
collider located at CERN near Geneva, and the Tevatron proton-antiproton collider
at Fermilab, without finding any of these particles. The LHC, which is currently
running at a center-of-mass energy of 8 TeV, allows for searches at higher energies
and therefore in a wider range of the SUSY parameter space than has been possible
so far.

In most of these searches SUSY models with conserved R-parity are assumed. This
symmetry is introduced in order to prevent the occurrence of baryon and lepton
number violating processes which are severely constrained experimentally, in parti-
cular by the non-observation of the proton decay. All SM particles have R-parity of
1, while SUSY partners have R-parity —1. R-parity conservation thus implies that
SUSY particles are produced in pairs and that the LSP is stable. In a large fraction
of the SUSY parameter space, the LSP is the weakly interacting lightest neutralino,
XJ. This gives rise to the typical SUSY signature of missing transverse momentum
with a magnitude denoted by EM®. Since no excess above the SM expectation is
observed, limits on the SUSY particle masses are derived. As it is impossible to
cover the entire SUSY parameter space the sensitivity of the searches is estimated
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Figure 2.1: Exclusion limits from the ATLAS experiment derived from an analysis
of final states with jets and missing transverse momentum for mSUGRA models
with tan 8 = 10, Ag = 0 and s, > 0 presented in the mo — m4/, plane [16].

in the framework of a specific SUSY theory or in simplified models. The model used
throughout the thesis is the so-called “Minimal Supergravity” (mSUGRA) model
[27-30]. It is defined in terms of a small number of parameters which can be in-
terpreted as boundary conditions on all parameters at a high energy scale. These
parameters are given by common soft SUSY breaking scalar and gaugino masses,
mo and my /5, a common SUSY breaking trilinear coupling Ay, the ratio of the two
vacuum expectation values tan [ of the two Higgs doublets and the sign of the Higgs-
ino parameter p,.

In the following two sections the current status of searches for squarks of the first
two generations and for the top squark, the SUSY particles most relevant for this
thesis, is briefly summarized.

2.3.1 Searches for the First Two Generations of Squarks

Heavy colored particles like squarks and gluinos have the largest SUSY production
cross sections at the LHC and are thus candidates for the most inclusive searches for
SUSY. The production of gluinos and squarks of the first two generations proceeds
via pp — 44, qq", g, gg. These squarks and gluinos decay in cascades to the lightest
neutralino x{. Therefore, event topologies with multiple jets are expected. When
gauginos are produced in the decay chain, leptons can be present via the decays
into virtual W and Z bosons. The most inclusive searches for SUSY are therefore
based on the presence of multiple jets, one or more leptons, and missing transverse
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Figure 2.2: Exclusion limits from the CDF and D0 experiments derived from analyses
of final states with two charm jets and missing transverse momentum presented in
the mz, — mgo plane [36, 37].

momentum. At the moment, the most stringent limits for squark and gluino masses
come from an analysis of final states containing jets, missing transverse momentum
and no leptons [16]. Limits derived in the mSUGRA model are presented in Fig. 2.1
in the my — my/; plane. The observed limits are indicated by the dark red curves,
where the solid contour represents the nominal limit, and the dotted lines are ob-
tained by including theoretical and PDF uncertainties and imply that squarks and
gluinos of roughly equal mass are excluded for masses below 1500 GeV.

2.3.2 Searches for the Top Squark

The large mixing effects in the third generation of squarks, already mentioned in
Section 2.2, necessitate dedicated search strategies. In this thesis the decay #; — cx?
is calculated, which is only dominant for very light stops #; and for small mass
differences my — mgo. The cross section for producing a pair of third generation
squarks is much smaller than that for producing first generation squarks, since no
“favor excitation” contributions exist for third generation squarks. Additionally,
in ¢, pair production followed by the decay t; — cX? the charm jets only become
energetic enough to look for a di-jet plus E&s signature for a sufficiently large mass
splitting between the stop and the lightest neutralino. At the LHC no analysis
investigating this decay channel has been published so far. LHC searches for light
stops consider the mass hierarchy mj; > Mg+ 41 and a t; decaying exclusively via

b+ X5 [17]. In these searches £; masses in the range 112 — 140 GeV for ¥) masses
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up to 80 GeV are excluded. However, the Tevatron experiments, CDF and D0, were
sensitive to mass splittings m; — mgo above 40 GeV in the channel with #; pair
production with subsequent decay into #; — ¢+ X9 [36, 37]. Figure 2.2 presents the
results of the CDF and DO experiments in terms of exclusion limits in the m; —myo
plane assuming BR(#; — ¢+ xJ) = 1. Stop masses up to 180 GeV for a neutralino
mass of 90 GeV are excluded, however for ¥? masses above 90 GeV light stops #; at
least in the mass range 100 — 130 GeV are still allowed.
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Chapter 3

Calculational Concepts

3.1 Hadronic Collisions

At the LHC two beams of protons! travel in opposite directions inside the circular
accelerator. By colliding the two beams head-on scattering processes and the par-
ticles created in the collisions can be investigated. The hadronic cross section for a
process in which two protons with momenta P; and P; collide, leading to m particles
in the final state with momenta ky, ..., k,,, is given in the so-called parton model [38]

by
o P(P) P(Py) — ki, .o ki) = (3.1)
1 1
;/0 /0 dzodzy () f) () o(alpr = 2o P1) b(ps = 2pPo) = ki, ooy ki)

Here f7 the parton distribution function (PDF) of parton a, denotes the probability
of finding a parton a with momentum fraction x, inside the proton P. The sum
runs over all partons, which contribute to the partonic cross section o, i.e. the
gluon and (anti-)quarks in this thesis. The partonic cross section can be calculated
in perturbation theory up to a given order by evaluating matrix elements squared,
which have a diagrammatic representation in terms of Feynman graphs, multiply
them with the flux factor of the incoming partons and integrate over the whole
phase space of the final state particles:

1
= M =k, kn)|? 3.2
o /4p1p2| (p1 + p2 1y b)) (3.2)

(2m)*6@W ( py + —Zm:h 4k, A (3.3)
P RT 2N ) np2E,  (2n)R2E,, '

Lor lead ions, however lead ion collisions are not subject of this thesis
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In this thesis the squark pair production cross section in the perturbative series in
the strong coupling constant a, up to next-to-leading order in the framework of

SUSY QCD is calculated, i.e.
o =00 N0 (3.4)

The NLO corrections suffer from ultraviolet (UV) and infrared (IR) divergencies.
The former are due to large momentum contributions to loop diagrams and the lat-
ter arise either in loop diagrams with virtual massless particles or in soft and collinear
emissions of additional partons. The UV divergencies are canceled in the so-called
renormalization procedure, which will be introduced in Section 3.2. According to
the Kinoshita-Lee-Nauenberg (KLN) theorem [39, 40] IR divergencies cancel in the
total result when sufficiently inclusive observables are taken into account. However,
the IR singularities associated with initial state collinear radiation spoil the KLN
cancellations since the initial state in Eq. (3.1) is fully determined. Fortunately, it
has been shown that the factorization of these singularities is universal [41]. There-
fore, they can be absorbed into a process-independent redefinition of the PDFs at
the price of introducing an unphysical factorization scale pp in the partonic cross
section and in the PDFs. In principle, the hadronic cross section should be indepen-
dent of purp. However, the values of the PDFs cannot be calculated perturbatively
but are extracted from experimental data via fits to fixed-order perturbative predic-
tions. As a consequence, a dependence on an a priori arbitrary scale remains. The
dynamical evolution of the PDFs with respect to this scale is yet again governed by
perturbation theory in form of the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evo-
lution equations [42-44]. When applying these equations to determine fF(z,,Q?),
the PDF at a scale @, for a given initial distribution f(z,,u%), the leading log-
arithms o log"(Q?/u%) are resummed to all orders of perturbation theory. These
logarithms can be sizable if the factorization scale up is considerably different from
the characteristic scale @) of the process under investigation. Therefore, if pup is set
to the characteristic scale (), the effect of these logarithms on the NLO prediction
is not artificially enhanced.

3.2 Renormalization

The Lagrangian of the MSSM involves several free parameters like masses, couplings,
mixing angles etc., which have to be determined experimentally. These are chosen
such that they have an intuitive physical meaning at tree level which means that
they are directly related to experimental quantities. Unfortunately, higher order
corrections destroy this direct relation. The parameters of the original Lagrangian,
the so-called bare parameters, differ from the corresponding physical quantities by
UV divergent contributions. However, in renormalizable theories these divergencies
cancel in physical quantities, thus allowing meaningful predictions. The renormali-
zability of non-abelian gauge theories with spontaneous symmetry breaking, like the
MSSM, was proven by 't Hooft [45, 46].
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In the counterterm approach the UV divergent bare parameters are expressed by
finite renormalized parameters and divergent renormalization constants, the coun-
terterms. In addition, the bare fields are replaced by renormalized fields. The coun-
terterms are fixed by renormalization conditions which can be chosen arbitrarily but
determine the relation between renormalized and physical parameters. The split-
ting of bare parameters into renormalized parameters and renormalization constants
induces a splitting of the bare Lagrangian into a renormalized and a counterterm
Lagrangian:

Lo=L+3L . (3.5)

The renormalized Lagrangian £ has the same form as £y but depends on renorma-
lized parameters and fields instead of unrenormalized ones. The counterterm La-
grangian 0L contains the counterterms and gives rise to counterterm diagrams which
have to be added to the loop diagrams. Including the counterterm diagrams the
renormalized one-particle irreducible two-point functions I' can be obtained. For
squarks, quarks and gluinos these are defined as

TL(K?) = i (k> —m2) 6 +ixd (k%) (3.6)

A?j(kQ) = i (Jf—my,) 0y (3.7)
+ i [% SEFR) P+ K S5 (R PR+ my, S5 (K7 P + my, i?sz(kQ)PR}

Dos(k?) = i (—my) (3.8)
+ i [fSL(K) Po+ K SE(K?) Pr+mg SE () Pp+mg 312 (k?) Prl

= i (f—mg) +i |§ g5k +m§i§§(k2)] ’

where Py and Pp are chirality projectors. In the two-point function of the gluino,
fgg(k;Q), it has been exploited that in the case of Majorana fermions the vector and
scalar parts of the self energy can be combined. The counterterms can be chosen
such that the finite renormalized parameters keep their intuitive physical meaning.
This is the case in the so-called on-shell renormalization scheme [47, 48], which is
used in this thesis for the renormalization of masses and fields. The renormalization
conditions in this scheme are given by [49]

Re I%(m2) = 0 (3.9)

Jim, ﬁf% PU(R2) = i (3.10)

Re I%(k?) uj(k)joemz = 0 (3.11)

i, lﬁt—mﬂéﬁe P wi(k) = i w(k) (3.12)
Re [gg(k?) u(k)poepme = 0 (3.13)
lel@nEIﬁ*_—”%ﬁe Do (k) u(k) = i u(k) . (3.14)
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Here, the u(k) are the spinors of the external particles and Re takes the real part
of the loop integrals appearing in the self energies but not of potential complex
parameters. These conditions ensure that the real parts of the poles of the propa-
gators are given by the mass parameters of the Lagrangian, which are therefore the
physical particle masses. Furthermore, they state that the renormalized one-particle
irreducible two-point functions are diagonal if the external lines are on their mass
shell and that the renormalized fields are properly normalized, i.e. that the residues
of the renormalized propagators are equal to one.

For the remaining renormalization of the strong coupling constant as well as the
quark and squark mixing matrices the MS-scheme [50] is used. In this scheme only
the UV divergent terms together with some accompanying constants are included in
the renormalization constants. Details concerning the renormalization of the mixing
matrices are given in Chapter 4.3.1, whereas the procedure for the strong coupling
constant is described in Chapter 5.3.

3.3 The Catani-Seymour Subtraction Formalism

The full NLO cross section for hadronic collisions receives contributions from real
emissions of one additional parton as well as from virtual corrections. The former
have to be evaluated in an (m + 1)-particle phase space the latter in an m-particle
phase space

oNLO — / A®,q do® + / d®,, do" | (3.15)

where do® denotes the differential cross section for the real emissions and do"
the one for the virtual corrections. Both integrals are separately IR divergent,
although their sum is finite in inclusive physical observables due to the Kinoshita-
Lee-Nauenberg theorem [39, 40]. Technically this causes difficulties for a numerical
evaluation as the cancellation happens between phase spaces of different multipli-
cities. A standard algorithm in numerical calculations to keep track and deal with
IR divergencies, which are regularized by dimensional regularization [51] (i.e. in
D = 4 — 2¢ dimensions), is the Catani-Seymour dipole formalism [52, 53]. The idea
is to subtract a counterterm in one part of the calculation and add it back in another
which leaves the total result unchanged:

10 = [t (@) 2, - (o)) + [ v [dou [ o, doA]

e=0

(3.16)
This differential counterterm do* is an approximation of the differential real emission
cross section dof in the sense that it has the same singular behavior. This means
that do? acts as a local counterterm for do* and the difference of these two terms
can be integrated numerically in four dimensions over the whole phase space. The
subtracted term has to be added again and needs to be integrated together with the
virtual contributions over the m-particle phase space. This is only possible if the
integration of this term over the one-particle subspace can be performed analytically.
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Then the poles can be extracted and canceled analytically against the poles from
the virtual contributions. The remaining integration over the m-particle phase space
can be carried out numerically.

The explicit form of do? is constructed from the knowledge about the soft and
collinear structure of QCD amplitudes. They exhibit a simple factorization for
collinear singularities. As a consequence, the counterterm is obtained as a sum
over potentially collinear partons, the so-called emitter pairs. For soft singularities,
however, only color-ordered amplitudes exhibit a simple factorization, which implies
in general non-trivial color correlations. These color correlations are reflected by the
reference to an additional, so-called spectator parton. The subtraction term is thus
written schematically as a sum of individual dipoles, in the following form:

dUA = Z d‘/;jipole ® dUB . (317)

dipoles

Here, dVjipole stands for the dipole factors which match the singular behaviour of
do®, whereas do® denotes the corresponding color projection of the Born-level cross
section based on the so-called color linked Born amplitude squared (CLBS)

2

do® ~ ]M“ (3.18)

m;a,b

This reduced Born amplitude is obtained by eliminating the additionally emitted
parton from the real emission process. The color correlation between the emitter (I)
and the spectator (J) parton is incorporated by inserting the color charge operators
T; and T associated with the emission of a gluon (with color index c). These color
charges act on the color space of the reduced amplitude:

2
1,J _
‘Mm;a,b = m;a,b< 1""7m;a7b | T,-T, | 17"'7m;a7b>m;a7b
1 ai..by..by... *
= (@) R (TP 7pm;Pa,Pb)] Ty 0,150,
qu;.,.l.7£ll)l...aJ.‘.(p17 o ,pm;pa,pb) . (319)
Here, a; and b; are color indices, pi,...,p, denote the momenta of the final and

Da, Pp the momenta of the initial state particles. Averaging over initial state colors
introduces a factor of 1/n.(a)n.(b) for the initial state partons a and b carrying n.(a)
and n.(b) colors. After the action of the color charge operators on the color space,
the color charge matrices read

e for final state partons

Ty = 1 foca if the emitting parton is a gluon or gluino

Te _ G  if the emitting parton is a (s)quark
ga —tg  if the emitting parton is an anti-(s)quark
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e for initial state partons

Ty = 1 foca if the emitting parton is a gluon or gluino

TS, = {— s if the emitting parton is a quark (3.20)

t,  if the emitting parton is an anti-quark '

Here, o, B = 1,2, 3 are the indices of the fundamental and a, b, c = 1, ..., 8 the indices
of the adjoint representation. The color algebra relations needed in order to evaluate
the products of these matrices in the color linked Born squared amplitudes are listed
in Appendix A.

With an appropriate choice of dipoles the counterterm do“ can be integrated ana-
lytically over the one-parton phase space

/d<1>m+1 do? = /dcpm [do” @ 1] +/01 dx/dCI)m [do” ® (P +K) (2)] . (3.21)

This integration yields the factor I, which contains all the € poles that are necessary
to cancel the poles in the virtual contributions do"’, and additional singular terms,
which are reabsorbed into the non-perturbative PDF's mentioned in Section 3.1. The
last term in Eq. (3.21) is thus the (in four dimensions) finite collinear remainder
which is left after initial state collinear singularities have been factorized into the
PDFs. The functions P and K are finite in the limit ¢ — 0 and depend on the
longitudinal momentum fraction x. The convolution of the Born-type cross section
doP with the x-dependent functions P and K leads to an additional integration
over x in the calculation of the finite collinear remainder. The final result of the
subtraction procedure for the NLO cross section is hence given in terms of

oMo = / APy | (do™) _, — ( > dViipote ®daB> (3.22)

dipoles =

0
1
+ / d®,, [do¥ +do® @ 1) _ + / dx / Py, [do” @ (P +K) ()] _, -
0

This formalism has been applied to the calculation of squark pair production in
hadronic collisions pp — ¢;q;. Details concerning the expressions for the dipoles, the
integrated dipoles and the finite collinear remainder are presented in Chapters 5.4
and 5.5.



Chapter 4

Light Stop Decay in the MSSM
with Minimal Flavor Violation

4.1 Introduction

The predictions made by the SM are not only in excellent agreement with electroweak
precision data but also show remarkable consistency with precision measurements
in the quark flavor sector. These limits and constraints from K, D and B meson
studies on flavor changing neutral currents (FCNC) have very strong implications
[54-56]: The observed amount of flavor violation can be perfectly described by the
Cabibbo-Kobayashi-Maskawa (CKM) mechanism of the SM. In that sense, possible
New Physics beyond the SM cannot contain much more flavor violation than the
SM. Contributions to flavor violation from New Physics at the TeV scale must be
strongly suppressed and thus models with a generic flavor structure are forbidden.
One of the best studied examples in this context is given by SUSY. However, the
MSSM has in general many new flavor violating sources. This so-called New Physics
Flavor Problem is solved if the model is subject to the principle of Minimal Flavor
Violation (MFV) [57-60]. The MFV framework provides a solution, which leads to
agreement with the precision measurements, by requiring that all flavor changing
transitions are governed by the CKM matrix of the SM. Flavor mixing is then always
proportional to the off-diagonal elements of the CKM matrix. As a consequence,
no flavor changing neutral currents occur at tree level at the scale where this MFV
condition is imposed.

In supergravity models MFV arises naturally, as these models provide flavor in-
dependent scalar mass terms at a high scale like the Planck scale Mp. In most
of these models the lighter stop mass eigenstate #; is significantly lighter than the
other squarks. If SUSY breaking is transmitted to the visible sector at some high
scale, contributions from the large top Yukawa coupling to the renormalization group
equations (RGE) tend to reduce the stop mass relative to the masses of the first ge-
neration squarks [24, 35]. This is even the case when all squarks have a common
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mass at the SUSY breaking scale. Furthermore, the mixing between the weak eigen-
states t;, and £ is proportional to the mass of the top quark, and leads therefore to
a large mass splitting between the stop mass eigenstates. This mixing will further
reduce the mass of the lighter eigenstate. In scenarios with a very light stop and a
small mass difference between this stop and the lightest neutralino 9, which is as-
sumed to be the LSP, the decay channels #; — bYW and t; — t¥? are kinematically
closed. Since the four-body decay ; — fv,bx? is strongly suppressed due to phase
space, the two-body decay #; — cx? is the dominant decay mode. With its #; — ¢
transition, this FCNC decay is forbidden at tree level in the MFV framework. It is
therefore mediated via one-loop diagrams with charged particles in the loops.

From the phenomenological point of view there are several reasons to be interested
in light stops. In the context of the MSSM light stops are a necessary condition for
successful electroweak baryogenesis, which requires a stop mass with about the top
mass value or less [61-63]. One of the main motivations, as presented in Chapter 2.1,
for postulating the existence of superparticles, has been to stabilize the electroweak
hierarchy against radiative corrections. Since no signal of strongly interacting su-
perparticles has been found yet at the LHC [16, 17], quite stringent bounds on their
masses have been derived, leading to some tension with the fine-tuning argument.
However, to one-loop order essentially only third generation (s)quarks contribute to
the loop corrections to Higgs mass parameters. Thus with a light stop SUSY would
still provide a solution to the fine-tuning problem. Recent studies, discussing the
consequences of the potential discovery of the Higgs boson for the MSSM, point out
that light stop scenarios are among the few regimes of the MSSM which are still
allowed by all present experimental constraints [64] and that the hints for deviations
from a SM-like Higgs boson can be explained best by an extremely mixed stop sector
[65, 66] .

Moreover, it has been shown that assuming #; — cx! being the dominant decay
mode, light stops can be discovered at the LHC, either based on the associate
production of a #;¢% pair with a bb pair [67] or based on stop pair production in
association with one hard jet [68, 69]. Finally, long stop lifetimes induced by the
CKM-suppressed decay #; — cx! can be exploited to test MFV. The flavor suppres-
sion needed for secondary vertices is unique to MFV models. By measuring the stop
lifetime information on the size of the flavor changing coupling can be extracted
under certain circumstances [70, 71].

Some time ago an approximate calculation of the FCNC decay t; — cx? was provided
[18]. The authors have assumed a vanishing tree level £, — ¢ — Y¥ coupling at the
Planck scale and hence calculated the loop-induced decay. The UV divergencies
have been subtracted by a soft counterterm at the Planck scale leading to a large
logarithm log(M2/M3,) at the weak scale, which has been set to the W mass My,
in their calculation. It has been argued that in view of this large logarithm the
remaining non-logarithmic part of the one-loop diagrams can be neglected. As a
consequence, their result for the decay width takes a rather simple form.

In the following the complete one-loop calculation of the FCNC decay #, — cx®
in the framework of MFV is presented [72]. The full renormalization program is
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performed and the “finite”; i.e. non-logarithmic, terms arising from the loop integrals
are kept. This procedure allows for the study of the importance of the neglected
non-logarithmic pieces in the previous work.

To get a reliable result, the appearing large logarithms should be resummed. This
corresponds to solving RGEs for the scalar soft SUSY breaking squark masses. How-
ever, the hypothesis of MFV is not renormalization group invariant [59]. Even
though MFV is imposed at one scale, at any other scale FCNC couplings will be
generated through renormalization group (RG) evolution. Since the weak interac-
tions affect the squark and quark mass matrices differently, these matrices cannot be
diagonalized simultaneously anymore and the stop state receives an admixture from
the charm squark [73]. This induces a FCNC tree level coupling between ¢; — ¢ — {9
at any other scale than the scale puypy of the MFV hypothesis. The RGE solution
can be expanded in powers of the coupling constant a and written symbolically as

a(Arlog+4g) + o® (Bylog? +Bilog +By) 4+ o (Cslog® +...) + O(a') . (4.1)

From this point of view, the logarithmic piece of our one-loop result is equivalent to
the first term proportional to « in the line above, whereas the tree level decay with
the FCNC coupling generated by the RG evolution includes the resummation of the
large logarithms. The comparison of the exact one-loop result and the resummed
tree level decay provides an estimate of the importance of the resummation of the
large logarithms.

The outline of this part of the thesis is as follows: Section 4.2 is devoted to highlight
flavor mixing aspects of the quark and squark sector in the SM and MSSM. The stop
decay t; — cx! at one-loop level is discussed in Section 4.3 including a detailed de-
scription of the renormalization procedure and a short presentation of the analytical
results. Section 4.4 contains the numerical analysis of decay widths and branching
ratios and the investigation of the scale dependence. Finally, in Section 4.5 the work
is summarized.

4.2 Flavor Mixing in the SM and MSSM

As just mentioned in the introduction assuming MFV the FCNC decay t; — cx! is
forbidden at tree level at pygpy, the scale at which the principles of MFV hold. In
order to understand which expressions enter the calculation of this decay and why it
vanishes at tree level, a closer look on the flavor structure of the MSSM, especially
in the context of MFV, is inevitable. Since in MF'V all flavor changing transitions
are governed by the CKM matrix of the SM a brief review of the SM quark flavor
sector is useful.

In the SM the 3 x 3 unitary matrices U%R and U?-® are defined as the matri-
ces which rotate the left- and right-handed up- and down-type quark interaction
eigenstates, ur, g and dy, g, to their corresponding mass eigenstates, uj'p and df' p:

ut = Uy,  up =U""ug,  dyf = U%dy, = U%%dg . (4.2)
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In other words, these matrices diagonalize the quark mass matrix. The CKM matrix
is given by the combination

VRN = gyt (4.3)

The CKM matrix is a 3 x 3 unitary matrix and describes the probability of a tran-
sition from one quark ¢ to another quark j. These transitions are proportional to
|Vigl*:

Via Vs Vo
VM=V Vi Va | - (4.4)
Vie Vis Vi
Unitarity implies
> Vi Vie=6p and > Vi V=0 . (4.5)
i J

The second equation gives rise to the following combination
Vea Via+ Ves Vig +Va Vi =0, (4.6)

which will be used in order to simplify the one-loop result of the decay #; — cx?}.
Only transitions from down-type quarks to up-type quarks, or vice versa, are allowed
and thus no FCNC originating from transitions between up-type quarks of different
generations (or down-type quarks of different generations) occur. Currently, the
best determination of the magnitudes of the CKM matrix elements is [74]

0.97427 4 0.00015 0.22534 & 0.00065  0.00351F9-5001%
VM =1 0.22520 £ 0.00065 0.97344 4 0.00016  0.041279%1L . (4.7)
0.00867 1595029 0.0404 13995 0.99914670-50002%
While the diagonal matrix elements are close to 1, the off-diagonal elements lead
to a strong suppression of processes involving the corresponding transitions. Apart

from the flavor mixing defined by these matrices, no further flavor transitions are
possible in the SM.

For the squark interaction eigenstate a six component vector
i= (4.8)

is defined, where ¢, and ¢r are three component column vectors in generation space.
The squared squark mass matrix can be written as a 2 x 2 Hermitian matrix of 3 x 3

blocks

MZ - M2
Mz | T T (4.9)
MqRL MfiRR
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In general, ./\/l?7 contains a lot of new flavor violating sources. It is diagonalized by

a 6 X 6 unitary matrix W which rotates the squark interaction eigenstates to their
mass eigenstates ¢,

qn=Wgq. (4.10)

The six component column vector ¢" is defined to be ordered in mass, with ¢7* being
the lightest squark. Equation (4.10) can then be rewritten as

Q" = WG + Weisa dir (s=1,.,6,i=1,23)
= (Wrqr+Wgdr)s , (4.11)

where ¢ denotes the generation index. Thus, the mass eigenstate squark field has
been decomposed into left- and right-chiral interaction eigenstate squark fields.

The rotation of squarks by the same unitary matrices U9 as the quarks defines
the super-CKM basis. In models with non-minimal flavor violation the squark mass
matrix is flavor-mixed in this basis, in contrast to the quark mass matrix. In models
with MFV at the scale uypy, however, the squarks can be rotated by U9%-% to their
flavor eigenstates in parallel to the quarks, and the super-CKM basis is at the same
time the flavor eigenstate basis. This implies that any further rotation to the mass
eigenstates does not mix squarks of different flavors, but only left- and right-chiral

flavor eigenstates. Thus, suppressing generation indices, the flavor eigenstates in
MFV are defined by

¢, = U%qp, qr=U%qR . (4.12)

The squared mass matrix in the flavor eigenstate basis (¢;, ¢%)? then reads

M; _ (M[sz —I— m3)13 mQSAq - lj“hTQ)lfi ’ (413>
mg(Ay — pnrq) 13 (M(?R + mg)lzs

where r4 = 1/r, = tan 3 for down- and up-type squarks. With tan 8 we denote
the ratio of the vacuum expectation values of the two complex Higgs doublets. The
parameter A, denotes the trilinear coupling of the soft SUSY breaking part of the
Lagrangian, ju, the higgsino mass parameter and m, the mass of the quark partner.
Here, 13 is a 3 X 3 unit matrix in generation space. The parameters MQ-L, L are
given by the left- and right-handed scalar soft SUSY breaking masses Mg, ,, and the
D-terms,

72 2
M‘jL,R = MqL,R + D‘jL,R
Dg, = Mjcos2B(I7) — Qqsin® Oyy)
Di, = M3cos2BQ,sin® Oy (4.14)

where [ 2 denotes the third component of the weak isospin, ), the electric charge,
My the Z boson mass and 6y, the Weinberg angle. The squared mass matrix /\/lg-
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can be diagonalized by a 6 x 6 unitary matrix W which rotates the flavor eigenstates
to their mass eigenstates,

. 7 N 3 N N
qs = Wst . = Wsi q;L + Wsi+3 q;R = (WL qlL + WR q;{)s (415)
dr .
(s,t=1,..,6,i=1,2,3).
By comparing Egs. (4.15) and (4.12) with Eq. (4.11), it is evident that the 6 x 3
matrices Wy r, which rotate the interaction eigenstates to the mass eigenstates, can
be factorized into the 3 x 3 quark rotation matrices U% and U9%, which rotate from

the interaction to the flavor eigenstate basis, and the 6 x 3 flavor-diagonal matrices
Wi r, which transform flavor eigenstates into mass eigenstates,

W, =W,U%  and  Wg= WU, (4.16)

with ¢ = u,d. The flavor-diagonal matrix W can be expressed in terms of mixing
angles by

(WL)ZZ = (WR)/L'+3/L' — COS (gqi s (WR>22 = _(WL)i+3i = sin qu. . (417)

For the three quark generations ¢ the relation between the flavor eigenstates ¢.;, G5
and the squark mass eigenstates ¢ = (¢}, ¢} 3) hence reads

(jzm = g:L cos eqi + (ZR sin eqi
@y = —sinb, + ¢z cosby, . (4.18)
For better legibility, the generation indices will be suppressed from now on wherever

possible, and the lighter and heavier squark mass eigenstates are generically called
¢1 and ¢». The mixing angles are then given by

T2 T2

2mg (A, — Mz — M:
sin 20, = m&(g & ]\Z;”q) . cos20, = gt (4.19)
q1 q2 q1 q2
and the masses of the squark mass eigenstates read
17 - . = =
ME = w2 g | R, — Mg w420

Since the mixing angles are proportional to the quark masses, the mixing is impor-
tant in the stop sector and thus, as already mentioned in the introduction, can drive
the lightest stop mass even lighter than the top quark mass.

The amplitude of the FCNC decay #; — cX} at tree level is proportional to an
off-diagonal matrix element of the flavor-diagonal matrix W. For that reason this
process vanishes at tree level at the scale pp;py. At any other scale the squark mass
matrix cannot be rotated to the flavor eigenstate basis by the matrices U"%% and
Utk any more. Therefore, the matrix W has to have flavor off-diagonal contribu-
tions inducing flavor violating tree level decays.
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4.3 Light Stop Decay t; — c+X! at One-Loop Level

Since the FCNC decay #; — ¢! is forbidden at tree level in the framework of the
MSSM with MFV at the scale pypy, it is mediated via loop diagrams. At one-loop
level three types of diagrams contribute: Squark self energies, quark self energies
and vertex diagrams. Generic diagrams illustrating these three contributions are
depicted in Fig. 4.1. In MFV all flavor changing effects are governed by the CKM
matrix of the SM. Consequently, all contributions to the decay at one-loop level are
mediated by charged current loops, as can be inferred from the various diagrams
listed in Fig. 4.2. Note that, in the calculation presented here the charm quark mass
is set to!

me =0 . (4.21)

Therefore, the t; self energies have only non-vanishing contributions for transitions
into the left-handed charm squark ¢;. The transitions into the right-handed charm
squark, ¢g, are zero for m. = 0. This decay channel, though suppressed by small
CKM matrix elements, is dominant for very light stops with a small mass difference
to the lightest neutralino. Hence, for this calculation, scenarios where the light stop
t; is the next-to-lightest supersymmetric particle (NLSP) and the lightest neutralino
X! is the LSP, are considered.

The self energies and vertex corrections are divergent and have to be renormalized.
The counterterms for the squark and quark self energies and for the vertex renor-
malization are shown in Fig. 4.3. The FCNC vertex does not arise at tree level.
Its occurrence as counterterm at one-loop level is due to the fact that MFV is not
RGE-invariant, since the weak interactions affect the squark and quark mass ma-
trices differently [73]. Their simultaneous diagonalization cannot be maintained at
higher orders and can only be consistently imposed at the scale pppy .

For the calculation of the stop decay process an effective interaction vertex T is

defined,
T=g ﬂc(kg) (FLPL + FRPR) vg0 (lﬁ) , (4.22)

where Uc, Ugo denote the charm and neutralino spinors and ki, ks are the four-
momenta of the outgoing neutralino and charm quark. Here, I, and Fr are form
factors associated with the chirality projectors P, and Pg, respectively. They receive

Tn view of the smallness of the charm quark mass, m. = 1.28 GeV, the numerical results are
hardly affected by this choice.

Figure 4.1: Generic diagrams contributing to the loop-decay #; — cx?.
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Figure 4.2: Generic diagrams contributing to the squark and quark self energy and
the proper vertex correction.
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Figure 4.3: Counterterm diagrams.
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contributions F"* from the vertex diagrams, Fte, FHer from the quark and squark self
energies and 6 FY, §F, §F"°t from the vertex, the quark and squark wave function
renormalization counterterms:

Fpp=[Fh® 4 §F% 4 Fle 4 §F% 4+ F* 4 6F"| . . (4.23)

These contributions are specified in the following discussion of the counterterms
which are needed for the renormalization procedure and in the presentation of the
analytical results.

4.3.1 Counterterms and Renormalization

The loop diagrams in the self energies and vertex corrections contain momentum
integrals which diverge due to contributions from large momenta. In order to be
able to handle these UV divergencies, it is necessary to introduce a regularization
scheme. In dimensional regularization [51] the number of space-time dimensions is
lowered to D = 4—2¢ and the UV singularities appear as poles in €. In general SUSY
is broken by dimensional regularization because it introduces a mismatch between
fermionic and bosonic degrees of freedom. An alternative regularization scheme is
dimensional reduction [75, 76], where no mismatch of fermionic and bosonic degrees
of freedom is introduced. It has been verified explicitly in this calculation that
the results obtained with both regularization schemes agree. Thus, the calculation
performed in dimensional regularization does not need to be supplemented by a
SUSY restoring counterterm.

The quark and squark fields are renormalized in the on-shell scheme introduced in
Chapter 3.2. The bare quark ¢(®© and squark ¢(® fields are related to the renorma-
lized quark ¢ and squark ¢ fields by the renormalization constants §Z9 and 625

1_ . 1

Inserting the renormalized self energies into the on-shell renormalization conditions
of Chapter 3.2, the field renormalization constants can be calculated from the un-
renormalized quark and squark self energies. The off-diagonal part of the squark
field renormalization constant in terms of the squark self energy reads

2 2
qs qt

- 2 -
6Z§t = mﬁ ReEgt(mét) S,t = 1, ..,6, S 7é t. (425)

Recalling the following structure of the quark self energy

%i5(07) =¥ S50 P+ ¥ SE0°)Pr + miSE (0°) P+ my S (0°)Pr . (4.26)
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the corrections to the off-diagonal chiral components of the quark field can be written
as

) N —
L 2 Ls 2 2 Rs 2
0Z; = o R—" [mqi ReX;*(my,) + mg, ReX7* (my )

qi q;

2 Bexh(m2) + mmy, Resf(m?)
2 D -\ Ls Re o
Y/ R — [mqimqj ReX) (mi) +mg,mg, ReSj; (mzj)

T AT

+mg,my, lf%veZiLj(mgj) + mgj I%Zﬁ(mgj)] (4.27)
Ly =123, 1#7].

After the renormalization of the quark and squark fields in the on-shell scheme, the
contributions to the form factors of the effective interaction vertex in Eq. (4.22) from
the self energies of the quarks and squarks and from their counterterms vanish:

Fhée 4 gFhe =g
Fte + §F*=0. (4.28)

The divergencies in the one-loop vertex correction diagrams are left and need to
be absorbed by the FCNC vertex counterterm. The general form of the vertex
counterterm, depicted in Fig. 4.3, is derived in Appendix B. It arises from the flavor
non-diagonal part of the field renormalization constants, from the renormalization
of the quark and squark mixing matrices [77] and from the renormalization of the
quark masses. Adjusted to the process of interest, the contributions of the vertex
counterterm to the form factors are

v : 1 L. ; u ~
goFy = —igey {§5ZCLtT cosb; + §5Z5Lt~1 + duyf cos b + 5w;Lt~l (4.29)
goF;, = 0 (4.30)

The constant ey summarizes the coupling factors

A 1
ey = \/§ |:?11 tan@w + 5212 s (431)

where Z1; and Z15 are matrix elements of the 4 x 4 Z matrix, which diagonalizes the
neutralino mass matrix. The mixing matrix counterterms ou"t-# and dw relate the
bare quark and squark mixing matrices U©® W to the renormalized ones U, W™:

W(O) = (5st + 5'Lbst)WtZ ) s, t,u=1,..,6, (4'32)

su

User O = (0 + Ul USETT ik =1,2,3, (4.33)

The indices s, t,u denote the six squark mass eigenstates, and ¢, j, k are generation
indices. Following the approach of [78], the MFV condition is imposed on the re-
normalized mixing matrices and hence they are demanded to be flavor-diagonal.
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This leads to flavor non-diagonal counterterms du"“4-£ and dw. Furthermore, as the
bare and renormalized mixing matrices are unitary, the counterterms must be anti-
hermitian. The UV divergent part of both mixing matrix counterterms is determined
such that it cancels the divergencies of the anti-hermitian part of the corresponding
field renormalization constants [79, 80]

S = }1(52‘?—52@*) (4.34)
SuttR = i(éZLiR—ézLaRT). (4.35)

The finite parts of these counterterms depend on the renormalization conditions.
Absorbing also the finite part of the anti-hermitian field renormalization constants
in general leads to a gauge-dependent on-shell renormalization scheme [81, 82]. Ab-
sorbing only the UV divergent part, proportional to

2 2

u 1
1/e 4+ logdm — v + log EA—l—log@,

o (4.36)
with ~ being the Euler-Mascheroni constant, () the renormalization and pu the
't Hooft scale, defines the MS renormalization scheme [50]. In the following this
scheme is adopted and the MFV condition is imposed on the MS parameters at
the scale Q? = p3;p,. Consequently, the result will depend on this scale [78]. The
squark mixing matrix counterterm then reads

~t 1 (EZLfl (m%L) + EZLfl (mtgl)>
MS

o — (4.37)
t1 cL
A gauge invariant prescription for the quark mixing matrix counterterm is given by
[81]
U, L Ls lop

ulp = =3 [S5(0) + 255(0)] s = —55HO)s - (438)
The scalar part of the quark self energy vanishes for zero momentum transfer and so
does the quark field renormalization constant contributing to the vertex counterterm

in Eq. (4.29)
6zF =2xks(m?=0)=0. (4.39)

Finally, the last renormalization constant needed for the vertex counterterm is the
squark field renormalization constant, which according to Eq. (4.25) yields:

571 _—22§Lt~1(m§1) 4.4
it m2 _mp2 (4.40)
cL t1
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4.3.2 Analytical Results

By exploiting the unitarity relation of the CKM matrix in Eq. (4.6) as well as those
of the chargino mixing matrices U and V', the contribution of the vertex diagrams
to the form factors can be written as

2

gFp = —igF |A+log —— + finite terms] (4.41)

loop
gF] = 0, (4.42)

where the short-hand notation
1 Vi VEm?2 cos b,

_F = 2 C tb b 443
16727 7 ( 2M3, cos? ’ (443)

comprises common coupling factors, including the coupling constant g and the CKM
matrix elements V; and V;;. The left-handed form factor Fj is zero due to the
choice of vanishing charm quark mass. The expression "finite terms* in Eq. (4.41)
summarizes all terms in the result of the calculation, which are neither UV divergent
nor depend on the logarithm of the 't Hooft scale, log 2. For reasons of legibility
and in order to compare with the result derived in [18] a generic mass mjqp for all
massive particles in the loops has been introduced. In the numerical analysis the
exact result with different loop particle masses will be used. The contribution of the
quark mixing matrix counterterm, defined in Eq. (4.38), to the vertex counterterm
explicitly reads

F 2
—gezcosby ((5ucUtL)—S =g— {A + log 5 } ) (4.44)
2 Vi
The counterterm of the squark mixing matrix yields
F[-m2 —m2 —2A 2
—gey (&IJT . >7 =g= n L A + log 5 , (4.45)
crtr J NS 2 mg —mg, HAFY

with
A=—pl+ A2+ MBQR + cos® B(Mg, (tan® B — 1) + M3 tan® 3) + m; A, tan 6, . (4.46)

It depends on the higgsino parameter puy, the soft SUSY breaking mass parameter
MI;R including D term contributions, the trilinear coupling A,, the mixing angle (3,
the W boson mass and the pseudoscalar Higgs mass M. The contribution from the
squark field renormalization constant 5ZgL£1 is given by

1 i F (2m? +2A
o - q _ 7 t1
9622 <5Z6Lt~1> =g 9 (m% _m2

cr

12

2
loop

A +log + finite terms| . (4.47)

Since the latter has been renormalized in the on-shell scheme, it includes, as the
vertex corrections before, 'finite terms’, which do not depend on log i, Inserting
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Eqgs. (4.39),(4.44),(4.45) and (4.47) in Eq. (4.29), the right-chiral part of the FCNC

counterterm is then given by

2 2 2 2

4+ A m: + A

gOF, =igF |A — 2 log 5 + 2“ 5 log ’l; + finite terms
mfl - mCL MMFV mfl - mEL loop

(1.48)
Adding Eq. (4.41) to Eq. (4.48) we arrive at the following final result for the form
factors, that contribute to Eq. (4.23):

7 Zho| (Vi Vi mi cos 6,
Fr = 2y O + ==
IER = Tor \f{ anfw =+ 2]( oM2 o2 )
mg, — I
; log [ = | + finite terms (4.49)
{ - mloop
gF, = 0. (4.50)

Finally, the stop decay width in terms of the form factor in Eq. (4.49) is given by

- 9°mi mh’
L(t — cxy) = 167T1 (1 — m{) |Fr|? . (4.51)
On the one hand the form factor introduces a suppression by the CKM matrix
elements Vg, Vi, but on the other hand the logarithm, depending on the scale of
MFV, can become very large. The finite terms, which do not depend on log 13,
are then only subleading. Furthermore, as will be shown in the next section, the
decay can gain importance in certain regions of parameter space.

If the finite terms in Eq. (4.49) are dropped, the approximate result given by Hikasa
and Kobayashi in Ref. [18] should be reproduced. In fact, for m. = 0 we can rewrite
parts of the numerator in the second line of the form factor of Eq. (4.49)

m2, —py+ci(My, (tan® B—1)+ M} tan3) = Méd+M§L+éMé sin? Oy cos 23, (4.52)
where My, denotes the mass parameter of the Higgs doublet Hy, which couples
to down-type fermions. With this relation and by setting the MFV scale equal
to the Planck scale, pyry = Mp, choosing My, as generic loop particle mass and
neglecting the finite terms, the form factor in Eq. (4.49) reproduces the approximate
result Fg/K of Ref. [18]:

) Z o V.im? 0 1
gFg/K = 6 T2 29 \/_ —tanew E} (Vthbmb — t) ( 2 2 > X

2 coq2 —
2 2My, cos? m; —mg,

M2
[Mz?[d + MQZL + Ag + MBZR + my Ap tan ;] log (M2 ) . (4.53)
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In the full one-loop calculation of the decay width in Eq. (4.51) the finite terms are
included. Thus, the relevance of these contributions can be checked by comparison
with the approximate decay width T'#/% calculated with the form factor F 5 /K.

2. m2, 2
THIK(F, —yoi0) = L (| X2 pH/K 2 454
( 1 ch) 167T mtgl | R ‘ ( )

This comparison will be discussed in detail in the following section.

4.4 Numerical Analysis

For the numerical analysis of the £, — c¢{? decay the framework has to be chosen
such, that MFV is ensured at a scale yt = pppy. This is the case, when all soft
SUSY breaking parameters are flavor-diagonal at this single scale. In particular,
a common mass parameter Mz, for the soft SUSY breaking masses of the SU(2)
doublet has to be introduced, in order to make sure that the mass matrices for the
up- and down-type squarks can be flavor diagonalized simultaneously. A framework
which guarantees this is the mSUGRA model [27-30], where a hidden sector of
spontaneous SUSY breaking terms is coupled to the MSSM only through flavor-
blind gravitational-strength interactions. It is defined in terms of a small number of
parameters at the GUT scale Mgyr, which is identified with the MFV scale in the
fOHOWiDgi UMFYV = MGUT'

The scenarios have been chosen such, that they lead to a #; NLSP and a ¢ LSP.
Then the decay channels £, — bYW and ¢, — tx! are kinematically forbidden.
When the mass difference between the #; and ¥! is small enough, the FCNC decay

t — cx) ~ |Vi|? = |0.04)? (4.55)

is dominating since the other possible decay modes are either suppressed by even
smaller CKM matrix elements

t — uy? ~ [Vip|? = 0.004/? (4.56)
or due to limited phase space for the four-body decay
t— Xff . (4.57)

The mass spectra and mixing angles have been calculated with the spectrum calcu-
lator SPheno [83, 84] and compared to SOFTSUSY [85]. Both codes include the option
to perform two-loop RGE running with and without the inclusion of flavor violation
and both support the SUSY Les Houches accord [86, 87]. Within this accord the
gauge and Yukawa couplings as well as the soft SUSY breaking mass parameters and
trilinear couplings are returned as running parameters in dimensional reduction at
a scale (), which has been chosen to be the scale of electroweak symmetry breaking
(EWSB). As mentioned before, it has been verified that the calculation of the decay
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width leads to the same result if dimensional reduction instead of dimensional regu-
larization is applied. Consequently, the running parameters in dimensional reduction
can be used. The mixing matrix elements and the SUSY particle pole masses have
been taken at the scale of EWSB as well. The SM parameters have been chosen as

My = 91.187 GeV

a;MS(My) = 127.934

M (M) = 0.118

myS(my) = 4.25 GeV
MP® = 173.3 GeV
mPl = 1.777 GeV
Vis| = 0.999
V| = 0.041 . (4.58)

Apart from checking the importance of the finite terms in the exact one-loop calcu-
lation presented in the previous section for the decay widths and branching ratios,
resummation effects due to the RG evolution from the GUT scale down to the EWSB
scale are analyzed in the following section. The latter enter this analysis since the
logarithm log 113,y /i, i the result of the one-loop calculation (Eq. (4.49)) can
become very large for vy = Mgur. In order to get a reliable result, the large loga-
rithm must be resummed. The resummation is provided by the solution of the RGE
for the quark and squark mixing matrices. The RG evolution of the corresponding
soft-breaking terms generates small flavor off-diagonal entries in the squark mixing
matrix W, which give rise to an FCNC tree level decay. In this "flavor violating®
case, denoted by FV in the following no flavor-eigenstates exist any more. However,
the lightest up-type squark state @; can be identified to correspond to ¢;. This is
possible since both are required to be the lightest up-type squark and the flavor vi-
olating effects introduced through RG evolution are small. The form factor F" of
the FCNC tree level decay is given by the right-handed part of the FCNC @ —c— !
coupling?,
Vo Z11 Z12\

FEV = —iv?2 (?tw + 7) (W) » (4.59)
with the squark mixing matrix W, defined in Eq. (4.11). This leads to the partial
decay width

- meﬂl

V(i — cx?) = T (1 -

m3, R ‘

which will also be compared to the decay width of the exact one-loop result. Fur-
thermore, the behavior of the different form factors and decay widths is studied for
decreasing scales of MF'V. All numerical results stated in the following have been ob-

tained with the program SUSY-HIT [88, 89], where the formula for the loop-induced
flavor changing stop decay has been implemented and will be available with a future

2The left-handed part is negligibly small for m, = 0.
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release. Actually, two independent implementations have been developed by the
authors of [72] in order to provide a cross check for the results.

Analysis for ey ~ 10'° GeV

The analysis is accomplished for two different mSUGRA scenarios with soft-breaking
terms at the GUT scale Mgy ~ 2.3 - 10'% GeV, which is identified with the MFV
scale. The boundary conditions at pppy = Mgyt are

(1) Mo = 200 GeV Ml/g = 230 GeV A() = —920 GeV
tan g = 10 sign =4
B gn(pn) (4.61)
(2) My =200 GeV Mo =230 GeV Ay = —895 GeV
tan 8 = 10 sign(uy) = + .

The masses are obtained by RGE evolution from the GUT scale down to the elec-
troweak scale. The running is performed at two-loop order without the inclusion of
explicit flavor violation in the squark sector. The most relevant masses are

(1) my, =104 GeV mygo =92 GeV myy =175 GeV
(2) my, =130 GeV myo =92 GeV myy =175 GeV .

(4.62)

The second scenario has a larger mj, — myo difference compared to scenario (1),

whereas the mass difference between #; and the lightest chargino i is smaller.
Since the four-body decays are dominated by a chargino exchange diagram [90], in
scenario (2) the four-body decays should be more important leading to a smaller
branching ratio of the loop-induced flavor changing decay.

For these scenarios the partial stop decay width into charm and neutralino, calcu-
lated with the exact one-loop formula, is compared to the approximate result by [18].
For the latter, we take My, as generic loop particle mass, c¢f. Eq. (4.53). The widths
and form factors are given in Table 4.1. Note, that as anticipated the partial width
in the first scenario is ~ 6 times smaller than in the second scenario due the smaller

By —ex? | TVleop[GeV] | THAK[GeV] || [FEP |F/¥]
Scenario (1) | 9.322 - 10710 1 1.004 - 107 || 1.486 - 10~* | 1.542 - 104
Scenario (2) | 5.862 - 107 16.446-1072 |/ 1.460-10~* | 1.531 - 104

Table 4.1: The partial widths and form factors for the decay #; — X! in scenario
(1) and (2), calculated with the exact one-loop formula, (I'"°P, Fi'°P) and with

the approximate formula of Ref. [18], (IV/K F} /5y,
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branching ratio

BR(El — )2(1)6)

BR(f1 — X{bf f')

Scenario (1)

0.9944

0.0056

4.587-107°

Scenario (2)

0.9443

0.0053

0.0504

Table 4.2: The £, branching ratios for different final states for scenario (1) and (2).

mg — Mg difference and hence reduced phase space. The exact and approximate
decay width differ in both scenarios by O(10)%. In fact, the finite terms extracted
from the one-loop formula turn out to contribute with ~ 3 — 5% to Fr, Eq. (4.49).
This difference translates into the 10% effect in the decay width.

For the calculation of the branching ratios, also the partial width for the ¢; decay
into an u-quark and neutralino, £, — ux?, as well as the four-body decay width
are needed. The former is suppressed by two orders of magnitude compared to the
cx? final state due to the small CKM matrix element |V,;| ~ 0.004 which enters
quadratically in the decay width. The branching ratios are listed in Table 4.2. As
expected, the stop four-body decay is more important in scenario (2) leading to a
change of the branching ratio of interest, BR(#; — YJc), at the few per-cent level.
The difference in the branching ratio BR(#; — cXV) calculated in the exact and
approximate approach is negligible, however.

As stated before, the large logarithms in the one-loop decay formula should be
resummed. To get an estimate of the importance of the resummation effects, the
loop-induced decay is compared to the FCNC tree level stop decay into charm and
neutralino with flavor off-diagonal elements in the squark mixing matrix. The input
parameters for the FCNC tree level decay formula in Eq. (4.60) are obtained with the
spectrum calculator SPheno [83, 84]. The scenarios in Eq. (4.61) have been chosen
such that in the case of FCNC transitions at tree level the mass of the lightest up-
type squark state @; corresponds roughly to the mass of the light stop ;. The \°
and Y| masses are almost unchanged.

The form factors and partial widths are shown in Table 4.3. As can be inferred from
the table, there is a factor ~ 4.4 between the right-handed form factor calculated

| F5 0P| |FEV] reor [GeV] | TFY [GeV]
Scenario (1) | 1.486 - 10~ | 3.361- 1075 | 9.322- 1071 | 4.766 - 10~
Scenario (2) | 1.460-107* | 3.306 - 107° | 5.862-1072 | 3.006 - 10~1°

Table 4.3: The right-handed form factors and partial decay widths of the lightest
up-type squark into charm and neutralino for loop-induced (1-loop) and the FCNC
tree level decay (FV).
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Scenario (2) | BR(f; — x%¢) | BR(f; — Xu) | BR(t; — X%ff)
Exact 1-loop 0.9443 0.0053 0.0504

BR(@; — XV¢) | BR(@i; — %) | BR(t; — ¥bf f')
FCNC TL 0.4884 0.0032 0.5084

Table 4.4:  The #, branching ratios for the loop-induced (Exact 1-loop) and the
FCNC tree level decay (FCNC TL).

at the one-loop level and the one derived from RG evolution including FCNC at
tree level. As expected, resummation effects turn out to be important for a large
scale pyvpy = Mgur®. The partial widths, which depend quadratically on the right-
handed form factor, differ by a factor ~ 20.

For comparison the calculation has been performed with the decay spectra and mix-
ing angles evaluated by SOFTSUSY. The squark mixing matrix elements agree within
1072 accuracy with the results of SPheno. The mixing matrix element (W)a,e,
which enters in the form factor F" Eq. (4.59), is O(107*) and differs in the two
spectrum calculators, as the two codes implement the one-loop corrections to the
squark mass matrices differently. SOFTSUSY corrects only the flavor-diagonal entries
of the squark mass matrices, while SPheno implements a full one-loop calculation,
so that differences in the flavor off-diagonal entries are to be expected [92]. For the
SOFTSUSY parameter values, this results in a ratio between loop-induced decay and
FCNC tree level decay of ~ 2.7 for the two scenarios, compared to the ratio ~ 4.4
found with the SPheno parameter values. All in all, the results with both spectrum
calculators show the importance of the resummation effects.

The consequences of these resummation effects on the ¢; branching ratio into the
charm plus neutralino final state are of phenomenological interest. To quantify this,
the partial decay width for the decay into the up-quark and the lightest neutralino,
as well as the four-body stop decay width, calculated with FCNC tree level cou-
plings, are needed. The decay width into the up-quark can be determined from
the corresponding resummed flavor off-diagonal matrix element Walw. However,
the calculation for the competing four-body stop decay width including tree level
FCNC couplings is not available at present. But the additional FCNC contribu-
tions are expected to be small due to the suppression by CKM matrix elements,
so the existing calculation is used for the following comparison of branching ratios.
This means, that the decay width of the four-body decay is supposed to remain
unchanged for the calculation of the branching ratios with and without FCNC tree
level couplings. The results are presented in Table 4.4 for scenario (2). The resum-
mation effects, which have already been shown to reduce the partial decay width

3This result is in agreement with the discussion in Ref. [91] where resummation effects in the
coupling #; — ¢ — x¥¥ have been found to be large.
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of the decay £, — cx! by a factor ~ 20, can lead to a significant decrease of the
corresponding branching ratio by a factor of ~ 0.5. This is the case as long as
the partial decay width of the four-body decay (I'3) is not too small and cannot be
neglected compared to the loop-induced decay width of #; — ¢x? (I';). This is true
for scenario (2):

I'y

[y 4+ Ty + 1
I, B
[y 4+ 200y + 20

BR(gl — )ZEI)C) =

BR(ii; — ) . (4.63)

Here, Ty is the decay-width of #; — ux?. On the contrary, in scenario (1) the four-
body decay is suppressed due to phase space and consequently the branching ratios
remain almost unchanged in the case with and without FCNC tree level couplings.
The branching ratio of the decay into the up-quark final state is always suppressed
by two orders of magnitude. The drastically reduced branching ratio of ; — Y
or u; — XJu, respectively, is no longer in any agreement with the assumption of
the branching ratio BR(t; — X}¢) = 1, which has been used in phenomenological
analyses [67-69] as well as experimental searches [36, 37] so far. In summary, in
order to get correct predictions for the flavor changing light stop decay for large
scales of MFV, resummation effects have to be included. To further improve on
this decay, the next step would be the calculation of the full one-loop corrections
to the FCNC tree level stop decay including the off-diagonal squark mixing matrix
elements from RGE evolution in the whole calculation.

Analysis for pypv < Mgur

In the previous section the importance of resummation effects has been discussed.
With decreasing pypy and hence smaller log p2imy, the non-resummed one-loop
result should approach the resummed FCNC tree level result. Furthermore, the
approximate formula of Ref. [18], which is a good approximation of the exact
one-loop result for large scales, is expected to be worse with decreasing MFV
scale. In order to verify this behavior, scenarios with different pypy varied be-
tween 103 GeV < puypy < 10'° GeV have been chosen. The soft SUSY breaking
input parameters in each scenario are adjusted such, that the masses for £; and Y°
remain almost unchanged. Consequently, the differences in the partial decay widths
will not be due to phase space effects. The scenarios are constrained by the require-
ment that #; is the NLSP and ¢! is the LSP, so that the decay ¢, — cx! dominates.
The relevant particle masses for the different scenarios vary within

mi, =105...116GeV  and  myo = 92...104GeV , (4.64)

with the #; — ¥ mass difference ranging between

mi, —meo =9...15GeV . (4.65)

1 X1
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Figure 4.4: Ratio between the right-handed form factor of the MFV loop decay
Fy ' and the form factor of the FV tree level decay FEV (red/full) and ratio

between the MFV loop-decay form factor and the approximate form factor F ]g /K
(green/dashed) as function of the MFV scale pypy.

The various scenarios have not been required to fulfill Dark Matter constraints
and/or constraints from electroweak precision data. The main emphasis has been to
achieve approximately constant masses for the NLSP and LSP. In Fig. 4.4 the ratio
of the non-resummed right-handed form factor Fjy'°® in the loop-induced decay to
FEV in the FCNC tree level decay as well as the ratio of Fjy"°° to the approximate
form factor Fg /X as a function of the MFV scale are shown.! The values at the
highest scale of MFV depicted in this plot coincide with the results discussed in
the previous section. In this scenario the non-resummed one-loop result and the
resummed FCNC tree level result differ by the factor ~ 4.4. As expected, these two
results approach each other with decreasing scales of MFV, since the resummation
effects become less relevant. On the other hand, the approximate one-loop result
reproduces the exact one-loop result down to low scales. Starting from gy = 10°
GeV the finite terms become relevant. At pypy = 10° GeV neglecting the finite
terms in F' g/ ¥ leads to a factor ~ 2 between the approximate and the exact one-
loop form factor.

Figure 4.5 shows the partial widths as functions of vy for the approximate, for the
exact one-loop decay and for the FCNC tree level resummed decay. In accordance
with the behavior of the right-handed form factors, at high scales the exact one-loop
and the approximate result agree up to the effect of the non-logarithmic terms on
the partial width, which is at the 10% level. The one-loop and the resummed tree

4Note that the line connecting the different points uniquely serves to guide the eye.
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Figure 4.5: Partial decay width I'(f; — cx!) calculated assuming MFV, T'1=loop
(red/full), calculated with the approximate formula, '/ (blue/dotted), and cal-
culated at tree level including FV, TV (green/dashed), as function of pypy.

level decay agree at low scales where the resummation effects of the large logarithms
can be neglected, whereas the deviations are large for high scales. An interesting
feature is the size of the decay width. It does not only depend on the size of the
logarithm, but also on the coefficient of the logarithmic term, which is given in
terms of the soft SUSY breaking parameters, particle masses and mixing angles,
cf. Egs. (4.46) and (4.49). As explained above, for each value of the scale pnpy
a different set of boundary conditions My, m1 /2, Ao, tan 3, sign(p) has been chosen
such that the ¢, and ¥ masses remain approximately unchanged. This leads to a
different coefficient of the logarithmic term for each pypy. For puypy = 1012 GeV,
for example, the parameter set and resulting masses and mixing angles are such that
the coefficient becomes rather small, so that the partial width is less than 1072 GeV.
However, due to the large value of pypy the logarithmic contribution still dominates
over the finite terms, so that there is good agreement between the exact one-loop
and approximate result. For small values of puypy the partial width can be as large
as a few 107! GeV since the factor, which multiplies the logarithm, turns out to be
large for the chosen parameter set.

As mentioned in the introduction F'V couplings can be tested by means of this stop
decay [70, 71]. Small decay widths of less than 107'* GeV, which is the case for
certain parameter sets especially when taking resummation effects into account, lead
to stop life times in the range of picoseconds and therefore to stops which hadronize
before they decay. This raises the possibility of observing a secondary vertex. The
suppression needed for a secondary vertex is unique to MFV models. Thus, observing
such a vertex would already be a strong support to the MFV principle. After
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the decomposition of the neutralino into higgsino and gaugino and the left-right
decomposition of the stop is known, measuring the stop lifetime could even provide
information on the size of flavor changing couplings.

4.5 Conclusion and Outlook

In this part of the thesis the complete calculation of the loop-induced FCNC de-
cay t; — cx! in the framework of MFV has been presented. The so-called finite
terms, which do not depend on the logarithm of the scale pypyv, where the MEV
principle holds, and which have been neglected in a previous work by Hikasa and
Kobayashi have been taken into account. The full renormalization program includ-
ing a gauge-independent renormalization of the quark and squark mixing matrices
has been accomplished.

The loop-induced decay has been compared to the approximate result derived earlier
by Hikasa and Kobayashi. It has been found that these finite terms contribute to the
partial width with about 10%. The approximation becomes worse with decreasing
scales of MF'V, since in the calculation by Hikasa and Kobayashi the scale, at which
the FCNC tree level coupling vanishes, has been fixed to the Planck scale.

The exact one-loop result, and also the approximate formula, however, do not re-
sum the large logarithms. The resummation is done by solving the renormalization
group equations. Since MFV is not RG-invariant, flavor changing off-diagonal ele-
ments are induced in the squark mixing matrices which lead to FCNC couplings
at tree level. The resulting FCNC decay at tree level can be compared to the ef-
fective loop-induced coupling. The resummation effects turn out to be important
for large scales of MF'V. The exact one-loop result and the formula by Hikasa and
Kobayashi only give an approximate value of the light stop decay width into charm
and neutralino when large scales pypy are assumed. Depending on the scenario,
the branching ratios of the stop can be affected drastically, leading to a significant
deviation from the value BR(f; — cX?) = 1, which has been used so far in all
phenomenological studies and experimental analyses. The reason for this is that
in the corresponding scenario resummation effects have reduced the decay width of
t1 — cX? by a factor ~ 20. The search for scalar top quark partners is currently
of great phenomenological interest. Since these results can change the assumptions
made so far, resummation effects should be taken into account in future analyses,
when models with SUSY breaking at high scales are investigated.

The next important step to further improve the prediction for the phenomenolo-
gically important light stop decay will be the full calculation of the one-loop cor-
rections to the FCNC tree level decay with resummation effects, including the full
flavor structure and the relevant QCD corrections.



Chapter 5

Squark Pair Production at NLO

5.1 Introduction

The search for SUSY particles is one of the major experimental endeavors of high-
energy physics at the moment. In the MSSM with conserved R-parity SUSY particles
can only be produced in pairs. Since the pair production of squarks and gluinos pro-
ceeds via the strong interaction, these channels have typically the largest production
cross sections of all SUSY particles. The search for SUSY particles and the determi-
nation of their properties at the LHC is based on the analysis of the cascade decay
chains in which SUSY particles are produced. On the one hand the shapes of dis-
tributions are widely used for phenomenological studies, e.g. for spin determination
of SUSY particles by using lepton charge asymmetry [93] or the discrimination of
different BSM models [94]. Experimental analyses exploit the kinematic endpoints
of mass distributions to determine masses and combinations of masses of the SUSY
particles in the decay chains. On the other hand calculations of higher-order correc-
tions have been shown to have a sizable impact on the shape of the distributions,
especially near kinematic edges [95]. In this context precise theoretical predictions
are crucial for a proper understanding of the distributions, for setting accurate ex-
clusion limits and, in case of a discovery, for the determination of the properties of
the new particles.

First LO cross section predictions for pair production of strongly interacting SUSY
particles in hadron collisions have been calculated some time ago [96-99]. The
calculation of the NLO SUSY QCD corrections has been performed in [20, 100-102]
assuming all squarks to be degenerate in mass (except for stop pair production, where
all squarks apart from the stop have been assumed to be degenerate in mass). The
NLO corrections have been found to be positive and in general large, between 5%
and 90% depending on the process and parameters. Not only the large corrections,
but also the reduction of the dependence of the total production cross section on the
unphysical factorization and renormalization scales to typically 20% to 30% makes
the inclusion of the NLO corrections inevitable in phenomenological studies. In the
past years a lot of effort has been put in calculating results beyond NLO, taking
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into account resummation and threshold effects [103—111]. These corrections can
increase the inclusive cross section by 2% to 10% and lead to a further reduction of
the scale uncertainty. Furthermore, electroweak contributions have been considered
at LO [112, 113] and at NLO [114-120]. These corrections can be sizable but strongly
depend on the model parameters and the flavor and chirality of the produced squarks.

The LO cross sections and NLO corrections in SUSY QCD can be calculated with the
publicly available computer program Prospino2 [121]. Since the program is based
on the calculations in [20] the NLO corrections can only be evaluated for degenerate
squark masses. Furthermore, these corrections are implemented such, that the var-
ious subchannels, characterized by different flavor and chirality combinations, are
always summed up. Results for individual subchannels can be returned, but these
are obtained by scaling the exactly calculated LO cross section for the subchannel
with the ratio of the total NLO cross section and the total LO cross section, the
so-called K-factor. This approach is based on the assumption that the K-factors do
not vary in the different subchannels. Along with the NLO corrections to the total
cross section also differential distributions in transverse momentum and rapidity at
NLO for the produced SUSY particles have been presented in [20]. It has been
found that in these distributions, for the scenarios considered, the NLO corrections
have hardly any other effect than scaling the LO distribution by the global K-factor.
Based on these results it has been assumed that differential K-factors are flat.

Within this part of the thesis the calculation of squark pair production for squarks
of the first two generations at NLO in SUSY QCD without any assumptions on the
squark masses is presented. All subchannels are treated individually and the results
are implemented in a parton-level Monte-Carlo program, which allows to calculate
arbitrary distributions at NLO. As first examples of possible applications of this
Monte-Carlo program two problems are addressed. First, it is investigated whether
the assumption that the K-factor is constant in the various subchannels is correct.
Moreover, it is analyzed whether the differential K-factors are flat in further scena-
rios and distributions than the ones presented in [20]. The squark pair production is
understood as the first step towards the calculation and implementation of all squark
and gluino production channels at NLO in a fully flexible partonic Monte-Carlo pro-
gram. Anticipating to include SUSY QCD corrections also in the decay stages of
the produced particles, squark-squark production constitutes an excellent channel
for setting up the framework for this project. Since squarks are scalar particles, no
spin correlations have to be taken into account when decays of the squarks are added.
Additionally, as illustrated in [19], squark pair production is the dominant channel
in the higher mass region for squarks and gluinos, which is probed in the current
and upcoming searches at LHC. Recently, a calculation of squark pair production
with a subsequent decay of each squark into a quark and the lightest neutralino
with NLO corrections in production and decay has been published [122]. However,
since the methods used to handle and cancel the soft and collinear divergencies in
the virtual and real corrections are different - the calculation presented here applies
the Catani-Seymour subtraction formalism whereas in [122] phase space slicing has
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Figure 5.1: Feynman diagrams contributing to LO squark pair production via ¢
channel (a) or u-channel (b) exchange of a gluino. The latter does not contribute to
the production of differently flavored squarks.

been used - both calculations are completely independent and can be exploited for
additional cross checks of the phenomenologically important results they provide.

This chapter of the thesis is organized as follows: In Section 5.2 squark pair pro-
duction at LO is discussed, the notation is set and four different categories of sub-
channels are introduced. Section 5.3 is devoted to the presentation of the virtual
corrections and the explanation of the renormalization program. The real emission
matrix elements and the different contributions to the subtraction counterterm of
the Catani-Seymour dipole formalism introduced in Chapter 3.3 are described in de-
tail in Section 5.4. The following Section 5.5 contains the integrated dipoles which
are needed to cancel the IR divergencies in the virtual contributions. Finally, the
numerical results are presented in Section 5.6. All tests and comparisons which
have been made to validate the code are discussed in detail. The calculation and
its results are summarized in Section 5.7, where also an outlook on planned related
projects is given.

5.2 Squark Pair Production at LO

In order to set the notation and introduce the chirality and flavor structure of the
squark pair production process it is useful to discuss the LO process. The momenta
of the initial state quarks with flavor indices ¢ and j are always denoted by p, and
py, while the momenta of the final state squarks are k; and ks:

¢'(pa) + @ () = Gy p(kr) + @ p(ks) - (5.1)

The Feynman diagrams contributing to this process are depicted in Fig. 5.1. The
set of Lorentz-invariant, kinematical variables used for the description of the process
is given by

s = (pat+m)’ = (k1 + ks)? (5.2)
= (kl - pa)2 = (/fz - Pb)2 (53)
u = (ki —pb)2 = (k2 —pa)2 . (5.4)

The charge conjugated process is not listed explicitly, but will be considered in the
calculations of the hadronic cross section and distributions. Since we take only



48 5. Squark Pair Production at NLO

squarks of the first two generations (ﬁ,d, ¢,5) into account in the final state, the
quarks in the initial state are assumed to be massless. The amplitudes depend on
the flavors and chiralities of the particles and can be categorized into four different
subchannels.

e Same chirality, same flavor
The matrix element squared, averaged over initial state colors and spins and
summed over final state colors reads for pair produced squarks of same chirality
and same flavor

2

T 2 1 1 2 1
4.2
|Mq1qz*>qzqz s

T G mIE  w—mlE 3 (- md)u—ml)

(5.5)
Since in this case the squarks in the final state are identical an additional
statistical factor of 1/2 has to be added on the right side of this equation.

—34.9%

e Different chirality, same flavor
For squarks of different chiralities but same flavors and in the limit of vanishing
quark masses no interference term between the u- and t-channel arises in the
corresponding matrix element squared:

3 1 . tu — mgi mgi tu — m?f mz
i | = —— & LR L R 5.6
Mowsian| =1 9 o | Tt —m2)y (u—m2)? (5:6)

e Same chirality, different flavor
In case the two squarks in the final state have different flavors, no u-channel
exchange diagram is possible any more, since all couplings are assumed to be
flavor conserving. Therefore, for different flavors and same chiralities of the
squarks the matrix element squared is

2_L 42 S
| =19 8¢5 m; [—(t—mg)Q} . (5.7)

|Mq"qj—>ditij

e Different chirality, different flavor
For different flavors and different chiralities the matrix element yields

2 1 tu—m?jzma
= — 8¢t | —— | . (5.8)

4-9 (t —m2)?

]M

¢'qI =G Gp

In order to obtain the hadronic cross section the squared matrix element has to be
integrated over the 2-particle phase space, multiplied by a flux factor and folded
with the PDFs as described in Section 3.1.
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Figure 5.2: Generic Feynman diagrams for virtual corrections like quark (a), squark
(b), gluino (c) self energies, vertex corrections (d) and box diagrams (e).

5.3 The Virtual Corrections

The virtual SUSY QCD corrections to squark pair production include gluino, quark
and squark self energies, vertex corrections and box diagrams. Generic Feynman
diagrams for these corrections are depicted in Fig. 5.2. Of course, also the lower
quark and squark lines are affected by the self energy contributions, as well as the
lower quark-squark-gluino vertex receives vertex corrections. The individual Feyn-
man diagrams contributing to the quark, squark and gluino self energies, the vertex
correction diagrams and the box diagrams are listed in Fig. 5.3. It is important to
point out that the diagrams in the last line of this figure do not contribute when
both squarks have different flavors. Note that from now on the chirality index is
suppressed.

The loop diagrams in the self energies and vertex corrections contain momentum
integrals which diverge due to contributions from large momenta. Though these
divergencies cancel in the final result after renormalization, it is necessary to in-
troduce a regularization prescription to be able to handle those UV divergencies.
Dimensional regularization [51] is a convenient regularization scheme because it re-
spects all gauge symmetries. By lowering the number of space-time dimensions over
which one integrates to D = 4 — 2¢, the UV divergencies appear as poles in €. But
dimensional regularization breaks SUSY because it introduces a mismatch between
fermionic and bosonic degrees of freedom. In this scheme all 4-vectors including
vector fields are continued to D space time dimensions. That means that the gluon
represented by a massless gauge field has D — 2 degrees of freedom while its super-
partner, the gluino, represented by a Majorana spinor field has only 2 degrees of
freedom. Since the matching of fermionic and bosonic degrees of freedom follows
from the SUSY algebra, SUSY is broken by this mismatch. The invariance under
SUSY transformations enforces the strong gauge coupling g, and the SUSY Yukawa
coupling g, to be equal in all orders of perturbation theory. At one-loop level, when
calculating in dimensional regularization, this relation is violated and needs to be
restored by adding a finite counterterm. This counterterm can be determined by
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Figure 5.3: Feynman diagrams contributing to quark (a), squark (b) and gluino (c)
self energies, vertex corrections (d) and box diagrams (e). The box diagrams in the
last line don not contribute when both squarks have different flavors.



5.3. The Virtual Corrections 51

comparing the effective vertices in the SUSY limit at small momentum transfer.
SUSY can be restored by adding this counterterm to the Yukawa coupling [20]
Qs

). (5.9)

An alternative renormalization scheme is dimensional reduction [75, 76]. In this
scheme no mismatch between bosonic and fermionic degrees of freedom is introduced
and SUSY is preserved. As a result both couplings are identical order by order. The
transition between these two schemes is well known and involves a finite shift [123].
In the following we use the dimensional regularization scheme supplemented by the
finite shift of the Yukawa coupling in Eq. (5.9). On the one hand SUSY is preserved
by this procedure and the definition of the strong gauge coupling corresponds to the
usual SM measurements [74] on the other hand.

gs = gs(l +

In squark pair production the UV divergencies in the virtual corrections can be
absorbed by introducing renormalization constants for the non-vanishing squark
and gluino masses

mg © = m?i + 5m§ (5.10)
méo) = mgz+dmy , (5.11)
the quark, squark and gluino fields
0 _ 1 1 S 7GLR
dLr = + 5 Z qr,R (5.12)
(0) L) 5
¢V = [1+ 5 079 ¢ (5.13)
5(0) AN
g9 = (1+5027) g (5.14)
and the coupling constant
ggo) = gs +09s - (5.15)

The renormalization constants are fixed by renormalization conditions. For the mass
and the field renormalization constants we choose on-shell renormalization conditions
as introduced explicitly in Chapter 3.2. By inserting the renormalized self energies
into these conditions it is possible to calculate the renormalization constants from
the unrenormalized quark, squark and gluino self energies. The self energy of the
squarks is denoted by E‘gj (p?), the structure of the quark self energy reads here

SEWY) = IR0 Put ¥ S5 (07) Pr+mg, S5 (D) P+ my, SEE(0?) Pr
= PXE0Y) Pt ¥ S50 PR (5.16)

The last two terms in the first line of Eq. (5.16) vanish since we take only the quarks
of the first two generations into account and treat them as massless. The gluino self
energy is according to Eq. (3.9) decomposed to

Sa(0®) = ¥ Eg0") +mg D507 - (5.17)
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With these definitions the renormalization constants introduced in Egs. (5.10)-(5.14)
can be expressed as

gm2 = Re Xf(m2) (5.18)

dmg = mgRe [Sg5(m3) + N (m3)] (5.19)

§ZEHR = —Re nEM(my,) (5.20)

025 = —Re 955 (m2) (5.21)

62° = —Re Sg(m}) —2miRe [0%5(m) +055;(m3)] . (5.22)

where 0% is an abbreviation for the partial derivative of the respective self energy
OX(p?

O%(m?) = ag; )p2:m2 (5.23)

The non-diagonal quark and squark field renormalization constants vanish for quark
masses equal to zero and mixing matrices of the first two generations equal to the
unity matrix.

For the strong coupling renormalization constant we work in the MS-scheme [50],
where only the 1/e-UV poles along with some universal constants are absorbed. It
is determined via the transverse part of the gluon self energy

1 1, —
50 = 507, 0= (—Re 925,(0)) . (5.24)

The longitudinal part of the gluon self energy vanishes due to a Ward identity. The
renormalization constant of the strong coupling is in this scheme

5gVS — _ 258 A g, 2
gs 87T50 s (5 5)

with
A=1/e—~+logdn (5.26)

denoting the pole and constants that have been absorbed. Here, v is the Euler-
Mascheroni constant. The one-loop beta function coefficient 3, in this counterterm
contains contributions from SM as well as SUSY particles. These contribute to the
gluon self energy diagrams and thus to the running of the strong coupling. The
strong coupling depends on the renormalization scale and this scale dependence is
governed to one-loop level by
dgs(Q?)

2495 _ 2
The contributions of the different particles to the one-loop beta function coefficient
are in detail

s (Q?)

o Do (5.27)

By = {11—2-5}4{—2—2—1-12}
3 3 6

= pt + g (5.28)
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The first term in the line above stands for the contribution of the gluon and the
five light quarks, the second one for the contributions of the heavy particles, the
gluino, the top quark and the twelve squarks. However, the experimental value of
oy is given within non-SUSY QCD with only five active quark flavors [74]. In order
to match the experimental value of g the heavy particles are decoupled from the
running of a,. The relation between these two schemes involves the subtraction of
the logarithms of the masses of the heavy particles?

2

m2
SgMSs = §gMS g — =2 [210g 0 log ; + Z log ] Js - (5.29)

112

This technique assures that only the gluon and the five light quarks contribute to
the running of «s:

MS5 2 s 2 2
Q2 dQ(QQ) —S(Q2)aég) [50—1-2—1—5—1-— 12}
_ as(Q°)
= —g:(Q% v 3 (5.30)

This decoupling is not strictly necessary but then the contributions from the heavy
particles have to be taken into account as a relation between the experimental value
and the coupling constant used in the calculation. In order to avoid this the calcu-
lation was worked out including this decoupling.

The code for the LO amplitude and the virtual corrections has been generated with
the Mathematica packages FeynArts [128, 129] and FormCalc [130, 131]. The for-
mer generates and visualizes Feynman diagrams and amplitudes, the latter reads
diagrams generated with FeynArts and calculates tree-level and one-loop Feynman
diagrams. FormCalc writes out a Fortran subroutine to compute the squared matrix
element for a given process. The one-loop integrals in the calculation are evaluated
by the program package LoopTools [130] which is based on an interface to the scalar
one-loop functions of the program FF [132].

FeynArts provides a model file with the Feynman rules of the MSSM. In contrast
to the model file of the SM, in the MSSM model file no counterterms are specified.
These have been added according to the renormalization procedure described above.
It has been checked explicitly that this procedure renders the calculation UV finite
by adding up all contributions proportional to the 1/e poles.

After canceling all UV divergencies by renormalization the IR divergencies are still
left. They will be canceled against the IR divergencies from the real emission dia-
grams by applying the Catani-Seymour subtraction formalism as described in Sec-
tion 3.3.

Decoupling relations for the strong coupling o are known to two-loop order for a degenerate
supersymmetric mass spectrum [124-126] and to three-loop order for several different assumptions
on the masses of the MSSM [127].
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Figure 5.4: Feynman diagrams contributing to real emission matrix elements with
qq initial states and an emitted gluon. Diagrams which lead to soft and collinear
divergencies are depicted in (a) and (b), the diagram in (c) is IR finite.

5.4 The Real Emission and Subtraction Dipoles

The matrix elements of the real emission of one additional parton can be classified
in two different topologies. The first topology contains diagrams with two quarks in
the initial state and the additionally emitted particle being a gluon:

i(pa) qj(po) — Gi(k1) Gj(k2) g(ks) - (5.31)

These diagrams are shown in Fig. 5.4. The second topology comprises diagrams
with a quark and a gluon in the initial state and an emitted, massless antiquark.
These diagrams are depicted in Fig. 5.5. Apart from implementing

9(Pa) 6i(py) = Gi(k1) Gj(k2) Gj(ks) (5.32)

it is important to include for ¢ # j also

9(pa) q;(pv) = Gi(k1) G5 (k2) Gi(ks) (5.33)

in order to account for all possible initial state configurations.

Both topologies for real emission of an antiquark or a gluon comprise diagrams which
lead to IR divergencies. In the diagrams with gq initial states the gluon, being a
massless particle, can be emitted from on-shell external particles, either as being
attached to one of the squarks in the final or to one of the quarks in the initial
state. This configuration is called softly divergent when the energy of the emitted
gluon is too small to be identified experimentally as an isolated jet, i.e. when the
gluon is soft. Additionally, the gluon attached to the two massless propagators of
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()

Figure 5.5: Feynman diagrams contributing to real emission matrix elements with qg
initial states. The diagram in (a) gives rise to collinear singularities. The diagrams in
(b) and (c) are IR finite. The diagrams in (c¢) can contribute to resonant production
of squarks and gluinos.

the quarks in the initial state gives rise to collinear divergencies. These emerge when
the angle between the emitted parton and the emitter parton is too small to separate
these two particles from each other. Collinear divergencies appear only for massless
propagators and are screened by massive emitters. Diagrams with ¢q initial states,
which lead to soft and collinear divergencies, are collected in Fig. 5.4 (a) and (b).
In the diagrams with gg initial states the emitted, massless antiquark can also be
attached to the massless propagators in the initial state, resulting in further collinear
divergencies. The corresponding diagram is shown in Fig. 5.5 (a).

The diagrams in Fig. 5.5 (c) have to be handled with care in parameter regions where
the gluino is heavier than one or both squarks of the final state. In this case, these
diagrams contribute to the resonant production of a squark in association with a
gluino. This resonant production channel basically corresponds to LO squark-gluino
production and a subsequent decay of the on-shell gluino into a squark and an anti-
quark. In order to avoid double-counting these contributions have to be subtracted
consistently from squark-squark production. Although not discussed further in this
thesis, since the relevant parameter regions are not taken into account in the numer-
ical analysis, consistent subtraction procedures exist for different processes in the
literature [20, 133, 134].

Both kinds of divergencies, soft and collinear, are subtracted by the Catani-Seymour
dipoles in the counterterm do* as already sketched in Chapter 3.3. The expressions
for the real emission matrix elements, dipoles and integrated dipoles, which will be
introduced in the next section, have been generated using the SuperAutoDipole
package [135, 136]. SuperAutoDipole itself provides an interface with the program
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MadGraph [137, 138], which automatically provides a code for the squared matrix
elements of the real emission diagrams by calling the HELAS subroutines based on
the helicity amplitude formalism [139].

The dipoles needed to render the real emission matrix elements finite are organized
in pairs of potentially collinear partons with an additional reference to a spectator
parton. For diagrams with two quarks in the initial state this gives rise to twelve
individual dipoles: The emitted gluon can be collinear to the initial state or soft to
the final state particles and in each case any of the other three particles can serve
as spectator parton. For diagrams with a quark and a gluon in the initial state only
three dipoles are necessary: The emitted antiquark can only become collinear to the
initial state gluon while the other three particles can act as the spectator parton,
again. Hence, we have

12 3

doj => DY dojy => DY . (5.34)

i=1 i=1

In the following we discuss the individual dipoles contributing to the counterterms
in Eq. (5.34).

Initial state singularities with initial state spectators

The first category of dipoles covers initial state emitter pairs with another initial
state particle taken to be the spectator. For qq initiated processes with initial and
final momenta assigned as in Eq. (5.31) the first combination reads

’in(pa)g(kS)aqj(pb) — — 1 1 87TO[SCF . |:
2pak3 X3,ab

2

1— X3,ab

— (1 + l’ggab)

° Ma7b<ﬁaapb7 %17 %2)

2
‘ (5.35)
The first line on the right side of Eq. (5.35) consists of the dipole factors which
match the singular behavior of the corresponding real emission matrix element. The
constant C'r = % is a color factor and z3 4, a momentum fraction parameter defined
as
aPb — k3pa — k
Tyap = PaPv 3P 3Py ‘ (5.36)
PaPb

In the second line of Eq. (5.35) |M“’b(ﬁa,pb,ﬁ1,ﬁ2)}2 denotes the color linked Born
amplitude squared (see Eq. (3.19)) evaluated with a set of Born-type kinematics
which is deduced from the 3-particle real emission kinematics according to

ﬁﬁf = T3.ab p/[f ﬁg = Pg (5-37)

and

- 2%hi(K + K 2k K ~

kR ERr
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with .
K'=phi+py =K K"=p+pf . (5.39)

This transformation to the so-called tilde kinematics is performed in such a way
that the momentum of the additional final state parton vanishes. In this special
case the momentum of the spectator p, is kept unchanged whereas apart from the
momentum of the emitter p, the momenta of the final state particles are altered in
order to correctly implement four-momentum conservation in the underlying Born
process

Patpy—ki—ky =0, (5.40)
as well as the on-shell conditions
Pa=1p, =0
k= m2
ky =m} . (5.41)

The expressions in Egs. (5.35)-(5.39) can also be applied without any change to the
initial-initial dipoles D9(Pa)d(ks).ai(p) and PIPa)ai(ks).a;(P) in the processes (5.32) and
(5.33) with a gluon in the initial state.

The gluon in the gq initiated processes can also be emitted by the second parton in
the initial state. Thus a second dipole absorbs the divergencies stemming from this
configuration. It is obtained by a trivial interchange of the initial state momenta

1 1 2
prim  2poks Z3,ab smasCr L — T3,ab — 1+ Tsaw)
MO Dy, Py, K, Fio) . (5.42)
just as the corresponding tilde kinematics
Ph=0k Dy =T3am Dy (5.43)
and 3
Kt =ph+py . (5.44)

Initial state singularities with final state spectators

The second category of dipoles is responsible for initial state singularities with a
final state parton as spectator. The first dipole for the ¢q initiated processes is

1 1 2

i (Pa)g(k3)
~ = — Sra,Cp: | ——— — (1 + 2314
Gi(k1) 2pak‘3 T31,a rastr |:1 — T31,a + us ( a1, )
- 2
. Ma,l(ﬁa» Do, kla k?)‘ (545)
with the parameters x3; , and uz defined as
k1pa + k3pa — kski k3pa
T3lq = U3 = ——— . 5.46
o (k1 + k3)pa ’ (k1 + k3)pa (5.46)
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In this case for the reduced kinematics only the momenta of the emitter and the
spectator are transformed according to

Db = 314 DY fflf =k + k5 — (1 —2314) P - (5.47)

Another possible combination for an initial-final dipole is obtained by choosing the
other squark in the final state as spectator. The expression and the kinematics for
this dipole, Dg;%i;%g *3) “are obtained from the above formulas by an interchange of
the final state momenta k; and ks.

Since in the processes with two quarks in the initial state the gluon can also become

collinear to the second quark in the initial state two more dipoles arise

5 (py)g(ks3) q; (Py)g(ks3)
Dii (k1) and  Dgp,y -

Their expressions and kinematics follow from Eqs. (5.45)-(5.47) by interchanging p,
and p, or k; and ks, respectively.

This category completes potential dipole combinations for the processes with qg
initial states. The dipoles

9(pa)q;(ks) 9(pa)qi(ks)
Gi (k1) ’ and Dfii(kl)

as well as their versions with the second squark chosen to be the spectator

Q(Pa)‘i'(k?)) !](Pa)‘ji(k )
Dk and D

can also be calculated from the formulas listed above by trivial interchanges of mo-
menta.

Final state singularities with initial state spectators

The third category of dipoles renders configurations with final state singularities and
initial state spectators finite. The first out of four possible dipoles is:

2
% (pa) - _ 1 1 8 Cr - ; —9_ E
9(k3)i k1) 2paks w314 S 31,0 — 21 ksky

2

: Ml’ﬂ(ﬁcwpb? i{}l? k2)

(5.48)

The parameters x3;, and Z; in these dipoles are composed of the momenta of the
contributing particles in the following way

I kspa + kipa — kska s Pak1
e (ky + ks)pa YT (ke Rs)pa

The reduced kinematics entering the color linked Born amplitude in Eq. (5.48) in-
volves transformations for the momenta of the spectator and emitter parton

ph = 314 D ff? =k 4+ kY — (1 —231,) DY . (5.50)

Another three dipoles of this category arise by changing the spectator from ¢;(p,)
to ¢;(py) and/or the emitter from §G;(k1) to G;(k2)
)

q; (Pv) qi (Pa q; (Pv)
Dotisary:  Potnatn D Dol k) - (5.51)

(5.49)
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Final state singularities with final state spectators

The last category of dipoles contributes to the cancellation of final state singularities
with reference to a final state spectator. Since only the two final state squarks are
taken into account in this category there are only two dipoles, the first of which
reads

1 2 ’l~}312 Tn2
Diori oy anth) = — 8, C - 2 (o Ma
9(k3)G;s (k1),G; (k2) 21 ks TasUE |:1 — 3 (1 _ y3172) V312 ( + Ky ks

2

' M1’2(pa7pb7 l:;l? ];2)

(5.52)

The parameters which are directly defined by the momenta of the particles in the
process are

. k1 ko and kiks
= n = .
! (k1 + k3)ka Ys1.2 kyks + koks + kiko

For the definition of the relative velocities 03, 2 and vs; 2 we need to introduce the
sum of the four-momenta of the final state particles

QF = Kb+ K + K (5.54)

(5.53)

as well as the rescaled squark masses

Mg mg;

1 = and g = . (5.55)
A% A%
The relative velocity 0312 between l~€1 and 152
~ /\ 17 27 2
Ug12 = % (5.56)
e S
is expressed in terms of the triangular function
MNz,y,2) = 2> +y* + 22 — 22y — 202 — 2y . (5.57)

The relative velocity vs; 2 between ki + ks and ks is a function of ys3; 2 and reads
explicitly

V203 + (1 — g — 3) (1= ysi )] — 4413

(L= pq —p3) (1 —yz12) '
The reduced kinematics for final-final dipoles requires transformations of the final
state momenta

(5.58)

U312 =

- Y312 = 1
Kl =K'+ kY — ——— kY kY = —— kb . 5.59
' ' Po1- Y31,2 2 21— Y31,2 2 ( )

The second dipole in this category
Doy(ks)qi (k). (k) (5.60)

can be straightforwardly calculated from the expressions above by replacing k; by
ks and vice versa.
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5.5 The Integrated Dipoles

Having subtracted the counterterm from the real emission matrix elements the can-
cellation takes place among the virtual corrections

/ dd, [do" + / d®,do?] . (5.61)

With the choice of dipoles as published in [52, 53] and described in the previous
section, the counterterm can be integrated analytically over the one-parton phase
space. This integration yields the so-called I-terms and P K-terms:

/d@ldaA =[doe® @I+ /01 dr [do® @ (P(x, %)+ K(z))] . (5.62)

The I operator contains all IR poles multiplying the Born-level matrix element and
the P and K operators give rise to a finite collinear remainder and involve an
integration over z, the longitudinal momentum fraction after the splitting in the
initial state. In the following subsections these two contributions to the integrated
dipoles are presented in more detail.

5.5.1 I terms

The I-terms are obtained from the LO expression by replacing the LO matrix ele-
ment squared by

meab{ Lyoooymyab | T 1,000 msa,b )map - (5.63)

The insertion operator I depends on the color charges, momenta and masses of the
particles in the initial (a,b) and final (1,...,m ; here: m = 2) state of the process. It
further depends on the 't Hooft scale p# and on the regularization parameter €. The
expansion of the following expressions in € gives rise to terms with 1/¢% and 1/e poles,
which are necessary to cancel the corresponding terms in the virtual corrections:

Im+a+b(pa7pb7 ky,my, k‘27m2) =

(kbml) k27m2) + I (paa klaml7k27m2 + Ib(pb7 klamlv k27m2)

)
i (e () (52 o)
5.64

The contribution to this operator from the integrated final-final dipoles is

as (4 1
Im(k17m17k27m2) = 5 L Z T2 ZTJ ’ Tk

2 T(1 —¢) T =y
L (¢ 2
{T (S k) (Vj(sjkamwmk) - g) + L' (p, my)
7

2
+ylog By 4 K+ O(e )} (5.65)

Sjk
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where the sum runs over possible final state emitter partons (j) and final state
spectators (k). The contribution from final-initial and initial-final dipoles is

Ia(pa7k17m17k27m2> 27T F Z{

1 o 12\ w2
T_ﬁTj T, [Tj (sj_a> (Vj(sjaammo) - g) + T (e, my)
12
+7; log — +y; + KJ}
Sja

1 12\ AT

2
+7, log 5— + e+ Ka] } , (5.66)
aj

with j denoting either a final state emitter or spectator parton.

The color charge operators act on the color space of the Born amplitude and the
same rules as introduced in Egs. (3.19) and (3.20) apply. As a consequence the
same color linked Born amplitudes squared as in the dipoles of the previous section
enter also the calculation of the I-terms. Since the initial state particles in the Born
process are two quarks, the constants v, and K, are always equal to

3 7 2
Yq = §CF ; K, = (5 - %) Cr. (5.67)

The constants v; and K refer to the final state squarks,

2

v =2Cp, K;= (4 - %) Cr . (5.68)

The dependence on the momenta is hidden in the kinematical variable s,, = 2 p,p,,
where p, and p, are the momenta of the 2-particle phase space which are also used
to evaluate the LO production process and the virtual corrections.
The functions I';, which are singular in four dimensions, depend on the flavor of
parton j and on the parton masses, just as the kernels V; and V, which additionally
depend on the momenta. Both functions are listed in Appendix C.

The program SuperAutoDipole [135, 136] generates a Fortran code for the I-terms
as functions of the momenta and masses of the partons. It provides a flag in order
to separately extract the coefficients of the 1/¢* and 1/e poles as well as the finite
parts. In principle the program LoopTools, which has been used to evaluate the
virtual corrections, provides the same feature for the coefficients of the poles of the
loop diagrams. By combining these two tools it is basically possible to compare the
coefficients of the poles for every phase space point during the numerical evaluation
of the process and check whether the cancellation of the divergencies in the virtual
corrections works.
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However, it has to be taken into account that in the code generated by LoopTools
the term
(4m)°

(1 —¢)

1 2
= 1+e¢[logdm—~]+é {g(log2 ) % — - logdn|+0O(e*) (5.69)
has been factored out. In order to achieve agreement between the coefficients of the
poles from the virtual corrections and the I-terms this factor has to be added back
in by hand. This changes the coefficient C'"_; of the 1/e poles and the finite part Cj
of the virtual corrections calculated by the LoopTools software:

1 1
<C_2—2 + 0_1— + C()) X
€ €

1 2
<1+e[log47r—'y]—|—62 {5(10g247r+'y)—7lr—2—'y log47r}) =

2

1
(Co—l—C_l logdm —~] 4+ C_4 {5(10g247r+7 ) — 71r_2 — - log47rD +

1 1
(0_1 + Oy [logdm — 7]) —+C2 . (5.70)

With this modification the cancellation of IR divergencies from the virtual cor-
rections by subtracting the integrated Catani-Seymour dipoles can be carried out
successfully.? Validation and explicit tests of this subtraction procedure will be
discussed in Section 5.6.1.

5.5.2 PK terms

The remaining initial-state collinear divergencies can be reabsorbed into the non-
perturbative PDFs. The finite terms that remain after canceling all IR divergencies
can be calculated by the P and K operators. Their contribution to the partonic
cross section is:

Coll / di[)/dq) Paq(x xpaapbaklak%:uF) +Ka7q( )) ®dafb(xpaapb>klyk2)

/ dx / 0Dy (2) (P, pas apy, K, i 13) + K9(2)) @ Ao, (pas opy, . ko)
(5.71)

At hadron-level the corresponding cross section is obtained by the standard convo-
lution with the PDFs

Ocoll = Z//dl‘adl'b fa .Z'a,,LLF)fb<5Ub,,UF) coll ) (572)

2Furthermore, in some scalar integrals where a UV and an IR pole cancel each other, like e.g.
in the By(0,0,0) function, the pole structure had to be restored by hand in LoorPTooOLs.
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summing over possible initial state partons a and b originating from splittings in the
initial state. In the case of squark pair production where the Born matrix element
has only one initial state configuration, two quarks namely, only two splittings are
possible:

g — qq and q—9q . (5.73)
Therefore the cross section of the finite collinear remainder can be written as sum
of these two contributions

O coll //dmadxb fg(mamuF)fq(*xba,uF) coll
[ [ dadon Syl i) ot (5.74)

It is convenient to absorb the partonic finite collinear terms into modified PDF's and
express the cross section in the compact form

1
. / / dodz, / A% s b )
),

(f(h' (ZL’a, :uF)qu ('rlh /J“F) + fqi(‘rm :uF qj (l‘b, :u%“)) ® |M<paapb7 kb k2>|2
+ (a+b). (5.75)

Here, s denotes the square of the partonic center-of-mass energy and the symbol
® together with | M (pq, py, k1, k2)|2 stands for properly defined convolutions with
the corresponding color linked Born amplitudes squared, already introduced during
the discussion of the subtraction dipoles in Section 5.4 and integrated dipoles in
Section 5.5.1.

The modified PDFs fq are defined as an integral over the longitudinal momentum
fraction after the splitting in the initial state and a sum of contributing initial PDF's,
in this case the quark and gluon PDF's

fe) = 5 [ e (1 (2) - ahia)

+ctnan (%))

5o (D) + Da(ia) fo(da) (5.76)

The index j in the second line denotes one of the squarks in the final state, so that
m; is the mass of this squark. The kinematical variables sgi) and sﬁ) involve the

initial (@) and final (j) state momenta

sgﬁ) — o Pabi and (1)

=2 . .
. DaDj (5.77)
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The derivation of the coefficients A, (z, Z,), As(x, Z,), B(x, Z,), C(x, Z,), D1(Z,) and
Dy(Z,) is rather lengthy and thus presented in detail in Appendix C.

Implementing the finite collinear remainder terms in the numerical evaluation as
part of the 2-particle phase space, as described above, has a drawback. The code
slows down dramatically as for every phase space point an additional integration
over the longitudinal momentum fraction x has to be carried out. To reduce the
computing time it is convenient to perform the integration over the 3-particle phase
space rather than over the 2-particle one with an additional integration over x. The
numerical evaluation can be speeded up by taking advantage of the fact that the
phase space factorizes. The following relation between the 2- and 3-particle phase
space

1
2papb

1 o 1 1—x R
d®3(pa; o, k1, k2, k3) Z/dl’ d®2(pa; po, k’hkz)m/ dv; (5.78)
0 ™ Jo

maps the Born-level phase space into the real emission phase space by utilizing the
reduced kinematics which has already been introduced for the dipoles with initial
state singularities and initial state spectators in Section 5.4. The idea is to consider
the 2-particle phase space kinematics with which the finite collinear terms have been
evaluated so far in this section as the reduced kinematics of the initial-initial dipoles.
Therefore, the longitudinal momentum fraction is in this context defined as

a - ak - k
T = Ty = PaPb — PaR3 — Poi3 (5.79)

DPaDb

transforming the initial state momentum p, to its value in the reduced kinematics
by
Pi= x5 Pl (5.80)

Interpreting the Born kinematics in the first term of Eq. (5.75) as the initial-initial
tilde kinematics, this term reads

. . - - 1
Ocoll,l = //dxadxb /dq)Q(paapb)khk?) 2@« D ’
al’b

~ -~ 2
fqi(jaall%)qu(ﬁb)ﬂ%) & ’M(ﬁa7pbaklak2) . (581)

In order to transform this expression to the 3-particle phase space three steps have
to be performed. First of all, an artificial integration over x has to be introduced for
the Dy and Dy coefficients in the parametrization of the modified PDF in Eq. (5.76)

1 1
- / dr (5.82)

1= 7,

Furthermore an integral over the variable v;, which is not present in the integrand,

has to be inserted .
_x 1
- / i —— | (5.83)
0 11—z
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Finally, the substitution 7, — x x, has to be done, transforming the relevant inte-

grations to
1 1
/dia/ du /dxa/ dx . (5.84)
i T

With these modifications the transformation in Eq. (5.78) can be applied and the
modified PDF becomes

qu)3 pOL?pb?kl?kakS) 167T2
co d ad
Ocoll, 1 / / Todxy poms) (22paps) T2 fo(xp)

{Al(x, r14) (fo(2a) — 2 fo(22,))

m2 m2
+A2(x7 C(][L'a) fq(xa) IOg l—z+ (_1J) - qu(xxa) 1Og (5)
Sia Sia

+B(‘/I;’ xma)fq(xa) + C("’E7 x‘ra)fg(xa)

(Di(az.), Dafoe) fy(en)§ @ MG s o)

T 2

p—— (5.85)

Apart from saving computing time, this factorization of the phase space allows for
consistency checks of the program, since the finite collinear cross section can be
determined either as part of the 2-particle or as part of the 3-particle phase space.
Details concerning this test will be presented in Section 5.6.1.

5.6 Numerical Evaluation

The complete NLO calculation, as described in the previous chapters, has been im-
plemented in a Fortran program in order to perform the phase space integration
and the convolution with the PDFs numerically by means of statistical Monte-Carlo
methods.

The integration routine used for this purpose is MONACO, which is a modified version
of the Fortran subroutine VEGAS [140]. It is part of the Monte Carlo program VBFNLO
[141-143]. The VEGAS algorithm evaluates the integrand N times by mapping ran-
dom numbers z; € [0,1] on the integration variables. The expectation value for the
result of the integral is estimated by the arithmetic average of the evaluations. In
order to reduce the variance for the result a technique called importance-sampling
is used, i.e. more points are sampled into regions where the integrand is large. This
procedure is repeated in subsequent iterations. In the first iteration the integration
domain is split up equally into a rectangular grid of hypercubes with a constant den-
sity of sample points z;. From iteration to iteration the grid subdivision is modified
in order to concentrate more hypercubes, and thus more sample points, in regions
where the integrand is large.

For the convolution with PDFs the CTEQ PDF-sets are used. The LO cross sec-
tion as well as the corresponding differential distributions are evaluated with the
CTEQGL1 PDF-set [144]. The NLO cross section and the NLO distributions, on
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the other hand, are calculated with the latest CTEQ10 NLO PDF-sets [145].

The strong coupling constant oM%3(Q?) is taken from the PDF-sets. For the cal-
culation of the LO cross section the value of a5 (Q?) corresponds to the running
coupling at one-loop order, while in the calculation of the NLO corrections the run-
ning coupling up to two-loop order is needed. The coupling satisfies the following
renormalization group equation

d MS5 2 — -
QQ—asngQ )= 5002 ()~ 0l Q) - . (5.86)
with the one-loop and two-loop coefficients
33—2-5 153 —-19-5
b= ———— d = .
T T12g an ! 24 72 (5.87)

A convenient approximate analytic solution to the RGE in Eq. (5.86) is given to

one-loop order by
1

Q2 \
by log <Aécn>

It is parametrized in terms of the constant Aqcp, an integration constant which
corresponds to the non-perturbative scale of QCD. In Eq. (5.88) it amounts to

al*(Q%) =

(5.88)

AQCD = 165 MeV . (589)

The approximate solution of Eq. (5.86) to two-loop order reads

55 (02 — 1 by log (log(Q*/Abep))
o (@) = bo IOg(Qg/AéCD) [1 b log(QQ/A?QCD) 40
with
Aqep = 226 MeV . (5.91)

An alternative to the use of formulas (5.88) and (5.90) is to solve the RGE in
Eq. (5.86) exactly, numerically [146]. In this case no scale Aqcp has to be intro-
duced but an initial condition o (p)|u=n, = as(Mz) is used to solve the differ-
ential equation. Equation (5.88) leads to as(Myz) = 0.130 and Eq. (5.90) yields
as(Mz) = 0.118.

The factorization scale g is set together with the renormalization scale () in the
virtual corrections to a characteristic energy scale of the squark pair production pro-
cess, which has been chosen to be the average mass ur = ) = myg of all light-flavor
squarks of the SUSY parameter scenario used for the evaluation.

If not stated otherwise, e.g. in comparisons to previous works, a SUSY parame-
ter scenario is investigated which is in agreement with all direct SUSY searches at
the LHC as described in Chapter 2.3.1. Within the framework of mSUGRA the
boundary conditions for the renormalization group running at the GUT scale are
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ur, Cr, t UuR CR to

1796.4 | 1796.4 | 1283.6 | 1756.9 | 1756.9 | 1601.7

g dr, S, by dgp SR by

1598.7 | 1797.9 | 1797.9 | 1581.9 | 1753.1 | 1753.1 | 1742.2

Table 5.1:  Masses of the squarks and gluino given in GeV within “scenario 1”
defined in Eq. (5.92).

given by five parameters. These read for the point chosen here for the analysis of
phenomenological results

Scenario 1: My = 1150 GeV M5 = 690 GeV Ay = 0 GeV (5.92)

tan 8 = 10 sign(p) = +

The renormalization group running and the calculation of physical on-shell particle
masses is done with the spectrum calculator SOFTSUSY [85]. The SM input parame-
ters needed are according to [74]

M, = 91.187 GeV
a MS(0 ) = 127.934

em

myS(m,) = 4.2 GeV

MP® = 173.5 GeV
mPle = 1.777 GeV .

Most relevant for the calculation of squark pair production at NLO are the masses
of the squarks as well as the mass of the gluino. These are listed in Table 5.1. With
the right-handed light-flavor squarks having masses slightly above 1750 GeV and
the left-handed light-flavor squarks of almost 1800 GeV. The renormalization and
factorization scale for this scenario are set to 1776 GeV.

5.6.1 Tests and Comparisons

In order to check the various parts of the implementation of the calculation and
in order to exclude possible error sources, numerous internal tests have been per-
formed. Among these is the check whether the Catani-Seymour dipoles cancel the
real emission contributions in the singular regions, the check whether the I terms of
the integrated dipoles render the correct coefficients of the 1/¢ and 1/€* terms and
the check whether the cross section of the finite collinear remainder coincides in the
implementations as part of the 2-particle and as part of the 3-particle phase space.
To further validate the code these tests have been supplemented, as far as possible,
by a comparison of the results for the LO and NLO cross section to results obtained
with the program Prospino2 [20].
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To confirm the cancellation of the IR divergencies in the real emission matrix ele-
ments by the Catani-Seymour subtraction dipoles, the ratio of the squared real
emission matrix element |M%|? over the sum of the corresponding dipoles is investi-
gated. As the dipoles act as local counterterms, they should cancel the divergencies
in the real emission matrix elements in the singular regions, which are characterized
by small energies of the emitted parton and/or by small angles between massless
partons. The ratio of the real emission matrix element over the sum of dipoles is
shown in Fig. 5.6 for processes with two quarks in the initial state and in Fig. 5.7
for processes with a quark and a gluon in the initial state for about one million
phase space points each. In both figures the ratio is plotted in dependence of the
product of one initial state momentum and the momentum of the emitted parton,
which is a gluon in the gq initiated processes and an antiquark in the gg initiated
processes. For large values far away from the singular region the contributions from
real emissions and dipoles differ, whereas in the soft and collinear regions, i.e. in the
limit p, - p, — 0 and p, - p; — 0, respectively, the subtraction dipoles exactly cancel
the real emission matrix elements resulting in a ratio of one. This is precisely the
expected behavior of the subtraction dipoles.

The I-terms of the integrated dipoles can be written schematically as
1 1
072—2 +C_i—+Cy (5.93)
€ €

where C_y,C'_; and () are process and kinematics dependent coefficients. The
coefficient C'_5 should obey the following simple relation [147]

Cy = %\MBOMF 2 Cp . (5.94)
Figure 5.8 demonstrates that this relation is fulfilled in the calculation at every phase
space point: The ratio of the coefficient C'_5 and the squared Born matrix element
multiplied by the factor 27 /a, always yields the constant 2 Cr = 8/3, independent
of the details of the phase space point they are evaluated at. A similar but more
complicated relation [147] holds for the coefficient of the 1/e term in Eq. (5.93).
During the evaluation of the NLO corrections it is checked explicitly that at every
phase space point the contributions to the coefficients of the poles from the virtual
corrections and I-terms cancel, therefore only the finite parts of both contribute to
the NLO cross section and distributions.

The PK-terms, the finite terms which remain after all IR divergencies have been
canceled, can be determined either as part of the 2-particle or as part of the 3-particle
phase space. In the 2-particle phase space implementation an additional integration
over z, the longitudinal momentum fraction in the initial state, has to be performed.
This slows down the code drastically but can be mended when the 2-particle phase
space with this additional integration is mapped into the 3-particle phase space.
Both implementations should yield the same result for the finite collinear cross sec-
tion. By calculating the cross sections for this part of the calculation with both
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Figure 5.6: Ratio of real emission matrix elements squared and corresponding dipoles
for qq initial states.
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Figure 5.7: Ratio of real emission matrix elements squared and corresponding dipoles
for qg initial states.
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Figure 5.8: Ratio of coefficient of 1/e? poles over the squared Born matrix elements
evaluated at different phase space points characterized by different partonic center-
of-mass energies /s.

methods for different parameter points it can be checked whether the finite collinear
remainders have been implemented consistently. Figure 5.9 shows the ratio of the
finite collinear remainder cross section calculated in the 2-particle phase space and
the one calculated in the 3-particle phase space including error bars. Both contri-
butions have been evaluated with input parameters based on the scenario defined
in Eq. (5.92) and with all the corresponding masses in Table 5.1 apart from the
mass of the left-handed up-type squark m;, which has been varied by hand between
1650 and 2100 GeV. Both cross sections agree within their small statistical errors,
originating from the Monte-Carlo integration, leading to a ratio which is in agree-
ment with one within the error calculated according to error propagation. Since the
implementation of the finite collinear terms as part of the 3-particle phase space is
about ~ 1100 times faster than the 2-particle phase space implementation in the
following only the former one is used.

The program Prospino2 computes NLO cross sections efficiently for the production
of SUSY particles at hadron colliders based on the calculations accomplished in
[20]. However, some simplifications have been assumed which have to be taken
into account for a consistent comparison of results. While the LO cross section
for squark pair production is calculated correctly and separately for the various
flavor and chirality combinations, the NLO corrections are always summed over the
subchannels assuming a common mass for all squarks. The so-called K-factor, i.e.
the ratio between the NLO and LO cross section

ONLO
oLo

K —

, (5.95)
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Figure 5.9: Ratio of cross sections of the finite collinear remainders evaluated in 2-
particle and 3-particle phase space. The error bars are calculated according to error
propagation of the errors of the two cross sections in the different phase spaces.

is determined for the total cross sections, with all subchannels summed up. Results
for the NLO cross sections of different subchannels are returned but have been
obtained by scaling the LO cross sections by the K-factor obtained from the total
cross sections at LO and NLO. Thus, it is assumed that the K-factor does not change
for different flavor and chirality combinations. Since Prospino2 reads Les Houches
SUSY spectrum files but calculates an average squark mass for the evaluation of the
NLO corrections, it is most sensible to compare results for a scenario with degenerate
squark masses. For that purpose “scenario 1”7 of Eq. (5.92) and Table 5.1 has been
altered by setting all squark masses to

mg = 1800 GeV . (5.96)

This scenario is denoted “scenario 2” in the following. Additionally, Prospino2 uses
CTEQ6 PDFs throughout, i.e. the CTEQG6L1 set for the LO and the CTEQ6M
set for the NLO cross section. Adopting these changes, results for a cross-check
against Prospino?2 at a center-of-mass energy of 8 TeV can be produced. In case of
degenerate squark masses several of the 36 subchannels yield the same result. For
example uyu;, and urtr have the same cross section and so have ﬂLdR and ﬂRJL.
This holds for several combinations of the four squarks of the first two generations.
As a consequence, only 20 out of the 36 possible channels have cross sections that
differ from each other. The LO and NLO cross sections for these with the corre-
sponding K-factors in comparison to the ones obtained with Prospino2 are listed
in Table 5.2. As everywhere else in this work the charge conjugated processes are
included in every subchannel. In the last line of Table 5.2 the sum of all subchannels,
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channel OL0O [fb] ONLO [fb] K o'EéOSpino [fb] O_II\DIio(s)pino [fb] KPYOSPiHO

apur || 6.18-1072]6.82-1072 | 1.10 || 6.18-1072 | 7.18-1072 1.16

Grd;, |/3.90-10724.72-1072 | 1.21 || 3.90-10"2 | 4.53-102 1.16

iré. || 247-1071(8.39-107* | 3.40 || 2.47-107% | 2.87-10~* | 1.16

wrs; |[6.33-107*{1.12-1073| 1.77 || 6.33-107* | 7.35-10* 1.16

drd; 112.90-1073(3.47-1073| 1.19 || 2.90-1073 | 3.37-1073 1.16

dpér || 4.63-107° [ 1.80-107*| 3.90 || 4.64-10"° | 5.38.107° 1.16

di3r, 1.15-107%12.33-107% | 2.02 || 1.15-107* | 1.34-1074 1.16

CLCL 1.77-107711.98-107% | 1.12 || 1.77-1077 | 2.05-107" 1.16

&5, |11.17-107%|7.65-10"7| 6.52 || 1.17-10°¢ | 1.36-10~¢ | 1.16

Sp5r 119.55-1077(3.19-107% | 3.34 || 9.56-1077 | 1.11-107° 1.16

trugr || 3.27-107213.83-1072| 1.17 || 3.27-1072 | 3.80-1072 1.16

Grdr | 6.79-10738.31-1073| 1.22 | 6.79-1073 | 7.89.1073 1.16

arcp || 3.84-107° | 1.50-107*| 3.89 || 3.84-107° | 4.46-107° 1.16

Grsp 119561075 1.91-1074] 1.99 || 9.55-10=° | 1.11-10~* | 1.16

drdr 11.20-1073(1.68-1073| 1.30 || 1.29-1073 | 1.50-1073 1.16

dpép |/ 6.79-107612.98-107% | 4.39 | 6.79-107% | 7.89-107° 1.16

dpsp || 1.62-107°]3.69-107% | 2.28 || 1.62-107° | 1.88-107° 1.16

CLCR 7.10-107® [ 1.01-107% | 14.28 || 7.10-107® | 8.24-10°% 1.16

&13p |1 1.61-1077[1.25-107¢| 7.74 || 1.61-10~7 | 1.87-10~7 | 1.16

515r |/ 3.54-107%[1.52-107%| 4.28 || 3.54-107% | 4.11-10°% 1.16

Sum 2.57-107113.00-1071| 1.16 || 2.57-107' | 2.99-107! 1.16

Table 5.2: LO and NLO cross sections and K-factors for individual subchannels
and the sum of all 36 subchannels in comparison to Prospino2. Charge conjugated
processes are included. The values have been obtained for “scenario 2” of Eq. (5.96)
and a center-of-mass energy of 8 TeV.
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taking into account the ones not listed in the lines above, is stated.

As can be inferred from the table the LO cross sections for the individual subchannels
as well as the LO cross section for all subchannels are in perfect agreement. The
NLO total cross sections agree within their errors and consequently the total K-
factors are the same. While Prospino2 assumes that this total K-factor is constant
in the various subchannels, calculating the NLO cross sections for the subchannels
individually shows that this assumption is just a rough one. However, the (huge)
K-factors for subchannels involving ¢ and s quarks have to be considered critically.
Evaluating the LO process, ¢ ¢ — ¢, ¢g for example, with the CTEQ6L1 set and
with the CTEQ6M set yields already a difference of a factor 10 just in the LO cross
sections. In order to verify that this effect is unambiguously stemming from large
differences in the LO and NLO PDF sets for charm quarks, the ratio of these has
been plotted? in Fig. 5.10 for a factorization scale of Q = 2 TeV in dependence of x,
the quark momentum fraction of the proton momentum. For momentum fractions
lower than x = 0.1 the LO CTEQL1 set and the NLO CTEQ6M set differ in a
range of 10 — 20%, whereas for x values about 0.6 the PDFs differ by a factor of
4. The same behavior can be observed for strange quark PDF sets, which differ
for large values of x by a factor 2.2. Since the PDFs for charm and strange quarks
are derived from the gluon PDFs by taking into account the gluon splitting into
a quark-antiquark pair, this difference can be traced back to the large gluon PDF
uncertainties for large values of x, as evident from Fig. 10 in [144]. For squark pair
production with squark masses around 2 TeV at a center-of-mass energy of 8 TeV
rather large momentum fractions are necessary for partonic center-of-mass energies
exceeding the kinematic production threshold. The last statement can be exempli-
fied by recalling the relation between the partonic center-of-mass energy s and the
center-of-mass energy s in the proton-proton system

~

S = X1 X2 S
(4 TeV)? < 21 25 (8 TeV)?

with z; and x5 being the momentum fractions of the two partons. Taking these
arguments into account it becomes clear where the large differences in the LO cross
sections evaluated with CTEQ6L1 and CTEQ6M and thus the huge K-factors in
channels with ¢ and s squarks originate from. Since the values of the charm and
strange quark PDF's are at least two orders of magnitude smaller than the up and
down quark PDF's [144], the corresponding cross sections are small and hardly con-
tribute to the total cross section: The 10 subchannels which have only up and down
quark contributions make up 98.2 % of the total cross section. Disregarding there-
fore the large K-factors in subchannels with ¢ and § squarks for the moment, the
remaining K-factors for subchannels with up and down quarks in the initial state
still vary in the range of 1.10 — 1.30. Therefore, an independent treatment of sub-
channels seems reasonable, as in general squarks of different chiralities and thus
different channels have different masses, decays and kinematic distributions.

3Thanks to Karol Kovaiik for providing this plot.
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Figure 5.10: Ratio of CTEQ6M and CTEQL1 PDF sets for the charm quark at
the factorization scale of 2 GeV in dependence of the proton momentum fraction
parameter x.

Apart from the internal tests of the code and the comparison to Prospino?2 all build-
ing blocks of the program as well as various results have been checked against an in-
dependent implementation of squark pair production in the POWHEG BOX [134, 148].
The only commonly used part in the implementation in the POWHEG BOX and the
parton level Monte-Carlo program described in this thesis are the FormCalc and
LoopTools routines for the calculation and evaluation of the virtual corrections.
The Born matrix elements, the color linked Born matrix elements and the real emis-
sions have been calculated and implemented independently. Furthermore, in the
POWHEG BOX a different subtraction method for dealing with the IR divergencies in
the calculation is used. In contrast to the Catani-Seymour subtraction procedure
presented in this thesis, the POWHEG BOX relies on the method proposed by Frixione,
Kunszt and Signer (FKS) [149, 150]. All matrix elements have been checked for
a multitude of phase space points yielding perfect agreement. LO and NLO cross
sections have been compared for all 36 subchannels for different parameter scenarios
with the outcome that all results agree within their statistical errors. Finally, differ-
ential distributions for several observables, which will be specified in the following
section, have been plotted and agree up to anticipated statistical fluctuations.

5.6.2 Phenomenological Results

Before investigating the effects of the NLO corrections on differential distributions,
the scale dependence of the total cross sections shall be analyzed. Since the fac-
torization and renormalization scales are unphysical, their variation in the LO and
NLO cross sections can provide a rough estimate on the remaining theoretical un-
certainties due to higher order corrections. In the ideal case, the scale dependence
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Figure 5.11: Scale dependence of the LO and NLO total cross section.

of the LO cross section is larger than the scale dependence of the next-to-leading
order cross section, which is larger than the scale dependence of the next-to-next-
to-leading order cross section and so on. In this sense, the scale dependence can be
taken as a measure of the precision of the prediction. However, this estimate merely
gives an indication and cannot be regarded as the true theoretical uncertainty on
the cross section. Nonetheless, by analyzing the scale dependence a rough picture
on the remaining uncertainty due to neglected higher order corrections can be given.
Figure 5.11 reflects the scale dependence of the LO and NLO cross sections of squark
pair production at the LHC for a center-of-mass energy of 8 TeV calculated with
input parameters according to “scenario 1”7 of Eq. (5.92) and Table 5.1. The re-
normalization (@)) and factorization scale (ur) have been set to a common value,
which is varied by a factor of 10 in both directions around the central value given
by the average squark mass mg = 1776 GeV. The NLO cross section exhibits clearly
a much flatter scale dependence than the LO cross section. Varying the latter by
a factor of two around 1776 GeV results in a dependence of about +50%. In the
NLO cross section the scale dependence in the same range reduces to +15%. The
dependence on the factorization scale is very weak and the residual scale dependence
is dominated by the renormalization scale dependence of . The cross sections at
the central scale amount to

o© =0306fb N9 =0.371 fb, (5.98)

implying a K-factor of
K =121 (5.99)

and thus an enhancement of the LO cross section due to the NLO corrections by
21%.
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In the rest of this section the effects of the NLO corrections on differential distribu-
tions shall be presented. These effects are exemplified based on the two observables:

e The invariant mass of the squark pair in the final state
inv 2
M™ =/ (pa + pg;) (5.100)

e The transverse momentum of each squark in the final state

Pa = \/Pan + Py (5.101)

Differential distributions in transverse momentum p’ at production level have al-
ready been shown in [20], where the NLO corrections for degenerate squark masses
have been calculated. In Fig. 5.12 (a) the p” distribution is shown for the NLO
calculation described in this thesis evaluated for “scenario 1”7 at a center-of-mass
energy of 8 TeV. As an example for further distributions at production level, which
have not been available at NLO so far?, the invariant mass distribution is depicted
in Fig. 5.12 (b).

The effects of the NLO corrections on the shapes of distributions can be visualized
by normalizing the distributions to unity, i.e. by dividing the LO distributions by
the LO cross section and the NLO distributions by the NLO cross section. If the
K-factor was flat, which means that the NLO distributions coincide with the LO
distribution scaled by the K-factor of the total cross section, the normalized L.LO and
NLO distributions would match exactly.

In [20] it was found that the normalized p”-distributions are hardly affected by
the transition from LO to NLO. These results have been obtained with a common
squark mass of mz; = 600 GeV, a gluino mass of mz = 500 GeV and a top quark
mass of m; = 175 GeV for the factorization and renormalization scale () = m; at a
center-of-mass energy of /s = 14 TeV. Adopting these parameters in the present
calculation the distributions of [20] have been reproduced. For the scenario ana-
lyzed here, the normalized distributions are shown in Fig. 5.13. The p” distribution
exhibits similar and small effects as already found for this distribution in [20]. The
shape of the invariant mass distribution is affected more by the NLO corrections.
These effects can be quantified by determining the differential K-factor, defined as
the NLO differential cross section divided by the LO differential cross section. The
differential K- factor for the p? and invariant mass distributions is also depicted in
Fig. 5.13 underneath the distributions. For the p’ distribution it varies in a range of
10 %, while in the case of the invariant mass distribution the variation takes place
in a range of 20 %. For comparison the figures with the differential K-factor also
include the constant K-factor from the total cross sections, depicted by the dashed
line. In both cases rescaling the LO distributions by the global K-factor would
overestimate the tail of the distributions and underestimate the threshold regions.

4Recently, in [122] several distributions for squark pair production have been published. How-
ever, full decay chains have been considered and the effects of the NLO corrections for distributions
at production level have not been shown.
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Figure 5.13: Normalized p} (upper) and M2 (lower) distributions and correspond-
ing differential (full) and global (dashed) K-factors for a center-of-mass energy of
8 TeV.
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Figure 5.14: Normalized p} (upper) and M2’ (lower) distributions and correspond-

ing differential (full) and global (dashed) K-factors for a center-of-mass energy of
14 TeV.
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Since the 8 TeV run at the LHC will be finished by the end of this year, it is
interesting to have a look at distributions for a higher center-of-mass energy. For
the same scenario as before at a center-of-mass energy of 14 TeV the total cross
sections increase to

o"© =14.66 fb and oN*© =17.64 fb (5.102)

resulting in a K-factor of
K =1.20. (5.103)

The normalized p’ and invariant mass distributions, shown in Fig. 5.14, show larger
effects due to the NLO corrections than their versions for 8 TeV. This fact is also
reflected in the differential K-factors plotted underneath. The differential K-factor
for the p” distribution varies now in a range of 25 % and the one for the invariant
mass distribution in a range of 35 %. Rescaling the invariant mass distribution by
the global K-factor would thus over- and underestimate the tail and the threshold
regions by almost 20%.

Certainly, the investigation at production level with unstable particles in the final
state is only a first step towards a realistic analysis of the effects of NLO corrections
on differential distributions. Nevertheless, they already give a first hint that for
squark pair production at the LHC the leading order distributions cannot be simply
multiplied by an overall K-factor to obtain correct NLO distributions and that fully
differential distributions should be used for phenomenological studies.

5.7 Conclusion and Outlook

Facing the era of the LHC running and recording data, which can be used to search
for supersymmetric extensions of the Standard Model, precise theoretical predictions
are needed for the interpretation of these data. In order to improve predictions for
the production of SUSY particles NLO SUSY QCD corrections need to be calculated
and included. It is most useful to cast these NLO calculations into Monte-Carlo
programs which can calculate cross sections as well as arbitrary distributions.

In this part of the thesis the NLO SUSY QCD corrections to squark pair production,
the dominant channel for colored SUSY particles in the mass region currently tested
at the LHC, have been presented. In order to deal with the IR divergencies arising
in the virtual corrections and real emission matrix elements the Catani-Seymour
subtraction formalism has been applied. The virtual contributions have been cal-
culated using the software packages FeynArts, FormCalc and LoopTools. The UV
divergencies have been canceled by renormalizing the masses and fields in the on-
shell scheme and the strong coupling constant a, in the MS scheme with decoupled
heavy particles, i.e. taking into account only the five light quarks in the running of
as. The real matrix elements have been obtained with the matrix element genera-
tor Madgraph and the Catani-Seymour subtraction dipoles and integrated dipoles,
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including the finite collinear remainder, have been generated with the program Su-
perAutoDipole. All these building blocks of the calculation have been combined in
a parton-level Monte-Carlo program.

All parts of the code have been checked carefully. Internal tests confirm the can-
cellation of the IR divergencies between the real emission matrix elements and the
subtraction dipoles as well as between the virtual contributions and the integrated
dipoles. The finite collinear remainder has been implemented as part of the 2-particle
and as part of the 3-particle phase space allowing for a consistency check. Both im-
plementations agree within the statistical errors. The latter implementation has
been used for producing results as it is about a factor 1000 faster than the former.
Apart from internal tests, all building blocks have been checked for a multitude of
phase space points against an independent implementation of squark pair produc-
tion in the POWHEG BOX, which has been carried out for a related project. All LO
and NLO cross sections and distributions have been compared to results obtained
with this independent code for various scenarios. Perfect agreement on all stages
has been found.

Based on a previous calculation of NLO SUSY QCD corrections, where all squark
masses have been assumed to be degenerate, the LO and NLO cross sections can be
calculated with the publicly available program Prospino2. In this program apart
from setting all squark masses to a common value in the NLO corrections, results
for individual subchannels are returned by scaling the correctly calculated LO cross
section with the K-factor of the total cross sections, thus assuming that it is constant
in all subchannels. For scenarios with degenerate squark masses LO and NLO cross
sections have been compared to results obtained with Prospino2. They agree within
the small statistical errors. Since all subchannels have been treated independently
in the calculation described in this thesis, the K-factor for each channel could be
compared to the global K-factor. It has been found that these K-factors for relevant
subchannels vary in a range of 20% and therefore subchannels should be treated
independently since squarks of different chiralities can have different masses, decays
and kinematic distributions.

The scale dependence of the NLO cross section is reduced substantially from +50% to
+15% compared to the LO cross section for the scenario considered. The exemplary
analysis of differential distributions revealed that the NLO corrections have bigger
impact on the shape of the differential distributions than has been assumed so far,
based on the distributions presented in [20] 16 years ago. Differential K-factors
have been found to vary up to 35%, implying that scaling LO distributions with
the global K-factor obtained from the total cross sections over- and underestimates
certain regions of the distributions. Though based on unstable particles in the final
state, this analysis illustrated that the full differential NLO corrections should be
taken into account.

In order to further validate the phenomenological implications presented here, in the
next step decays of the produced particles will be added for a more realistic analysis
of the impact of NLO effects on the shape of distributions. The goal of a series of
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related projects is to improve predictions for all SUSY decay cascades by including
NLO corrections in production and decay stages. Furthermore parton shower effects
on squark pair production at NLO are about to be studied [134], as a first candidate,
since the virtual corrections calculated in this thesis have been implemented in the
POWHEG BOX framework. In that sense, the calculation presented here is the basis
for many more exciting studies and is a first step in paving the way towards a new
powerful tool in the field of SUSY phenomenology.



Appendix A

Color Algebra Relations

SU(3) denotes the group of 3 x 3 unitary matrices with determinant 1. Every matrix
U of the group can be represented through the generators t* (a = 1, ...,8). Since the
matrix should be unitary, the generators have to be Hermitian. Since det U = 1 the
generators have to be traceless. The generators obey the algebra

[t ] =0 fape 1°, (A1)
and are normalized as .
tr [t"¢"] = §5ab . (A.2)

The fue are antisymmetric (under the interchange of any two indices) structure
constants of the group. Furthermore an anticommutator relation holds

{ta,tb} = % Oap 13 + dape t°, (A.3)

where 13 is the 3 X 3 unity matrix and the dg. are symmetric structure constants.
The following relations can be derived from the definitions above and are useful for
the calculation of the color linked Born amplitudes squared needed in the Catani-
Seymour subtraction formalism.

facd fbcd = 3 5ab (A4)

5
dacd dbcd = g 5ab (A5>
dabc fabd = 0 (A6)

a ja 4
timtmg = 3 Oij (A.7)

1
tr [t"°] = 1 (dape + 1 fape) (A.8)

azbsc])2 1 2

(tl" [t tbt }) = E (dczzbc - 3bc) = _§ (Ag)

tr [t*e"t"] = —g (A.10)
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Appendix B

FCNC Vertex Counterterm

The squark-quark-neutralino part of the Lagrangian in the interaction basis [35],
; ), and the bare
(0)

quark mass matrix m;;’, where 7,7 = 1,2,3 denote the generation indices and [ =
1,..,4 the neutralino mass eigenstates, is

expressed in terms of the bare squark and quark fields, u ) and u°

(0)
_(0 nuty ~(0 -
Liaazo = —u( )geLl zL) PrXi + 5 : <_—\/§MW sfnﬂ) UEI% Pr X! (B.1)

Z,m”
=(0) ~ 7© 9214, ~(0) p -0

u;’ ger ) p u, u:;, Prx; + hc..
9¢n ZR g Xl ( V2Myy sin ﬁ) i T X

The couplings e’ﬁ r; are defined as

Z, 1
ey, = V2 [% tan Oy, + 2Z52} ,
2
ey, = _T\/_Z” tan Oy, | (B.2)

with Z;,, being the elements of the 4 x 4 matrix which diagonalizes the neutralino
mass matrix. Rotation to the mass eigenstates by means of Eqs. (4.2) and (4.10),
exemplified for the right-chiral part of the coupling, yields

LR, = —grOymO geu [ Oigm) p g0 (B.3)

Ut X0 s

Zum®
L@@ 92 VOt GO Py 0 4 he.

ki \/_Mwsmﬁ ]+3s s
(i,j,k=1,2,3, s=1,..,6) .
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Note, that I/V(O)T = Wgs , ‘/Vj(—?-);s = WI({(;)ST, cf. Eq. (4.11). Upon renormalization the

bare quantities are replaced by [80]

§ZL
am Oy © g (1 + ) (1 + sume)UHe (B.4)
77(0)t ~m(0) 7t . 60Z"N\
Wi ri — Wpp(l+da") [ 1+ 5 U (B.5)
m® — m+om, (B.6)

where the indices have been suppressed. The field @™ denotes a six-component
column vector. With the replacement Wp r = W rU"4R, ¢f. Eq. (4.16), the
Yukawa part of the coupling is transformed to

—qZ S 7Lt
T T (” 2 )<1+5u“L>U“L<m+6m)-
weg

UUrf (1 + su=HYWh(1 + sw},) (1 + 55 ) " .(B.7)

For the mass renormalization, the renormalization prescription is chosen such, that
the bare mass matrices and hence dm are diagonal, i.e.

(1 + ou"E)U"E (m + om)U (1 4 §u“rT) = (m” + dm?) | (B.8)
where D denotes diagonal matrices. This is possible since the off-diagonal elements
can be absorbed into the off-diagonal elements of the antihermitian part of the right-

handed wave function renormalization matrices [151]. Exploiting the unitarity of the
mixing matrices, the renormalized Lagrangian in the mass eigenstate basis is

Loawo = W' (GE +0GE) Prulx) + w(GLy + 6GL) PrLa"xy + h.c. , (B.9)

with the couplings given by

9214, 045
Gl = —gefi (W) ~ oM sin 5 Sinjﬂ Wh);s (B.10)
L4y 0
GL = e V[/vT is — M WT is B.11
isl —3g Rl( ) \/EMW sinﬁ< L)] ( )
w6z 5ZL i
0Gly = —gelj - (W1)ss + (W) 2“ + Sugt (W) + (W))udd,
Lt _
921 0Z;; ; A
— M, 0t (W ) ks + My 045 (W3) 5
\/§MW sinﬁ 2 J Jk< R)k i J( R)Jt 2

110,815 (W) 0w + 5mui5ij(W£)js} (B.12)
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L w |02 o LT p— £y ot
oGy = —gep 9 (Wg)js + Wg)a 9 + 5“@' (Wg)js + (Wg)iudy,
Rt .
9214 0Z;; + t 024
— Mo 0k (W] ks + M, 005 (W) )
\/EMW Sinﬁ 9 j ]k( L)k ]( L)Jt 9
i, 0 (W) jeowh ., + 5mui5ij(W£)js} - (B.13)

In the framework of MFV the W matrix is diagonal in flavour space at tree level at
pvry- At one-loop level flavour off-diagonal elements are induced through mixing
matrix renormalization and the contributions from the off-diagonal field renormali-
zation constants therein (see Egs. (4.34) and (4.35)).
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Appendix C

Catani Seymour Expressions

C.1 Singular Functions for Integrated Dipoles

The kernels V; and V, which enter the evaluation of the I operator in the integrated
dipoles depend on the flavour of parton j or a, respectively, and on the momenta
and masses of both partons involved in the splitting. They can be decomposed into
a sum of two contributions. The first one is singular in €, i.e. in four dimensions,
while the second one is finite in this respect:

Vj(Sjk, my, mk) = V(S)(Sjk, mj, mk) + V;NS)(Sjk, my, mk) . (Cl)

The singular part V) is independent of flavour and spin of the parton and is there-
fore the same for quarks and squarks:

VO (s sy = L (—) 5 (1= 5 - o) - T3 0m,) + 6(m)

Ujik Sjk 2

Here and in the following the abbreviation Q% = sjx +m7 + mj is introduced with
sjr = 2p;pr. The quantities p,p; and py are obtained from

1_Ujk
P=AlT ..
1—|—Ujk

L—wjp, + 202 /(1 — 13 — i) .
pn(:ujalvbk) - \/1 + v + 2,[1121/(1 _ MJQ _ Ni) (n - j?k) ) (CS)
(C.4)

with the substitution p7 — m2/Q%. (n = j, k) and vj;, defined as

vy,
(pjpk)Q '

Vi = 1—
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In practice the expanded expression is needed since the coefficients of the 1/¢% and
1/e terms are necessary. For brevity only the combinations relevant for the calcula-
tion of squark pair production are listed below. The singular part for partons j and
k being massive is

1 (1 1 1 2
VO (s, my,my) = Uik [E np—7 Inp} — — In*pf — _]

(] 4 6
1 2
+— Inpln ( Jk) , (C.6)
Vjk Sik
while the singular part for parton j being massless reads
1 1. mi 1 m2 72
VO (s 0 ==_— + —In—k_ 2k T
(530, 0.m0) = = 5.5 2e Yep 4l sjk 12
1 1
S AL P LA P Pl (C.7)
2 Sjk ]k 2 jk ]k

The non-singular terms V(N5 depend on the flavours, masses and spins of the par-
tons. If j is a massless quark and k is a massive parton, then the corresponding

non-singular part results in
2
8 .
+ Tr_ - L12 Lgk ’
6 Tk
(

C.8)
with the color charge operator T'; already introduced in Eq. (3.19). The non-singular

Qjk —mrk  2my
Qjk Qji +my,

VéNS)(Sjk, 0,my) = T2 [1 —2In
jk

function V;NS) for j being a massive squark and £k being a massive parton is

Va 1 s]k 91 (ij - mk)2 - m? n dmp(mi — Qjk) 7T_2

VO (55, my, my) = +
2
In p* In(1 + ,02) +2Lis(p?) — Lis(1 — p2) — Lis(1 — p) — % (C.9)
Vjk
while for k£ being massless it simplifies to
2
VO (5,m;,0) = 2l 25 4 T g, [ 22} _gqn 22 (C.10)
T Jk 6 Jk Jk

Finally, the singular function I'; for the squark is

o (1 m2 m2 1 m2
Fq(,u,mq):Tq(z—lnlu—zq—Q)+7(jlnlu—2q:C'p {g%—lnﬂ—;—Q]. (C.11)
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C.2 Finite Collinear Terms

The finite collinear terms which remain after all infrared divergencies have been
canceled and reabsorbed into a redefinition of PDFs, contribute to the total cross
section with two different initial state configurations. The first one stems from an
initial state gluon splitting into a quark and antiquark. The corresponding partonic
cross section can be written as follows

Coll / dl’/dq) qu(.fE xpaaphkbk%y’F) +K9q< )) ®d0-£1(xpaapb7 k17k2)

/ da / 0, () (P (2, pan 2y, ks b 1) + K(2)) © dor® (p 2py, b, )
(C.12)

The longitudinal momentum fraction x enters the evaluation of the Born amplitude
since one of the quarks in the initial state of this amplitude carries the momentum
Tpa or xp, while the original initial state parton, the gluon in this case, carries the
momentum p,. The insertion operators P77 and K7 involve color charge operators
which act on the color space of the Born amplitude and give rise to the color linked
Born amplitudes squared already mentioned in the discussion of the subtraction
dipoles in Section 5.4 and of the integrated dipoles in Section 5.5. The contribution
from the P-operator in the first line of Eq. (C.12) is

O-ggll,P = / dx/dq) ) P9(x xpavpbaklak%,uF) ®dUQq(xpa7pb>k17k2)

= / da:/d(I) —TR (2% + (1 — 2)?] CLF (C.13)

[ln Hi g Bo gy } @ | M(2pa, po, k1 ko)
TSq1 TSa2 LSab

while the K-operator yields

fgnK = /dm/d(ID ) K9( )®d051(xpa7pbvkl7k2>

_ /d;g/dcb {TR(Z‘ +(1—x))ln1;x+2TRx(1—x)
(1 —x)sq . (1 — )84 >

(1 — 2)s41 + m? (1 — )82 + m3

_C_F (% + (1 —2)?) <ln
—— (@ + (1 —2)*)In(1 — x)} & | M(zpa, o, ki, k)| (C.14)

The contributions of both operators to the second line of Eq. (C.12) are obtained
through a transformation zp, — p, and p, — xpy. In both contributions the con-
stants T = 1/2 and Cr = 4/3 are color factors and the variables s,, = 2-p,p, stand
for products of initial and final state momenta. Depending on its color structure



92 C. Catani Seymour Expressions

each term in Eqgs. (C.13) and (C.14) has to be convoluted with the corresponding
color linked Born amplitude squared. This fact is expressed by the symbolic nota-
tion ® |[M(zpa, pe, k1, kg)\2.

The second initial state configuration stems from a quark splitting into a gluon and
a quark The corresponding partonic cross section o2 has the same pattern like
, in Eq. (C.12). The P-operator contributes in this case

col

ggllP = / dx/dq) qu .T y LPas Pbs k17k27NF)®d‘7 (xpaapb7k17k2)

a; (1+=x
= = : C.15
27 (1 — :L’2)+ ( )
,UQ “2 ,UQ
{m LI [ Al I F]®|M(xpa,pb,k1,kzg)|2
TSq1 TSq2 TSab

The K-operator yields

ggllK = /dm/d@ ) K%( )®d0<§;($pa,pb7k17k2)

- = {CF (1 _Iln 1;x)+ —5(1 — 2)Cr(5 — 72)

B (2 e

2
—l—[l_x(l—i-ln(l—x )1 (1 —ux)
3 Mjy/Sja + m —|—2m 9
—éé(l—x) e
1/sjaqui—l—mj

l—x

| 3,

2 In i : i +(1+2)ln i Elx_)sfjs—ij;amz}
9 (%L +T6(1 =) + (14 2) (1 - x)} | (C.16)

The +-distribution appearing in both contributions for ¢q initial states is defined as
1 1
| dngta) f@)s 062 = [ doglo) sla (1)
0 z
1 z
= [ e (o)~ 9v) £la) ~ [ da o) Fla)
z 0

This definition has to be applied to the four functions with +-distributions in 03311713
and aggu,K and the results are listed separately in Section C.3 . Special care has to be
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taken when evaluating the +4-distribution, which contains the kinematical variable
Sja = 2papj. While p, is the original initial-state momentum of the incoming parton
before the splitting, the final-state momentum p; = k; or k belongs to the z-boosted
frame after the splitting: xp, +py, = k1 + ko . This fact is indicated by the label (z)
in 5%) in the following. Although appearing inside the +-distribution, s;, has to be
treated as if being a function of x outside the distribution:

[t [ v [10.52)] mpPet =)
+
/0 iz [ do(o) / 8510 8(50 — 557) [T, 5] IM(@(@) O~ 2)
1
= [ w{ [ v m@er
- [avate s M)}
—/ dx/d@(w(x,sgi})|M(c1>(1))|2 . (C.18)
0
Applying these prescriptions and folding the resulting partonic cross section with
the PDFs according to Eq. (5.72) allows for expressing the finite collinear remain-
der in terms of a modified PDF parametrized as in Eq. (5.76). The coefficients

A(z,2,), Ao(2, Z,), Bz, Z,),C(x,T4), D1(Z,) and Do(Z,) follow directly from the
expressions for the P- and K-terms listed above after the substitution

Ty = X-T4

1 1 @ 1
/dxa/dx:/dfa/d—x
0 0
= /dxa/ —@ (x — Za) (C.19)

has been performed. This substitution is useful for the numerical evaluation of the
finite remainder since the initial state momentum entering the Born matrix element
| M (2pa, py, k1, k2)|* is changed to

ITPq = ﬁ Pa = ﬁ xaPProton = jv:aPProton . (020)

a xa

This means, that the original 2-particle phase space can be used for the numerical
evaluation of the Born amplitude.
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In the following the coefficients of the modified PDF's are listed:

9 2 2 2
A = C’F(ln adi +In adi +In MF)
1—2z TSq1 TSa2 ZSap
In(1 —
Loz
1—2z
In(1 — z) 1
_ 9 _
Cr < 11— 1-— x>
In(1 —z)
— 02— C.21
F 1—=z ( )
2
Ay = Z Cr— (C.22)
7j=1,2
2 2 2
B = —Cp(zx+1) (ln'u—F I P —i—ln'u—F)
TSa1 TSa2 TSab
1- 1
+ Cp(l—x—(l—i-x)ln —QE>
x x
11—z
+ Z Cr(l+2)ln -
Py 1—xz+ m?/sE-a)
+ Cp(l+2)In(1 —2z) (C.23)
2 2 2
C = Tr(x*+(1—27%) <ln PP m P2 'u—F>
TSal TSq2 LSab
1—
b Tra?+ (1—2?)In—2 4 2Tha(1 — )
(z)
(1—2x)s;
- Tl (=) Y e
ioe (I—x) —|— m
— Tr(z®+ (1 —27))In(1 — ) (C.24)
3 2 2 2
D, = Cp (21n(1—a:~a)+—) <ln A P RS “F)
2 TSa1 TSq2 TSab

2
+ Cp (ln2(1 — i) — % —5+7r2)

— Op (ln2(1 — Tq) — 2) (C.25)

—In(1 — &) (1 + In(m?/s'2)) (C.26)

——
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C.3 Solutions to Integrals with +-Distributions

In this section non-trivial integrals which arise in the calculation of the finite collinear
remainder terms of the Catani-Seymour subtraction formalism are solved. These in-
tegrals involve the +-distribution which is resolved according to its definition in
Eq. (C.18). Only integrals needed for the calculation of the squark pair production
process are listed in the following.

The first integral needed emerges from Eq. (C.15) after convolution with the PDFs:
Vdx z 1+ 22

— O(r — c.27

/ xf<x> <1—x)+ (z—2) ( )

1 1 2 z 1 2
dx ) + _/ dz f(2) +z
0

ge = =
(fi os0) 25 [ 5 1(G) ara
o (2 1_2)
(C

.16) gives rise to the following integral:

T
1d:r
x

The second line of Eq.
/093 (9 (1_33 1;x)+9($—2) (C.28)
¢ 00 o) B2 [0

+/01dx f(z)mj;—/O dr f(z) 20 —2)

1—=z
Ydx z 2In(1 — 2) Y dx z2\ 2Inx
= [5G o) LSO
+f(2) <ln2(1 —z)— g) .
The next integral needed in Eq. (C.16) reads
U dx z In(1 —x)
[5rC) (F=2) e (2

= [ () s P g Juia - )

T T 11—z

The integral in the last line of Eq. (C.16) gives

/old% f(é) (%LG(%—Z) (C.30)
= [ () are) 2 e ma )
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The last integral needed for the calculation contains the kinematical variable s;, so
that Eq. (C.18) has to be applied:

[00 [Zan(F)] s o

ja

Yde /2 2 m?

ja

_ /dxf(z) 1Ex1nln ((1—x)+%>
z 2 m?
- /def(z) 1_xlnln ((1—%)—1-@)

ja

Here, the differently labeled kinematical variables denote
J

" z
S(a) =2 PaPj = 2 T PProton b = 2 5 PPYOtOH Dj (032)

or
Sg'(ll) =2z PProton by (033)

respectively.
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