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Zusammenfassung

Diese Arbeit beschéftigt sich mit den elektroschwachen Beitrdgen zu Squark—Squark und
Sbottom—Antisbottom Produktionsprozessen am LHC im Rahmen des minimalen supersym-
metrischen Standardmodells. Um moglichst prézise theoretische Vorhersagen zu erhalten
werden die elektroschwachen Beitridge sowohl auf Born-Niveau als auch in néchstfiihrender
Ordnung beriicksichtigt. Diese Einschleifenbeitriige sind von der Ordnung (a2a).

Die elektroschwache Wechselwirkung unterscheidet zwischen den unterschiedlichen Quark-
bzw. Squark-Arten und -Chiralitdten, wodurch sich eine Vielzahl von Prozessen ergibt, wel-
che zur Squarkproduktion beitragen. In dieser Dissertation werden alle benotigten techni-
schen Details geliefert um die genannten Prozesse in néchstfithrender Ordnung zu berechnen.
Dazu gehoren unter anderem adéquate Regularisierungs- und Renormierungsvorschriften,
als auch eine konsequente Behandlung von Massensingularititen. Dies ist notwendig um
ultraviolett-endliche sowie infrarot- und kollinear-sichere Observablen zu erhalten.

Sowohl Squark—Squark Produktion als auch deren ladungskonjugierten Prozesse setzen
sich aus jeweils 36 Prozessen zusammen. Fiir all diese Prozesse werden die elektroschwa-
chen Beitriige sowohl auf Born-Niveau O(asa + a?) als auch in néchstfiihrender Ordnung
O(a?a) berechnet. Abhingig von Art und Chiralitit der produzierten Squarks miissen ver-
schiedene Interferenzbeitrége aus elektroschwach und stark wechselwirkenden Diagrammen
beriicksichtigt werden. Wihrend die O(asa + o?) Beitrige bis zu 20% des integrierten Born
Wirkungsquerschnittes erreichen, reduzieren die O(a2a) Beitriige diesen um einige Prozent.

Die Berechnung der Wirkungsquerschnitte zu Sbottom—Antisbottom Produktion weist
Besonderheiten auf, die sich grundlegend von der entsprechenden Berechnung fiir Squark—
Antisquark und Stop—Antistop Produktion unterscheiden. Dazu gehéren sowohl die Mi-
schung der links- und rechts-chiralen schwachen Eigenzusténde, die Renormierung des Sbot-
tom Sektors, welche mit Vorsicht gewdhlt werden muss, als auch die fiir groBe Werte von
tan S-verstiarkten Yukawakopplungen, welche resummiert werden miissen. Die elektroschwa-
chen Beitrige zum Wirkungsquerschnitt werden bis zur Ordnung O(a2a) berechnet. Wir
berticksichtigen dabei die bis dahin vernachlissigten Photon-induzierten Beitrdge und lie-
fern die erste vollstdndige Berechnung der elektroschwachen Beitrdge in néchstfithrender
Ordnung. Fir die betrachteten Szenarien liegt der Beitrag der elektroschwachen Korrektu-
ren zum inklusiven Wirkungsquerschnitt im Prozentbereich. In kinematischen Verteilungen
kann dieser jedoch mehr als 10% des Born-Wirkungsquerschnittes ausmachen.






Abstract

We study the electroweak (EW) contributions to squark—squark and sbottom-anti-sbottom
production processes at the LHC within the framework of the Minimal Supersymmetric
Standard Model (MSSM). Aiming at precise theoretical predictions, the EW contributions
are considered up to next-to leading order (NLO) which are of O(a2a).

Since the EW interaction distinguishes flavor and chirality of the initial- and final-state
quarks and squarks, respectively, the contributing processes are manifold and their interplay
is non-trivial. All technical details needed in order to calculate the NLO EW contributions
to the hadronic cross section for the abovementioned processes are given within this dis-
sertation. This includes appropriate regularization and renormalization prescriptions and
a proper treatment of mass singularities in order to get ultraviolet finite and infrared and
collinear safe observables.

Squark—squark production consists of 36 processes and the same amount for anti-squark—
anti-squark production. The tree-level EW contributions of O(asa + a?) and the NLO EW
contributions are calculated for all processes. Depending on the flavor and chirality of the
produced squarks, many interferences between EW-mediated and QCD-mediated diagrams
give non-zero contributions at tree-level and NLO EW. While the tree-level EW contributions
to the integrated cross section can reach the 20% level, the NLO EW corrections typically
lower the LO prediction by a few percent.

Sbottom—anti-sbottom pair production exhibits specific features like left—right mixing and
the renormalization of the sbottom sector which has to be chosen with care in order to get
reliable predictions. In addition, Yukawa couplings get enhanced for large values of tan (3
with the related need of resummation. This renders the computation of the electroweak
contributions substantially different from the corresponding computations for squark—anti-
squark and stop—anti-stop production. The tree-level EW contributions to the cross section
including the previously unknown photon-induced channel is calculated and we present the
first complete computation of the NLO EW contributions. For the scenarios considered,
the effect of the EW contributions on the inclusive cross section is at the percent region.
However, in kinematical distributions they can exceed the LO contribution by 10%.
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1 Introduction

At the beginning of the 20th century, it was widely believed that all known physical phe-
nomena could be described by Newton’s laws of motion [1], Maxwell’s equations [2], and the
Lorentz force law. Together they form the foundation of classical mechanics and classical
electrodynamics. However, technological improvements allowed for more and more precise
measurements leading to observations that could not be explained within this framework
and asked for two drastic changes in the fundamental concepts of physics. First of all, ex-
periments like the Michelson—Morley experiment of 1887 [3] have shown that the speed of
light is a constant independent of the reference frame. This was one basic ingredient for
the formulation of special relativity by Einstein in 19og [4], which dramatically changed the
concept of simultaneity. Whether two events occur at the same time is no longer absolute
since within this concept it depends on the inertial frame considered. Einstein extended
the idea that physical laws apply equally in all inertial frames to gravity and formulated
the famous theory of general relativity in 1915 [5], whose astonishing predictions such as
the deflection of light were found to be correct and up to now no experiment contradicts
its predictions. Sophisticated experiments examining the behavior of fundamental particles
such as the Stern-Gerlach experiment on the deflection of particles in 1922 [6] asked for a
second profound modification of the fundamental concepts of physics. It was discovered that
electrons and atoms have intrinsic quantum properties and that measurements can affect
the system being measured. In the mid-twenties, quantum mechanics was formulated. It
postulates that the state of each particle can be described by a wavefunction which provides
information about the particles probability to be at a specific location or state of motion.
The most famous implication is given by the Heisenberg uncertainty principle which states
that momentum and position of a particle cannot be measured simultaneously to arbitrary
precision [7]. This is in striking contrast to classical mechanics where the trajectory of a
particle can (at least in principle) be measured exactly.

After these two drastic changes in the description of modern physics, much effort was
made in formulating a theory that incorporates both, the concept of special relativity and
of quantum mechanics, which is nowadays successfully formulated in terms of relativistic
quantum field theories. The first successful quantum field theory was quantum electro-
dynamics (QED) [8], which describes the interaction of electrons and positrons with the
electromagnetic field, and is still among the most accurate physical theories known.

Numerous high-energy experiments were performed over the last decades in order to
identify the elementary particles and forces. Quarks and leptons were found to be the
fundamental constituents of matter which interact among each other via four fundamental
forces: the gravitational, strong, weak, and electromagnetic force. Glashow, Salam, and
Weinberg [9] managed to describe the short-ranged weak force and the long-ranged electro-
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magnetic force in terms of an unified electroweak force. Together with the theory of the
strong force [10] they are a basic ingredient for the formulation of the standard model of
particle physics (SM). The SM is a relativistic quantum field theory which incorporates the
quarks and leptons as well as the strong and electroweak force. It consists of 19 free indepen-
dent parameters that have to be determined by experiments. Only one of those parameters,
the one that parametrizes the mass of the Higgs boson [11], is a yet unknown quantity of
the SM. Up to now, the standard model of elementary particles successfully describes all
known high-energy phenomena to unexpected good accuracy.

Despite the success of the SM, there are several hints that it is only an effective theory
in the sense that it correctly describes the electroweak and strong phenomena for currently
available energies, but has to be extended by a more fundamental theory which manifests
itself at higher energies. They arise from various theoretical as well as experimental ob-
servations such as the estimated amount of cold dark matter in the universe, the hierarchy
problem related to the Higgs-boson mass, or gauge-coupling unification which is not possible
with SM particle content only. Finally, an ultimate theory should also describe gravity.

Among the various possible extensions of the SM, a supersymmetric extension is of par-
ticular interest [12]. Supersymmetry (SUSY) is a space-time symmetry that relates particles
that differ by spin 1/2, i.e. bosons and fermions. In its simplest version, it postulates scalar
partners to the SM fermions and spin-1/2 partners to the SM bosons. If the masses of the
SUSY partners are at the TeV scale, one finds that the hierarchy problem is no longer present
and that the particle content allows for gauge coupling unification of the strong, weak, and
electromagnetic force. By introducing an additional discrete symmetry, the so-called R
parity [13], one finds that the lightest supersymmetric particle (LSP) is stable at cosmolog-
ical timescales and hence a cold dark matter candidate. Finally, supersymmetry has the
potential to incorporate the gravitational interaction.

Up to now, there are only indirect hints that SUSY might be realized at the TeV scale,
since no SUSY particle has ever been observed via direct production at high energy experi-
ments. This non-observation can be translated into lower mass bounds on the SUSY particle
spectrum [14]. Since an ultimate proof that SUSY is realized in the real world can only be
given via direct SUSY particle production, the attention is currently turned to the Large
Hadron Collider (LHC) at CERN. The LHC is a proton—proton collider which was built in or-
der to probe TeV scale physics. If SUSY is realized at the TeV scale, colored SUSY particles,
i.e. the superpartners of quarks and gluons which are commonly called squarks and gluinos,
will be produced at a high rate. Unfortunately, a few weeks after the successful start-up
in September 2008, the LHC was forced to shut down again due to magnetic quenching of
about 100 superconducting solenoids. Since November 2009 the LHC is operating again.
However, the center of mass energy is halved to 7 TeV for the first 18 month to two years,
after which it will be shut down again to prepare for the 14 TeV collisions.

In this thesis we focus on colored SUSY particle production processes at the LHC within the
framework of the minimal supersymmetric extension of the standard model (MSSM) [15,16]
with SUSY masses realized at the TeV scale and R-parity conservation. In order to analyze
the data collected at collider experiments and to claim a discovery or to give reliable exclusion
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bounds on the SUSY mass spectrum, precise theoretical predictions are needed. Due to the
large interest in squark and gluino production processes at hadron colliders, much effort has
been made in order to get reliable cross section predictions for squark and gluino production
processes. First theoretical predictions based on leading order (LO) calculations were already
made in the early ‘80s [17]. However, these LO QCD predictions suffer from large theoretical
uncertainties and higher-order corrections have to be taken into account. The next-to leading
order (NLO) QCD cross sections have been computed more than ten years ago [18,19],
considerably reducing the theoretical uncertainties. However, in order to obtain theoretical
predictions that are competitive with the experimental statistical uncertainties, calculations
beyond NLO QCD are necessary. These higher-order QCD contributions are investigated
in [20-24] and are still subject of current research.

Besides the production of squarks and gluinos via the strong interaction, also electroweak
(EW) production mechanisms are possible. For squark—(anti-)squark final states, EW con-
tributions are already present at tree-level and one finds corrections to the LO cross section
that amount to 10% to 20% [25] for specific final state configurations. In order to gain
the same precision as obtained for the QCD predictions, one also has to take into account
next-to leading order electroweak (NLO EW) contributions, which are formally of the same
order than the beyond NLO QCD predictions. NLO EW contributions have in general a
non-trivial structure, since as well the one-loop contribution as the real emission matrix
elements can arise via various interference contributions. In addition one has to consider
that due to QED evolution an effective photon density is generated inside the proton that
can lead to photon-induced squark- and gluino-pair production. The NLO EW contributions
to gluino-pair production, diagonal squark—anti-squark production, diagonal stop—anti-stop
production, and squark—gluino production have been investigated in [26-29]. A wide class
of the remaining processes, namely squark—squark and sbottom—anti-shottom production
are investigated within this thesis and have partly been published in [30-32].

The outline of this thesis is as follows: In Chapter 2 we introduce the building blocks and
particle content of the SM and the MSSM. Some open questions of the SM are addressed
and we argue that several of these weaknesses can be overcome by considering the mini-
mal supersymmetric extension of the SM. Since the construction of supersymmetric field
theories is quite involved we collect the fundamental concepts needed for the derivation of
supersymmetric theories in Appendix D.

The aim of this thesis is to investigate the electroweak contributions to squark—squark
and sbottom—anti-sbottom production processes. In Chapter 3 we give an overview over the
current experimental and theoretical status to colored particle production. The lower mass
bounds resulting from the non-observation of squarks and gluinos in collider experiments
are given and we show the prospects for early SUSY discovery at the LHC. We compare the
theoretical predictions to the production cross sections at the LHC for the various squark
and gluino production processes and illustrate the impact of higher-order corrections. At the
end of this chapter we summarize the status of higher-order corrections which demonstrates
the importance of the NLO EW contributions to squark-squark and sbottom-anti-sbottom
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production in order to have a complete knowledge of all relevant higher-order contributions.

In Chapter 4 we collect all technical issues needed in order to perform the NLO EW
calculation to colored SUSY particle production processes at hadron colliders. Various QCD-
EW interference contributions have to be taken into account at NLO EW. As a consequence,
one has to renormalize the electroweak as well as the strong sector in order to obtain a
ultraviolet (UV) finite result. In addition, one has to deal with infrared (IR) and collinear
singularities arising from soft and collinear photons and gluons, respectively. In order to
have a proper treatment of the UV divergences and IR and collinear singularities one has
to define a regularization procedure. In this chapter, we give the regularization procedure
used throughout this work and list the relevant renormalization constants needed in order to
obtain a UV finite result. Afterwards, we show how IR and collinear singularities cancel for
sufficient inclusive observables. Cross sections are finally derived via numerical integration
of the squared matrix elements, which will be done using Monte Carlo methods. In order to
allow for a stable integration, adequate phase-space parametrizations are needed, depending
on the singular structure of the amplitude.

In Chapter 5 we consider the electroweak contributions to first and second generation
squark-squark and anti-squark-anti-squark production processes up to order (a?a). Due
to the large amount of possible final states that differ in flavor and chirality, respectively,
squark—squark production consists of 36 processes and the same amount for anti-squark—
anti-squark production. After classifying the various partonic production processes, we
give the tree-level QCD and tree-level EW hadronic cross section including the analytic
formulae. The NLO EW corrections are obtained by using the techniques presented in
Chapter 4. We show the strategy and details of the calculation. In the following section
we list the input parameters used in our numerical analysis and present hadronic cross
sections and distributions for squark-squark production at the LHC with v/S = 14 TeV and
VS = 7 TeV. Different SUSY scenarios are considered and a scan over the squark and gluino
masses is performed. We investigate the impact of reasonable phase-space cuts on the EW
contributions.

The electroweak contributions to sbottom—anti-sbottom production processes up to order

2

2a) are considered in Chapter 6. The production of third generation squark pairs is

(«
substantially different to squark—pair production of the first two generations due to the
non-negligible mixing in the stop and sbottom sector. Moreover, b-tagging makes bottom-
and top-squark production experimentally distinguishable from the production of squarks of
the first two generations. In addition, the non-negligible Higgs-boson contributions and the
enhanced Yukawa couplings for large values of tan 8 with the related need of resummation,
render the computation of sbottom—anti-sbottom production substantially different from the
corresponding computations for squark—anti-squark and stop—anti-stop production. The
structure of this chapter is in close analogy to squark—squark production. However, it
contains an additional section related to the enhanced bottom-quark Yukawa coupling for

large values of tan 3.

We summarize and conclude in Chapter 7.
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The conventions used throughout this work are collected in Appendix A. Explicit expres-

sions for the counterterms needed in this work are listed in Appendix B. In Appendix C
the tan S enhanced effects that alter the relation between the bottom-quark mass and its
Yukawa coupling are explicitly resummed in SQCD. In addition the effective Higgs—bottom
vertices are derived. The fundamental concepts for deriving supersymmetric theories are
collected in Appendix D. After deriving the irreducible representations of the homogeneous
Lorentz group, the supersymmetry algebra is written down. Afterwards the concept of
superfields is introduced, in order to construct supersymmetric Lagrange densities.






2 From the Standard Model to the MSSM

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics (SM) successfully describes all known elementary
particles and their strong, weak, and electromagnetic interactions [9,10,33,34]. It belongs
to one of the best tested theories in physics [14].
The SM is given in terms of a renormalizable quantum field theory which is locally invariant
under an internal SU(3)c x SU(2)r, x U(1)y symmetry group and globally invariant under
the group of Poincaré space-time transformations. All known matter fields — the quarks and
leptons — are described by spin-1/2 fermion fields. Forces are introduced within the concept
of local gauge invariance under the internal symmetry group and give rise to gauge fields.
The strong force is described by the SU(3)¢ gauge theory, called quantum chromodynamics
(QCD), while the weak and electromagnetic force are unified into the electroweak force which
is given in terms of the spontaneously broken SU(2);, x U(1)y gauge theory. The symmetry
is broken in such a way that the exact U(1)en Symmetry remains which describes the
electromagnetic phenomena via quantum electrodynamics (QED). In the SM the spontaneous
symmetry breaking is achieved by a scalar field which develops a non-vanishing vacuum
expectation value (vev), the so called Higgs field [11].

The internal symmetries of the SM can be described by the Lie algebra of the corresponding
Lie group. Labeling the generators of SU(3)c, SU(2)r, and U(1)y by T¢, I% and Y,
respectively, their commutation relations are given by

(T, T = ifwcT¢,  [1%1°) =iewe,  [Y,Y] =0, (2.1)
with the totally antisymmetric structure constants fup. and €4, of SU(3)¢ and SU(2)r,
respectively. Elements of the Lie group S(x) are given by exponentiation of the generators,

S(z) = e IO @T +6°@)1°+0"@)Y) (2.2)

with real spacetime dependent parameters 0%(z), 8%(x), and 0”(x). Gauge transformations
for fundamental fields ¥ and gauge fields 4, = T*A{, are defined by

v — ¥ = S(x)V,
Ay — A, = () (4, +18,) S~ (2). (2.4)

The gauge fields transform inhomogeneously under local gauge transformations.
Each SM field can be classified by its spin and its internal quantum numbers, corresponding
to the representation of SU(3)¢, SU(2)r, and U(1)y. The complete field content of the SM
is summarized in Table 2.1. In the following we will further specify these fields.
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Name Fields SU@B)e,SU2)L, U(1)y
@ ©p () (3.2, 3)
Quarks u$y, ¢, 15 (3,1,-3%)
d%, sh, bg (3,1, %)
Ve ) i ) v 17 27 -1
Leptons (e)L (/‘)L (T)L ( )
€k HRs TR (1,1,2)
Higgs-doublet H (1,2,1)
G (8,1,0)
Gauge bosons %74 (1,2,0)
B (1,1,0)

Table 2.1: Field content of the Standard model. The gauge group representation and charge of
the SM fields are arranged as (SU(3)¢, SU(2)r,U(1)y). Quarks and leptons are fermions of spin-1/2
while the Higgs and gauge fields are bosons of spin-0 and spin-1, respectively. The label ¢ on the
right-handed particles denotes charge-conjugation, see also (D.79).

The fermion fields of the SM are constituted by quarks and leptons which are best de-
scribed in terms of left- and right-handed Weyl spinors, cf. Appendix D.3.1. They can be
grouped corresponding to their symmetry group representation:

o Quarks (up, down, charm, strange, top, and bottom):

(R R
L L L

o Leptons (electron, muon, tau, and the corresponding neutrinos):

Lt = {(l:> ) (i;) 5 (?) }’ lzR = {€R7 HR, TR}- (2'6>
L L L

The subscripts L and R denote left- and right-handed spinors. All quarks are triplets of
SU(3)c and therefore strongly interacting particles, while the leptons are singlets under
SU(3)¢c. Further, all left-handed fermions are doublets under SU(2); while the right-
handed fermions are singlets. As one can see from (2.6), right-handed neutrinos are not
present in the SM. All fermions are charged under the U(1)y hypercharge in such a way
that the Gell-Mann—Nishijima relation for the generator of the electric charge holds,

Q:ﬁ+§. (2.7)
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The gauge fields of the SM are spin-1 fields and hence bosons, transforming under the
adjoint representation of the respective gauge group. Therefore there are eight gauge fields
G}, corresponding to the strong interaction, three fields Wli belonging to the weak-isospin,
and the one belonging to the weak-hypercharge, called B,,. With help of the gauge-covariant
derivative, defined as

. C i . Y
Dy = 0y +igs TGy, +ig2I'W,, + 19153u , (2.8)

one can construct gauge and Lorentz invariant Lagrange densities (see also (D.72)),

Lfermion = Z w},&uD;ﬂ/]L + Z d)J]r%o-'uDMQZ)R‘ (293‘)

YrL=QL,LL pr=ult dR I}

1 1 1
Leauge = _ZGCLWGZV - ZWGWW[‘L” - EBWB/W? (2.9b)
with the field-strength tensors G}, Wy, and By, defined as

G4, = 0,G% — 0,G% — gs farcGHGS (2.10a)
W,thlu = 8MW1(/Z - BVWL,I - QQEach3W57 (210b)
B, =0,B, —0,B, . (2.10c¢)

The coupling between gauge fields and fermion fields is minimal in the sense that it is only
mediated via the gauge-covariant derivative.

Explicit mass terms for gauge fields are forbidden by gauge invariance. Mass terms for
fermion fields would also spoil either gauge or Lorentz invariance.! However, gauge invari-
ance is crucial to guarantee the renormalizability of the theory [35]. Hence, mass terms for
SM particles have to be generated dynamically in a gauge-invariant way. It is realized by the
Higgs-Kibble mechanism [11], where a complex two-component scalar field HT = (¢T, ¢%)
is postulated.? This field has a specific potential that allows for spontaneous symmetry
breaking, and hence the realization of effective mass terms for gauge bosons and fermions.
The introduced Higgs-doublet field H is a doublet under SU(2);, with hypercharge Y = +1.
It has the following potential,

A 2
V(H) =~ HH + 5 (H'H)", (2.11)
where p2, X > 0, i.e. it has a tachyonic mass term. The choice of the hypercharge ¥ = +1

further allows for Yukawa couplings, i.e. couplings between scalar and fermion fields in a

gauge- and Lorentz-invariant way. The most general renormalizable Lagrangian, involving

! Dirac mass terms of two SM spinor fields v, and ¢ are given by the Lorentz invariant contraction d)kz/)L
or its adjoint, which spoils SU(2) invariance. The combination wzwL or ngJ}r{qSR would be conform with
gauge invariance but is not Lorentz invariant. A gauge invariant Majorana mass term o ¢/ gzo2thpr would
only be possible for right-handed neutrinos, which are absent in the SM (see also Appendix D.3.1f1.).

2The labels + and 0 of the component fields ¢ denote the charge Q, eq. (2.7), of these components.
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the scalar field H and further SM fields is given by

Lhiggs = (D“H)T(DMH) —V(H)
& d (AN 7R | o ALV e, B e (1INt R (2.12)
=3 @I HA + gl QP HouS + g (L) HIT + he. ],
=1

with the charge-conjugated scalar field defined as H¢ = ioc?H*. As mentioned above, the
scalar-field self-interaction is chosen in such a way that spontaneous symmetry breaking can
take place. The scalar potential (2.11) has a minimum for

2 2

2 2 W
()P = [Ho? = 2= = 2 %0, (213)
with the vacuum expectation value v. Since U(1)em, whose generator is given by the electric
charge operator (2.7), should remain an exact symmetry, Hp is given up to a phase by
H{ = (0,v/+/2). The Higgs doublet field can now be expanded about the classical ground
state as

_ qﬁ"'(x) —

H(z) <é[v s iw)]), 6 = ("), (214)

where h(z), ¢ (x), and x(z) have vanishing vacuum expectation values. The fields ¢* and
X, the would-be Goldstone fields of a broken global symmetry [36], are unphysical degrees of
freedom in broken gauge symmetries. They disappear from the physical spectrum and some
of the gauge bosons become massive. This can be seen by considering the so-called unitary
gauge, where the unphysical fields are eliminated and only one physical field remains, the
Higgs field h(x).
Inserting the expanded Higgs-doublet field into the Higgs Lagrangian (2.12), one finds that
the ground state is not SU(2);, x U(1)y invariant anymore. Instead it is invariant under
the (smaller) group U(1)em which is generated by the electric charge (2.7). The fields of
the unbroken electroweak theory, W/}, Wﬁ, ij and B, are no mass and charge eigenstates
of U(1)em. These eigenstates are simplest obtained in the unitary gauge, i.e. (2.14) for
¢t =x =0, and are given by

_ b
V2

(Zu> - (cos Ow —sin9w) (WE) (2.16)
Vi sinfy, cosfy B, ) .

with the weak mixing angle 6y, given by (2.18). Under U(1)en the eigenstates W have
charge +£1 while Z and v are uncharged. Three of the four eigenstates are massive. Their

+ 1 A2
W WhFiw?, (2.15)

masses are given by

v v
Mw = g25, My = 5\/9%—1-9%. (2.17)
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The weak mixing angle can also be expressed via the ratio of the heavy gauge boson masses

M
Cw = cosby = 92 = W (2.18a)

\/91 "‘9
MW
\/91 "‘9 MZ

The remaining massless particle is identified as the photon ~, since it is the gauge boson

Sw = sin by,

(2.18b)

of the unbroken U(1)ey, which has to reproduce the observed low energy QED. Hence, the
couplings g1 and go are related to the electric charge via e = g1g2/1/9% + g3

The effective fermion masses are obtained by inserting (2.14) into the Yukawa part of the
Higgs Lagrangian (2.12). The resulting mass matrix MZ»];» =1/ \/ﬁyzfjv can be diagonalized by
a bi-unitary transformation. The fermion mass eigenstates and corresponding eigenvalues
are given by

L_Z f7Lfl£7 Z fk ) (219)
= Sy U (041) = 20 o)

with the unitary matrices Uifk’L and UiJ;’R for left- and right-handed fields f = w;,d;, e,
respectively. Owing to their unitarity, the matrices Uifk’L and UiJ;’R drop out of the interaction
terms between fermions and neutral gauge bosons, when expressing the weak eigenstates in
(2.9a) by the mass eigenstates (2.19). Therefore there are no flavor-changing neutral currents
at tree-level [34]. However, since the quark-W*-boson interaction connects up-type fermions
with down-type fermions, a non-trivial matrix remains, the Cabbibo—Kobayashi-Maskawa
(CKM) quark mixing matrix [37,38]:

f
Vokm = uwl (Ud’L) . (2.21)
This matrix can be parametrized by four physical parameters, usually denoted by three
mixing angles and a complex phase. The complex phase of the CKM matrix is the only
source of CP-violation in the SM.
The potential V(H) in (2.12) gives rise to the mass of the physical Higgs field h(z):

My, = V2pu = %ﬁ (2.22)

i.e. the mass is a free parameter of the SM determined via the quartic coupling of the
Higgs-doublet field. The Higgs-boson mass is a yet unknown quantity of the SM.

2.1.1 Open Questions of the Standard Model

Even though the SM is extremely successful in describing the electroweak and strong phe-
nomena observed in nature, there are theoretical considerations as well as experimental
observations that render the SM as a low energy effective field theory that gets modified
when going to higher energies.
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Theoretical Considerations

e The SM does not describe gravitational interactions. Macroscopically, gravitation is
described by general relativity [5]. Since the gravitational coupling constant is many
orders of magnitude weaker than the other known forces, it can be safely neglected
for center-of-mass energies produced at high-energy colliders. However, at energies
around the Planck scale, Apjancc ~ 1019 GeV, gravity has to enter at the quantum
level. A consistent quantum mechanical description of gravity is not known yet.

o In the SM, all fermions and gauge bosons are in principle massless due to gauge invari-
ance. Since they obtain their masses via the Higgs mechanism, their masses have to be
proportional to the electroweak breaking scale v. However, the SM Higgs-boson mass
gets radiative corrections due to quartic Higgs—self-couplings and Higgs-couplings to
massive gauge bosons and fermions. Cutting off the loop-momenta integral at the
scale Ayt where new physics enters, one finds that the dominant corrections to the
Higgs mass are given via

M% = (M%)? + e (ME +2M, + M3 — 4m}) (2.23)

82 H w Z t)
where MY, is the bare mass of the unrenormalized Lagrangian, i.e. the bare Higgs mass
squared is proportional to the cuttoff A2 .. If the SM is valid up to the GUT scale

cut*
0'5 GeV or the Planck scale, one would suppose that the electroweak scale

Agur ~ 1
is of the order of the cutoff scale. This problem is also known as the naturalness or

fine-tuning problem.

o The electric charge of the quarks and leptons are related (Q. = 3Q4 = —3Q,/2) even
though the charge is arbitrary in the SM. The quantization of the electric charge can
be explained by the assumption that all three gauge groups of the SM are described
by a grand unified theory (GUT). However, with the SM particle content only, one gets
a wrong prediction of the weak mixing angle 6y, [39].

Experimental Observations

e From cosmological side one observes a large amount of weakly interacting cold dark
matter (DM) in the universe. The most prominent hint for cold dark matter comes
from the rotation curve of galaxies: instead of the expected behavior of the velocity
of the stars v? o< 1/R at large distances, where R is the distance of the star to the
center of the galaxy, one finds that the velocity is almost constant with respect to R.
However, postulating dark matter that clumps inside the galaxies — and hence has to
be cold, would explain this phenomenon. The only DM candidates in the SM is the
neutrino since it is the only electrically neutral particle. However, neutrinos are hot
DM and hence not a candidate for the cold DM in the universe. In addition, with the
current upper bound for the neutrino mass M, < 2 eV, the number of relict neutrinos
is not sufficient to provide the observed amount of DM.
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e To get the observed matter—anti-matter asymmetry the three Sakharov conditions
have to be fulfilled [40]. These are a set of necessary conditions a baryon-generating
interaction must satisfy:

— Baryon number violation.
— C-symmetry and CP-symmetry violation.
— Interactions out of thermal equilibrium.

At first glance, the SM seems to fulfill these conditions: Baryon number is violated
via non-perturbative effects, the so called sphaleron processes [41]. C-symmetry is
violated via the weak interaction, and CP-symmetry via the complex entry of the
CKM matrix. The required interaction out of equilibrium is given by the time of
electroweak symmetry breaking in the early universe. However, the amount of CP
violation provided by the complex phase of the CKM matrix is far too small in order
to obtain today’s matter—anti-matter asymmetry.

e The SM neutrinos are massless. This contradicts the observed neutrino oscillation
from solar, atmospheric and reactor neutrinos. The exact mass is not known, only
an upper bound is given by direct measurement, 0 < M, < 2 eV. While it is possible
to introduce a sterile right-handed neutrino and hence generate masses via the Higgs
mechanism, it seems quite unnatural that the neutrino mass is so much smaller than
all other fermion masses.

e The Higgs particle of the SM remains to be found. It is bounded from below by
experimental searches, with the current limit my > 114.4 GeV/c? given by the LEP
collaboration [42]. Theoretical considerations set additional bounds by requiring that
the Higgs potential is bounded from below [43]. Even though the SM Higgs mechanism
is not ruled out, the question arises whether it is the right description of the electroweak
symmetry breaking.

o The anomalous magnetic moment of the muon, (g — 2),, appears to differ by over
three standard deviations from the best SM calculation based on low-energy ete™
data [44-50].

2.2 The Minimal Supersymmetric Standard Model

As shown at the end of last section, there are phenomena that cannot be explained within
the SM. Therefore, one assumes that the SM is only a low-energy effective theory resulting
from a yet unknown underlying theory. However, possible extensions of the SM have to
fulfill the following restrictions:

1. The particle content and gauge group of the SM have to be incorporated in the new
model.
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2. The phenomenological observations, e.g. electroweak precision data and the proton
lifetime have to be in accordance with the new model.

A possible extension of the SM which fulfills this criteria is provided by supersymmetry
(SUSY) [12], especially by the Minimal Supersymmetric Standard Model (MSSM) [15,16]. In
particle physics, supersymmetry is an extension of the Poincaré symmetry, whose symmetry
generator () when acting on particles changes its spin by a factor 1/2 and hence relates
bosons to fermions and vice versa. In the MSSM, each SM particle has a superpartner that
differs by half-integer spin: The superpartners of the SM fermions are scalar bosons and the
superpartners of the bosonic fields in the SM are given by spin-1/2 fermions.

2.2.1 Motivation

Coleman and Mandula showed in [51] that the most general Lie Algebra of symmetry op-
erators that leave the S matrix invariant, are given by the direct product of an internal
symmetry and the Poincaré symmetry, cf. Appendix D.2. The initial motivation for in-
troducing supersymmetry into particle physics came from the observation that there are
further symmetry generators that overcome this no-go theorem by requiring the algebra to
be a graded Lie Algebra and hence being constituted by symmetry generators that fulfill
commutations as well as anti-commutation relations. Such symmetries are called supersym-
metries (see also Appendix D.5). From theoretical side, supersymmetries are appealing,
since it is the only possible extension of the Poincaré spacetime-symmetry of the S matrix
that allows for non-trivial scattering processes [52].

Apart from this this original motivation, supersymmetric field theories, especially the
MSSM, were found to have many interesting phenomenological properties that may solve
some of the beforehand mentioned weaknesses of the SM.

e An astonishing fact of supersymmetry is that the fine-tuning problem is not present
in an exact supersymmetric version of the SM. The quadratically divergent radiative
contributions to the Higgs mass are exactly canceled by the contributions arising
from the supersymmetric partners.® In softly broken SUSY, radiative corrections are
proportional to the squared-mass difference between the SUSY partners and only grow
logarithmically with the cutoff scale,

2
2 _ 02, My (2 2 @
Mi = (Mp)* + 1202 (mf ms) log< o ) , (2.24)
with ms being the fermion mass and mg the mass of the corresponding supersymmetric
partner. Therefore, in softly broken SUSY, the mass difference between the super-
partners has to be of the order of the electroweak scale for not reintroducing the
fine-tuning problem.

3This follows also from a more general statement of unbroken SUSY, the non-renormalization theorem. Tt
states that all vacuum supergraphs vanish. [12,53-56]
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e Under the assumption of a GUT at high energies, the MSSM correctly predicts the weak
mixing angle 6y, provided the superpartner masses are not heavier than O(10 TeV)
[39]. Turning the argument around, one finds that in the MSSM the three gauge
couplings meet at one point, the GUT scale, which is found to be at roughly 10 TeV.

e SUSY models can provide a massive, weakly interacting particle that is stable at cos-
mological timescales and therefore provides a candidate for cold DM. In the MSSM
this is realized by the assumption that R-parity is realized as a discrete symmetry,
rendering the lightest SUSY particle stable.

e The MSSM is slightly preferred to the SM by electroweak precision data related to the
weak mixing angle, the W-boson mass, and the top-quark mass [57]. Also the three-
sigma standard deviation of the anomalous magnetic moment of the muon, (g — 2),,
can be explained within the MSSM [58]. Further, precision tests of the SM predict
that the Higgs mass is smaller than ~200 GeV at the 99% confidence level (c.l.). The
MSSM, which is a type-II two Higgs-doublet model, naturally predicts a light Higgs
boson that cannot be heavier than ~ 140 GeV provided that the SUSY particles are
not too heavy (i.e. at the TeV scale). A global fit to EW precision data slightly favors
a Higgs boson within the MSSM [59].

2.2.2 The MSSM: Principles and Building Blocks

The MSSM is a N = 1 supersymmetric extension of the SM. The theoretical framework
for describing supersymmetry and especially supersymmetric field theories is collected in
Appendix D. The MSSM is based on the following principles:

e The field content of the MSSM is minimal in the sense that the least possible amount
of new fields is introduced.

e The MSSM is invariant under the SM gauge groups.
e SUSY is softly broken, i.e. no new quadratic divergences arise from the breaking sector.

e R-parity is conserved and defined in such a way, that all SM particles have R-parity
+1, while the SUSY partners have R-parity —1.

e SUSY masses are close to the EW scale.

N =1 SUSY has only one SUSY generator () 4, which is a spinor doublet, cf. Appendix D.5.
Different fields belonging to a supermultiplet, i.e. the irreducible representations of the
SUSY algebra, hence differ by spin-1/2. With exact SUSY the masses of superpartners have
to be the same. Hence, in any realistic supersymmetric extension of the SM as the MSSM,
SUSY has to be broken. The SUSY breaking occurs in an a priori unknown sector and
our ignorance of the breaking mechanism is parametrized by the so-called soft-breaking
parameters. In order to construct the MSSM we make use of the concept of superfields,
cf. Appendix D.6. The irreducible representations of N = 1 superfields can be used to
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construct supersymmetric Lagrange densities. While chiral superfields describe fields of
spin-0 and spin-1/2, vector superfields relate fields of spin-1/2 and spin-1. Hence all SM
fermions and the scalar Higgs bosons have to be assigned to chiral superfields, while the
gauge bosons are related to vector superfields. In order to obtain a supersymmetric version
of the Higgs mechanism, two Higgs doublets are required, one with U(1)y hypercharge
Y = 41 generating masses for the up-type quarks, and one with hypercharge ¥ = —1
generating masses for the down-type quarks. The reason is twofold: Since the Higgs fields
are in the SU(2), doublet representation, their supersymmetric partners are chiral fermions.
In order to cancel gauge anomalies, the hypercharge has to vanish when summing over all
fermions [60-62]. Since the SM is anomaly-free, the contributions coming from the fermionic
part of the Higgs sector have to cancel, i.e. the sum of their hypercharges has to vanish. The
second reason is that in order to construct a supersymmetric version of the Higgs-fermion
couplings, only analytic functions of combinations of chiral fields are allowed. A term like
the one in (2.12) containing H and H¢ in order to give masses to the up- and down-type
fermions would spoil supersymmetry. Therefore two Higgs-doublet fields are needed, one
developing its vev in the upper and one in the lower component. The field content of the
MSSM is collected in Table 2.2. The names of superpartners of SM model particles are
chosen such that spin-0 superpartner names correspond to the SM names with a prepended
s, while spin-1/2 superpartners have an appended ino.
The supersymmetric Lagrange density of the MSSM can be written as

Lyissm = Lsusy + Leoft (2.25)

where the first term is invariant under SUSY transformations while the latter contains the
soft-breaking terms. The SUSY Lagrangian can be split into a kinetic term, a gauge term,
and an interaction term, which are SUSY and gauge invariant by themselves. In accordance
with Appendix D.7.1 these parts are given by

Liin = /d94{QT62(ng+g2W+gsG)Q 4+ U 2@ B+9:0 4 Dl 2@ B+e:6)

1 Lte2aBreW) | Fl20BE
+ H,eXoBreW)pr Hde2(ng+g2W)Hd}, (2.26a)

Lomge =35 [ d62{glgTr (W) (We)a] + glgTr (W) A Wi )]
+ %Tl" [(WB)A(WB)A} + h-C-}7 (2.26D)
91

Lint = /dﬁz{ MHU -Hy — y?]Ule -H, — y;ijsz] -Hy — yijiLj - Hy —|—hC} (2260)

w

Wea, Wy, and Wp are the respective supersymmetric field strengths belonging to the vector
superfields G, W, and B,

1. _
(Wa)a = = DDe”“D e, (2.27a)
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Name Label DBosonic Field Fermionic Field SU(3)¢,SU(2)L,U(1)y
Q  GL=(ar.dr) qr=(ug.dp) (3,2,+1)
(s)quarks U up, ur = ufp (3,1,—3)
.- D s dr, = d5 (3,1,+2)
EE
5 L lp=(o,60) o= (vi.er) (1,2,-1)
= (s)leptons o
E €h e=c¢e%h (1,1,42)
H, hy = (h?[, hg) ﬁu = (FLI, Bg) (1,2,+1)
Higgs(ino) ~ o
Hy  ha=(hghg)  ha=(hghy) (1,2,-1)
Hﬁ gluon/gluino G g® g® (8,1,0)
0.9
*g’i W (ino) W W Wi (1,3,0)
% B(ino) B B B (1,1,0)

Table 2.2: Field content of the MSSM. Superfields are labeled with capital letters. The SUSY
partners of the SM fields, cf. Table 2.1, are denoted with a tilde. The gauge group representation
and charge of the fields are arranged as (SU(3)¢, SU(2),U(1)y). Generation and color indices for
chiral superfields are suppressed. The index a and ¢ enumerates the vector superfields of SU(3)¢
and SU(2), respectively.

1 - _
(W )a = —ZDDe’WDAeW, (2.27h)

(Wg)a = —EDDe*BDAeB. (2.27c)
Dy and D i are the supersymmetric covariant derivatives defined in (D.119). The Yukawa
couplings yfj’d appearing in (2.26c) are the same as the ones in (2.12). The dot-product in
(2.26¢) denotes the SU(2)-invariant contraction of two doublet fields, i.e. A-B = ¢;; A'B7.
The p parameter, describing the coupling between the two Higgs doublets, and after elec-
troweak symmetry breaking also the ratio of the two Higgs vevs, tan 3, are the only new
free parameters in Lgysy-

R-Parity

The superpotential VW is not the most general superpotential invariant under SUSY and
gauge transformations. The possible terms have been constrained by the requirement of
R-parity (R,) conservation. As shown in Appendix D.5.2, in N =1 SUSY there is one U(1)
symmetry left that commutes non-trivial with the SUSY generators, called R-symmetry.
Under phase rotation of the Grassmann coordinates, § — €% and 0 — e '?0, one has
Qi — e %Q4 and QA — ei“’QA, (cf. (D.105)). One defines an R-transformation on a
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general left chiral superfield as
O(x,0,0) — P (z,e%0,e790) = 92 d(1,0,0), (2.28)

i.e. the R-charge of @ is Rg. Considering a vector superfield V', its reality condition implies
vanishing R-charge. Turning to the component fields of ¢ and V', egs. (D.133) and (D.142),
one gets the R-charges of the component fields:

R(Y) =Rg — 1, R(F)=Rg — 2, (2.29a)
R\ =1, R(D)=0. (2.29b)

R(p)
R(Ay)

Ry, R(¥)
0, R(\)

Since the kinetic part of the SUSY Lagrangian is invariant under an R-transformation, as
well as the gauge part which is trivially invariant, one could think of R-invariance as a
symmetry of nature. However, an exact R-symmetry is not possible for theoretical and
phenomenological reasons.*

Its discrete Zgy subgroup for ¢ = m, called R-parity, however, has been conjectured by [13]
to be an exact symmetry in the multiplicative sense of the MSSM. It can be seen as the
invariant remnant of a U(1)r gauge symmetry destroyed by anomalies, also called discrete
gauge symmetry [64]. The value of ™ = (—1)% for a superfield is called matter parity
(Mp), while the value of the component fields are called the R-parity (Rp) of that field.
Since Rp is always positive for a vector field whereas its fermionic partner is necessarily
negative, the matter parity of the chiral fields of the MSSM are assigned such that all SM
particles have positive R-parity while their SUSY partners have negative R-parity. This can
be achieved by assigning Ry = 3(B — L), where B is the baryon number and L is the lepton
number of the superfield ®. With s being the spin of each particle, one can write the MSSM

matter parity and R-parity as

Mp = (—1)3B=D), (2.30a)
Rp = (—1)3(B=L)+2s, (2.30b)

In exact R-parity conserving models as the MSSM the lightest R-odd state has to be stable.
It is called lightest supersymmetric particle (LSP), which in many models serves as dark
matter candidate. In addition, R-parity does not allow for baryon and lepton number
violating terms, which are potentially dangerous since they could lead to rapid proton decay.

For completeness we give the R-parity violating terms which could in principle contribute
to the superpotential and may be present in extensions of the MSSM,

1 = — 1., ——
Wy = —€iLi - Hy + 5Aij,gL,- - LiEy + NjjLi - Q;Dy + §A;’J-,€UiDjDk : (2.31)

*A U(1)r global symmetry would be destroyed by quantum anomalies [63]. Further a gaugino mass term
would violate such a symmetry, however their non-observation at LEP /Tevatron renders them massive.
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Soft SUSY-Breaking Terms

SUSY has to be broken in any realistic model, since it is manifestly not an exact symmetry
of the known particle spectrum. In the MSSM, SUSY is explicitly broken and the breaking is
parametrized by means of the soft breaking terms. The couplings of the soft breaking terms
have positive mass dimension and only those terms are allowed that do not introduce new
quadratic divergences.” The most general soft Lagrangian of the MSSM that is invariant
under the SM gauge group is given by [65],

Lot = =1, (M2, )ijGir — wp(MZ,)ijlijr — J;R(Mng)ijCZjR
— U (M2 )ijlin — Er(MZ,)ijésr

lr
1
-3 (M\BB + MyW*W* + M35 + h.c.) (2.32)
—m}, hlhy —m3 hihg — (bhy - hg +hec.)

— ((a )ijtir Gir, - hu + (aY)ijdir @iz - ha + (a%)ijéir iz - ha + h-C-) -

The allowed terms are squark and slepton mass terms (first and second line), gaugino mass
terms (third line), Higgs-boson mass terms and bilinear couplings (fourth line), and trilinear
Higgs—sfermion—sfermion interactions (last line). The i, are generation indices and a runs

from 1 to 8 for gluinos and from 1 to 3 for winos. The trilinear couplings a?j’d’e are usually

expressed in terms of the Yukawa couplings v, de

a;tj;d,e = (Y Ay qe)ij - (2.33)

The gaugino mass terms M 2 3 and the bilinear Higgs-boson coupling b are in general com-
plex numbers, while the m,, 4 are real mass parameters. Further the sfermion masses MJ% and

wde are hermitian 3 x 3 matrices in generation space. If one allows

the trilinear couplings a
all parameters to be complex one would deal with 105 new unknown parameters. All but
two, the p parameter and tan 3, are coming from the soft-breaking terms. For comparison,

the SM has 19 free parameters.

Constrained MSSM

Even though the MSSM in general introduces 105 new free parameters, an extensive range
in parameter space is excluded phenomenologically. The main reason is that most of these
parameters allow for flavor-changing neutral currents (FCNC) or introduce new sources of
CP violation, which are both not observed so far [66-69]. The concept of minimal flavor
violation assumes that the only source of CP violation is given by the CKM matrix or
rather the Yukawa couplings y*¢, and that the sfermion mass matrices MJ%- and the trilinear

5Positive mass dimension of the couplings is a necessary but not sufficient condition for not having quadratic
divergences. For example, a term such as di;jr¢; ¢;¢r generally tends to generate quadratic divergences
from loops.
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couplings A, are diagonal in flavor space so that FCNC are absent at tree-level,

(M3)ij = 8; M3 (Af)ij = 0i Ay, (2.34)
with f = {G,@,d,l,é} and f = {u,d, e} and the generation indices 7,j = 1,2, 3.

The parameters can be further restricted in constrained SUSY models, where assump-
tions about the SUSY breaking at high scales and their mediation to the visible sector are
made. The most prominent symmetry breaking mechanisms are gravity mediated (mSUGRA)
[70,71], gauge mediated (GMSB) [72-74], and anomaly mediated (AMSB) supersymmetry
breaking [75,76]. In all these models the parameters appearing in (2.32) have a particular
simple form at the GUT scale. Renormalization group equations can then be used to run
them down to the electroweak scale.

The constrained MSSM (CMSSM) is obtained by assuming that the MSSM breaking pa-
rameters can be described by such universal braking mechanisms. However, referring to
the CMSSM without specifying the underlying mechanism commonly denotes the mSUGRA
scenario.

2.2.3 The Particle Spectrum of the MSSM

In the following we want to discuss the particle spectrum of the MSSM. If SUSY would be
unbroken, it would be a very economic theory, since all sfermion and gaugino masses would
be identical to their SM partners. The only difference would occur in the Higgs sector, since
now one has a two Higgs-doublet model instead of a single Higgs field. After eliminating
the auxiliary fields appearing in Lsysy egs. (2.26a)—(2.26¢), see also Appendix D.7.1, one
gets the mass terms of the various particles which have to be diagonalized in order to obtain
mass eigenstates.

Higgs Bosons

The MSSM Higgs sector is constituted by two (complex) Higgs-doublet fields with opposite
hypercharge. Hence, the Higgs sector has eight free parameters. As well as in the SM Higgs
mechanism, after developing its vacuum expectation value, the three would-be Goldstone
bosons vanish from the physical spectrum, giving mass to the W and Z bosons. Therefore
there are five physical Higgs bosons: three neutral Higgs bosons, two of them CP-even, h°
and HY, and one CP-odd, A°, as well as two charged Higgs bosons, H*. The Higgs potential
of the MSSM has the following form,

Vir = (|uf® +m3 hliha + () +mi, ) hlh + (bhy - ha + hec.)
2 4 2 2 (2.35)
+ 2
+ P92 g — hih)” + 2 hih 2,
8 2
Comparing this with the SM Higgs potential (2.11) one finds that the Higgs self-interaction
terms of the MSSM are no longer free parameters. Instead they are given by the gauge cou-
plings g1 and g2. In analogy to the Higgs mechanism in the SM, the Higgs fields are required
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to have non-vanishing vacuum expectation values that are annihilated by the generator )
of the electric charge (2.7),

_ 1 (n 1[0
<hd>—ﬂ<0>, <hu>—\/§<v2>. (2.36)

The requirement of electroweak symmetry breaking for nonzero vacuum expectation values
v1,2 and the condition that the Higgs potential has to be bounded from below impose the
following conditions on the parameters of the Higgs potential

mi., +mj,, +2lul* > 2|b], (2.37a)

(mi, + |ul*)(mi,, + [u?) < b*. (2.37h)

These relations link electroweak symmetry breaking of the MSSM to the breaking of super-
symmetry, since in an unbroken theory (i.e. mj = m,%d =b=0) egs. (2.37a,b) cannot be
fulfilled simultaneously.

Expanding the two Higgs fields about the classical ground state, they can be written as

by — (12(1)1 + ?1 + ix1)> _ (\}i(v cos f3 4_— o1+ 1X1)>’
" "L (2.38)

hi hi
hu - 2 = 1 2 . 5
%(vg—i—(]ﬁg +ix2) ﬁ(vsinﬂ—kgbg +ix2)

where v = /v} +v3 ~ 246 GeV and tan 3 = vy/vy with 0 < 8 < m/2. The minimization
condition leading to (2.36) can be written as

(m,%d —mj )tan 28 + M7 sin 24
2 )

m,%u sin® B — m%d cos® B M2

cos 23 2

b= —

(2.39a)

P = (2.30D)

The mass-squared matrix of the Higgs bosons are obtained by inserting (2.38) into (2.35)
and taking only the terms quadratic in the fields. After some simplification, it is given by

quadratic m?AO sin? B+ M% cos? g - (m1240 + M%) sin 8 cos 3 b1
Vi = (¢1, ¢2)

—(m%, + M%)sinBcos B m%,cos® B+ MZsin? B / \92

+b(x1, ><z)(v2/v1 ! )<X1> (2.40)

1 1 /1)2 X2

'Ul'UQ 2 + + UQ/UI 1 h;
+ <b+ —g ) hi, h ( P
7 92) (s ha){ AV



22 2. FROM THE STANDARD MODEL TO THE MSSM

with m1240 = 2b/sin23.5 The mass eigenstates are obtained by performing the following

unitary transformations

1 (H° cosa  sina o1
-0~ _ , (2.41)
V2 \n —sina  cosa 105
1 [G° — i
1) = o g osinfl , (2.42)
v2\a sinff cosfB) \x2
G* _ [—cosB sinfp hli (2.43)
H* sinf cosf h;ﬁ .

The tree-level masses of the five physical Higgs bosons and would-be Goldstone bosons are
then given by

1
mioﬁo =3 < 20+ M2 F \/(mio + M2)? — AMZm?, cos? 26) , (2.44a)
2b
2
= - 2.44b
A= G 25"’ ( )
mipe = mio + M, (2.44¢)
mio =m&e =0. (2.44d)
The mixing angle o obeys the relation
2 2
sin 2o = —mgoi—i_mgo sin 23 (2.45)

The Higgs mass spectrum is determined by only two new parameters, as one can see from
(2.44). Usually, they are taken to be m 40 and tan 5. It follows that the CP-even and charged
Higgs-boson tree-level masses are no longer free parameters of the theory and underlie the
following constrains that emerge from (2.44),

mpo < min(m 4o, Mz), (2.46a)
myo > max(m o, Mz), (2.46b)
mp+ > max(m o0, My ) . (2.46¢)

One remarkable prediction is that the tree-level mass of the lightest CP-even Higgs boson
h? is lower than the Z mass. This bound has of course already been exceeded by the

current experimental lower bound from LEP, my > 114.4 GeV 95% c.l. [42].7 However,

STdentifying the mass of the CP-odd Higgs boson with m 40 will be validated below.

"This lower bound was derived by the negative search of Higgs bremstrahlung from Z bosons. In modified
Higgs models this coupling can get altered, e.g. in the MSSM the h°ZZ coupling is suppressed via a
factor sin(8 — «) which in principle lowers the mass bound depending on the precise value of o and 3.
However, in the decoupling limit, m 40 > Mz, one has m 0 ~ myo ~ my+ and 8 — «a — /2 and the
lightest Higgs becomes SM like while the others decouple.
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since the CP-even Higgs mass is not a free parameter of the theory, it gets altered by
radiative corrections [77,78]. Owing to the large top-quark-Higgs Yukawa coupling the
radiative corrections are dominated by the incomplete cancellation of loops involving top
quarks ¢ and its SUSY partners, the stops . In the limit of exact supersymmetry, the
Higgs masses are protected by the non-renormalization theorem, hence the corrections have
to be proportional to In(mg/m;), with mg being of the order of the soft breaking scale. By
neglecting squark-mixing effects for simplicity, the shift of the mass bound can be estimated
and is given via

3mj} mg

=t == 2.4
2m2p2 my (2:47)

mio < m2Z +
i.e. the corrections go with the fourth power of the top mass. This shows that in the MSSM
it is crucial to have a heavy fermion, since otherwise radiative corrections would not be able
to shift the Higgs mass above the experimental bound.

The relations for the gauge bosons, eqgs. (2.15-2.17), also hold in the MSSM with v =
\/v? +v3. The SM fermions obtain their masses in much the same way as in the SM,
however since in the MSSM h,, can only couple to up-type fermions while hy couples to the
down-type fermions, the relation between masses and Yukawa couplings becomes

Ay My, My, Ad _mg Mg Ae _ Me Me

_ M _ _Md _Md fe _Me _  Me 9.48
V2 vy wsing’ V2 vp wcosf’ V2 vy wcospB (248)

Comparing this with the Yukawa couplings in the SM, eq. (2.20) one finds an additional

factor of 1/cos/3 or 1/sinf, respectively. Hence, down-type Yukawa couplings can be
considerably enhanced for large values of tan 3.

Even though true at tree-level, the relations (2.48) between masses and Yukawa couplings
get spoiled by radiative corrections. These allow for an effective coupling of down-type
quarks to the vev vg of h, while up-type quarks get an effective coupling to v [79]. While the
former corrections are enhanced by tan /3, the latter are suppressed by 1/ tan 5. The induced
effective couplings are closely related to the soft breaking parameters, as expected due to
the non-renormalization theorem. The tan § enhanced contributions can be resummed to
all orders [79-84]

1))\2 B mp
W N 1+ Amb ’

where )\2 denotes the bare Yukawa coupling and Amy contains all tan 8 enhanced terms.

(2.49)

Further details on the effective Yukawa couplings are be given in Section 6.2 and Appendix C.

Sfermions

In principle all particles with the same spin, SU(3)c X U(1)em quantum numbers, and R-
parity can mix with each other. Since sfermions of different families can mix via the soft
breaking terms, this would lead to 6 X 6 mixing matrices for up-type squarks, down-type
squarks, and charged sleptons and to a 3 x 3 mixing matrix for the sneutrinos. As mentioned
before, family mixing is strongly constrained by phenomenological observations. Therefore



24 2. FROM THE STANDARD MODEL TO THE MSSM

in the following minimal flavor violation is assumed, resulting in reducible 6 x 6 matrices
whose irreducible elements are 2 x 2 matrices for up-type squarks, down-type squarks, and
charged sleptons, describing left-right mixing between each generation. Since only left-
handed sneutrinos are included in the MSSM, no mixing takes place in this sector. In the
gauge eigenstate basis ( fr, fR), the sfermion mass matrix can be written as

M. — M]%L + mfc + M2 cos(2ﬂ)(]§§ —Qys2) myf(A} — pk) (2.50)
! my(Ay — in) M2 +m? + QM3 cos(28)s2
where k = cotf for up-type squarks and x = tan 8 for down-type squarks and electron-type

sleptons. The chirality eigenstates can be rotated into the mass eigenstates with help of a
unitary matrix U 7

fl fL T my 0
S =Us =  D;=UMUL=| N : 2.51
<f2 I\ Ir / ) 0 m 250
f2
The sfermion mass eigenvalues are given by
m>2 —1(]\/[2 + M2 )+m2+}I3M cos(23) (2.52)
fi2 9 fr IR f 2 ez '

1 2
¥ 2\/{]\/[% - M}%R + M7 cos(283)(I} — 2Qfs§,)} +4m3|Ap — pkl?,
with the convention mj < mg . The sfermion matrix (2.50) can be expressed in terms of
the unitary matrix Uf and the physical sfermion masses

/\/lf=< Upn)*m, + Uy f'm, UfnUfmm%+Uf21Ufzam%))- (2.53)

UfHUlem% T Uf?lUfQmegz) (Uf12)2m??1 T (Uf22)2m?52

U 7 can be parametrized by a mixing angle 6 7,

Uf: cosﬁf sian 7 or Uf: —sinef cosef ' (2.50)
—sinﬂf COSQJZ 0089]; sin9f~

Depending on the precise value of the parameters in (2.50) one has to choose det(U f~) ==1
in order to realize mys < mg,. Comparing (M) 2 of (2.50) and (2.53) and using the explicit
expression for U 7 given by (2.54), relates the mixing angle to the soft breaking parameters,

_ 2m (A%} — pK)
1 2

The soft breaking parameter M ZL is the same for up- and down-type quarks of the same
generation due to SU(2)r invariance, relating the squark masses within one generation.
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Comparing the (M )11 of (2.50) and (2.53) one finds for each generation following relation
between the four mass eigenvalues:

(Ud~11)2m§~1 + (UJ12)2m?[2 = (Uﬁn)Qm%l + (Ualz)Qm%Q + mé — mi — MI%V cos23. (2.56)

For each generation there are five independent parameters related to the squark sector,
M2, M2 Mng, Ay, and Ay (with M? = MT%L = MdgL). All other parameters are already

UR’
determined from other sectors. Depending on the parametrization used, these parameters

can be related to the ones appearing in (2.53), namely three out of the four fermion masses
2 . m%Q, mf—[l and m?zz and the two mixing angles 0z, 0.

The sfermion mixing is proportional to the corresponding fermion mass. Hence for the

m

third generation huge mixing effects take place, while for the first two generations mixing
effects can be safely neglected leading to trivial mixing matrices. In the squark sector
the number of free parameters is then reduced from five to three for the first and second
generation, namely MI%, ML%R, and Mng.

Neutralinos and Charginos

The neutral higgsinos hY and hJ, and the neutral gauginos B and W mix and form four
mass eigenstates, the neutralinos. They are Majorana fermions, in the sense that their left-
and right-handed component are related via Wg = —io?¥y, (cf. (D.59) and (D.81)). In the
basis

v = (B,W° h),hy)", (2.57)
their mass matrix is given by,
My 0 —MysycosB Mysysin
0 M. M 7 cy cos Mz cy, sin
My = 2 zeweosf - Mzewsin | (2.58)
—MysycosB Mycey cosf 0 —
Mzsysin 3 Mgcysin 5 — 0

Without electroweak symmetry breaking, this matrix would be block diagonal, and gauginos
would not mix with the higgsinos. Due to the fact that ¥ are Majorana particles, My has
to be symmetric and can be diagonalized with help of a unitary matrix N. Defining the

mass eigenstates as

et B
~0 WO
LN (2.59)
X3 hu
X9 hg

the diagonalized mass matrix is given by

Mo = N*MyN'. (2.60)
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N can be chosen such that all entries are non-negative and the neutralino masses obey
mgo < Mmgo < Mmgo < Mgo. The diagonalization of the neutralino mass matrix is usually
done numerically.

The positive and negative charged higgsinos and winos (W™, Af) and (W™, h;), with
W = %(Wl T W?), can mix, and their mass eigenstates are called charginos. With help
of the electric charge eigenstates

Ut = (ﬁﬁ) , U = (I?_) , (2.61)
hay ha

the chargino mass term of the Lagrangian can be written as

1
-5 (@) MET™ + ()T Mot | + he., (2.62)
with the mass matrix
M. 2 My sin
Mo = ? V2M sinf) (2.63)
V2Myy cos 3 I

As in the neutralino case, the mixing is due to the electroweak symmetry breaking. This ma-
trix can be diagonalized by a bi-unitary transformation. Since ¥+ and ¥~ are independent
states, they can be separately rotated. Defining the mass eigenstates as

>+ Wt e W-—
o), A (2.64)
X2t h X2~ hq
the diagonalized mass matrix is obtained by
My =U*McVT. (2.65)

This yields the following chargino masses,

1
mis = (M3 + u? + 203 )
, (2.66)

1
T 5\/(MQ? + 2+ 2M2)? — 4 (uMy — M2, sin2)°.

Gluino

The gluino § is the superpartner of the gluon and hence a color octet fermion. Due to its
unique color and spin quantum number it cannot mix with any other particle in the MSSM.

Its Majorana mass arises from the soft SUSY breaking gluino mass term,
mg = M3 . (267)

In supersymmetric GUT theories the three gaugino breaking parameters are related to each
other since they have to unify at the GUT scale Agyr. Running the scale down to low
energies with help of the renormalization-group equation (RGE), this results in

5
M3 = &s sin? Oy, My = 0% cos? Oy Mj . (2.68)
o 3 «



3 Squark and Gluino Production at Hadron
Colliders

Having introduced the MSSM in the last chapter, we now want to discuss its phenomeno-
logical implications for collider physics. Up to now, no direct evidence for supersymmetric
particles (sparticles) has been found, resulting in lower mass bounds for these particles.
However, as motivated in Section 2.2.1, there are several indications that SUSY might be
realized at the TeV scale, and hence should become detectable at the Large Hadron Collider
(LHC) at CERN.

The LHC is a proton—proton collider with a design center of mass energy (c.m.) of 14 TeV
with two high luminosity experiments, ATLAS [85] and CMS [86], aiming to a peak luminosity
of L = 10** cm™2s7! = 100 pb~!s™!, and two low luminosity experiments, LHCb [87] and
ALICE [88]. ATLAS and CMS are multi-purpose experiments designed for the searches of new
particles, LHCb investigates CP-asymmetry in B-meson systems while ALICE looks towards
the quark—gluon plasma induced by heavy-ion collisions.

Unfortunately, a few weeks after the successful start-up in September 2008, the LHC was
forced to shut down again due to magnetic quenching of about 100 of the superconducting
solenoids. Since November 2009 the LHC is operating again. However, the center of mass
energy is halved to 7 TeV for the first 18 month to two years, after which it will be shut
down again to prepare for the 14 TeV collisions.

If SUSY is realized at the TeV scale, colored SUSY particles, i.e. squarks and gluinos, are
expected to be produced at a high rate, since it proceeds via the strong interaction. In
R-parity conserving models, like the MSSM, SUSY particles can only be produced in pairs.
Studies for the 14 TeV LHC, based on Monte Carlo simulations have shown that there is the
possibility of early SUSY discovery within 1 fb~! of data in the inclusive jet plus missing
energy channel, provided that the SUSY particles are not too heavy (i.e. below 2 TeV) [89].
Precise theoretical predictions for squark and gluino pair production are crucial for the
analysis of the LHC data and extraction of the SUSY parameters.

Among the final-state squarks one distinguishes the production of light-flavor squarks,
i.e. squarks belonging to the first and second generation, and the third generation squarks,
the top-squark 7 and the bottom-squark b. The reasons are the following: First, in contrast
to the light-flavor squarks, the decay of top- and bottom-squarks proceeds via the decay
into a bottom-quark. Hence these processes can be triggered via B-tagging. Second, in
many SUSY models, e.g. mSUGRA, when running the common parameters from the high
scale down to the TeV scale, the third generation Yukawa-couplings have to be taken into
account in the RGE running, which drives the masses of the third generation squarks to a
lower value. Further, the left-right mixing is proportional to the Yukawa coupling, which

27
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implies a large mass splitting for the third generation squarks. Hence in many models one
of the top-squarks is the lightest squark.

Since the light-flavor squark mass-eigenstates are in a good approximation given by their
flavor eigenstates, their states will be denoted as ¢;, and g for the left- and right handed
squarks, respectively. In contrast top- and bottom-squarks will be labeled as #, and bg,
respectively, with a = 1,2 denoting the mass eigenstates.

3.1 Experimental Searches

The negative search results for SUSY particles leads to lower mass bounds on the SUSY
spectrum by comparing theoretical predictions with experimental observations. These lower
mass bounds are usually defined at the 95% confidence level (c.l.). Obviously, the so de-
rived exclusion bounds usually depend on the underlying parameter space. Due to the huge
parameter space in the MSSM where the SUSY breaking is parametrized by more than hun-
dred parameters, a scan through all these parameters is not possible. Even when assuming
a breaking mechanism, where the total spectrum can be derived by a few parameters, a
sampling of these parameters is beyond present capabilities for phenomenological studies,
especially when it comes to simulating experimental signatures within detector simulation.
Therefore one defines benchmark scenarios such as the snowmass points and slopes (SPS) [90]
which exhibit specific characteristics of the MSSM. Such benchmark points are then used for
the analysis or as starting point of a one- or two-dimensional analysis.

In the following we will constrain our discussion to the R-parity conserving MSSM. The
expected signal for squark and gluino production is characterized by the presence of multiple
jets of hadrons from their cascade decays and large missing transverse energy [, from the
presence of two LSPs in the final state.

3.1.1 Light-Flavor Squarks

The search strategy and mass reconstruction for the various SUSY particles are described in
e.g. [91] and references therein. Since the LSP will escape detection, it is not straightforward
to reconstruct SUSY events. A possible approach is to use kinematic edges of distributions
[92]. However, the search strategies are strongly model dependent. For example, in a
scenario with squark masses mg significantly larger than the gluino mass mg, at least four
jets in the final state are expected, while for mg > mj dijet configurations dominate. Further
the decay chains of light-flavor squarks often depend on its chirality. For example, in the
SPAla benchmark point the second neutralino {3 is wino like while the first (i.e. the LSP)
%! is bino like. Consequently, while a right handed squark decays directly into the LSP
and a quark, a left handed squark can decay into the LSP via a decay chain with the ¥ as
intermediate state,

dr — q X, (3.1a)
Gr — X9q— qll — qlt 17 %9, (3.1b)
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Figure 3.1: Exclusion plane at 95% c.l. as a function of squark and gluino masses by direct searches
in the mSUGRA framework. Results from previous experiments are included. The regions where no
mSUGRA solution is possible are black shaded. The referred “squark mass” is the average mass of
all squarks considered in the analysis. D@ (left plot): All squarks other than stops are considered.
The red shaded region shows the most conservative exclusion bound, which is given by the red line
combining with the expected uncertainties, shown by the yellow region [93]. CDF (right plot): Stop
pair production processes are not considered and the contribution from hard processes involving
sbottom production is not included in the analysis. The red solid line shows the observed upper
mass limit including all uncertainties [94].

making left- and right-handed squarks distinguishable due to the two extra leptons in the
final state.

The most stringent bounds for light-flavor squark and gluino masses are obtained from the
D@ and CDF collaboration [93,94] as a result on an inclusive search for squarks and gluinos
in proton-anti-proton collisions at the Tevatron at a c.m. energy of v/S = 1.96 TeV in events
with large F; and multiple jets in the final state, based on 2 fb~! of CDF Run II data and
2.1 b=t of DO data, respectively. The analysis was performed in both cases within mSUGRA
scenarios fixing the high scale parameters Ay, tan 3, and sign(u) and varying Mo and M,
which results in a scan over the squark and gluino masses. The analysis performed by the
D@ collaboration was done for Ay = 0, tan 5 = 3, and sign(u) < 0, and the one performed
by CDF is done in the same region but for tan 8 = 5. The exclusion plane as a function of
the squark and gluino masses derived by both experiments are shown in Figure 3.1. The
squark and gluino lower mass bounds from D() (CDF) are given by mg > 392 GeV (392 GeV)
and mg > 327 GeV (340 GeV). Taking theoretical uncertainties into account by allowing
for a factor of two in the choice of factorization and renormalization scale and considering
uncertainties in the parton distribution functions (PDFs), these lower mass bounds are
reduced to mg > 379 GeV and mg > 308 GeV. This points out the importance of accurate
theoretical predictions for precise experimental analysis.
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Figure 3.2: Exclusion plane at the 95% c.l. as a function of sbottom and neutralino mass. The
observed and expected upper limits from the new DO [97] (left) and CDF [98] (right) analysis are
compared to the previous results from D@ and CDF experiments, and from LEP experiments with
squark mixing angle #; = 0. Due to the much larger data set used in the D@ analysis, higher
exclusion bounds are obtained.

3.1.2 Bottom-Squarks

Since the bottom-squark sector is connected to the top-squark sector, often a combined
analysis is performed, with a stop and a sbottom in the final state. Even though SUSY
particles have to be pair-produced, a mixed stop—sbottom final state can occur via W-boson
production or via gluino-pair production and subsequent decay into a stop and a sbottom,
if kinematically allowed. The relevant decay modes, which in general have to be considered

are
b = bX9 (= bIT 1 xY), (3.2a)
by — Wi = bW K7, (3.2b)
bi = tX; (3.2¢)
=t (= bl 1), (3.2d)
h—bx;, (3.2¢)

where the subsequent chargino decay is not written explicitly. Depending on the decay
chain, different strategies are used for the analysis. The decay of the lighter bottom-squark
by is often studied through the decay mode (3.2a). The analysis used is similar to the
one used for the light-flavor squarks, cf. (3.1). Another analysis method is proposed in
e.g. Refs. [95,96], by measuring the edge position of the invariant mass distribution of the
final-state top- and bottom-quarks, my,, coming from decay modes (3.2b) and (3.2¢). As
for the light-flavor squarks, the most stringent bounds are obtained from the D@ and CDF
collaboration [97-99]. The expected signal for direct sbottom production is characterized
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by the presence of two energetic jets from the hadronization of the bottom quarks and large
missing transverse energy . The analysis makes use of b-tagging, based on the presence
of a displaced vertex due to the decay of a b-hadron inside the jet. Special kinematical
cuts on the pseudo-rapidity and transverse energy of the leading jet are required. The
analysis is based on 2.65 fb~! of CDF Run II data and 5.1 fb~! of D@ data, respectively,
collected at the v/S = 1.96 TeV Tevatron. In contrast to light-flavor squark searches, the
analysis is not restricted to a specific mSUGRA model. It is done in a generic MSSM with
R-parity conservation assuming a mass hierarchy such that the sbottom decays exclusively
asb—b %Y, i.e. corresponding to (3.2a). The exclusion planes as a function of the shottom
mass m; and LSP mass %} derived by D@ and CDF are shown in Figure 3.2. The sbottom
lower mass bound strongly depends on the LSP mass. For mgo < 70 GeV, sbottom masses
up to 240 GeV (230 GeV) are excluded by the D@ (CDF) experiment. For a heavier LSP,
these bounds are not so stringent. For m.o 2 110 GeV (mf(? 2 95 GeV) the only constraint
on the sbottom mass is given by the requirement of being heavier than its decay products,
my > m>~<<1) + my.

3.1.3 Prospects for the LHC

By using indirect experimental and cosmological information, the likely range of the param-
eters of the mSUGRA scenario are estimated using a Markov-chain Monte Carlo (MCMC)
technique to sample the parameter space [100]. Most of the constraints on new physics
beyond the SM are negative, in the sense that the data is in agreement with the SM pre-
dictions, and hence set lower limits on SUSY particles. However, the anomalous magnetic
moment of the muon (g—2), that differs by over three standard deviations from the best SM
calculations based on ete™ collider data [44-50], and the cold matter density 2cyvp [101]
which has no origin in the SM, may be used to set upper limits on the possible masses of
supersymmetric particles. To be consistent with current precision data, any such analysis
should also take into account the constraints imposed by electroweak precision observables
(EWPO) and B-physics observables (BPO) such as the branching ratio b — sv. The so
achieved likely range can then be compared with the expected discovery reach at the LHC.
The left plot of Figure 3.3 shows that the 95% c.l. area in the (mg,m; /) plane of the
CMSSM (red area) lies largely within the region that could be explored with 1 b=t of
integrated LHC luminosity at 14 TeV, indicated by the 5 ¢ discovery contours published by
the ATLAS and CMS collaboration [102,103]. For the same data set, a same sign dilepton
signal could as well be visible in the 68% c.l. area. A parameter scan through the whole
MSSM parameter space is not possible for such a large amount of free parameters which
cannot be explored with the MCMC approach due to limited available CPU power. However,
one might wonder to what extend the conclusions are valid for more general scenarios. To
get an idea, a simple extension of the CMSSM is considered, in which the high scale soft
breaking parameter for the Higgs masses differ to those of the squarks and sleptons, the
so-called non-universal Higgs model 1 (NUHM1) [104]. The results of the scan including an
additional parameter my are shown on the right plot of Figure 3.3. The general sizes of the
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Figure 3.3: The 95% and 68% confidence level in the (mg,m; /) plane of the CMSSM for tan 8 = 10
and Ay = 0 [100]. The dark shaded area are excluded due to a scalar tau LSP and the absence of
electroweak symmetry breaking. Left: The best fit point is indicated by a filled circle, and the 68%
(95%) c.l. contours from the fit are given by the blue (red) areas scanned over all tan 8 and Ag
values. The 5o discovery contours for various observables at ATLAS and CMS for 1fb~! of data as
well as the Higgs-boson discovery via sparticle decay for 2fb~" of data at CMS are shown. Right:
same as left plot, but the best fit point and the 68% (95%) c.]l. contours from the fit are given for
the NUHM1 scenario.

68% and 95% c.l. regions are the same as in the CMSSM, though the best fit point and the
68% c.1. region is lowered a bit and the 95% c.l. region is enlarged in m; /. Again, a large
(whole) range of the 95% (68%) c.l. area lies within the region that can be explored with
1 b=t of integrated LHC luminosity at 14 TeV.

In summary one can say that there are good prospects that the initial runs of the LHC
will determine the (non)-existence of many low energy SUSY models.

3.2 Theoretical Predictions

In order to obtain reliable exclusion bounds or to claim a discovery of new SUSY particles,
precise theoretical predictions for the production cross sections and kinematical distributions
are crucial. In the event of discovering SUSY, one would like to trace back the underlying
model by measuring the low energy breaking parameters and evolve them via RGE running
to a high scale. To achieve this, experimental as well as theoretical uncertainties have to
be as small as possible. In the following we will give an overview over the status of the
work that has been done in order to get precise predictions for the cross section at hadron
colliders.

When making predictions for hadronic collision, i.e. proton—proton (PP) collisions or
proton-anti-proton (PP) collisions, one makes use of the factorization theorem which states,
that the cross section can be written as a long distance part and a short distance part, and
is the basis of perturbative QCD [105]. The long distance part is then given by the parton
distribution function (PDF), that depends on the external hadron and the interacting parton.
The PDF requires experimental inputs, since it cannot be calculated from first principles
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Figure 3.4: Factorization of the hard process from the hadrons Pp and Pg. The hard process
leading to the final states fi; and f5 can be calculated in perturbation theory.

in perturbation theory. The short distant part, also called the hard scattering process, can
then be calculated in perturbation theory. Since the separation into a long distance part and
a short distance part is not unique, the separation requires the definition of a soft-hard scale
parameter, the factorization scale. The choice of this scale is to a large extend arbitrary
and is a source of theoretical uncertainties. The concept of factorization is schematically
depicted in Figure 3.4. A more detailed discussion of the parton model will be postponed
to Section 4.2.

3.2.1 QCD Contributions

The dominant production mechanism for squarks and gluinos is via the strong interaction.
Due to the large interest in squark and gluino production processes first theoretical cross
section predictions based on leading order (LO) calculations, which are of O(a?), were
already made in the early ‘80s [17]. The processes contributing at LO can be classified by
their final-state content:

gg : Gluino—pair production proceeds at the partonic level via two initial-state gluons or
quark—anti-quark annihilation.

Gg : Squark—gluino production (and its charge-conjugated process) only take place via the
partonic process with a quark and a gluon in the initial state.

Gq : Squark—squark production proceeds via t- and u-channel exchange of a gluino, and is
only possible if the initial- and final-state flavors are identical. However, any combina-
tion of final-state flavors and chiralities are possible, i.e. @;q;g, dmdjg, ﬂiaczjg, with
i,7 € {1,2} and o, 8 € {L, R}.

~ o~

Gq*: Squark—anti-squark is initiated at the partonic level via gluon fusion, quark—anti-quark
annihilation, and via t-channel gluino exchange in the case where the initial-state flavor
equals the final-state favor. Due to this last production channel, any combination of
final-state flavors and chiralities are possible at leading order.
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Figure 3.5: The relative yields of light-flavor squarks and gluinos at the 14 TeV LHC. The squark
masses are set to a common value mg. The ratio mg/mg is chosen to be 0.8 (1.6) left (right) plot.
Renormalization and factorization scale are set to p = mg for squarks, ;1 = mg for gluinos and
= (mg +mg)/2 for squark-gluino pairs [18].

tt* : Stop—anti-stop production proceeds at LO in a similar way as ¢¢* production. The
only exception is that the t-channel gluino exchange is absent, due to the vanishing
top-quark density inside the proton. Hence only diagonal ££* occurs at LO. Due to the
non-trivial mixing and the fact that top-squarks are experimentally distinguishable to
light-flavor squarks this process has to be examined separately.

bb*: Sbottom-anti-sbottom production has the same production channels as ¢G* production.
In former analysis bottom-squark production was treated for simplicity inclusively with
light-flavor squark production, neglecting left-right mixing. However, in many scenar-
ios, neglecting flavor mixing is not a good approximation. In addition, bottom-squarks
are, as the top-squarks, experimentally distinguishable from light-flavor squarks.

The production of non-diagonal top-squark pairs and mixed stop—sbottom pairs is not pos-
sible at lowest order in QCD.

One might wonder, which of these processes contributing at LO QCD are most relevant,
i.e. have the highest cross section. This question cannot be answered in a general way,
since the production cross sections strongly depends on the sparticle masses (i.e. on the
underlying parameter space), on the available c.m. energy and whether PP or PP collisions
are considered. Further, the production of gluinos differs from squark production, due to
the Majorana nature of the gluino and being in a color octet representation. One also has
to consider that light-flavor squarks have a high multiplicity which considerably alters the
Gq production cross section. And as already mentioned, in many models one of the stops is
the lightest colored sparticle, relatively enhancing its production cross section. However, to
get an idea how the relative cross section behaves when varying the masses, in Figure 3.5
one finds the relative yields for §g, ¢g, ¢¢*, and ¢G production at the 14 TeV LHC for two
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different ratios of mg/mg [18]. In this scan, all light-flavor masses, including the sbottom
mass, are set to a common value mg. One can see that in the case of the squark being lighter
than the gluino (left plot) the production of ¢g is most significant if the squarks have low
masses (in the example below 1200 GeV), while for heavier squark masses GG production
dominates. §g production becomes almost negligible for high squark masses. This behavior
changes completely when considering a scenario where the gluino is lighter than the squark.
Now ¢g and ¢g production are most important while ¢ and especially §g* only have a small
production yield.

Since the leading order QCD cross section suffers from large renormalization and factoriza-
tion scale uncertainties, higher-order corrections have to be taken into account. The next-to
leading order (NLO) QCD cross sections, which are of O(a?), have been computed more
than ten years ago in [18,19] and are publicly available in the code PROSPINO [106]. It was
shown that the scale uncertainties are considerably reduced by taking into account the NLO
corrections. While at LO the cross section increases by about 35% when changing the scale
from p = m to p =m/2, at NLO the variation is only 5 — 10%. Here m is the average mass
of the produced particles. At NLO the dependence on the factorization scale is very mild
and the residual scale dependence is dominated by ags. To quantitatively compare the LO
and NLO cross section one defines the ratio

K = N0 /10, (3.3)

usually referred to as the K-factor. Obviously, the K-factor depends on the scale chosen.
For the scale u ~ (0.4 to 0.5) m one finds a ratio of K = 1, i.e. LO and NLO cross sections
coincide. The K-factors at the scale u = m for the various final states for different squark
and gluino masses are shown in Figure 3.6. One finds that the K-factor varies in a wide
range, being biggest for gg production going up to K = 2 for heavy gluinos while for ¢g the
NLO contribution rises the LO cross section by only a few percent up to 20%, depending on
the precise squark/gluino mass ratio.

The origin of such large higher-order QCD corrections in hadro-production of heavy col-
ored particles is well known, since it is related to universal QCD dynamics. As a typical
pattern so-called Sudakov logarithms show up which originate from soft gluon emission in
regions of phase space near the production threshold. These logarithms depend on the
particle velocity 3% = (1 — 4m?/8) and hence become large for c.m. energies V'3 near the
threshold, § ~ 4m?. Therefore, in order to further reduce remaining scale uncertainties,
the resummation of soft gluon emission from squark and gluino hadro-production was per-
formed at next-to-leading-logarithmic (NLL) accuracy [20-23], for all processes contributing
at LO QCD. The relative NLL. K-factor is shown in Figure 3.7 for various production pro-
cesses. At the LHC, the scale uncertainty is reduced in the case of gg production, while
the improvement for the other processes is quite mild. For squark and gluino masses below
1 TeV the NLO cross section increases due to NLL resummation by 1 — 5% for gg, ¢g and
Gq* production and is less than 1% in the case of Gg, ¢ and bb production. For very heavy
squarks and gluinos i.e. masses between 2000 and 3000 TeV the NLL resummation gets more
pronounced and can become up to 35% (18%) of the NLO cross section in the case of §§ (Gg)
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Figure 3.6: The K-factors for the 14 TeV LHC at the scale yu = m [18].

production. Such a behavior is expected due to the large Sudakov logarithms at threshold.
A second approach to reduce remaining scale uncertainties was done by taking approximate
next-to-next-to-leading order (NNLO) QCD effect into account [24]. In practice, Sudakov
resummation was employed to generate approximate NNLO QCD predictions which are ac-
curate in all log S-enhanced terms at two loops. Moreover, the complete two-loop Coulomb
corrections as well as the exact dependence on the renormalization and factorization scale
are included. However, this was only performed for ¢¢* production. These results are
compatible to the ones obtained by NLL resummation.

For completeness one should mention that the strong production of non-diagonal stop-
and sbottom-pairs, fafg and Boj)g for (aw # B), require at least one-loop diagrams and are
studied in [107,108]. These contributions are of O(a?) and therefore suppressed via the
coupling constant and powers of inverse squark masses stemming from the loop integral.
Additionally these contributions suffer from large scale uncertainties induced by the scale
choice of .
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Figure 3.7: The relative NLL K-factor Knyr, — 1 = aNLL+NLO/JNLO — 1 for squark and gluino
pair-production processes at the Tevatron as a function of the average sparticle mass m. Shown are
results for various mass ratios r = mg/mg [22]. o NFEFNLO denotes the sum of NLL-resummed cross
section matched with the complete NLO result.

3.2.2 Electroweak Contributions

In addition to the production of squarks and gluinos via the strong interaction, also elec-
troweak (EW) production mechanisms are possible. For squark—(anti-)squark final states,
EW contributions are already present at tree-level, and due to the chiral nature of the EW
couplings also non-diagonal squark—pairs can be produced, in contrast to squark-pair pro-
duction at LO, O(a?). Even though EW contributions are usually expected to be small due
to the roughly ten times smaller EW coupling constant «, these contributions can have a
relatively high impact on the total cross section. In particular processes with non-vanishing
QCD-EW interference terms at tree-level, which are of O(as«), can get a significant pro-
duction yield.

EW contributions to squark production was first considered in [107], focusing on flavor
observables. A consistent treatment of all light-flavor squark-pair processes contributing at
LO EW is given in [25].! The size of EW contributions strongly depends on the chirality

"However, the analytic results of [25] contain some incorrect color factors, giving wrong results for the
O(a?) contribution. For G§ production the impact of these wrong factors is rather small, while for §G*
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of the produced squarks. LO EW contributions were found to be quite small in the case
of squark production with at least one right-handed squark. However, considering only
left-handed squark production, one finds corrections to the LO cross section that amount
to 10% to 20% for typical mSUGRA scenarios. The main part contributing to the EW
cross section, is given by the non-vanishing interference terms of O(as«). Investigating
left-handed squark production exclusively is justified by the fact that squarks of different
chirality can be distinguished experimentally.

EW contributions to the production of third-generation squarks have further been con-
sidered by [108]. Besides the loop-induced contributions for non-diagonal stop/sbottom
production, also Higgs-boson exchange at tree level owing to initial-state bottom-quarks
is taken into account. However, contributions due to Higgs-boson exchange only become
significant for resonant intermediate Higgs bosons or for a negative p parameter, eq. (2.26c¢),
which is disfavored by the anomalous magnetic moment of the muon, (g — 2),.

Finally, one also has to consider the electroweak contribution at NLO EW, O(a2a), which
is formally of the same order as the NNLO and NLL-resummed QCD correction discussed last
section and hence are expected to have contributions of the same size. NLO EW contributions
have in general a non-trivial structure, since they can arise via various interference contribu-
tions, as well for the one-loop contribution as for the real emission matrix elements. Since the
EW interaction is not flavor diagonal and distinguishes between different chiralities, many
production channels have to be treated separately. This leads to effects at NLO EW which
strongly depend on the initial- and final-state particle flavor and chirality. The NLO EW
contributions for gluino-pair production, diagonal squark—anti-squark production, diagonal
stop—anti-stop production and squark—gluino production have been investigated in [26-29].
Two of the remaining processes, namely squark—squark and sbottom—anti-sbottom produc-
tion are investigated within this thesis and partly published in [30-32]. As expected the
analysis shows that the NLO EW contributions are competitive with QCD corrections beyond
NLO. Interestingly, NLO EW contributions often tend to be more important for processes
where the impact of NLO QCD corrections is rather small and less important for processes
that get huge QCD corrections. For example, on the one hand, §§ production has a NLO
K-factor of 1.5 — 2, cf. Figure 3.6, and at NLL it gets corrections of 5 — 35%, depending on
the gluino mass, while the NLO EW contributions are completely negligible. On the other
hand, G production gets only mild corrections at NLO with a K-factor of 1.1 — 1.2 and
NLL corrections of less than 1% for squark masses below 1 TeV, while the EW contribu-
tions up to O(a?a) can be as high as 20%. Moreover, for processes with huge tree-level
contributions originating from QCD-EW interferences, NLO EW contributions are needed to
reduce the scale uncertainties and make the electroweak prediction reliable. Further details
on this topic will be given in the following sections, when the production of squark pairs is
considered.

A summary of the status of higher-order corrections for the various squark and gluino
production processes, including references, is given in Table 3.1. As one can see from the

production the EW contribution to the cross section even changes sign.
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a2 a3 NLL  NNLO LO(a?) s o? ala

Gg 17 [18 [20-22]  «x - - - [29]

. Gda 17 (18] [22] x - - - [28]
Todads 17 18] [2022)  [24] - 25)  [25]  [27]
U bobr 7 18] [23] X - [108]  [108]  [32]
Tohady 79 [23) x _ - [10s]  [26]
daqs; 17 18] [22] x - [25] 25]  [30]
L0y - - - - - —  [107,108] -

= Gdy (17 (18] [23] x - [25] [25] x
* bo by 117 18] - - (107,108]  —  [107,108] —
SRy - - - —  [19,107,108] —  [107,108] -

Table 3.1: Summary of all squark and gluino production processes and status of higher-order
corrections. Given are the corresponding references. A “—” indicates that this process does not
contribute at the corresponding order or its contribution has been estimated as negligible, while “x”
indicates that it has not been calculated yet. NLL refers to next-to leading log resummation as
described in the text and NNLO are approximate next-to-next-to-leading order results. In contrast
LO(a?) only refers to processes that are LO one-loop induced.

last column, the processes presented in this dissertation, i.e. the NLO EW contributions to
squark—squark production and to sbottom—anti-sbottom production, provide an important
contribution to the knowledge of all relevant EW contributions.






4 Colored SUSY Particle Production at
Electroweak NLO

The NLO EW contributions to colored particle production are given by the radiative cor-
rections of O(a2a). At this order in perturbation theory, one has to take one-loop virtual
corrections into account, as well as real photon, gluon, and quark radiation. When calcu-
lating higher-order corrections, one has to deal with ultraviolet (UV) divergences as well
as infrared (IR) and collinear singularities. The UV divergences arise from very short dis-
tance physics, i.e. infinite momentum configurations. For renormalizable theories they can
consistently be absorbed by redefining the fundamental parameters of the theory, usually
referred to as renormalization. The IR singularities originate from the radiation or exchange
of massless particles with arbitrary small energy, while collinear singularities arise from the
splitting of a massless particle into two massless (virtual or real) collinear particles. However,
for inclusive enough observables, these so called mass singularities cancel order-by-order in
perturbation theory, i.e. after combining virtual and real contributions.

In this chapter, the technical details needed in order to perform a NLO EW calculation
are given. At first, the basic principles of particle scattering are reviewed in Section 4.1.
In Section 4.2 it is shown how hadronic cross sections can be calculated via factorization
of long- and short-distance physics. Afterwards, the technical issues needed in order to
obtain the (finite) cross section at O(a2a) to colored SUSY particle production are given.
In Section 4.3 and 4.4 the regularization and renormalization procedure used in this work are
presented. The treatment of mass singularities due to massless photons, gluons, and quarks
is discussed in Section 4.5. Finally, the parametrization for the numerical integration for
the four and five particle phase-space is given in Section 4.6. It is shown how the final-state
kinematics can be parametrized in order to take the singular behavior into account.

4.1 Preliminaries

In this section, the basic principles needed for calculating cross sections at high-energy
colliders are summarized and some useful notation used throughout this work is introduced.
Further details can be found in standard textbooks, e.g. in [109-112].

Generally, cross sections are obtained from the matrix element of the scattering matrix
also called the S matrix, which transforms incoming states into outgoing states. The formal
definition of S is given by the infinite-time limit of the time-evolution operator 7" in the
interaction picture and is related to the interaction Lagrangian L£; via the formal power
series

S =T exp {i/d‘lxﬁl} . (4.1)

41
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The probability for an incoming state |i) to evolve into an outgoing state |f) is given by
the absolute square of the S matrix element (f|S|i). This definition also contains the trivial
case of no scattering at all. Hence, for in- and outgoing momentum eigenstates |i) and |f)
with momenta p; and py one defines the invariant matrix element M y; by

(fIS1) = (fli) +i(2m)*Y (pi — p) M. (4.2)

The delta function reflects momentum conservation of the scattering processes. The cross
section o is defined as the number of scattering events divided by the flux of the incoming
particles. For two incoming particles with momenta p; and po and masses m; and mg
scattering into n — 2 particles with momenta ps, ..., p,, the differential cross section is given
by the squared invariant matrix element divided by the flux of the incoming particles and
multiplied with the phase-space density of the outgoing particles,
4o — 21 +py — Sy pi) M2 d*ps  d°py
- ¢ 3 3 :
4\/(]?1])2)2 — m2m3 (2m)32E3 (2m)32E,

(4.3)

In the case of two final-state particles, it is common to parameterize the kinematics in terms
of the Mandelstam variables,

s=(p1+p2)’, t=p—p3)? u=(p1—ps)° (4.4)

In terms of these variables, the phase-space integration takes a simple form and the differ-
ential cross section can be written as

dt

2
do = Myl o3 -

(4.5)
In many cases, initial and final states are degenerate, and one has to average over the initial-
state quantum numbers and sum over the final-state quantum numbers. In practice, these
quantum numbers are often given by color and spin, since it is not possible to measure
the color quantum number of colored particles, and one often also is not interested in the
precise spin-state of the particles. In this case, the differential cross section is given in terms
of the squared matrix element, averaged over initial-state spin and color and summed over

final-state spin and color,
— dt
2
= - ) 4.
do E | M ] T6ms2 (4.6)

In order to calculate cross sections for the scattering of elementary particles, we use the

framework of perturbation theory. In this approach, the gauge couplings are used as order-
ing parameters of a perturbative expansion. Matrix elements, and hence cross sections, can
then be calculated order-by-order in the gauge couplings. In particular in the SM and the
MSSM, the ordering parameters are the strong coupling constant « and the fine-structure
constant « of the electromagnetic interaction. In the following we will denote matrix ele-
ments calculated at a given order a?a’ by M%®. In the same way 0®° denotes the cross
section at order a%a?.
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Figure 4.1: Scattering of partons inside a hadron. ¢ is the momentum transfer and p the momentum
of the hadron.

4.2 Hadronic Cross Section, Factorization, and the PDFs

In the definition of the invariant matrix element (4.2), the initial and final states are asymp-
totic states. However, when considering processes with SU(3)c color charged particles
in the initial and/or final state, no such asymptotic states for elementary particles can
be formulated due to color confinement of QCD. In order to make theoretical predictions at
hadron colliders, the cross section is factorized into a long-distance part and a short-distance
part [105], cf. Figure 3.4. The long-distance part contains the physics in the regime where
the coupling constant of QCD becomes strong and hence cannot be calculated in perturba-
tion theory. However, at short distances, i.e. high energies, the constituents of the hadrons
can approximately be described by free point-like particles, and the concepts of the parton
model can be applied [113,114]. The basic assumption of the naive parton model is that at
high energies the hadron acts like an ensemble of free massless particles, the partons. The
momentum of the hadron p is distributed over the parton momenta p;, with ¢ labeling the
parton. The scattering is considered in the infinite-momentum frame in which the mass of
the hadron can be neglected. In this limit the hadron, and therefore also the partons, can
be regarded as moving at speed of light and the parton 7 carries the fraction &; of the four-
momentum of the hadron, p!' = &p*. Defining the kinematics of the scattering as depicted
in Figure 4.1, one finds that in the Bjorken limit, defined by Q?, v — oo with = = Q?/(2v)
fixed, the on-shell constraint for the outgoing parton in the infinite-momentum frame im-
plies that & = x. The cross section can then be calculated by the incoherent sum of the
parton-parton cross section & multiplied by the parton distribution function (PDF) f#(x),
where fH () is the probability density to find a parton i with momentum fraction z inside
the hadron H. The hadron—hadron cross section o of hadron A and B is hence given by
summing over all partons (; and integrating over all momentum fractions x;,

=3 [ o [ o 1558 (o a0 + f e o) (@D

The PDFs contain the long-distance physics and hence cannot be calculated in perturbation
theory. However, these functions are universal and can be extracted from experiments like
deep inelastic lepton—hadron scattering. The key point for the extraction of the PDFs is that
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the double differential lepton—hadron cross section can be factorized into a leptonic and a

hadronic piece
do

dzdy

where the structure of the leptonic tensor L,z is completely determined by the EW interac-

o LogWe?, (4.8)

tion and y = (p-q)/(k - p) with k being the momenta of the incoming lepton. The hadronic
tensor has the following Lorentz decomposition

o, 1 1 1
wer = (gaﬁ —~ qqg ) Fi(z,Q%) + <pa + xqa> <p5 + xq5> ~Fy(x,Q%), (4.9)

2 2

with the structure functions F} and F5. In the parton model, the structure function is
directly related to the PDF. Assuming photon exchange only, one finds for a spin-1/2 parton
of charge e,
_ 2
Py =ejxq(r). (4.10)

In the naive parton model the structure function and hence the PDFs scale, i.e. they de-
pend only on z and are independent of @) and the Callan—Gross relation Fo = 2z Fy, a
characteristic of the spin-1/2 nature of the constituents, is recovered.

In the SM the partons are identified with the quarks and gluons. The quark and anti-
quark distribution functions, ¢(x) and g(x), can be extracted directly from the structure
function of deep-inelastic scattering experiments, whereas the gluon distribution function
g(x) is obtained by the condition that the hadron momentum equals the sum of the momenta
of the partons,

;/01 dzz[q(x) + q(z)] + /01 dezg(z)=1. (4.11)

In contrast to the naive parton model above, when applying it to QCD one finds that the
scaling is broken by logarithms of Q2. These come from the fact that a quark can emit a
gluon and acquire large transverse momentum k7 with probability proportional to asdk% / k:%
at large k:%, contradicting the basic assumption of the parton model that p o p. This
integral breaks up at the kinematical limit k% ~ (% and gives a contribution proportional
to aglog Q2 to the quark distribution function. Including higher-order contributions to the
structure function Fb, in particular gluon radiation off a quark leg, one finds the following
expression

a T 2 x
Fy(z,Q?) = xZeg lqo(x) + i : dfqo(é) {P(§> log% + C<£>} +... (4.12)

9,9

P is known as the splitting function and C' is a rational function. When calculating F> one
has to regularize the long-distance physics that are determined by non-perturbative effects.
They arise for k% — 0 and are called collinear singularities. In the expression above this was
achieved by introducing a small momentum cut-off 2. The “bare” distribution g in (4.12)
is not a measurable quantity. Absorbing the collinear singularities into the bare distribution
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at a factorization scale p, one can define a renormalized distribution ¢(z, ) by

2 _ (o) + & [ K AT T
q(z.17) = qo(@) + 5 - | §QO(§){P<§>Igﬁ2+C(§>}+.... (4.13)

Fy(7,Q?) can be written in terms of (4.13). For C’ = C it is given by

Fy(z, Q%) = 2 2y 4 Qs [1dE Q{lez} 4.14
h(z, Q) x%eqlq(fc,u)—F%T i 5@(57,“) (5) Ogug + (4.14)

As before, the distributions ¢(z, z%) cannot be calculated in perturbation theory by first
principles. However, it can be determined from structure-function data at any particular
scale, since

Fy(x,Q?) = xZeg q(z,Q%). (4.15)

4,9

The factorization provides a prescription how to deal with the collinear singularities, however
there is an arbitrariness in how the finite contributions C” of (4.13) are treated. How much
of the finite contribution is factored out defines the “factorization scheme”. In (4.14) all of
the finite contribution was absorbed into the quark distribution, corresponding to the DIS
scheme. A more common choice is the MS scheme, in which in addition to the divergent
piece regularized in dimensional regularization, only a universal contribution, log(4r) — vg
is absorbed.! It is important that once a scheme has been fixed, it has to be used in all
cross-section calculations.

The quark distribution function gets also a contribution from the splitting of a gluon
in a quark—anti-quark pair. In the same way, the gluon distribution function gets QCD
corrections from gluon—gluon splitting and gluon radiation off a quark leg. After extracting
the distribution functions at a given scale, one can use the fact that the structure function
(4.14) has to be independent of the factorization scale u to determine the scale dependence.
These differential equations, determining the scale dependence of the distribution functions
are called the Dokshitzer-Gribov—Lipatov—Altarelli-Parisi (DGLAP) equations [115-118].
The DGLAP equations have been calculated up to NNLO QCD [119-125]. At LO QCD they
are given by

0 as (tdz x x
2 ) 2 _ Ys 2 <2
2 8#72%(%'“ ) 27T/z > (qu(z) Qz(za,u )—I—qu(z) g(znu )) ) (4.16a)
0 as (Ldz x x
2 2y _ Gs (2 <2
Wogz9@ ) = f%/x —~ (Pao(2) Ej ¢j(Z, 1) + Pog(2) g(—, 1 ), (4.16b)

'Further details on dimensional regularization and the MS scheme are postponed to Section 4.3 f.
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with the splitting functions

Py (z) =CF (11+ZZ)Q+ + ;6(1 - z)] , (4.17a)
Pag(2) = % {22 +(1- Z)Q} ’ (4.17b)
Pyy(2) = Cr L (12_ 2)2] ; (4.17¢)
Pyg(z) =204 l(l _Zz)+ + - Z)il +2) +6(1 — 2)110,4%2@ (4.17d)
The [...]+ description is defined such that the integral with any sufficiently smooth function

g is given by ) )
/O dz [f(2)] g(x) :/0 dzf(z)[g(z) —g(1)] - (4.18)

When considering EW contributions at hadron colliders, large logarithmic corrections pro-
portional to o log(Q?/m?) arise from photons emitted off incoming quark lines, the analogue
of the alog(Q?/m?) initial-state corrections in e*e™ collisions. Taking these explicitly into
account would require a precise knowledge of the incoming quark masses. Furthermore,
due to the high Q? values probed at hadron colliders, one should in principle resum these
logarithms. Instead of doing so, one can also use the fact that the factorization theorem
of QCD also applies in QED and absorb such photon-induced collinear singularities into the
PDFs. In doing so, first of all, the normal DGLAP evolution equations are slightly modified,
since the photon carries away some of the quark momenta. This leads to isospin violation
since up- and down-type quarks evolve differently. Second, a “photon distribution” of the
hadron ~(x, u?) is generated. This gives rise to new production channels, with photons in
the initial state. Taking QED evolution of the partons into account, the DGLAP equations
(4.16) get the following O(«) contributions,

0 a [ldz /= x x
2 2 2 2 2 2
AR = 5 — | P AT P, AN ) 4.1
i matet) = 5= [ Z (P edalid) + o) er(Ee)) (4190)
0 a [ldz T T
2 2y _ 2 2 2
p gt = o= [ Z(qu(Z);equ(Z,u )+ Prly(S,0%),  (4.19b)
where, N
Pyq :Cglpqu P“/q:CEIPgw
2 4.20
Pq7:2pqg, P77:—§Z€?5(1—y)- ( )

Currently, the only PDF set that consistently determines a new set of QED corrected par-
tons from an overall best fit to data is the MRST2004QED [126]. The effect on the quark
distribution was found to be small when comparing with NNLO QCD contributions on the
distribution. For obvious reasons, the gluon evolution is largely unaffected by the QED
corrections. Figure 4.2 shows the parton distribution function of the proton calculated at
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Figure 4.2: Parton distribution functions of the proton for the MRSTQED set at u = 5 GeV

(left) and p = 500 GeV (right). The sea-quark distributions correspond to u, d, s, ¢, b, with the b
distribution being the smallest. The photon distribution tends to a significant yield for low values
of x. The difference between the two plots is due to scaling violations, calculated at NLO QCD +
LO QED.

NLO QCD + LO QED, resulting from the global fit performed by the MRST collaboration
for two different factorization scales. For & < 0.1 one finds mainly gluons inside the proton,
while for > 0.1 the up- and down-quarks have the highest yield. The sea quarks and
the photon distribution become relatively more important for low values of  and at high
factorization scales. The bottom distribution, which is the sea quark with the smallest yield,
is strongly suppressed at p = 5 GeV, while for = 500 GeV it gets close to the other sea
quarks. This is not surprising, since the lower scale is of the scale of the bottom-quark mass
itself, while for high scales p > my differences due to the masses become small.

For heavy final-state particles, the production threshold has to be taken into account. It
is convenient to define (7,z) = (z122,21). With this definition, the partonic c.m. energy §
is related to the hadronic c.m. energy via

§=18. (4.21)

For two massive particles in the final state with masses mg and my, the production threshold
is given by 7 = 79 = (ms3 + my4)?/S. Putting all together, the hadronic cross section at

O(alab), is given by
dLge,

cab /a
dr Oe,(3)

i

(4.22)

o(8) = Z/i dr

&g
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with the parton luminosity
defj 1 1d£l? A T B A B T

& _ s (2, \(z, (-, ) 4.23

i 1+5%_/T . [fgz(l, u) fe (@, 1) + fE (@, 1) fgl(x u)} (4.23)

fé denotes the parton distribution function for a parton &; in hadron A. One has to take
into account that a parton & with momentum fraction x can evolve from hadron A as well
as from hadron B. The Kronecker-delta in the denominator prevents double counting for
the case §; = §;.

The LO and NLO QCD cross sections described in Section 3.2 are in this nomenclature
given by ¢>? and %, respectively. The LO EW contributions are labeled by ¢*? and o!!,
the latter being the QCD-EW interference contribution, while the NLO EW contributions

are given by o1,

4.3 Regularization

In order to consistently treat UV divergences and IR singularities that appear in the loop
momenta and phase-space integration, one has to define a regularization procedure. These
are purely mathematical prescriptions with no physical meaning. The singular or diver-
gent parts manifest by some parameter introduced by the prescription and are recovered in
specific limits of these parameters. This allows for an analytical treatment of the UV diver-
gences and IR singularities. The former can then be consistently removed by the concept of
renormalization (cf. Section 4.4), while the latter cancel in sufficient inclusive observables (cf.
Section 4.5). However, care has to be taken in order to obtain a regularized amplitude that
respects all the underlying symmetries of the theory. This can be achieved either by taking
a regularization scheme that preserves the symmetry relation by itself, or if the symmetry is
broken, by adding a (unique) symmetry restoring contribution to the amplitude. The basic
symmetry that has to hold in supersymmetric theories are the Slavnov—Taylor identities,
which incorporate the gauge symmetries and supersymmetry [127,128]. The most naive at-
tempt to regularize the divergent integrals is imposing a cutoff on the momenta. However,
this already spoils QED gauge invariance. A more sophisticated method is the Pauli—Villars
regularization prescription, introducing some fictitious fields whose masses regularize the
divergent integral. However, several sets of fields would be necessary and this regularization
method also potentially spoils gauge invariance of non-Abelian gauge symmetries. The reg-
ularization procedures applied in this work are dimensional regularization and dimensional
reduction in order to regularize the UV divergences. Soft and collinear singularities are
regularized via mass regularization, i.e. giving a fictitious mass to the massless particles.

Dimensional Regularization

In dimensional regualrization (DREG) the calculations are performed in D instead of 4
dimensions [35,129]. A precise definition of dimensional regularization can be found in [130].
It is based on the observation that UV divergent loop diagrams converge for small enough
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dimension D. The analytic structure of the loop integrals such as linearity, translational,
and rotational invariance allows for analytic continuation to arbitrary complex values of
D. In DREG spacetime coordinates, momenta, ~-matrices, and the quantum fields are
treated in D dimensions. This D-dimensional space is only realized formally as an infinite
dimensional vector space on which one defines a metric operator with all desired properties
that resemble D-dimensional behavior. Care has to be taken when generalizing v5 to D
spacetime dimensions. By changing the value of the dimension of the integral an arbitrary
mass parameter p has to be introduced, in order to retain the correct dimension of the
coupling constant. This method of regularizing the divergent integrals has the advantage
that it respects Lorentz and gauge invariance. The UV divergences manifest themselves as
poles at integer values of D. At one loop, one finds that in the limit D — 4 all divergent
integrals have a part proportional to

1
A=—-—~g+logdn, D =4-—2¢. (4.24)
€

However, DREG explicitly breaks supersymmetry since the number of degrees of freedom of
gauge bosons and gauginos does not match for D # 4.

Dimensional Reduction

Dimensional reduction (DRED) is a variant of DREG proposed in order to avoid direct super-
symmetry breaking [131]. Originally, in DRED only momenta are treated in D dimensions
whereas y-matrices and gauge fields remain ordinary 4-vectors. However, this naive defini-
tion leads to mathematical inconsistencies [132]. A consistent definition of DRED is given
in [133]. The idea is to realize the 4-dimensional space as a “quasi-4-dimensional” space that
retains essential 4-dimensional properties but is in fact infinite-dimensional. It was shown
that it is possible to construct such a space that contains the D-dimensional subspace. As
in DREG, 75 has to be treated carefully. It was proven that DRED preserves supersymmetry
at the one-loop level. A general prove to all orders is still missing.

Mass Regularization

In much the same way as for the UV divergences one finds that the IR and collinear singular-
ities are not present for D > 4. Hence, they can be regularized by taking € < 0 in eq. (4.24).
Another regularization method is given by means of mass regularization, in which the par-
ticles that cause these singularities, light-flavor quarks and massless gauge bosons, obtain
a fictitious mass. All symmetries are preserved as long as no gauge-boson self-interactions
are considered. This is the case for all processes considered in this work.

4.4 Renormalization

When performing a calculation beyond tree level, higher-order contributions often have
divergent parts. After regularizing these, they have to be absorbed by redefining the bare
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parameters. Moreover, the relation between the parameters in the Lagrangian and the
observables changes. The original parameters, the “bare” parameters, are no longer directly
related to physical quantities. In addition, also the normalization of the state vectors is
modified by higher-order corrections. This has to be taken into account by renormalization
of the external fields and state vectors. In a renormalizable theory all divergences can be
absorbed order-by-order in perturbation theory and only a finite number of renormalization
conditions is needed up to all orders. The SM as well as the MSSM are renormalizable
theories [35,127,128|.

The concept of renormalization is best illustrated when considering a theory described by
only one field ¢y and some parameter gy with the Lagrangian L£(vy, go). Quantities with
a zero as suffix are bare quantities. By measurements one can relate the bare parameter
go to an observable O; = o1(gg), where oy is a calculable prediction, and hence determine
go = o7 1(O1). For n observables O; one has now n — 1 calculable predictions o;(go) of the
theory, that can be compared to measured values yielding n — 1 test of the theory. The
parameter gop has no ad-hoc physical meaning. However, it can be replaced by another
parameter that has a more direct physical connection. This is achieved by introducing an
appropriate new parameter g and substituting go = go(¢). Under this reparametrization,
which can be also extended to the fields 1)y, one has the same relations for the theoreti-
cal predictions: o;(g) = 0i(go(g)). In practice one introduces well-defined quantities that
have been measured with high precision as parameters of the Lagrangian. When perform-
ing higher-order corrections, in addition one has to introduce a regularization parameter
€ whose precise form depends on the regularization scheme. Consequently the prediction
is given by o; = 0i(go,€). When determining the bare parameter go via o1 and O; one
obtains a value of gg that depends on this regularization parameter and can be ultraviolet
divergent: go = o (O1,¢). Therefore the bare quantity evidently has no direct physi-
cal meaning. However, once gq is fixed via o; and Op one gets theoretical predictions for
o; = 0;(071(O1,¢€),¢€), i # 1, that are finite in the limit ¢ — g, where ¢y corresponds to the
absence of regularization. As a consequence, the bare quantities are regularization scheme
dependent, while the relations between different observables are not. The choice of taking Oy
to fix go defines the renormalization scheme. One can define other schemes, i.e. by relating
go to Oz. Then one gets predictions &; = &;(67 (O, €), €), that can differ by higher-order
corrections to o;, leading to unavoidable scheme dependencies of the calculation. One has
to make sure that the residual renormalization scheme dependence in o; is small in order to
make a reliable prediction for the observables O;.

Counterterm Formalism

An efficient way for renormalizing amplitudes is the counterterm formalism, which has the
advantage that it can be formalized quite easy. It is realized via a suitable parametrization
of the bare parameters by introducing multiplicative renormalization constants that include
the divergent parts. For a bare Lagrangian with a field ¥ of mass mg and a coupling
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constant gg one defines
9o =249, mo = Zmm, Yo = Z}/Q Y. (4.25)

Applied to the Lagrangian one obtains

1/2

E(@Z}O)mO?gO) = [‘(qu d)? Zm m, Zg g) . (426)

In perturbation theory these Z factors can be expanded into a power series of the ordering
parameter, in the SM and the MSSM the coupling constants « and ag,

Zn=140Z,=1+ > 62,7, (4.27)

t,j=1

with 6Z%7 being of order a’a’. Inserting this expansion in (4.25), the bare quantities are

given by
go = (1 + 020 + 620 + 6220 + 627 + 62" + .. ) g=g+0g"0 +5¢%1 ... (4.28)
mo= (14020 +62% 4+ 6220 +62%2 16251+ ) m=m+ om0 +om® ..,
m m m m m
1 1 1
vo = (145 02" +02)" | + 51025 +62)" + 62" — (02,0 +62y1 ] +...) o

This relates the bare fields and parameters g, mg and gg to the renormalized quantities 1,
m and g and the renormalization constants 6§Z%/, §m®*J and dg"/. The Lagrangian (4.26)
can be written with help of (4.27) as the sum of a tree-level Lagrangian that contains only
the renormalized fields and couplings, and a counter-term part which in addition contains
the renormalization constants

Lo, mo, go) = L(¥,m, g)
+ LG1(,m, 9,62, 6m™°, 59"0)
+ Lep(im.g,92," om™ og™) (4.29)
+ LG (¥, m, g, 5Zi,’0, om0, 691’05212507 §m>0, 5¢2°)
+....

For the one-loop calculations considered in this work, counterterms of order ag and « are
needed in order to obtain UV finite results. Hence the renormalization constants are required
to be evaluated at order ag and «, respectively.

4.4.1 Renormalization Schemes

The renormalization constants have to be such that the absorption of the UV divergences
is guaranteed. However, this determines those only up to finite parts. To fix the finite part,
one has to define a renormalization scheme which specifies the precise definition of physical
parameters such as the particle masses and coupling constants and allows for a convenient
normalization of the fields. In the following we list the schemes used in this work.



52 4. CoLORED SUSY PARTICLE PRODUCTION AT ELECTROWEAK NLO

On-shell scheme: In the on-shell (OS) scheme the renormalization constants are defined
in such a way that the renormalized quantities are directly related to physical observables
order-by-order in perturbation theory. The renormalized OS mass is given by defining the
physical mass as the real part of the pole of the propagator. The field renormalization
constants are fixed by proper normalization of the renormalized fields, e.g. requiring the
pole of the renormalized propagator to have residue unity. For mass matrices, the corre-
sponding mass eigenvalues are taken and one further requires the renormalized fields to be
diagonal at all orders in perturbation theory. Hence, mixing is not changed by higher-order
corrections. In the OS scheme, the coupling constant o of QED is fixed by the requirement
that the renormalized vertex function at zero momentum transfer reproduces the Thomson
cross section. Such a definition is not applicable to the strong coupling constant as of QCD
since in this regime it becomes strong and perturbation theory breaks down. Therefore a
different renormalization scheme is required in the case of QCD. The OS renormalization
has been formulated in the SM [134,135] and generalized to the MSSM [136].

MS scheme: The renormalization in the modified minimal-subtraction (MS) scheme [137]
relies on dimensional regularization. In this scheme the renormalization constants ab-
sorb only the divergences plus the universal remnants of this regularization prescription,
eq. (4.24). As a consequence, when performing a fixed order calculation, the renormalized
amplitudes still depend on the mass scale p introduced by this renormalization scheme.
This leads to a residual scale dependence of the cross section, namely the renormalization
scale dependence, which enters logarithmically and is proportional to the pole structure of
the amplitude. Obviously this scale dependence is unphysical. It gets reduced when includ-
ing higher-order corrections and ultimately drops out in an “all order” calculation. Hence,
the scale dependence of a given (calculated) cross section gives a hint to the remaining
uncertainties coming from higher-order corrections. The MS scheme is commonly used for
the strong coupling constant «s of QCD. This scheme is related to the minimal-subtraction
scheme (MS) [138], in which only the divergent 1/e poles are subtracted, via a change in
the scale p,

log pi31s — e + log 41 = log(4me™E 13 g) — log ,ui/[—s. (4.30)

In calculations p usually enters in the form log ?/Q? where Q is set by the kinematics of
the process. Thus, i should be chosen to be of the energy scale of the process, in order
to keep these logarithms small. In contrast to the MS scheme, in the on-shell scheme no
scale dependence is left, since in this scheme a natural scale is set by the masses of the
renormalized particles and by defining the coupling constant a of QED at zero momentum
transfer.

DR scheme: The DR scheme is defined in much the same way as the MS scheme. The
regularization procedure has to be performed in dimensional reduction and again only
the divergent part plus the universal remnant (4.24) are absorbed by the renormalization
constants. Since DRED preserves SUSY (at least at the one-loop level) this scheme is
commonly used in supersymmetric higher-order calculations.
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4.4.2 Renormalization Conditions

In the following we give the renormalization conditions for the sectors needed for the NLO EW
corrections to squark—squark and sbottom-pair production. It consists of the wavefunction
renormalization of quarks, squarks, and gluinos, the mass renormalization of the squarks
and gluinos, as well as the renormalization of the strong coupling constant. The Feynman
rules for the relevant counterterms needed in our NLO EW calculations are explicitly listed
in Appendix B.

Renormalization of the Quark Sector

The Fourier-transformed bare kinetic Lagrangian for a quark ¢ after electroweak symmetry
breaking is given by

‘C’guark = Q_O(Ij - mO)qu with ¢ = (Z;) . (431)

Here ¢ = w;,d; are the Dirac fermion fields with generation index ¢ = 1,2,3. We neglect
mixing between generations, i.e. suppose a diagonal CKM matrix. The left- and right-handed
states g, and gr can be projected out with help of the projection operators

1 1
Py = 5(]_ — 75)’ PR = 5(1 +’)/5) (432)

Splitting the bare masses and fields into renormalized quantities plus counterterms according
to (4.28),

1

Prq® — Pr(1+ 5525{) q, (4.33a)
1

Prq” — Pr(1+ 552;'5) q, (4.33b)

mo — m+om, (4.33c)

one gets the tree-level (first line) and counterterm Lagrangian (second and third line),

Lo vark = GLPaL + arpar — mqe(qrar + qLar)
+saup (628 +6281) qr + L i (628 + 623 ) ar
5 L L 9 R R (4.34)

—dr (T';q (621 +ozf) + 5m) L — L (”;q (628 +023") + 5m) ar.

With the following Lorentz decomposition of the Fourier-transformed self-energy (cf. Ap-
pendix A.4),

S(p) = pPLE"(p?) + pPr IR (p?) + PLYE (p?) + PRESE(p?), (4.35)
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the scalar coefficients of the renormalized self-energy are given by

. 1

P = 2R + 5 (921 + 821, (4.36a)

. 1

SR =20 + 5 (628 +62F), (4.36D)
&MSLy 2\ _ ySLy 2 m q af
X225 (p7) =270 (p7) — <2 (6ZL + 5ZR) + 5m) , (4.36¢)
S5R(p?) = 2R (p?) - (”; (621 +0zf) + 5m) . (4.36d)

The renormalization conditions for the masses and fields are fixed by on-shell renormalization
conditions, i.e. imposing that the masses correspond to the real part of the pole of the
propagator with residue unity,

~0, lim ——Re [£(p)] u(p) =0, (4.37)

p2=m?2 pPom? Pp—m

Re [2(p)] u(p)

with u(p) being the particle wavefunction of q. Re is defined such that only the real parts of
the loop integrals L; are selected while all other expressions c¢; like e.g. coupling constants
remain complex, f{veZciLi = > ¢;ReL;. The renormalization constants can be evaluated
by inserting (4.35) and (4.36) into (4.37) and are given by

Sm = % (mBe [£5(m?) + 2R (m?)] + Re [£54(m?) + 257 (m?)]). (4.38a)

07T = —Re [2H/F(m?) + m? (D (m?) + £ (m?)) +m (25 (m?) + 257 (m?))].
(4.38D)

with X'(m?) = aipgﬂ (p2)|p2:m2. Only light-flavor quarks appear as external particles in
our NLO EW calculations. Since light-flavor quark masses are not observable in squark and
gluino production processes, they will be neglected everywhere, except in collinear singular
regions where its mass is kept in order to regularize the singularities.

In contrast, the top-quark pole mass is related to experimental data. Due to the large top-
quark width of I, = 1.5 GeV, the top quark typically decays before it can hadronise [139].
The mass measurement proceeds via kinematic reconstruction from the decay products and
comparison to Monte Carlo simulations. Currently, a value of m; = 173.1£1.3 GeV is quoted
for the mass of the top quark [140], which amounts to an experimental uncertainty of less
than 1%. However, there are conceptual problems with the determination of the top-quark
mass from the kinematic reconstruction. It is not completely clear, how to interprete the
quantity measured at the Tevatron in terms of a parameter of the SM Lagrangian. In order
to circumvent this problem, in [141,142] the running top-quark mass in the MS scheme was
related to the total tt production cross section. The best estimate for the running mass,
m}fws(mt) = 160.0 £ 3.3 GeV, corresponds to a pole mass of m; = 168.9 £+ 3.5 GeV and is
consistent with the current world average.

For the bottom-quark mass, non-perturbative effects are much more profound. In order
to circumvent this problem, theoretical prediction often use a running bottom-quark mass
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defined in the MS scheme. Therefore, the parameter extracted from the comparison of
theory and experiment is not the bottom-quark pole mass. The value of the bottom mass
is usually given in the MS scheme with renormalization scale chosen at the bottom-quark
mass, i.e. m%ﬁs(mgﬁs). For the calculation of squark-squark production, the bottom mass
parameter only enters at NLO, hence different definitions of the mass give contributions that
are formally of higher order. However, for sbottom-pair production a precise definition of
the bottom-quark mass is necessary. An appropriate treatment of the mass parameter for
NLO calculations within the MSSM is to define the bottom-quark mass in the DR scheme

within the MSSM, which determines the mass counterterm by the expression
N 1 .
omp™ = 2 (mRe [Tk (m}) + SH (m)] + Re [Z5(md) + £5EmD)]) . (4.39)

where Yg;, only takes the divergent part proportional to A (cf. (4.24)). In order to deter-
mine mDR(u R) from tlivalue mMS(,uMS) extracted from experiment, one has to notice
that the definition of mb R needed for calculations in the MSSM sector contains all MSSM

contributions at O(as, ), while mMS

contains only O(as) SM corrections. However, both
definitions can easily be related to the pole mass ml?s which is scheme invariant. Hence, for

any renormalization scheme “RS”, the on-shell mass is given by?
1 ~ A ~

mS = mi ()= 3 (moRe | Shs(mi) + Sfs(md)] + Re [ Lk (m}) + LFE(m})] ), (4.40)
with the self-energy being renormalized in the RS-scheme. Taking RS = DR and calculating
the OS mass from m}™S(My),

s 4 MS M 2 )
1_'_@7 (_log (mb ( Z)) >] _mlg/[S( Z)bShlft, (441)
T

the running DR bottom quark mass is evaluated as

mp™ (uPF) = mpS ()b 4 (my | S (md) + £, (m)] + £ (m3) + Z5m])) -
(4.42)
Renormalization of the Squark Sector (Light Flavor)
The bare kinetic Lagrangian for a squark ¢ can be written as follows,
0 0 -0f o[
Esquark (QL ydR )(p - M[j) <q~0 ) s (443)
R

with the squark mass matrix My given in (2.50). For light-flavor squarks the corresponding
quark masses are set to zero, neglecting left-right mixing effects,

My = M2 + M3 cos(28)(I7 — Qqs%) 0 _ mZ 0
0 M2+ QqM3 cos(253)s, 0 mZ,

2This expression can also be derived by noticing that the bare mass has to be the same in all renormalization
schemes, and hence for two different renormalization schemes RS1 and RS2 one has, miS! + dmiS! =
mBS2 | §mRs2,
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Hence, for each generation, there are three free parameters corresponding to this sector,
Mp = MZ, = MC%L, M7, and MC%R. Splitting the bare quantities into a renormalized part
plus counterterm,

20 dm? 0
MY = Mg+ 6Mg = (mgL ) ) + ( ”;“ 52 ) , (4.44a)
Mg Mar
ar Lo a(ar , . (021, 6Zi,
o | =0+ -0z 7, with 6729 = ~ kil N (4.44Db)
dr 2 qr 6Z%, 6Z%n

with

smZ, = 0MZ + (I) — Qqsy)(6M cos(28) + Mzdcos(28)) — M7 cos(28)Qq0s5 .  (4.44c)
5m2~R = 5Mq?R + Qu0M% cos(28)s2 + QuM%dcos(28)s2 + QuMz cos(2/3)ds2, (4.44d)

the bare Lagrangian becomes

4 q
[’gquark = (QEa Q}L{) (p2 - M(j) <q;>

R (4.45)
4 iy [ Lsza 571002 — X520 Mo 4 M5 71 | (e
+ (41, 4qpR) 5(62 +0ZMp —5(52 Mg+ Mg Z7) — Mg i)
R
The renormalized squark self-energy is therefore given by
. _ 1 _ : 1 _ 3
250 = [Z50Y)] + [2(52‘1 +02T)p* — S (62T Mg + Mo 2%) - 5/\44 . (4.46)
]

Egj corresponds to the self-energy of ¢; — ¢;. Due to SU(2) invariance, there are only three
independent mass parameters in the squark sector. Hence one can impose only three on-shell
conditions on the squark masses, while one squark mass remains a dependent quantity. The
left-handed down-type squark will be taken as the dependent quantity. With the squark
fields renormalized on-shell one has the following renormalization conditions,

. 1 A
lim ———Re {27.(172)} =0, (4.47a)

0, Re[Z(m2)] =0,  (4.47b)
Re {f}q(m%)} =0, for G # d, . (4.47¢)

The diagonal field renormalization constants follow from the first condition by requiring the
diagonal self-energies to have residue unity. The absence of the transition between different
mass eigenstates fixes the non-diagonal field renormalization constants. The last condition
fixes the mass renormalization constants for the three independent squark masses. Inserting
(4.46) into (4.47) the explicit form of the renormalization constant for the independent mass
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parameter and of the field renormalization constants are obtained,

Smg, = Re [Zf(m2)] | for g =L, in.dg. (4.48a)
;0

62] =~ 5 5B [Z10)] s’ (4.48h)
q 2 q . .

0755 = WRG [Zhma)|,  i#d (4.48¢)

The renormalization constants of the mass parameters originally appearing in the La-
grangian are related to the squark mass renormalization constants via (4.44). The renor-
malization constant of the dependent squark mass dm 4, can be expressed in terms of the
independent ones,

5mZ~L = 0m3, + cw(6MZ cos(2B) + M6 cos(28)) + M cos(23)5s2, . (4.48d)
Hence, the pole mass of the left-handed down-type squark receives a shift due to radiative
corrections,
pole 2
(mJL )2 =mg —|—<5m~ —ReELL( mg )) (4.49)

Renormalization of the Squark Sector (3rd Generation)

For the third generation, the corresponding quark masses cannot be neglected and left-right
mixing of the squarks has to be taken into account. In the real MSSM the mass matrix has
the following structure (cf. (2.50)),

2 2 2 3 2
M, = Mgz, +mg+ Mz cos(2ﬁ)(Iq — Qq55) Y; (450)
Ya M, +mi + QqMj cos(26)s5,
with the off-diagonal entries Y; given by
Y; = my(Ay — pcot 3), Y; = my(Ap — ptan j3). (4.51)
Using the definition (2.51), Dg = UM fU} = diag(mg,, mg,), the bare Lagrangian can be
written as
0
-0 q
E[s)quark <Q1Ta qQT)(pQ - Dg) <(jé> (452)
= (a},a)(* — Dy )<Q1> (4.53)
q2
1 ~ - 1 - 5
+ (@}, ab) {2(5Zq +027)p* — 562D + Db 2%) — 6D; } <q2>, (4.54)

where in the second line the bare fields and masses are split into renormalized quantities
and counterterms according to

DY = D; + §D; = Dy + Uzd MUy, (4.552)

70 (621 677
q}J —(1+ 52‘1) . with ozi= [ 71 "72) (4.55b)
7 2 7 623, 6723,
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Using the explicit parametrization of U in terms of a mixing angle 63, eq. (2.54), the
counterterm 0D; is explicitly given by

5D — om? (m?3 —m3) det(Uy) 60; (4.56)
! (m} —m3) det(Uy) 66; om3
The entry (0Dg)12 = (6Dg)21 is conveniently defined as
0y = (U M UL)19 = (mf — m3) det(Uy) 66; (4.57)

The counterterms for 0 M and 6D can be related mutually via (4.55a). In particular the
off-diagonal entries are related via

(OMg)2 = (A} — pr)dmg + mg(6As — 1ok — k)

v (4.58)
= U[jlqu~12(5mql — 5m§2) + (Uq‘]_lU[jQz + UqlquQl)(sYq .

In total one has five parameters describing the heavy squark sector, two more compared to
the non-mixing case. The new parameters are given by A; and Ay, or equivalently by 6; and
0, since these two quantities are related via (2.55). The renormalized self-energies are now

given by

Foa - T - 1 _ -

Zho")| = [Zho?)] + S0 - m3) (621, + 625] - my, | (4.59)

F oA~ - T - 1 _ -

_232(102)_ = _232(172)_ + 5(292 —me,) {5232 + 5Z§12} —omg, , (4.59b)

fed ol Ted , o1 1 -1 -

_2512(]32)_ = _2(112(292)_ + §(p2 —mg, )87, + 5(}02 —mZ,)0Z3; — Yy, (4.59¢)
N N S T | w1 .

Zh0%)] = | ZhY)] + 507 - mg )6z + 5 (0* = mE,)dZ3, — 0Y;. (4.59)

As in the non-mixing case, the fields are renormalized on-shell. Again, the requirement that
the real part of the residua of the propagators have unity value fixes the diagonal Z-factors,
while the non-diagonal Z-factors are fixed by the condition that for on-shell squarks no
transition from one squark to another occurs,

: L TN
Jim : mRe Z2wY)] =0, (4.60a)
Re [2,(m2)] =0, Re [24,(m2)] =0. (4.60b)

The field renormalization constants for the third generation squarks are given by

i o — r -
q _ 7 q(, 2

02 = a2 Re [Zu‘(]’ )} - (4.61a)

62 =2 { . } i (4.61b)

(mfii o mgj) ’
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From (4.50) one finds that in addition to the parameters of the squark sector, My, M;

b

Mg, At, and Ay also the quark masses my, and m; enter. Hence, when considering a renoI;—
malization scheme for the stop/sbottom sector one also has to consider the renormalization
of the top and bottom mass parameter. There are several ways of fixing the parameters in
this sector, depending on the precise parametrization chosen. The most physical one is to
define the masses and the mixing angle via on-shell conditions. For the top/stop sector this

is done by imposing
omy, = Re {Et } (4.62)
2)+ Zha(md)], (4.63)

and the on-shell condition (4.38) for the top-quark mass. Y7 is obtained from (4.59¢) and
(4.60b) and the additional condition 6Z{, = §Z%; as proposed in [143]. The counterterm for
the mixing angle §6; is directly related to §Y; via (4.57). The counterterm for the trilinear

§Y; = Re[x 5(m

coupling 0 A; remains a dependent quantity. It is obtained by solving (4.58),
1
oAy = o {UfllUfIQ (57”%1 - 5mt22> + (Up1Upaa — Upr2Upar) 67 — (A — pcot 5)577%}
+ 8 cot B — pcot?B dtan 3 . (4.64)

In the bottom/sbottom sector, only one mass can be treated as independent quantity due
to SU(2) invariance, in the same way as in the light-flavor case. Apart from that, in
principle an analogue on-shell definition as for the top/stop sector is possible, i.e. imposing
on-shell renormalization conditions on one of the bottom-squark masses, the bottom-squark
mixing angle, and the bottom-quark mass. In the following we will impose the on-shell
renormalization condition on the heavier bottom squark by which renders by as an dependent

quantity,3 i
5y, = Re | Zhy(m? )] . (4.65)
The counterterm for the dependent parameter A; is then given via
0Ay = — [1J | = Upyp0my, + Usy0Y; — (U (Ay — p tan B) — 2Upymp) my
b~b11
+ Upia (Ut2115mt21 + Ut2125m U£12U£225YE) — 2Up1ymudmy — Upyy cos 268 My,

tan /3

(UE12 M, W T tanZ B2 + mbUgll;L) dtan B 4 mpUs,, tan 3 (M} . (4.66)

However, this scheme was found to be unreliable for large values of tan 3, in particular when

(utan B > Ap) [144]. The reason is that 0 A, contains a contribution
1
dA, = . [—(Ap — p tan B)omy, + .. ] . (4.67)
b

Hence, in parameter regions where (p tan /) is much larger than A, the counterterm receives
a large finite shift when derived from the Y3, i.e. the sbottom mixing angle. This is not an

3This is always possible as long as by # bg, which is always true for non-trivial mixing.
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issue in the stop sector, since there only the combination pcot S arises which is strongly
suppressed for large values of tan 5. The problem of large finite contributions to the coun-
terterm can be avoided by changing to an appropriate renormalization scheme. There are
several possibilities, e.g. one can either impose on-shell conditions directly on A or by defin-
ing A or Y; in the DR scheme. Another possibility is to define the bottom-quark mass in the
DR scheme, since by definition, 5m does not lead to a finite contribution. In addition,
as discussed in the section of quark renormalization, by using the running bottom-quark
mass parameter defined in the DR scheme, potential problems with the bottom-pole-mass
definition can be avoided. Besides my, we will also define the trilinear coupling Ap in the
DR scheme to avoid further potential problems due to renormalization of the mixing an-
gle. 5A]b)7R is obtained from (4.66) by inserting the renormalization constants obtained from
(4.59) in the DR condition,

ReSPR(m?) = ReX(m?) — ReX(m?)|a ,

with X (m?)|qiy being the divergent part of the self-energy regularized within dimensional
reduction (i.e. the part proportional to A, (4.24)).

_ - U- = =
§ADR — [_ UpaRe S35 (m3 )l + =52 (ReE'{Q(mgl)\div + ReEi’Q(mgz)]div)

mpUpyy
- (UEH(Ab — u tan 3) — 2U612mb) Rezb(mlg)’div

+U512(UmRe2’{1( 2 gy + U2, Re Sy (m2)ai

Us1oUpo (o i ~
— —hzciz (Rezfz(mt{)ydiv + Rezfz(m%ndiv) )

- 2U512mtf{vezt(m§)|div — Upy cos 255M5V|div

tan
p % + mbUB11ﬂ|div) dtan 8 + mypUs,, tan 3 5,u|div} . (4.68)

2 2
+ (Ub124MW(1 T tan2 B)2

The dependent counterterms for mjy and Yj can be expressed through the independent ones
and are given by

2 2 2
om; = U~2 [Ub125 (2U511U612<Ab — putan §) + 2my(1 — 2Ubl?)) omy
b1l

+ ( 2Ub212> (Ut2115m + Ufwém — 2Uz9Uz990Y7 — 2mdmy — cos 25(5M%/)

tan (3 (
(1 + tan? 3)2
— 2Upy, Ugyyma tan 364, (4.69)

1
0Yy = ——Upp0m, + Ugyymad Ay + (Ugyy (Ay — ptan ) — 20y my) o1

2 2
+ <4MW 2Ub12> - 2U511U,~)12mbu) dtan 3

+ Upyy (~UZ,0m2, — U

P
i1 f120m3, + 2UpoUppp0Y; + 2mt5mt>

— Upyymp tan 86 + Usy, cos 28 0 My
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tan 3
(1 + tan? 3)2

— <U511mb w+ 4U612M3V ) dtan ﬁ] . (4.70)
As in the light-flavor case, the dependent mass parameter gets a finite shift. The pole mass
of the lightest bottom squark is hence given via

ole 5 wb
(mP)2 = m2 + (6m? — ReXpy(m2)) . (4.71)

Besides this choice of fixing the counterterms in the sbottom sector, there are other possibili-
ties corresponding to different renormalization schemes. Different choices of renormalization
conditions have been investigated in [144] and [145], while in the latter a further renormal-
ization Condition was imposed to fix the mass of the dependent bottom-squark on its mass
shell. The * m R and AII))T{” scheme given above was found to be reliable for the investigated
parameter spaces. Nevertheless, when considering NLO EW calculations for sbottom-pair
production, we will check whether the renormalization scheme considered is reliable by
comparing the finite contribution of the dependent counterterms to their tree-level value.

In Chapter 6 we deal with final-state bottom squarks, which have to fulfill on-shell prop-
erties. Using the “mP® and ADR” scheme, by is defined on-shell by (4.65) fixing its on-shell
(pole) mass to be the tree-level mass at all orders in perturbation theory. Due to (4.71) the
b1 pole-mass differs from its tree-level mass and the finite mass-shift has to be taken into ac-
count when b; appears in an external line. However, using the b; pole-mass everywhere, i.e.
also for the internal bottom-quark propagators, spoils the tree-level relations of this sector
which are crucial to guarantee the cancellation of the UV divergences. A naive solution to
this problem would be to use different mass values my, and mI; pole o< internal and external
mass parameters. However, this leads to inconsistencies related to the IR structure of the
virtual and real amplitudes. As we will see in Section 4.5, IR singularities have to cancel
in sufficient inclusive observables. Supposing soft photon emission, the matrix element in
the singular region becomes proportional to the tree-level cross section (cf. (4.88)) times
a universal factor which contains the singularity with the actual value depending on the
mass of the particle that emits the soft photon (cf. (4.91)). Using a different mass for the
evaluation of the virtual amplitudes than used for the external particle, obviously spoils
the cancellation of the IR singularities. In addition, if the on-shell mass is lighter than the
tree-level mass, one has to deal with unphysical resonances in the real-emission amplitudes
due to the “decay” bt — I;ﬁ’de'y.

One approach to circumvent this problem is to use the pole-mass everywhere for the real
emission amplitudes which solves the problem of unphysical resonances. For the virtual
amplitudes one can use the fact that the IR behavior manifests itself in some scalar loop-
integral functions. The tree-level mass is used everywhere as internal mass-parameter except
for the IR singular functions which have to be evaluated using the pole-mass. By doing so,
as well the UV divergences as the IR singularities cancel.

A second approach is to impose an additional renormalization condition which ensures
the b; mass to be on-shell as suggested in [145].* This requires an input that restores

4This extra condition overconstraints the bottom-squark sector.



62 4. CoLORED SUSY PARTICLE PRODUCTION AT ELECTROWEAK NLO

symmetries, i.e. this imposes M£2L # MEZL in (4.50). It has the advantage that the sbottom-
mass mixing-matrix correctly rotates the pole masses (instead of the tree-level masses).

In the case of l;al;;; production we use an approach similar to the first one, i.e. using
two different masses in the virtual contributions for the internal and external b;. For the
processes considered at NLO EW, besides field renormalization only the sbottom mass has
to be renormalized. In particular we do not need to renormalize the sbottom mixing-
matrix. The tree-level relations requiring a tree-level sbottom mass in order to cancel the
UV divergences hence are only needed for the renormalized sbottom self-energy, eq. (4.59a)
for ¢ = b. Therefore, we calculate the analytic expression for the renormalized self-energy
ZAJ% by using the tree-level sbottom mass. After expressing the amplitude in terms of
renormalized quantities only, we can safely exchange Eﬁree — B?Ole. In practice, we hence
use the tree-level mass only for calculating the analytic expression for ff{’l and use the pole
mass elsewhere. In particular we also use the pole mass in the internal shottom propagator
at tree-level. This introduces a contribution to the tree-level cross section which is formally
one-loop,

1 1 —(Smg1 + RveE{’l

Svb 2 —m2 2 _ 2 )2
p? — m%l — 5m§1 +ReXb,  p°—mj (p? —m; )

... (4.72)

The structure of the last term in (4.72) is exactly the same as the one originating from the
counterterm contribution. Hence the one-loop contribution induced by using the pole mass
in the LO amplitude is correctly taken into account by means of the following shift,

om? — Rest). (4.73)

Renormalization of the Glunio Sector

The gluino is renormalized on-shell. Since the gluino mass is determined through the soft
breaking parameter M3, cf. (2.67), imposing renormalization conditions on the gluino mass
mg is equivalent to imposing them on Mj3. After splitting the bare gluino field and mass
into renormalized quantities plus counterterms,

mg =mg + omg, (4.74a)
0 [ . 7
g =010+ §5Z )3, with ¥ = i) (4.74b)

the Lagrangian reads (with a factor 1/2 because of the Majorana nature of the gluino)

Ly = %@g(}?’ —mg)¥
(4.75)

1- 1 ~ - - -
+ ilpg ip(cSZg + 529*) — mg((;ZgPL + 5Z9*PR) — 5m§] !pg .
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The renormalized self-energies are then given by

n ~ 1 ~ i

Zi/R(pQ) = Eﬁ/R(p% T3 (529 +029 ) ; (4.76a)
Z400%) = 2 0%) — (mgd 2% + 6my) | (4.76b)
SLp(p?) = ZLa?) — (mgb 2% + omy) . (4.76¢)

Due to the Majorana nature of the gluino one finds in the CP-conserving case that Ei = Z’%
and XYY, = X¢,. Imposing the on-shell conditions analogously to the quark case, cf. (4.37),
the renormalization constants are given via

dmg = mglfive {Z‘%(mg)} + Re [Z’gL(mg)] , (4.77a)

i — 0 =
529 = —ReXf (m3) + 2m3 o Re ] (7))

O =i o

(4.77b)

2 _—m2 202
mz =mz
p F p ]

Renormalization of the Strong Coupling Constant

The strong coupling constant gs of QCD grows large at large distances which renders an
on-shell renormalization at zero-momentum transfer not well-defined. However, due to
asymptotic freedom of QCD, perturbation theory can be applied for scales at which the
strong fine structure constant oy = g2/47 is smaller than one. The running of o, from a
given scale M to a scale p is at one-loop determined via

as(M?)

= 2 2
1+ Lg\f )60 logﬁ

as(i?) (4.78)
with 5y depending on the particle content of the theory. (4.78) gets additional terms when
higher order contributions are taken into account. The most precise value of the parameter

a; extracted from comparison of experimental data to theoretical predictions is given in the
MS scheme at the scale = My [146],

as(M%) = 0.1184 + 0.0007 . (4.79)

This value together with the running of o taking into account five active flavors, is widely
used for fits and extraction of data in QCD, as e.g. the extraction of the PDFs. Taking into
account only five active flavors is possible due to the so-called decoupling theorem [147,148].
It states that at scales much lower than the particle mass, its contribution to 3y and hence
the change in the running of a; is not observable at low energies since it can be absorbed
via a redefinition of a.

In order to be consistent when calculating hadronic cross sections, in particular when
folding the PDFs with the calculated matrix element, cf. (4.22), it is crucial to use the same
definition of the strong coupling constant. Defining the renormalized coupling constant via

92 = Zg, gs = (1+ 5ng) Gs (4.80)
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heavy-flavor effects can be excluded by a proper definition of the counterterm. In particular,
the mass of the top quark, the gluinos, and the squarks has to be excluded from the running
in order to retain five-flavor running within the MSSM. The corresponding counterterm reads

« Bo 1. m: N m? 1 m2
62y, =—— A=+ -In—Lt+—In—2+ =) In—2 4.81
=7 2+3nﬂ2+3nﬂ2+12§n,&2 : (4.81)
11 2 2 2 my+1l
light particles heavy particles

with N = 3 for SU(3) and ny = 5 active flavors. The contribution to Sy can be divided
into a part with contributions from light particles, the gluons and five light quarks, and a
contribution from heavy particles, the top quark, the gluinos, and the squarks.

In supersymmetric QCD (SQCD) the ggg and ¢gg coupling strength is given by gs while
the ¢Gg coupling is given by gs. The supersymmetric Slavnov—Taylor identities require that
gs = §s. However, performing the regularization in DREG to obtain the MS definition of o
spoils SUSY and in particular the relation between the coupling constants. This is cured by
renormalizing gs and §s independently and introducing a symmetry restoring counterterm
for the strong scalar coupling g [18],

00 =25 Gs=(14+6Z4,) s, (4.83a)
Qs

67, =067, + —. 4.83b

gs gs + 3,”_ ( )

4.5 Infrared and Collinear Singularities

The UV divergences of last section arise from infinite loop-momenta and are therefore short
distance effects. They display our ignorance on physics at high energies and have to be
removed by renormalization. Besides these, quantum field theories contain singularities
related to finite momenta. In particular, some of these singularities occur independently of
the external momenta and are related to vanishing masses. Such singularities are generally
called mass singularities. They result from loop integrals as well as from integrating the
phase space of massless particles originating from real radiation processes. There are two
types of mass singularities:

o Infrared or soft singularities are related to vanishing momenta and thus long-distance
effects, i.e. when a (massive or massless) particle emits or absorbs a massless particle.

o Collinear singularities are related to collinear light-like momenta, i.e. when a massless
particle emits or absorbs two massless collinear particles.

The physical origin of mass singularities is the presence of degeneracies in the initial and final
states, respectively. In QED, for example, the states of a charged particle with an arbitrary
number of soft photons are nearly degenerate, giving rise to IR singularities. They are
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indistinguishable in real detectors due to its finite energy resolution. In the case of collinear
singularities, the state of a light-like particle with momenta p is degenerate with the states
of an arbitrary number of light-like particles with the same overall quantum numbers and
momenta p; if p = > p;. These states are indistinguishable for a detector with finite angular
resolution. In sufficient inclusive observables, all these states contribute simultaneously and
the singularities cancel.

In the case of QED with finite fermion masses, the Bloch-Nordsieck theorem [149] states
that for the cancellation of IR singularities it is sufficient to sum over all degenerate final
states, i.e. all states with an arbitrary number of soft photons in the final state. A more
general theorem, the Kinoshita—Lee-Nauenberg (KLN) theorem [150], states that as a conse-
quence of unitarity, transition amplitudes are finite when summed over all degenerate initial
and final states. Both theorems hold order-by-order in perturbation theory for unrenormal-
ized and renormalized quantities as long as the renormalization schemes do not introduce
mass singularities via the renormalization constants.

The cancellation of singularities arising from virtual corrections and real radiation is a
non-trivial task since they originate from different phase-space regions. The most prominent
methods to deal with this are phase-space slicing, see e.g. [135] and dipole subtraction [151—
153].% In the phase-space slicing method, the soft and collinear regions of the phase-space
are split off by introducing phase-space cut parameters. The singular region can then be
integrated analytically and is added to the virtual contribution leading to a finite result.
The hard real-emission contribution can be integrated numerically. The dependence on the
cutoff parameters cancel in the sum of soft and hard real emission, provided the cutoff
parameters are small enough. The dipole-subtraction method uses a completely different
approach. The general idea of this method is to introduce a set of functions that have
the same pointwise singular behavior as the real-emission contribution to the differential
cross section. These so-called “dipoles” act as local counterterms and can be integrated
analytically over the one-particle phase space. One now adds and subtracts these dipoles
twice, once to the virtual contribution and once for the real-emission contribution to the
differential cross section, and hence effectively adds a zero contribution. Each part is now
finite and can be integrated numerically. The advantage of the dipole method is that no
cutoff has to be introduced, with the result that the integration error within this method
is typically one order of magnitude smaller, depending on the number of external particles.
However, for two-to-two processes, as considered in this work, the accuracy derived using
the phase-space-slicing method is by far sufficient, which renders the implementation of the
far more sophisticated dipole method dispensable. As already mentioned in the last section,
the mass singularities will be regularized by means of mass regularization, i.e. introducing
a fictitious mass for the massless particles. Of course, the physical amplitude has to be
independent of this introduced mass parameter since it has no physical meaning. The
independence of the calculated cross section on the regularization and cutoff parameters
can be used as a consistency check.

Further details on the difference between these both methods can be found in [154].
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4.5.1 Soft and Collinear Photon Emission

The real photon radiation processes considered in this work are of the form

a(p1) b(p2) — c(p3) d(pa) v(k), (4.84)

with massless incoming particles ¢ and b and massive outgoing particles ¢ and d and the
photon 7. At O(a2a) it is given by the squared matrix element of a QCD tree-level diagram

1,1
ab—cdry
least one of the partons is charged, i.e. either a quark or an anti-quark. The external states

with an external photon attached, | M 2. Initial-state radiation only contributes if at
considered in this work are squarks, and therefore charged and massive.

Using the method of phase-space slicing, one can divide real photon emission into singular
and non-singular regions. The non-singular regions are finite and can be integrated directly.
In the singular regions, one has to introduce regulators in order to regularize the mass
singularity and the integration is performed analytically. Soft singularities arise for k° — 0
and collinear singularities for p; - k — 0 for ¢ = {1, 2} since the other outgoing particles are
massive. The soft-singular region is defined by the region where the energy of the photon is
smaller than the cutoff AE = 5,1/ /2, with the dimensionless parameter 5. The collinear
region is defined as the region in which the angle between the charged particle and the
emitted (hard) photon is smaller than an angular cutoff A#, i.e. the photon is emitted
collinear (but not soft). For practical reasons it is convenient to define dg = cos(A#f), since
the collinear region is then given via | cos(f)| < 1 — dp which can be implemented easily
in the numerical integration. The partonic cross section can be decomposed into a soft, a
collinear, and a finite part

do %’21%347 =do %’21%347130& +do %’2234%0011 +do %21~>34'y‘ﬁnite : (4.85)
The considered process is given as a subscript for clarification and particles are labeled by
i = 1...4 according to the definition of momenta p; in (4.84). In the soft and collinear
region, the squared matrix element |M1% |2 factorizes into universal factors times the lowest
order matrix element squared |M'?|2. The five-particle phase-space also factorizes into the
four-particle phase-space of the particles ¢ = 1...4 times the photon phase-space. In the
soft region, the matrix element of a photon emitted from particle 7 factorizes according to

1 4 *
12—34~ |soft 12—34 — UiQPik +ie ’

1=

(4.86)

with o; = £1 depending on whether the particle is incoming or outgoing, respectively. e;
is the charge of the ith particle in terms of the positron charge e and €, is the polarization
vector of the emitted photon. Since p? # 0, the denominator is always non-zero and the ie can
be omitted.® The cross section in the soft region is obtained by squaring the matrix element
(4.86). Since the soft photons are not detected, one has to sum over their polarizations and

5In the case of a massless particle 4, one obtains contributions that are soft and collinear. These are
regularized by introducing a fictitious particle mass m;.
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integrate their momenta over the available phase space. Owing to charge conservation, the
gauge dependent parts of the polarization sum (A.16) vanish and one is left with

2

Z 6;(]{7 )\)Ey(k‘, )‘) = Y - (4.87)
A=1

Regularizing the IR-singular phase-space integral by a small photon mass \,, and hence
E,=./k>+ )\%, the partonic differential cross section in the soft-photon approximation is
given by

4
675 54y o, = —€d6T55 /q Ak > €iejoio; BBy (4.88)
F<ap (2m)32E, 4= pik pjk
4
= 2Fd6%2;34 Z .eiejaigjl.ij, (489)
i,7=1;1<j

with the symmetric phase-space integrals Z;;,

d3k DiD;
L..:/ iPj 4.90
7 Jiii<aE 27E, pikpik (4.90)

The general expressions of these integrals are given in [135]. In the limit of vanishing initial-
state masses (and two massive final-state particles), i.e. my o < V'S, they can be further
simplified and are given by (with A = \,)

2 2
Ty = ln<4(AA2E) ) +ln<1n’> : for i = {1,2},
2

S1

L (uaR? B -
I“—ln< 5 ) 511 <1+Bz>’ for i = {3, 4},

. §12 4(AE)2 1 o[ S12 7l'2
I12—i§2 ln<m?> ln< 2 )—2ln (mf) —3]

1 1+ 6 4(AE)? Bi 1, o/1-5
Tu= 2 [ln<1,8i)ln< >_2L1 <1+ﬁl> o (H&-)]’

_ §12 4(AE)2 n? 512 1 — B 72
g ) (5 2 (3 ) o (i5) 5

. 2p{p9 p P=1L2h
— 2Lis <1 — G J (1+ BJ)) - 2L12< (1 — 5])) for = (3,41,

with 8;; = 2p; - pj, Bi = 1pil/pY, vij = /1 — 4mzmj/sw, and AE = /81205/2. The initial-

state masses are used as a regulator in the singular region and set to a common value

(4.91)

A2
L
2

mj = mg = my, and are neglected everywhere else. The dilogarithm Liy(x) is defined as

Lis(z) = — /0 1), (4.92)
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§=x1x928 § = x1x928

=75 =Ts

pB pB

Figure 4.3: Definition of the momentum fractions in hadronic collisions for collinear splitting.
Parton 1 from hadron A carries momentum fraction z; and parton 2 from hadron B momentum
fraction x5. The collinear photon carries away a momentum fraction (1 — z). The remaining c.m.
energy for the hard process is hence given by § = x12925 = 7s. Collinear splitting from both partons
has to be taken into account.

The hadronic cross section in the soft regime is derived by inserting 6%’21_>347(§12)| obtained

from (4.88) into (4.22) for the convolution with the parton distribution functioi;)sft.

Since the initial-state quarks are treated massless, one is also confronted with initial-state
collinear singularities. In Figure 4.3 the momentum fractions carried by the partons and the
collinear photon are defined. From this definition one has § = 2819, i.e. § remains the c.m.
energy of the hard process as defined in (4.21). Since the collinear photon takes away some
of the initial partonic energy, the partonic cross section is not directly proportional to the
tree-level cross section. However, it can be written in terms of the tree-level cross section,
convoluted with a universal factor,

24 62y 16
_oleite) / Tz kg2, 812) 463 gy (2812),  (4.93)
Z

coll 2T 0

22,1 .
d012%34'y(812)

The lower bound zg = (m3 + m3)/§ corresponds to production at threshold. The universal
factor kqq contains the quark-photon splitting function Py, (compare also with (4.17) for
the quark—gluon splitting),

1+221 <§59> 2z 1+ 22
n

Kgq(2,8) = T 1 Py(2) = T, (4.94)

2my

The upper integration boundary in (4.93) is lowered by d5 in order to avoid double counting
of the soft regime, since the soft and collinear regime is already incorporated in (4.88).
Care has to be taken when the partonic cross section is convoluted with the PDFs. With
the definition of the momentum fractions in Figure 4.3, the hadronic cross section in the
collinear region is given by

21 165 1-6¢ 1—0s 1 2.1 R
0-1,2—>34’Y(S)|coll = / dT/ dx/ dz e 079—34,(3)
T T xr

(T (o) 5 (o) 22 o)

e
1+ 5Q1Q2

(4.95)
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1-6 coll
/ ° deLqup 5_271 (§)
12— 34
o dr v

. 4.96
coll ( )

The parton luminosity in the collinear region is given by

AT B(% AL B(T
fq1 (xJI"LF> fqg <27MF>+ fq2 (Z?IU'F> fql (J,‘,ILLF> .
(4.97)
When combining the cross section of the soft and collinear region with the virtual con-

dLg’g B 1 /1—53 dz 179 dz
dr 1+ 0g1g0 Jr

T Jr z

tributions af’2234(5)| the IR cutoff A\, cancels, and the remaining cross section is IR

virt’
finite. However, the initial-state collinear singularities do not completely cancel. By taking
the QED evolution of the partons into account, these are absorbed into the definition of
the renormalized parton distribution functions, similar to the QCD case in (4.13). This is

achieved by the following redefinition of the quark distribution function [155,156],

Oé€2
fq(x,MF) — fq(l',,lLF) <1 - Tq {ﬁv-i-s + lefv-‘rs})

s s (4.98)
LG [rdz L _
e A G [CXORFAC)E
where e, denotes the electric charge of quark ¢ and
2
Kyts =1 —1Indg — In? 6, + (lnés + i) ln<:;g> ,
a (4.99)

2
Ke(2) = Pyq(2) ln<gfg(1—12:)2 — 1) ,

with the splitting function (4.94). In the DIS scheme, the factorization-scheme dependent
functions are given by

272 9
fo4s =94+ — +3Inds — 2In“ 4, ,
3 (4.100)

1-=2 3 1
fc(z)—qu(z)ln( . )—21_Z+22+3.

Making this replacement in the convolution of the O(a?) partonic cross section &3’20_)34, one
gets an extra contribution of O(a2a) that cancels the remaining collinear singularities,

1 1 Ldz T T R R
o1y 34(S) = l—i—(Sqq/ dT/ - Cﬁ(m’”) F () + foy () £ (xaﬂ)} 515 34(8)
1492

dr
S / dr S0 20 L (6) (4.101a)
dr

— ; e? +e§ / dr dm Kots + fv+8)a%20_>34(§) (4.101b)

70
o 1-6s  drcol . A

~ 5 (e? + e?) / dT% (/-ic(z) - fc(z)> 032()_)34(5) (4.101c¢)

70

2,0 2,1 v 2,1 v
= 015334(S) + 015,34(9) | ppr t 71534, (S) | ppp -
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9 9

7 7

G bl bi Ci

Figure 4.4: Conventions for color indices to keep track of the color correlation of the amplitudes. b;
and ¢; are color indices belonging to the fundamental representation and « is the color index of the
gluon belonging to the adjoint representation. The blob represents the tree-level amplitude. Left:
Initial-state radiation. Right: Final-state radiation.

05’21%34(5)@]31:, given by (4.101b), cancels the remaining collinear singularities emerging

from virtual contributions, while ‘7%21%347(5)‘;@1? given by (4.101c), cancels the remaining
collinear singularities originating from real photon emission.

4.5.2 Soft and Collinear Gluon Emission

The real gluon radiation processes considered in this work are generally denoted by

a(p1) b(p2) — c(p3) d(pa) g(k), (4.102)

with a, b, ¢, and d as in (4.84). At O(a2a) they are given by the interference term of a
tree-level QCD matrix element and a tree-level EW matrix element, both with an external
gluon attached,

5,0 l71
2Re(M{5_,34,(M 122—>349)T) ~
The real gluon can in principle be emitted from any colored particle. However, real gluon
radiation from external gluons does not contribute at O(a2a) since in this case there is no

matrix element MI%Q’I_}MQ which would be necessary to obtain the desired order in pertur-
bation theory.

As in the case of real photon emission, one can divide real gluon emission into singular
and non-singular regions using the phase-space slicing method. With help of the slicing
parameters AE and Af or §; and dy, respectively, the partonic cross section for real gluon
emission can be decomposed into a soft, a collinear, and a finite part,

do %21—>34g =do %21—>34g|soft +dé %21—>34g|c()11 +do %21—>34g|ﬁnite : (4.103)
Since the emitted gluon changes the color of the particle it is emitted off, one has to take
into account the color correlation of the amplitudes, as depicted in Figure 4.4. The following
notation will be used to keep track of the color factors.
Let |c1,. .., cn) denote a complete color basis. The color-stripped matrix element is obtained
by projecting the colored matrix element M®*J on the color basis. For m external particles
carrying momenta p; and color ¢; the color-stripped matrix element is given by

35 = (e em| Mg ). (4.104)
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For the color structure in the case of real gluon emission it is convenient to associate a color
charge T; with the emission of a gluon of color a from parton i. The action of this color
charge onto the color space is given by

<Cl--~cz b1 bzbm> :601b1"'Tgbi"'6cmbm7 (4105)
with
fa =T, lZ s 1: incoming particle, or outgoing anti-particle, (4.106)
ibi T . . . . . . . :
¢ cibi? 1: outgoing particle, or incoming anti-particle.
The color charge further obeys the following relations,
., 2 4
TiTj = TjTZ', for 4 # 713 Tz’ = CF = g . (4107)

In the soft region, the color-stripped matrix element of a gluon emitted off from particle ¢
can be written as

4
9 e .. )
= 30 I P g b (4.108)

M 1,J C1...C4 .
12—34g — 2pzk :]: ie

soft

The ie prescription can be neglected for the same reason as in the real photon emission
case. The cross section in the soft region is obtained by squaring the matrix element (4.108)
and summing over color. After summing over the gluon polarizations and regularizing the
integration over the soft gluon phase-space via a small gluon mass Ay, the partonic differential
cross section in the soft gluon approximation can be written as

4

~2,1 Qs dt

d‘712—>34g‘ o —%{ > LijFi }16 2 (4.109)
4,j=1;1<j

where the phase-space integrals Z;; are given in eq. (4.91)7 and Fij denote color correlated
amplitudes. At O(a2a) the F;; are given by

Fij =2Re {<M12_>34‘T T, ‘M12—>34>}

0,1 cl"'b J €4 1,0 Cl...ci...Cj...C4 (4110)
=2Re [M12%34 } Tb iCi b ch12a34 .

In the collinear region, the partonic cross section is again given by a convolution integral,
similar to (4.93). Using the same definition of the momenta as shown in Figure 4.3, we have

~2,1 .
d0-12~>34g( 512)

aC 1=ds R R
_ %sCr / dz rgq(z, 612) A%, (2612) | (4.111)
coll ™ 2

0

with kg4, as defined in (4.94). From this, one can see that collinear singularities due to
gluon radiation are only present for processes that have non-vanishing QCD-EW interference

"In this case A is the fictitious gluon mass.
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contributions at tree level. The hadronic cross section in the collinear region can be expressed
with help of (4.97) and is given by

1—4s chol

2,1 ~2,1 .
‘712—>34y(5)fc011 = / dr dq;qz ‘712—>34y(5)
70

(4.112)

Combining the cross section of the soft and collinear region with the virtual contributions
05’21%34(5 )|, the IR cutoff Ay cancels, similar to the cancellation of the photon regulator \,.
In the presence of initial-state collinear singularities, i.e. &%’21_>34 # 0, singular contributions
remain that have to be absorbed into the definition of the renormalized PDFs,

asCr
2

fq(x7/"’F) — fQ($7:U’F)<1 - asfF:‘iv-&-s) - /xl_ds %fQ(gaﬂF)(

z

ﬁc(z)), (4.113)

with kyts and k. given in (4.99). Using this redefined PDFs in the convolution of the partonic

. . ~1,1 . . .
cross section of the tree-level interference term 63_, 34, effectively generates contributions of
2
O(aza),

1,1 1 1 1 dl’
015 34(9) :714_5 / dT/ o
7192

T T ~1,1 ~
(ﬁ(x u) D, 1) + fia (@op) £ (mu)] G1534(3)

dLgyas . )
_>/ dr qm i21—>34( ) (4.114a)
C dL
o F/ dr e KorsOa a1 (8) (4.114b)
T Jr
a,Cp 10  dLel L
B ;71' /TO dr dq;qz Ke(2) 013-34(3) (4.114c¢)

1,1 2,1 g 2,1 g
=015 ,34(8) + 073 ,34(S) |ppp + ‘712—>34g(5)|p]3p -

2,1 g
012—>34 )’pDF

a. 21
rections, while 073,54, (S)

cancels the remaining collinear gluon singularities emerging from virtual cor-
‘PDF cancels the remaining collinear gluon singularities originating
from real gluon radiation.

4.5.3 Collinear Quark Emission

For a consistent treatment of all O(a2a) contributions, also real quark radiation has to be
considered. Real quark radiation processes are generally denoted by

a(p1) b(p2) — c(p3) d(p4) q(k), (4.115)

where ¢ is either a quark or an anti-quark, depending on the specific process. In case of
squark-pair production, exactly one of the initial-state particles has to be a fermion in order
to get only one fermion in the final state. Hence, the possible initial states in hadronic
collisions are gluon—(anti-)quark or photon—(anti-)quark. Due to the small photon PDF
inside the proton, which is formally of O(«), we will discard photon-induced processes of
O(a2a). The process of real quark radiation can be regarded as completely independent
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to the virtual corrections, since it is IR finite by itself. However, as in the real gluon
radiation case, collinear singularities are present for processes with non-vanishing tree-level
interferences, 6%’234 # 0. These initial-state singularities have to be absorbed into the
definition of the PDFs,

1-65 sC 2
folz,nr) — fo(z, pr) —/ %fg(EaMF>a7Fqu(z) ln(fﬁ) ) (4.116)
q

. z z 27

with the gluon—quark splitting function
Py(z) =22+ (1-27). (4.117)

Performing this substitution in the definition of the hadronic cross section when convoluting
the tree-level interference term,

1,1 _ 1 ! Vo [ o4 (T B A B(T ~1,1 N
01534(5) 116 dr o fql E»M fq2 (w, 1) + fq2 (z, 1) fq1 E’M 615-34(8)
q192 JTo T

L dL
[ iy (1180
T0 T
a.Cp /1—55 dreel areet Hh\ F13msa(3)
- ar | g | Wag | p oy (HE ) F13534(3) 4.118b
2 Jn T ar i dr (2) In mg) 14046 ( :

1,1 2.1
=013 ,34(5) + 012—>34q(‘9)|qPDF )

the initial-state collinear singularities originating from real quark radiation are canceled by

2,1
012—>34q(5) |i1>DF-

4.6 Phase-Space Integration

In order to obtain the total cross section one has to integrate over the phase-space of the
final-state particles and convolute the so obtained partonic cross section with the PDFs.
In the case of hadronic cross sections with two final-state particles, one has to perform
a three-dimensional integration, while for three particles in the final state the integral is
six dimensional. It is tedious to perform these multi-dimensional integrations analytically.
Even though the partonic cross section might be calculated, the convolution with the PDFs
still remains to be done. Moreover, one is often interested in differential distributions with
some kinematical cuts applied, which often are not available as analytic expressions. Hence,
numerical integration methods have to be employed. In one dimension, the numerical inte-
gration can be performed by using Gaussian quadrature, or variants of this method [157].
To compute integrals in multi-dimensions, one approach would be to use repeated one-
dimensional integration. However, in this approach the function evaluations grow expo-
nentially as the number of dimensions increases. One method to overcome this “curse of
dimensionality” [158] is to use Monte Carlo methods.

The multi-dimensional integration will be performed using Vegas [159, 160]. Vegas is
a Monte Carlo algorithm that uses importance sampling as variance-reduction technique.
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Since Vegas is integrating unit hypercubes, a suitable parametrization is needed to map the
kinematic variables onto the interval [0,1]. The momentum fractions needed to perform
the convolution with the PDFs are trivially mapped. Since the cross section is a Lorentz-
invariant quantity, the integration is performed in the c.m. frame. Care has to be taken
when calculating differential distributions that are not Lorentz-invariant quantities, like e.g.
pseudo-rapidity distributions. In this case, the single events have to be boosted into the
lab-frame.

In the c.m. frame, the four-momenta of the incoming particles which are aligned along
the z-axis at the hadronic c.m. energy /S, are simply given by

= (V75,0,0,V75), p2 = (V75,0,0,-V75). (4.119)

T = wyxe with 1 (z2) being the momentum fractions carried by parton 1 (parton 2) in
hadron 1 (hadron 2).

4.6.1 Final-State Kinematics

In the following the parametrizations of the two and three final-state particle phase-space
used for the numerical integration are given. In order to take into account the singular
behavior of the amplitude in the soft and collinear limit a suitable mapping of the integration
variables is necessary. The differential cross section with two incoming particles moving
along the z-axis with momenta p; and py and n — 2 external particles with momenta p/,

can generally be written as
dLPlPQ
dr

with the n-particle differential Lorentz-invariant phase-space d”Lips,

1 2
do=C s ‘./\/l(plpg — {pﬁ}‘ dr d"Lips, (4.120)

n

- d?p;
d"Lips = (271')454 p1+p2 — Zpi H 0300 (4121)
( i=3 )i=3 (2m)72p;

and the flux @ of the incoming particles
1 c.m. 3
= ————= = 4Ecnm|ps|. (4.122)
4[pip3 — ipi| ’
Since the calculation is usually performed in natural units with 2z = ¢ = 1 one has to multiply
a conversion factor C' = hc? in order to retain the cross section in SI units.

Two-Particle Phase-Space

The two-particle differential Lorentz-invariant phase-space is given by

dps dpy
(27T)32E3 (27T)32E4

d’Lips = (2m)*6*(p1 + p2 — p3 — pa)

cm 1 |p
1672 Eom '

(4.123)
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where pi1, p2 (ps, pa) are the momenta of the incoming (outgoing) particles, and df2 =
sin #dfd¢. The absolute value of the three-momenta p'= p; = ps is given by

VAGm3,m3) /By — B2y (m3 +m3) + (m3 — m3)? Lot
= = . 12
7 2§ 2Ecm ( )

In the c.m. frame the momenta of the final-state particles can be parametrized according to

vms +p Vmg +p

pcos ¢sinf —pcos ¢ sin 6
p3=1_ . , pa=1| . (4.125)
psin ¢ sin 0 —p'sin ¢ sin 0
pcos b —pcosf

Due to azimuthal symmetry, no physical observable can depend on the azimuthal angle ¢,
and the integration over ¢ results in a factor 27. In (4.125), ¢ can be set to any value, e.g.
¢ = 0. The integration over cosf can be mapped linearly onto xz3 = [0, 1] by defining

cosf =2x3 — 1, sinf = 2\/x3 — 2%. (4.126)

The integration over the angles then becomes

2 1 1
/dQ:/ dgb/ dcosf :477/ dzs . (4.127)
0 -1 0

In order to improve the convergence of the integration, it is often useful to parametrize the
kinematic variables according to the kinematical structure of the amplitude. For example,
for squark—squark production, only ¢-channel particle exchange occurs. Hence, one might
think of parametrizing the integration by the Mandelstam variable ¢ of (4.4) instead of
parametrizing #. This can be done with help of following considerations:

The components of ¢,

t=(p1—ps)® = mi +m3 -2 (pip§ — piss) (4.128)

are given in the c.m. frame by

s 2 2 s 2 .2

0_ S—Dp3+Dpi 0o_ S—Ppi+Dp;
_ 7 i S 4.129a
h 2V/§ b2 2v/§ ( )

A 2 2 a 2 2

0o S—pitp3 0__ S—D3+pj
_ 7 I 4.129b
Ps 2V/3 ba 2v/§ ( )

A3, p1,p3) A(3,p3, p3)

A _ |5 = VTl 4.129
7, =171, = Y5 R (4.129¢)
Since | cos | < 1 one gets for the integration boundaries of ¢,

tmax,min = p% + p% -2 (p[l)pg — P1pP3 Ccos 9) . (4.130)
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x3 can be mapped onto ¢ according to

t=— <[$3(_tmax + m2)1_y + (1 - x3)(_tmin + m2)1_y} ﬁ - m2> ) v 7& 1 ) (4'131>

with the two free parameters m and v, which have to be chosen appropriately. With

t— — m2
cosfh=-—"L =3 +1 +1 4.132
2171]93 \/ ) ( )
dcosf 1
= ——, 4.133
dt 2p1p3 ( )
_ Nl—v (4 . N1—v] (_ 2\¥
At [(—tmax +m?) (=tmin +m7) 7] (=t +m7)" (4.134)
dl’g 1—v

one can write the integral over the angles as follows,

27 1
/d():/ qu/ dcos@ﬁ dzs

2\1—v 2\1—v 2\V
- m X - _tmin —t
:%/ oy — L a+m> (“tmin +m?)" 7] (~t 4 m?)
0 (1 —v)(2p1P3)

The parameters m and v introduced in (4.131) can be chosen such that the factor (—t-+m?)”

(4.135)

flattens the integral in regions with large contributions appearing in the amplitude from
t—channel particle exchange. Hence, m should equal the mass of the exchanged particle.
The parameter v can be used to further optimize the integration, a naive value is v = 2,
since it should cancel the propagator structure of the squared amplitude.® However, for
the processes considered in this work, no improvement was found by the use of t-channel
mapping instead of a linear mapping of cos 6.

Three-Particle Phase-Space

The momenta of three final-state particles are given by a total of 3 x4 components. However,
not all of these parameters are independent. The on-shell requirement p? = m? gives three
constraints, and momentum conservation, p1 +p2 = p3+ps+ps, where p; 2 are the momenta
of the incoming particles, gives four additional constraints. Hence, one is left with a total of
five independent parameters. A common parametrization of the three-particle phase-space
is to use the energy of particle 3 and 5, and three angles,

3, 13, 0. ¢, m. (4.136)

The variables 6 and ¢ are the usual polar and azimuthal angles. Due to azimuthal symmetry
the amplitudes are independent of ¢. In this parametrization, p3 and p5 are given by

sin 0 cosf 0O sind sinnsin
ps=1ps| | 0 |, P3 = |p3| 0 1 0 cosmsiné | . (4.137)
cos —sinf 0 cosf cos &

8For many processes one finds that the propagator structure is partially canceled by other effects, hence a
smaller value for v might lead to faster convergence of the integral.
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If one of the external particles is massless, it will be identified with particle 5. In this way

one can easily apply the cuts introduced by the phase-space slicing method. £ is the angle

between p3 and p5 and is determined via the constraint p? = m3,

2
mi = (5—p§—pd) — (Bs+ ps)’
2
= (5= —18)" — 207175 ] cos & — |7l — |75

(33— pD)* — (1])° — (p9)° +m3 +m2 —m3

= cosé =c¢ = (4.138)
2 2
2/ () — m3y/ (08)” — m
The three-particle differential Lorentz-invariant phase-space is given by
d3p d3 d3
37 454 3 P4 D5
d LlpS = (27T> 0 (pl +DP2—p3 —Dp4— p5) (271')32;03 (271')32])2 (27r)32pg (4139)
1 1
— 5 \/7_ o_,0_ .0 d3 d3
sempo Ve ps,)pgpgpg ps p5‘7ﬁ4:53+ﬁ5
= 5(V3—p§ —pl— Po)pgpgdﬂsd%dpgdps’
8(2m)5 S T Pl =7
_ = €3§50 df23 dn dcos € dpj dp?
8(2m)° p3paps
< 6(VE = = 9 = \fmd — 2l cosé — [P~ I35 |
1
- mdpg dp§ ds2s dn|_z,—p, 7 - (4.140)
& cos§=c¢

The integration boundaries for the angular integration df25 = d¢ dcos @ and dn are simply
given by
(¢, m, cosB) € [0,27] x [0,27] x [—1 4+ dg, 1 — Jg] . (4.141)

The integration boundaries of the polar angle are lowered by dy in order to exclude the
collinear region defined by the phase-space slicing method. The ¢ integration is trivial due
to azimuthal symmetry and yields a factor 2r. Taking p? as the outer integration, the
integration bounds for p3 can be obtained by exploiting the fact that | cos&| < 1. The upper
and lower integration boundaries are given by

1 —
pgmin,max = ?b (CL (b +my m,) + ‘p5|\/(b o m%—) (b B m2)> ) (4'142)
with

aE\F—pg, bEaQ—\ﬁglz, my =msE+my.

The lower bound of pg is given by requiring pg > ms, while the upper bound is obtained by
the condition that pJ is a real quantity, i.e. the discriminant in (4.142) must not be negative,
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(b—m2)(b—m?) 0,

pg min = M5 + A, (4143&)
g 2 2
P e = ST ;24) +ms (4.143b)

The regulator A has to be introduced in case of soft-photon or soft-gluon emission in order
to regularize the IR singularity. The explicit form of the four-vectors p3, p4, and ps in terms
of the independent parameters is given by

»g »3
|p3|(cos @ sinnsin & + sin 6 cos ) |p5| sin 6
p3 = B ‘ \ ps = , (4.144a)
P3| (cos sin ) 0
|p3|(— sin @ sinnsin & + cos 0 cos &) |p5| cos 6
Vs —p§ P}
S B
sp=| TP (4.144D)
—DP3 — D5y
—p5 — P}

In order to integrate the phase-space numerically, the remaining four independent parame-
ters have to be mapped onto the interval [0, 1]. A linear mapping is given by

P53 = (P max = P3mnin) T3 + Pimin = AP = (P max — P3mim)dzs,  (4.145a)
P53 = (P max — PSmnin) ™5 + Pimin = dp§ = (P max — P3min)dzs,  (4.145b)

N = 2mxy = dn = 2wdxy , (4.145¢)
cosf = 2(1 — dp)ze — (1 — p) = dcosf = 2(1 — dg)dxg . (4.145d)

The integration over the Lorentz-invariant three-particle phase-space (4.140) is then given
by

1 pg max pg max 2m 27 1_69
/ d3Lips = —— / dp? / dp / de¢ / dn / dcos 0 (4.146)
8(2m)° Jp2 .. ° I *Jo 0 —(1-dp)

3 min

1 1 0 o . ;
= 4(%)3/0 dazdzsdrsdrs 2 (1 — dp) (p?)max - p3min) (pg,max - p5min> . (4.147)

However, a linear mapping might not be adequate in the presence of soft and/or collinear
singularities. In the case of soft singularities the integrand is logarithmically divergent in
ps, i.e. it has a singularity proportional to 1/p?. Hence, a mapping that takes this pole
structure into account would be adequate. It should satisfy

dp? o pidas , (4.148)
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which is the differential equation of an exponential function. Taking the boundary conditions
into account, the mapping reads

0 0
P =p? . exp [ln <p5(3)rrmx> $5‘| = dp? = p21n <p5(3)rmax> dxs . (4.149)

5 min 5 min

In the case of collinear singularities the poles are proportional to 1/(1 £ cos#). To flatten
the integration, one needs a mapping that fulfills

dcos § o< (1 + cos0)(1 — cosf)dzg = (1 — cos® §)du . (4.150)

This is the differential equation of the hyperbolic tangent. Taking the boundary conditions
into account, the mapping reads

B 1 — 2z 5o B dg ) 2
cosG-tanh[ 5 ln(2—59>} = dcos9—1n<2_50 (cos& 1)dx6. (4.151)

For the processes considered in this work, one finds that the integration of the real emis-
sion amplitudes gets considerably improved by performing these mappings. The integrals
converge much faster and for the same integration error much smaller x? values are obtained.

4.6.2 Differential Distributions

Differential distributions of Lorentz-invariant observables are simply obtained by binning
the weighted differential cross section for each phase-space point. For n, equally distributed
phase-space points, the weight factor is 1/n,. Since Vegas uses importance sampling for
variance reduction, the phase-space points are not equally distributed anymore and the
weight factor is in general # 1/n,,.

Since the differential cross section is calculated in the c.m. frame, the kinematic variables
have to be boosted into the lab frame in order to generate non-Lorentz invariant observables
that depend on the z-direction, i.e. the direction of the incoming particles. The affected
observables considered in the following are rapidity distributions do/dy and pseudo-rapidity
distributions do /dn, respectively. The rapidity y and pseudo-rapidity n are defined as

o (525) e (3)] =20 (555)
= —In , = —In|tan( — = —1In , 4.152
v=3(zp ! 2)] = 2" = (4152

where 6 is the angle between p’and the z-axis. The boost factor is obtained by comparing

the momenta p} and p, of the incoming particles in the c.m.-frame (primed quantities) with
the momenta p; and py if the lab-frame (unprimed quantities),

/ \/5611‘25 \/:Ell‘QS

cm-frame:  ph = = (1,0,0,)%, ph = 5 (1,0,0,)%, (4.153a)

Lab-frame: p; = xl\/2§(1, 0,0,1)T, P2 = xQ\/2§(1, 0,0,1)T. (4.153Db)
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Figure 4.5: Pseudo-rapidity n of the third particle g3 in the c.m. frame. The incoming particles ¢;
and ¢y carry momentum fraction z; and z2. They can emerge from proton A or proton B, yielding
the same partonic cross section. However, the pseudo-rapidity distribution is different since n = —n.

Both frames are connected by a Lorentz transformation A#, defined via pt = AH p'",

v 00 -8 1 ( i x2>
T=3 — >
0 10 0 \ \
AR = . with 2\V 1 (4.154)
01 0 _1p—1
—7,6’ 0 0 ~ To + X1

The differential partonic cross section is a Lorentz-invariant quantity, however 7 is not.
When calculating the differential hadronic cross section, one has an integrand of the form

it 180 S 4 f e i)
= dao(s dao(s
A:Bfé(xl) ;;(:cQ)( d§78) I d578)>
—2 e T (1155)

with n and 7 as defined in Figure 4.5. The last equation holds, since
dé(8)  do(s)
dp  dnp

In practice, (4.155) is used to calculate the hadronic cross section. In order to obtain the

correct n-distribution, one has to boost the kinematic variables and then bin the differential
cross section at n and —n, weighted by a factor 1/2. Special care has to be taken, when
calculating the n-distribution in the collinear region. Since the collinear particle carries
away some momentum fraction z, the boost factor (4.154) is altered. It further depends on
whether the collinear particle that takes away the momentum fraction (1 — z) is emitted
from the parton ¢ carrying momentum fraction z; or from parton gs carrying momentum
fraction z9, cf. Figure 4.3. For real photon emission from ¢; with charge e; one finds, after
redefining the PDFs, that the integrand becomes

- LA i) () 4 219)
da(8)

dm 7

=-2 %G%f;} (1) f3 (2) (4.156)
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where 71 is given in the lab-frame by performing the boost (4.154) with 1 — 7z/2 and
x9 — x/z, i.e. using

1 (2T x x? — 221
_ = R —— 4.157
m 2( x +zﬁ>’ & x2 + 227 ( )
In the same way, for a photon emitted from ¢s with charge es one has
- el A (Tt + S
_ Q@ 2.4 A do(3)
=—2 %‘32 ¢ (1) a2 (z2) dns (4.158)

where in the lab-frame 79 is obtained by boosting with x; — 7/x and z9 — z, i.e. using

1 (V7 = 2 —7
- - B = 4.159
12 2(:6 \ﬁ>’ P2 x24T ( )

Hence by comparison with (4.101c) one finds that in order to obtain the correct n-distri-
bution in the collinear photon region, the following steps have to be performed:

o Boost the kinematical variables using 1 (y2) and 51 (82) to obtain 71 (n2) and bin
the differential cross section at n; (n2) and —n; (—n2), weighted with the factor w;
(we) given by

2 2
1 e 1 e

— = -, 4.160
2e? +ed’ 2 2e? + e ( )

w1

The factor 1/2 emerges in the same way as in the non-collinear region. Since in (4.101c) the
sum of the charges enters, the extra factor in (4.160) is needed to correct this for e; # es.
In the collinear gluon region the coupling is independent of whether the collinear particle
is emitted from parton 1 or parton 2, since for the considered processes the collinear gluon
is always emitted from a quark line. The same is true for collinear quark emission, since
the collinear quark always emerges from a gluon. In these cases, the weight factor is simply
given by w; = wy = /4.






5 Electroweak Contributions to Squark—Squark
Production

In this Chapter we study the hadronic production of two squarks and two anti-squarks,

PP — GaGs, PP — G453, ¢, ¢ = {u,d,c,s}; (5.1)
where «, 8 = {L, R} label the chirality of the squarks, neglecting left-right mixing.

In the context of all squark and gluino production processes, squark—squark production
is of particular interest at the proton—proton collider LHC. The partonic process proceeds
at leading order (LO) from gg-induced diagrams only while squark—anti-squark and gluino—
gluino production require gq or gg initial states instead. Since the final-state SUSY particles
are very massive, an important contribution to the hadronic cross sections arises from the
high-x region where valence-quark densities dominate, see also Figure 4.2, right plot. As a
result, squark—squark production has generally a higher tree-level yield than squark—anti-
squark production and can be comparable to gluino—gluino production depending on the
precise squark—gluino mass configuration, cf. Figure 3.5.

First theoretical cross section predictions for squark-pair production processes based on
LO calculations were made already many years ago [17]. Later calculations of next-to-
leading order (NLO) in perturbative QCD [18,19] could reduce theoretical uncertainties
considerably. For renormaization and factorization scales of the order of the produced
squark, the corrections due to NLO QCD are around 5 — 20%, and hence typically much
smaller than for the other squark and gluino production processes, cf. Figure 3.6. Also
results beyond the one-loop level in QCD have become available via soft gluon resummation
at NLL accuracy [20-22], however changing the cross section less than 1% for sparticle masses
below 1 TeV, cf. Figure 3.7. The scale uncertainty is slightly reduced.

For a reliable cross section prediction, also electroweak (EW) contributions up to O(a2a)
have to be taken into account which are formally of the same order as NNLO QCD con-
tributions. The contributing processes are manifold and their interplay is non-trivial, in
particular since for squark—squark not only QCD-mediated but also EW-mediated produc-
tion channels exist at tree-level. These tree-level EW contributions which are of O(asa+a?)
can rise the cross section by up to 20% [25]. The main contribution is due to the QCD-
EW interference of O(as«) and suffers from scale uncertainties which can be considerably
reduced when taking the NLO EW contributions into account.

Squark—squark production consists of 36 processes and the same amount for anti-squark—
anti-squark production which differ in flavor and chirality, respectively. In Section 5.1 we
classify these processes and group them corresponding to their tree-level structure. The
tree-level QCD and tree-level EW hadronic cross sections including the analytic formula are

83
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given in Section 5.2. Section 5.3 shows the strategy and details for performing the NLO EW
calculation at O(a2a). In Section 5.4 we list the input parameters used in our numerical
analysis and show hadronic cross sections and distributions for squark—squark production
in proton—proton collisions at the LHC with VS = 14 TeV and V'S = 7 TeV. Different
scenarios are considered, and we study the dependence of the EW contribution on the final-
state squark and gluino masses. Finally, we investigate the implications of an additional jet
in the final state originating from real bremsstrahlung.

5.1 Classification of Processes

At lowest order in QCD there is only one partonic channel for each process,

q(p1) ¢'(p2) = Ga(p3) @5(pa),

- 3 B B (5.2)
q(p1) ¢ (p2) — Go(p3) G5 (pa),

where the initial-state quarks and the final-state squarks have to have the same flavor.
We thus do not consider the production of top (bottom) squarks due to the vanishing
(small) density of the corresponding quarks inside the proton. Moreover, b-squark produc-
tion has special features and will be discussed separately in Chapter 6. The unpolarized cross
sections for squark—squark and anti-squark—anti-squark production are related by charge-
conjugation. In the following we will refer to squark—squark production only, while the
charge-conjugated processes are properly taken into account in the numerical results.

Since the electroweak interaction is sensitive to flavor and chirality, one has to treat
processes with final-state squarks of different chiralities or of different isospin separately,
even in the limit of degenerate squark masses. CKM mixing effects are neglected in our
discussion.

In total we distinguish 36 processes, resulting from the various combinations of squarks
of different flavor or chirality in the final state. They can be classified as follows:

—Production of two squarks of the same flavor,

PP = iiatg, dods, Gals, 5438, {aB} = {LL, RR, LR}. (5.38)
—Production of two ~squaurks belonging to the same SU(2) doublet, (5.3b)
PP — 1adg, €38, {aB} ={LL, RR, LR, RL}.
—Production of two squarks iri differf)nt SU(2) doublets, (5.30)
PP — 14Cg, U438, daCg, da33, {af} ={LL, RR, LR, RL}.

The corresponding tree-level diagrams of both QCD and EW origin are listed in Figure 5.1.
QCD diagrams are of O(«ay), mediated by gluino exchange. EW diagrams are of O(«) and
mediated by neutralino or chargino exchange. Quarks and squarks are of the same flavor,
also in the EW diagrams. The only exception is given by the two pure-EW chargino-mediated
subprocesses ud — JLEL and cd — ur S belonging to the third class, which contribute to
d ¢, and @78y, final states, respectively. Hence we have to take 38 partonic processes into
account. Note that only ¢- and u-channel diagrams are present, but no s-channel diagrams.
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Class QCD diagram(s) EW diagram(s)
same flavor 00— & o - N S S0
PP — qaqlﬂ — e

& 0 TR DN
different flavor, 5 + s X 7

same doublet

> — > ———

PP = il g

~ ~0 ot
different flavor, 9% + o < X )
different doublet

Figure 5.1: Parton-level Feynman diagrams for the three classes of squark-squark production at
tree-level, where «, 5 = {L, R}. The first class describes the production of two squarks of the same
flavor, the second class that of two squarks of the same isospin doublet (but different flavor) and the
third class refers to the production of two squarks belonging to different isospin doublets. In the third
class, the subprocess in brackets cannot interfere with other diagrams due to different initial-state
particles. In all three classes, the final-state squarks are of the same generation as the initial-state
quarks.

For chirality-diagonal §,q,, production the appearance of both ¢- and u-channel diagrams
gives rise to nonzero interferences between QCD and EW diagrams already at tree-level.! In
particular this are the eight processes of (5.3a) for & = 8 and the two processes of (5.3b) for
a = B = L. The full tree-level contributions to the cross section are thus given by the O(a?)
Born contribution and the O(asa + a?) EW contributions. Photon-induced squark—squark
production is not possible at lowest order from charge and color conservation.

5.2 Tree-Level Cross Sections

To keep track of the corresponding order in perturbation theory of the various contributions,
we use the notation d&® ® [M®?] introduced last chapter, in order to refer to the cross section
[matrix element] at a given order O(a%a’) in the strong and electroweak couplings. Results
are given in terms of the Mandelstam variables, defined as usual,

§=(p1+p2)* t=(p1—p3)? = (p1—p)* (5.4)

As described in Section 4.2, the hadronic cross sections are obtained from the partonic
cross sections by convolution with the respective parton luminosity function. At (’)(agab),

'In the non-diagonal case, Gr.4k production, the interference contributions vanish as a consequence of the
trivial squark mixing matrices in the limit of no L—R mixing, see also the discussion in Section 5.2.
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it is given by

a,b ! ALgq ~ab s
do®?(9) :/ dr —=—da*"(8), (5.5)
o dr
dL,. 1 1 da: T
wit dr 1+6qq’ f 7/*LF fq (xqu)—i_fq (l',/J,F) fq x)/J/F

Here 19 = (mg, + m~/) /S is the production threshold, determined by the masses of the
two squarks mg, and my,. The parton distribution functions (PDFs) fq (x,pp) give the
probability to find a parton ¢ with momentum fraction x inside hadron A at a factorization
scale pup. At the LHC, both hadrons A, B are protons P. S and § = 7.5 are the squared
center-of-mass (c.m.) energies of the hadronic and partonic processes, respectively.

The differential partonic cross section for a given subprocess qq’ — cjacj’ﬁ at LO can thus
be written as

dt
167527

46> Z]Ml 0‘ (5.6)
in terms of the squared lowest-order matrix element, M9 averaged (summed) over initial
(final) state spin and color. Similarly, the pure EW differential cross section of O(a?) and
the QCD-EW O(as«) interference contribution are given by

2 (5.7a)

d002 Z‘MOI

a5 1(3) = Y2 Re{ (MO1) M0}

‘2 dt

dié
16752’

(5.7b)

where M%1 denotes the EW tree-level amplitude. In the following we give explicit expres-
sions for the tree-level differential cross sections (5.6)—(5.7) for all squark—squark production
subprocesses.?

We closely follow [25] and express the over initial (final) state color- and spin-averaged
(summed) squared t- and u-channel matrix elements and their interference in terms of the

following functions,

-~ o~ 1 1 -~
¢(§17€2aqavqlﬂ) C¢(§17€2) _ mz tA— m2~ |:A(§17§27q~047(j,/8) (58&)
&1 &2
(tu—m ’> gl é-Zaqa)QB) § £2§:|7
@(glvé2aqavqlﬁ) (51152) 0 2 G — m% {C(glag%qaaq//é’) (58b)
51 &2

<tu—mg m~/> +D(£17£27qa7Q6)m§1m§2 ]

2Explicit expressions for the squared matrix elements are also given in [18,25]. However, we correct a wrong
color factor of [25], which affects the pure EW O(a?) contribution. The numerical impact is negligible for
all squark—squark production processes but it can be sizable in squark—anti-squark production channels
where the O(asa) interference contribution is suppressed.
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1,6 co(€1,€) co(é1,82) co (€1, &2)
gJ,g 2/9 2/9 —2/27
X5 X 1 1 1/3
J,X 0 0 4/9

Table 5.1: Color factors in (5.8), with Y denoting any neutralino Y} or chargino Xi .

a v d,d
_ d - s
t-channel: §1,2 u-channel: §1,2
CL, b qu C7 d q~04

Figure 5.2: Notations for the couplings in the tree-level formulas in Section 5.2. Labels a,c refer
to the couplings to left-handed squarks, b and d to that of right-handed squarks. Couplings at the
upper and lower vertex, respectively, are denoted by distinct labels for convenience.

1 c o~ A A
i m2 F(£17€27qa7Q5)mélm£~23- (58C)

- 1 . -
U (&1, €2, Gas G) =~ (81, 82) 7
4 t—mz u—m3
&1 &2
Here, 5172 € {3, X°, x*} denote the exchanged particle in the t- or u-channel, respectively,
and c(¢ oy} are color matrices which are summarized in Table 5.1. Note that the color
factors cy (X, X) differ from those in [25].
The coupling constants are collected in terms of the abbreviations A, B, C, D, F, as given

by

*

A(f g G qlﬁ) %) Ga £2ﬂq@b/517q5bg,qﬂ ta ,51,” a€2, bfl,dabfzﬁa’
B( qo"q/) :afl,qaafz,éaa/éhq &2,d T b&,qabzz@a ,517% /Ej;ﬂi"
C(é g qa’qlﬁ) 205176236227%d/§~1’qadg7% te él:q&Cg‘;7q(1d§17Qﬁd£27q (5.9)
D(€1, 62, Go- Gf) :Cél,qgczﬁgcé,qacgq‘a dg, g, é,q" 2o oo
F(& 52’%"%) “élvdacéz,q;“/él, Cg,qa +b§1ﬂad22,q5 /51,(15 gkz,qa
where the notation refers to the labels as listed in Figure 5.2. Finally the explicit coupling
constants ag, - b&@a’ ... are listed in Table 5.2.

For the differential cross sections, we refer to the three classes of subprocesses introduced
n (5.3). «a,8 = {L,R} label the chirality of the squarks, k,! label the four (two) mass

eigenstates of neutralinos (charginos).
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éia (ja a, a,7 c, c ba b/, d, d

0, i —\/%ZW (1 =Ni + NkQ) OLa Sﬁe Ni10Ra
Xk? J _\/%Zw (1 S Nkl NkQ) 5La 3\2}6 Nkl 5Ra

X Tl LV 0L 0
Xid, — LUk OLa 0
3, Uy —V2igs 010 V2igs Ora
g.d, —V/2igs 0 V2igs Opa

G-+ for exchange particle & and produced light-flavor
squark G, following the conventions of [161]. L-R mixing of the squark mass eigenstates is neglected.
N, U,V are the unitary matrices diagonalizing the neutralino and chargino mass matrix, respectively.

Table 5.2: Coupling constants ag, ; bz

PP — §.qs (two squarks of the same flavor)

The partonic process for this class of processes is qg — ¢nqs, i.e. all quarks and squarks are
of the same flavor. The differential cross sections at O(a?), O(a?), O(asa) read, according
to the notation of Section 5.2,

A - S o di
de*? = {@(979,%,%) +6(9:9:das ds) + 2Re{¥(9, 9, Ga, 45)} } 16752’
4
5% = 3" {@(xg,x?,%,qﬁ) + O X s )
k=1 (5.10)

0 - di
—|—2Re{ (X9 X1+ Qa,QB)}}wa
df

4
Aot ! = 37 2Re {¥(3. X dos ) + V(0. 560 85) } 157

A factor 1/2 for indistinguishable particles in the final state has correctly been taken into
account. As can be seen from the couplings in Table 5.2, the interference terms ¥ and thus

L1 are only present for diagonal squark-squark

in particular the interference contribution d&
production (i.e. & = ). This is a result from the absence of L-R mixing for the light-flavor

squarks.
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PP — Gadj (two squarks of different flavor in the same SU(2) doublet)

The only contributing partonic process is q¢’ — (ja(j’ﬁ, with ¢’ being the SU(2) partner of q.
The tree-level contributions to the cross section read:

~

R I dt
d0-270 :@(gagv Qaqu) A2’
167
2
mZ{Z@ Voo @5) + D Oy X o 05)
k=1 k=1

y (5.11)
+ZZ2R‘6{W Xl?Xk?qOH )}} ].6 §27

h=11=1
1,1 ~ df
dé™ Z2Re{ (9, X Qa,%’)} Tora2"

In this case, the interference terms are related to chargino-mediated diagrams and thus
the interference contribution dé! is only non-zero for the production of two left-handed
squarks (i.e. « = = L).

PP — ('ja(j’ﬁ (two squarks in different doublets)

This class describes the production of two squarks of different flavor and of different genera-
tion, arising from the partonic process q¢' — ¢a(j, With ¢ # ¢'. The tree-level cross sections
read as follows,

dt

d/\2,0 =P(q.d.d ~/
o (9:9: e 43) 7523

4 2
dg%? :{ Z Xk,Xzan%) + dgudy’s 5qd5§’5 Z @(Xf’ili’qa’qlﬂ)
k=1

(5.12)

e i
+ﬁw%%%w%§§:¢Wfdf,aﬂ@}l&@y
k=1

deb! =0.

Here, two additional chargino-mediated partonic processes (us — drér, and ed — @3 L) can
give an O(a?) contribution. The O(asa) interference contribution vanishes for this class of
processes.

5.3 Next-to Leading Order EW Contributions

At O(a?a), squark-squark production gets contributions from virtual corrections, real pho-
ton and gluon emission, as well as real quark radiation. The calculation suffers of ultraviolet
(UV) divergences as well as infrared (IR) and collinear singularities that are treated accord-
ing to the procedure described in Chapter 4. These divergences and singularities arise in
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Figure 5.3: Sample of Feynman diagrams to illustrate the virtual contributions at O(a2a). Three
gauge invariant subsets of interferences occur at this order. The label of perturbative order is attached
to each diagram. EW refers to electroweakly interacting particles and QCD refers to strongly
interacting particles in the loop insertions. The full sets of diagrams are shown in Figures 5.4, 5.5,
and 5.6.

the one-loop diagrams, see Section 5.3.1. The IR singularities cancel in sufficiently inclusive
observables once virtual and real photon- and gluon-bremsstrahlung corrections are added
(see Section 5.3.2). Remaining collinear singularities are universal and can be absorbed by
redefining the PDFs, explicit formulas are given in Section 5.3.3.

Diagrams and corresponding amplitudes are generated using FeynArts [162,163]. The al-

gebraic simplifications and numerical evaluation is done with help of FormCalc and LoopTools [161,

163]. IR and collinear singularities are regularized by means of mass regularization, i.e. we
introduce a fictitious mass for the photon and the gluon. Quarks are treated as massless,
except where their masses are needed as regulators.

5.3.1 Virtual Corrections

The virtual contributions are given by the interference of tree-level and one-loop diagrams.
In practice three types of interferences occur at O(a2a), as schematically depicted in Fig-
ure 5.3. All three interference terms yield non-vanishing contributions to the cross section.
For each subprocess, the partonic cross section can be written as

it =g 2Re { (M1) Mg + (M) Migep, }

+ ‘ﬁZQRe{(MW)*M“}.

16752

(5.13)

The first line corresponds to (a) and (b) of Figure 5.3 and is given by the interference of
M0 with MY The amplitude M1 is split into two parts, ./\/lé’EiN) and M%(’;CD), the
first arising from tree-level QCD diagrams with EW insertions (Figure 5.3a, right), and the
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latter from tree-level EW diagrams with QCD insertions (Figure 5.3b, right). The second
line in (5.13), corresponding to Figure 5.3c, is given by the interference of M1 with the
pure-QCD one-loop amplitude M?°. Care has to be taken with diagrams containing a
four-squark vertex. This vertex includes the electroweak as well as the strong coupling and
the appropriate part has to be selected in each interference contribution to match the right
order, as indicated in Figure 5.3.

The full set of virtual corrections is UV finite after renormalization of the theory and
the inclusion of the proper set of one-loop counterterms. The renormalization for squark—
squark production involves the renormalization of the gluino mass and gluino field, the field
renormalization of the light-flavor quarks and squarks, and the renormalization of the strong
coupling constant. The renormalization procedure is described in detail in Section 4.4 and
will not be repeated here. The relevant renormalization constants are given by eqgs. (4.38),
(4.48), (4.77), (4.81), and (4.83b), while the counterterms are listed in Table B.2 of Ap-
pendix B. Each of the three interference subsets of Figure 5.3 is gauge-independent by itself
and can be renormalized separately. Further, the first set contains singularities originating
from IR and collinear photons, while the second and third exhibit singularities due to IR
and collinear gluons.

In the first group, shown in Figure 5.3a, gluino-mediated amplitudes with weak insertions
(M%Ebv)) are considered. The full set of Feynman diagrams entering at O(a2a) consists
of vertex and box corrections and is shown in Figure 5.4. We include the diagrams with
counterterms for the ggg, vertex (cf. Table B.2), and evaluate the renormalization constants
at O(«). The whole set of diagrams enters for all three classes, of (5.3) and hence for all 36
production processes. In the case of diagonal squark—squark production §,g,, corresponding
to the first class, one in addition has to take crossed diagrams into account. At this order
in the perturbative expansion we need to renormalize quark and squark fields, while the
renormalization of gluino and strong coupling is not required. The regularization of the
divergent amplitudes in this sector is done in dimensional reduction, and renormalization of
quarks and squarks is performed in the on-shell scheme.

In the second case, Figure 5.3b, neutralino- or chargino-mediated amplitudes with strong
insertions (M%&;CD)) are considered. As in the first case, is consists of vertex and box
corrections. The full set of diagrams is shown in Figure 5.5. The diagrams are divided up
into two sets, (a) and (b). The diagrams in the first set, Figure 5.5a, enter in all three process
classes of (5.3). In the case of diagonal squark—squark production, GG, one again has to
consider the crossed diagrams, which are not explicitly shown. The second set of diagrams,
Figure 5.5b, is only present in the second class of processes, (5.3b). It is worth to notice,
that due to color correlations, the vertex corrections are only present for the 10 processes
of (5.3a) and (5.3b), with non-vanishing tree-level QCD-EW interference contributions. For
these processes one in addition has to include diagrams containing counterterms for the ¢Gx°
vertex and, if arising, for the ¢¢’x* vertex (cf. Table B.2) in order to obtain a UV-finite
result. The renormalization constants have to be evaluated at O(a;) and no renormalization
of the neutralino or chargino is required. Since the gluino does not enter this subset of one-
loop amplitudes, it is thus sufficient to renormalize the quark and squark sector. As before,
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Figure 5.4: Virtual corrections (I): EW one-loop insertions into QCD Born diagrams. @ and @’
denote the SU(2) partner of quark ¢ and ¢, respectively. We use generic labels VO = v, Z and
S0 = hY HO GO, A°. If the chirality of an internal squark is not specified, it can be any. The
diagram containing the four-squark vertex has to be taken at O(asa). The diagrams in the third
line contribute only for u = {u,c}, d = {d,s}. The last two diagrams contain the counterterms,
whose renormalization constants have to be evaluated at O(«). For ¢ = ¢’ crossed diagrams have to
be taken into account.

the divergent amplitudes are regularized in dimensional reduction and on-shell conditions
are imposed to fix the (s)quark renormalization constants.

The third subset, Figure 5.3c, refers to pure-QCD one-loop amplitudes, i.e. gluino-mediated
diagrams with strong insertions (M?%9). It consists of vertex and box corrections, and in
addition self-energy corrections to the gluino have to be taken into account. The full set
of diagrams is shown in Figure 5.6. However, due to color correlations, the self-energy and
vertex corrections only contribute to the 10 processes with non-vanishing tree-level QCD-
EW interferences. For those, one also has to take the counterterm diagrams into account
(last three diagrams of Figure 5.6) and one has to renormalize the quark and squark sector
as well as the gluino and the strong Yukawa coupling §s, which appears in the ¢Gg vertex.
The renormalization constants have to be evaluated at O(as). The strong scalar coupling
Js is related to the strong coupling gs via supersymmetry. To match the definition of the
strong coupling constant used in the extraction of the PDFs, g, has to be given in the MS
scheme with the contributions from heavy particles subtracted in the running of ag, for
further details on the definition of the PDFs, we refer to Section 4.2. We thus regularize
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Figure 5.5: Virtual corrections (II): QCD one-loop insertions into EW Born diagrams. For ¢ = ¢/
crossed diagrams have to be taken into account. The diagrams containing the four squark interaction
vertex have to be evaluated at O(asa). The chargino-mediated diagrams only contribute for v =
{u,c}, d = {d, s}. The renormalization constants appearing in the counterterm diagrams (last line)

have to be evaluated at O(as).

this part of the virtual corrections using dimensional regularization. Quarks and squarks
are renormalized on-shell again, in the strong sector the MS scheme is applied. Dimensional
regularization however induces a finite difference between g; and §s at the one-loop level
and violates the supersymmetric relation between the two couplings [127]. We add the well-
known finite shift in the definition of the renormalization constant for g, in order to restore
SUSY in the physical amplitudes [18]. The explicit counterterms for g5 and g, are given by
(4.81) and (4.83b).

The virtual corrections also exhibit photonic and gluonic mass singularities of infrared
and collinear origin. In Ma}l\zvy mass singularities arise if two external particles exchange
a low-energetic massless photon while collinear singularities appear if one of the massless
initial-state quarks splits collinearly into a quark and a photon. In order to obtain an IR
finite result, real photon radiation at O(a?a) has to be added. In contrast in Mz(élCD)’
massless gluons running in the loops give rise to mass singularities in the soft and collinear
limit. Similarly, the diagrams contributing to M?? suffer from gluonic IR and collinear
singularities. Hence we have to include real gluon bremsstrahlung at O(a2a) in order to
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Figure 5.6: Virtual corrections (III): QCD one-loop insertions into QCD Born diagrams. For
q = ¢’ crossed diagrams have to be taken into account. Here, Q; can be any of the six quark flavors.
The diagram containing the four squark vertex has to be evaluated at O(a?). The renormalization
constants appearing in the counter term diagrams (last three diagrams) have to be evaluated at
O(as), i.e. the strong sector has to be renormalized.

cancel the IR singularities. We regularize the photonic singularities by means of mass regu-
larization. Owing to the photon-like appearance of the gluon in the respective diagrams, it
is also possible to regularize these IR singularities by a fictitious gluon mass. The treatment
of soft and collinear photon and gluon emission is discussed in detail in Section 4.5.

5.3.2 Real Corrections

Three independent bremsstrahlung processes contribute at O(a2a), as depicted in Fig-
ure 5.7. Real photon and real gluon radiation processes have to be combined with the
corresponding subset of virtual corrections to obtain an IR finite result. We use the phase-
space slicing method of Section 4.5.1 in order to divide the real photon and gluon emission
into singular and non-singular regions. For real gluon emission, color correlations have to be
taken into account, as described in Section 4.5.2. Remaining collinear singularities of pho-
tonic and gluonic origin have to be absorbed into the PDFs, see also Section 4.5.3. Also real
quark radiation gives nonzero contributions from the interference of QCD and EW mediated
diagrams and has to be included in the cross section at O(a2a).
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Photon bremsstrahlung: ‘

Gluon bremsstrahlung:

Real quark radiation:

Figure 5.7: Sample of Feynman diagrams for the three subsets of real emission contributions at
O(a2a). The order in the perturbative expansion is specified for each diagram. The full sets of
diagrams are given Figures 5.8, 5.9, and 5.10.

Real Photon Emission

The real photon emission at O(a2a),

a(p1) 4 (p2) = Galps) @3(pa) v(K), (5.14)

is given by the squared matrix element of a QCD tree-level diagram with an external photon
attached (see Figure 5.7, top and Figure 5.8 for the full set of diagrams). The integration over
the photon phase-space is IR divergent in the soft-photon region, i.e. for k% — 0. Further
singularities arise in the collinear region if p; - & — 0 for i« = {1,2}. We use phase-space
slicing and apply a cut on the photon energy, k° > 6,1/ /2, and on the angle 6 between the
photon and incoming partons, | cos(0)| < 1—dp, to split off the singular regions. In the hard,
non-collinear region the integration is convergent and is performed numerically. The cross
sections in the soft- and collinear region can be approximated analytically and are given by,
cf. Section 4.5.1,

4
~2,1 a .21
d673 300 | = _ﬂd012—>34 > eiejoioiTij, (5.15)
1,j=1;1<j
2,1 . 04(824‘6?1’) 1-3, o 1220 R
4673y ()] = [ e g (228) A6 (29) (516)
coll 2 20

e; is the charge of the ith particle and o; = +1 depending on whether the particle is incoming
or outgoing, respectively. The universal phase-space integrals Z;; are listed in (4.91), while
2o and kg are given by

. o 1422 (56 2z
zoz(mg—i—mg/)/s, Kqq(2,8) = T In <2m ) —1— (5.17)
q
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Figure 5.8: Feynman diagrams for real photon emission. For ¢ = ¢’ crossed diagrams have to be
taken into account. Diagrams in the last row only contribute for u = {u,c}, d = {d, s}.

As explained in Section 4.5.1, the upper integration bound in the collinear region is lowered
by ds to avoid double counting of the soft regime.

By combining the real photon emission with the virtual EW-type corrections (Figure 5.3a),
the soft singularities cancel. Remaining initial-state collinear singularities are universal and
have to be absorbed via factorization in the PDFs, see Section 5.3.3. In the following, we
will refer to this UV-, IR- and collinear-finite combination as the EW-type corrections.

Real Gluon Emission

Real gluon bremsstrahlung at O(a2a) proceeds via the partonic process

a(p1) d' (p2) = Ga(ps) G5(p3) g(k). (5.18)

It is given by the interference term of a QCD and an EW tree-level diagram, both with an
external gluon attached on (Figure 5.7, center and Figure 5.9). In the considered processes
the gluon is Abelian like and we can treat soft and collinear singularities by mass regulariza-
tion in close analogy to the photonic case. However the eikonal current has to be modified
in order to take color correlations into account. Different to real photon emission, collinear
singularities only arise for diagonal GnGn, @7dr, and ¢1,5;, production. This can be seen by
noticing that in the collinear cone the cross section becomes proportional to the correspond-
ing 2 — 2 process, which in this case would be squark-squark production at O(asq); i.e.
the interference of tree-level QCD and EW diagrams must be non-vanishing. In the notation
of Section 4.5.2, the explicit expressions for the differential cross sections in the soft and
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collinear limit are given by,

4
~2,1 o dt
IR S o1
> 1.j=15i<j
~2.1 N a,Cp [17% A qa1,1 A
d0-12ﬁ34g(8) oll Sﬁ / dz kgq(z, 8) d61),34(28), (5.20)
20

with the phase-space integrals Z;; and the color correlated amplitudes F;; defined in (4.91)
and (4.110), respectively. zp and k4 are the same as for collinear photon emission and
given by eq. (5.17). In the case of squark—squark production the tree-level amplitude can
be decomposed according to their color structure as

7;17%_%132120304 = 5010356204M2i7j + 5010450202Mg7j7 (Z7j) = (17 0)7 (07 1)7
0

1 1
01 ;40,1 1,0 1,0 1,
MPE = M MyT =5 <MU — M7 ) (5.21)
1 1
0,1 0,1 1,0 1,0 1,0
MO = M ML —2<MT—3MU),

where M@JT are the amplitudes corresponding to the u-channel and ¢-channel diagrams,
respectively. In this case the color correlated amplitudes F;; are given by

Fio = Fu =4 [(MM) M0+ M)

Fis = Far = =12 (MO) MO — a[(MO) ME° + (M31) My
Fra=Fos = =4 [(MP) " My° + (My") " My — 12 (Mm31) My,

Fir=12 (M) M0+ (M) My a4 [(M31) M0+ (M3) " A ],

(5.22)

where in the last case i =1,...,4.

By combining real gluon emission and the two virtual QCD-type corrections (Figure 5.3b,c),
the IR singularities cancel. Remaining collinear singularities are again absorbed into the
PDFs, as described in Section 5.3.3. In the following we will refer to this UV-, IR~ and
collinear-finite combination as the QCD-type corrections.

Real Quark Emission

Finally, also real quark radiation contributes at O(a2a),

9(p1) q(p2) — Galp3) @5(ps) 7 (k),

. ! ! ! (5.23)
andif g # ¢ g(p1)d (p2) = Ga(p3) 35(psa) a(k),

via the interference of a QCD-type diagram with an EW-type diagram, as shown in Figure 5.7,
bottom (see Figure 5.10 for the complete listing of diagrams). This process can be regarded
as completely independent of the virtual corrections, since it is IR finite by itself. However
it has to be taken into account in a consistent analysis of electroweak corrections up to
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Figure 5.9: Feynman diagrams for real gluon emission. Only interferences of diagrams in (a) and
(b) contribute at O(a?a). For ¢ = ¢’ crossed diagrams have to be taken into account. Diagrams in
the last row only contribute for u = {u, c}, d = {d, s}.

O(a?a). Initial-state collinear singularities are present for processes with non-vanishing
tree-level interferences. The cross section in the collinear region is given by a convolution
integral, cf. Section 4.5.3,

T
=2 F/ Az kgg(2, 8)d615 54 (28), (5.24)

.21 A
d012%34q(8) eoll

with T = 1/2. Ky is given by

Kgg = (22 + (1 - 2)%)In (W) 1221 2), (5.25)

while zp is defined according to (5.17). As before, these singularities are absorbed via
factorization into the PDFs, see Section 5.3.3.

Different to photon and gluon bremsstrahlung, the internal gluino, neutralino or chargino
can go on-shell in specific SUSY scenarios, if heavier than one of the external squarks. In
these cases, we include a Breit—Wigner width for the resonant particle in the corresponding
propagators to regularize the poles. Note that physical resonances do not occur. This is
different to the case of real quark radiation in e.g. gluino-squark production processes [28],
where internal squarks can go on-shell in both the EW- and the QCD-mediated diagrams.
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Figure 5.10: Feynman diagrams for real quark emission. Only interferences of diagrams in (a) and
(b) contribute at O(a2a). For q # ¢’ diagrams with ¢ and ¢’ exchanged have to be considered, too.
For ¢ = ¢’ crossed diagrams have to be taken into account. Diagrams in the last row only contribute
for u = {u,c}, d ={d,s}.

5.3.3 Factorization of Initial-State Collinear Singularities

The remaining collinear singularities have to be absorbed by redefining the PDFs. At O(a2a)
this can be achieved by the replacement [155,156], cf. Section 4.5,

ae? + a;Cr 1 ae?
fq(xaﬂF) — fq(xuuF) <1 - qTK/’U-FS - Z?qfv-‘rs
1=0s dz  /x Ozeg + a,Cr aei
_A 7fq(;7,uF) <27TI€C(Z) — ng(Z) (526)

Ydz  /x asCr U
= [ SH(Gone) H Putain <mz ’

q

where e, denotes the electric charge of quark ¢, Cp = 4/3, and

Koyts = 1—ln55—ln253—|— (ln53—|— z> In (m

»Qw‘;l:w
SN—

) (5.27)
Ke(2) = Pyy(z) In e 1 1].
1 m2 (1 — z)?
The factorization-scheme dependent functions are
9 2
Fors =9+ % 1 31Ind, — 2In24,,
(5.28)

1—=2 3 1
(2) = Po(2) 1 - c 22 + 3,
£ul2) = Py In (S5 ) = S 2043

with the splitting functions

1+ 22
Pyy(2) = T Pyy(2) = 2%+ (1 - 27). (5.29)
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The factorization is done in the MS scheme at NLO QCD and in the physical DIS scheme
at NLO EW. The replacement of the PDFs in (5.5) gives further contributions of O(a2a) to
the total cross section. The first and second line in (5.26) cancel the remaining singularities
in the EW-type and QCD-type corrections. The third line in (5.26) cancels the collinear
singularities in the real quark radiation.

5.4 Numerical Results

In the following we illustrate the impact of the EW contributions on the production cross
section. Since we have 36 processes contributing to squark—squark production and the same
amount for anti-squark—anti-squark production, we present (at least partly) inclusive results.
We refer to four different combinations of (anti-)squarks in the final state, which differ with
respect to the chirality of the produced particles:

e 14y or “LL” refers to the inclusive production of two left-handed squarks and two
left-handed anti-squarks.

o (1.4 or “LR” refers to the inclusive production of one left-handed and one right-handed
squark and the charge-conjugated process.

e (rGp or “RR” refers to the inclusive production of two right-handed squarks and two
right-handed anti-squarks.

e GG or “incl” refers to the inclusive production of all (anti-)squarks. It is given by
the sum of the three cases above, taking all 72 subprocesses of squark—squark and
anti-squark—anti-squark final states into account.

We focus here on these chirality-based classes since squarks of different chiralities are, in
principle, experimentally distinguishable by their decay chains, see e.g. Section 5.1.2 of [91].

In the discussion we refer to the following quantities, based on the cross section definitions
in Section 5.2. The leading order cross section is denoted by oP°™ = ¢20. The tree-level
EW and the NLO EW contributions to the cross section are labeled by

Agtree EW _ (0_1,1 + 0_0,2)7 AO’NLO EW _ 0.2,1, (530)

respectively, and AcFW = Agtree EW 4 AGNLO EW wi]] be referred to as the EW contribution.
The total sum of the LO cross section with the EW contributions is denoted by oN-O =
oBom 1 AgEW Relative EW contributions are defined by

6tree EW _ Aatree EW/O_Born, 5NLO EW _ AO’NLO EW/O_Born’ 6EW — AJEW/gBorn.
(5.31)

In distributions § denotes the relative EW contribution defined as 6 = (Onr,o—OBorn)/OBorn,
where O is a generic observable and Onr,0 is the sum of the Born and the EW contribution.
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myo my/2 Ao tan B sign(p)
SPS1a/ 70 GeV 250 GeV  —300 GeV 10 +
SPS2 1450 GeV 300 GeV 0 9.66 +
SPS5 150 GeV 300 GeV  —1000 GeV  4.82 +

Table 5.3: High energy input parameters for the different SUSY scenarios considered. The mass
parameters mg, my /o and Ag are given at the GUT scale, tan 3 is evaluated at Msysy = 1TeV.

5.4.1 Input Parameters

The Standard Model input parameters are chosen in correspondence with [14,140],

Mz = 91.1876 GeV, My, = 80.399 GeV,
o~ ! =137.036, as(Mz) = 0.118, (5.32)
my = 170.9 GeV, mMS (M) = 2.94 GeV.

The strong coupling constant as has been defined in the MS scheme using the two-loop
renormalization group equation with five light flavors, cf. Section 4.4.2. The bottom-quark
mass is taken from [164]. In particular, this value is consistent with the world average,

For the SUSY parameters, we refer to three benchmark mSUGRA scenarios, the SPS1a/
scenario, the SPS2, and SPS5 scenario [90, 165]. The SPSla’ scenario can be considered as

usually quoted as mp™(my) = 4.19f8:(1)§ and m}® = 4.67+8:(1)§, respectively [14].

a “typical” mSUGRA scenario. It has been proposed by the SPA convention and should
be used for comparisons with other calculations. The SPS2 scenario features relatively
heavy squarks with light charginos and neutralinos and a gluino lighter than the squarks.
The SPS5 scenario leads to a very light #; with moderate light-flavor squark masses. In
each scenario, the particle spectrum is determined by universal GUT scale parameters, cf.
Table 5.3, which act as boundary conditions for the renormalization group running of the
soft-breaking parameters. We use the program SOFTSUSY [166] to evolve the soft-breaking
parameters down to the SUSY scale Msysy. We choose a common SUSY scale Msysy =
1TeV for all scenarios, in reference to the SPA convention. At Mgysy a consistent translation
of the squark masses into the on-shell scheme is performed. The left-handed down-type
squark is treated as a dependent mass parameter, fixed by SU(2) invariance. It is set to its
corresponding on-shell value obtained at one-loop accuracy according to [143]. The on-shell
mass parameters for the light-flavor squarks together with the masses of the gluino and the
lightest neutralino/chargino are summarized in Table 5.4.

The technical cuts needed for the regularization of soft and collinear singularities are set to
ds = 2:107% and 6y = 10~%. We checked numerically that these values are sufficiently small to
justify the eikonal approximation. Figure 5.11 shows the dependence on the cut parameters
s (first line) and dy (second line) for @y @y, production. This process is chosen exemplary,
since it has a large tree-level contribution arising from QCD-EW interferences and hence
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ar, UR dr JR g )2? Xli

SPS1la’ 561 543 566 539 609 101 180
SPS2 1559 1554 1561 1555 785 120 199
SPS5 677 655 681 654 724 123 225

Table 5.4: On-shell masses of the squarks, the gluino, and the lightest neutralino and chargino
within the different SUSY scenarios considered. All masses are given in GeV.

exhibits a singular behavior for collinear gluon emission, cf. Section 5.3.2. The left panels
show the contributions to AcN¥O BW from the virtual corrections combined with the soft
singular region, from the collinear cone, and from the non-singular real radiation. For the d;
dependence one gets large cancellations between the three plotted contributions for small cut
parameters. The virtual and soft contributions are independent of the angular cut parameter
dgp. On the right panels, the sum of all three contributions, including error-bars, is plotted
separately. One can see that for small enough values of the cut parameters AgNFO EW
approaches an asymptotic value, i.e. the eikonal approximation becomes valid. However, for
small values d5; and dy large cancellations occur which lead to higher uncertainties due to
the numerical integration.

The results presented in this section are computed using the MRST2004QED parton dis-
tribution functions [126] and setting the hadronic center of mass energy to v/S = 14 TeV.
For comparison, we give results at v/S = 7 TeV in Section 5.4.5.

5.4.2 Renormalization and Factorization Scale Dependence

Figure 5.12 shows the scale dependence for the SPS1a’ scenario. Here we are inclusive with
respect to processes that contribute at O(asa). We compare the tree-level EW contribution
with the cross section including the NLO EW contributions at O(a2a), i.e. one order higher in
the strong coupling. In the left panel, factorization and renormalization scales are identified,
= g = pip = Mg with My being the average mass of the light-flavor squarks. The tree-
level EW contribution Ao EW to the cross section is calculated using the MRST2001LO
PDF set [167] which is the LO PDF set corresponding to the MRST2004QED set [168]. In
the right panel the renormalization scale is fixed and only the factorization scale is varied.
For the LO EW and NLO EW contributions given by the red and blue curves, the same PDF
sets are used. The green curve, is obtained by using the MRST2004NNLO PDF set [169].
One finds that the scale dependence of the hadronic cross section is considerably reduced
by taking the NLO EW contributions into account. The residual uncertainty arises mostly
from the choice of the renormalization scale while the dependence on the factorization scale
variation is mild at NLO as can be seen from Figure 5.12 (b). From Figure 5.12 (a) one finds
that Ac™e EW and Ac™W coincide at the scale u = 1.57;. This scale strongly differs from
the scale proposed from NLO QCD corrections, where the LO and NLO cross section coincide
at scales ;1 =~ 0.5myg, cf. Section 3.2. It is interesting to note that the impact of QED effects
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Figure 5.11: Dependence of AcN© EW on the technical cut parameters &, (first line) and &y (second
line). The left panels show the contributions from the virtual corrections and the soft singular region
(blue line), from the collinear cone (red line), and from the non-singular real radiation (green line).
The sum of the contributions, given by the black line, is also shown separately on the right panels

including error-bars.

in the evolution of the PDFs is small. This feature, already pointed out in [170], has been
explicitly checked using the NLO QCD PDF provided by the MRST2004NNLO set, which does
not include QED effects (green curve of Figure 5.12 (b)). In the following, the factorization
and renormalization scales are set to the common value p = pgr = pr = mg;.

5.4.3 Total Hadronic Cross Sections

Tables 5.5-5.7 give the results for the hadronic cross sections for squark—squark production at
the LHC at v/S = 14 TeV within the SPS1a’, SPS2, and SPS5 scenario, respectively. We refer
to the production of squarks of different chiralities separately and implicitly sum over flavor,
cf. Section 5.4. Renormalization and factorization scales are set to u = 560 GeV (SPS1a’),
u = 1560 GeV (SPS2), and p = 666 GeV (SPS5). We checked that the results for the tree-
level EW contributions numerically agree with those quoted for the SPAla scenario in [25].
Differences between [25] and Tables 5.5-5.7 are related to the choice of input parameters
and to the strong scale dependence of the tree-level EW contributions, see Figure 5.12.
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Figure 5.12: Dependence of the hadronic cross section ¢ on the renormalization and factorization
scale ur and pp for the SPSla’ scenario: (a) both scales are set to a common value ug = prp = p
with p varied by a factor two around mg; = 560 GeV, (b) variation of up, with fixed pur = myg.
Only processes that contribute at O(asa) are considered. The red line shows the tree-level EW
contribution to the cross section using a LO PDF set, while the blue and green curve shows the
EW contribution up to NLO EW using NLO QCD PDF sets with (blue) and without (green) QED
evolution. Further details are given in the text.

The Born cross section is QCD mediated and does not depend on the chirality of the
produced squarks. Indeed the cross sections for the diagonal production of two squarks, LL
or RR, become equal for degenerate masses. The Born cross section for non-diagonal LR
production, however, is different in general since the final-state particles are distinguishable.
In the SPS1a’ and SPS5 scenario it happens to be of similar size as the LL and RR production
cross sections. In the SPS2 scenario, however, the LR cross section is enhanced and accounts
for 50% of the total cross section for inclusive squark—squark production. As we will see
below, cf. Figure 5.15 (b), the relative yield of the LR production cross section is determined
by the ratio of squark and gluino masses, becoming more important if the exchanged gluino
is lighter than the final-state squarks.

Due to the nature of the electroweak interaction, the EW cross section contributions
depend strongly on the chirality of the produced squarks. The tree-level EW contributions
have been studied extensively in [25]. Their impact is largest in case of the LL production
of two SU(2) gauged left-handed squarks (15 — 25% in the considered scenarios). For RR
production, where only U(1)y couplings enter the EW-mediated diagrams, the tree-level EW
contributions are around one order of magnitude smaller. They are even further suppressed
for LR production, where the O(asa) tree-level interference contributions are completely
absent. Also, LR production is induced by initial-state quarks of opposite helicities and
thus suffers additionally from a p wave suppression. More details can be found in [25].

The situation is different for the NLO EW contributions. These are equally important
in the case of LL and LR production (reducing the LO prediction by about 4 — 8% in
the considered scenarios), but negligible for RR production. In all three cases the NLO EW
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Born tree EW NLO EW
spsia’ Ao Ao stree EW  §NLO EW  SEW

0(a?)  Olasa+a?) O(aa)

qr@, 1717.6(8)  378.9(1) —74.8(6)  221% @ —44% 177 %
drdy, 1981.9(7)  31.81(2) —1.60(9) 16%  —01%  15%
Grdy, 1743.8(4)  2.538(1) —70.71(4) 01%  —41%  —3.9%

qq 5443(1)  413.3(1) —147.1(6) 6%  —-27%  49%

Table 5.5: Hadronic cross sections in femtobarn (fb) for squark-squark production at the LHC
within the SPS1a’ scenario for v/'S = 14 TeV. Shown are the LO cross section, the tree-level EW as
well as NLO EW contributions and the relative corrections as defined in the text. Anti-particles are
included. The numbers in brackets refer to the integration uncertainty in the last digit.

Born tree EW NLO EW
SPS2 7 Ao Ao §tree EW  §NLO EW SEW

O(a?)  Oasa+ a?) O(aa)

S

qrd, 7.359(1)  1.0326(2)  —0.5776(7) 140% -78%  62%
drdl, 7529(1)  0.1005(1)  —0.0052(1)  13% —01%  13%
qrdy, 14.651(1)  0.0136(1)  —0.8676(2) 01%  -59% —58%

g 29.539(2)  1.1468(2)  —1.4506(7)  3.9% = —49% —10%

Table 5.6: Same as Table 5.5 but for the SPS2 scenario.

corrections are negative and partially compensate the EW tree-level contributions. Summing
over all processes, the EW contributions to the total cross section for inclusive squark—squark
production decrease from about 8% to about 5% in SPSla’ and SPS5 after the inclusion of
NLO EW corrections. In the SPS2 scenario, where LR production is the dominant production
mechanism, the NLO EW corrections even overcompensate the EW tree-level contributions
and the result turns negative.

In order to further investigate the dependence of the EW contributions on squark and
gluino masses, we perform a parameter scan over those quantities. The independent squark
masses are chosen equal to a common value mg, with the dependent fourth squark mass set
to its corresponding on-shell value. All other parameters are fixed to their SPSla’ values.
The renormalization and the factorization scale are set to ur = pp = mg.

To start with, we show in Figure 5.13 the Born cross section (left panel) and the EW cross
section contributions (right panel) for inclusive squark-squark production as a function of
the common squark mass and for different values of the gluino mass. Both the Born and the
EW contribution strongly decrease for growing squark masses. While the Born cross section
is quite sensitive to the gluino mass for low squark masses, the EW contribution is almost
independent in this regime. For high squark masses the behavior is vice versa.
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Born tree EW NLO EW
o Ao Ao stree EW  sNLO EW  §EW

SPS5
O(@3) Olasa+a?)  Oaza)

qrg, TT47(1)  185.71(4) —35.9(1)  24.0%  —46% 193 %

drdy, 888.0(1)  16.332(5) —0.69(2) 1.8 % —0.1% 1.8 %

Grdy 758.00(9)  1.1559(3) —33.68(1) 0.2 % —44%  —43%

g 2420.7(3)  203.20(4) —70.3(1) 8.4 % —29%  55%

Table 5.7: Same as Table 5.5 but for the SPS5 scenario.
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Figure 5.13: Hadronic Born cross section (left) and EW contributions (right) for inclusive squark—
squark production as a function of a common squark mass mg. Different gluino masses mg are
considered, all other parameters are set to their SPS1a’ values.

Figure 5.14 shows the K-factor, defined as K = o0 /gBo™ for the same parameter
range as considered in Figure 5.13. The three different combinations of chiralities of the
final-state squarks, as well as the inclusive case are considered separately. The K-factor
is largest for two left-handed squarks in the final state. Here, the EW contributions alter
the LO cross section prediction between 10 — 50%, being most important in case of light
squarks and a heavy gluino. The EW contribution is enhanced by the large tree-level EW
contribution. In the case of RR production, the EW contributions are below 3% in most
parts of the parameter space. For LR production the EW contributions are mainly given
by the NLO EW corrections, leading to a K-factor smaller than unity. The LO cross section
is reduced by —3% to —5%, most strongly in a scenario with heavy squarks and a heavy
gluino. Altogether one finds for inclusive squark—squark production EW contributions that
range from 9% for mz = 400 GeV up to 22% for mgz = 1000 GeV for light squarks. For
heavy squarks, the EW contributions are only at the percent level due to the interplay of
positive EW corrections in the LL and RR case and negative EW corrections in the LR case,
suppressing the EW contributions by one order in magnitude.

We can understand the smallness of the EW contribution for high squark and low gluino
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Figure 5.14: K-factor defined as K = o~NFO/gBom as a function of a common squark mass.
Different gluino masses mg are considered, all other parameters are set to their SPS1la’ values. The
labels “incl” and “LL”, “RR”, “LR” refer to inclusive squark—squark production and chirality-
grouped subprocesses as explained in the text.

masses by having a closer look at the interplay of the tree-level EW and NLO EW contri-
butions. The ratio AcNFO EW /Agtree EW for inclusive squark-squark production is shown
in Figure 5.15a. As one can see, the NLO EW corrections become more important for
larger ratios mg/mg and reach the same size as the tree-level EW contributions for about
mg/mg 2, 1.5, depending on the precise value of the gluino mass. This is due to the fact that
the LR contribution becomes more relevant for increasing mg/mg, see Figure 5.15b. Owing
to the suppressed tree-level contributions, the EW contributions to LR production are neg-
ative and partially compensate the positive yield from LL and RR production. Figure 5.15a
also confirms our observation from the SPS2 scenario that the NLO EW corrections compen-
sate the tree-level EW contributions in the inclusive cross section, cf. Table 5.6, which seems
to be a generic feature in scenarios with the squark heavier than the gluino.
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Figure 5.15: (a) Ratio of NLO EW to tree-level EW contributions for inclusive squark-squark
production. (b) Relative contribution of LR final states to the inclusive Born cross section for a fixed
gluino mass mg = 600 GeV.

5.4.4 Differential Distributions

Here, we illustrate the results for the SPSla’ scenario. In Figures 5.16, 5.17, and 5.18
we consider the differential distributions of the EW contributions with respect to various
kinematical variables. In the left panels, the tree-level EW contributions and the three
IR and collinear safe subsets of NLO EW contributions (EW-type corrections, QCD-type
corrections, real quark radiation), as well as the summed EW contributions are shown. In
the right panels, the impact of the EW contributions relative to the Born cross section, 9,
is given.

Figure 5.16 refers to the distribution with respect to the transverse momentum pr of
the squark with highest ppr. The tree-level EW contributions are always positive with a
maximum at about 250 GeV and dominate the sum over a wide range of the phase-space
for LL, RR, and inclusive squark—squark production. Again, they are suppressed for LR
production. The interplay of the NLO EW contributions is more complicated. For all
processes, the real quark radiation is small and mostly negative. For LL production, large
cancellations among the EW- and QCD-type corrections occur. As a result, the relative yield
is dominated from the tree-level contributions in the small-pr region where it is large and
positive (up to 25%). For higher values of pp, the relative corrections turn negative and
grow up to —10%. In case of RR production the EW-type corrections are suppressed from
the chirality and the QCD-type corrections are more important. However the relative EW
contributions in total do not exceed a few percent. Finally in the LR case, the QCD-type
corrections are negligible since they are related to QCD-EW interferences. The dominant
contribution arises here from the EW-type corrections. The relative contributions are always
negative, between —2% for small values of pr and up to —10% in the high-py region. It is
important to note that even though the relative NLO EW contributions to the integrated
cross section are comparable for LL and LR production, cf. Table 5.5, they originate from
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Figure 5.16: Transverse momentum distributions for squark—squark production at the LHC within
the SPSla’ scenario. Shown are the tree-level and NLO EW cross section contributions (left) and
the impact of EW contributions relative to the QCD Born cross section (right) for inclusive ¢g¢’ pro-
duction (top), production of two left-handed squarks G §; (second), production of two right-handed
squarks §r{p (third), and non-diagonal ¢, production (bottom). Charge-conjugated processes are
included.
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Figure 5.17: Invariant mass distributions for squark-squark production at the LHC within the
SPS1a’ scenario. Shown are the tree-level and NLO EW cross section contributions (left) and the
impact of EW contributions relative to the QCD Born cross section (right) for inclusive ¢¢’ pro-
duction (top), production of two left-handed squarks G §; (second), production of two right-handed
squarks §r{p (third), and non-diagonal ¢,y production (bottom). Charge-conjugated processes are

included.
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Figure 5.18: Pseudo-rapidity distributions for squark-squark production at the LHC within the
SPS1la’ scenario. Shown are the tree-level and NLO EW cross section contributions (left) and the
impact of EW contributions relative to the QCD Born cross section (right) for inclusive ¢¢’ pro-
duction (top), production of two left-handed squarks G g; (second), production of two right-handed
squarks §r{p (third), and non-diagonal ¢, production (bottom). Charge-conjugated processes are

included.
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Figure 5.19: (a) Transverse momentum distribution of the hardest squark for ardy, produc-
tion within the SPSla’ scenario. Strong cancellations occur between the different contributions
at NLO EW. (b) Relative NLO EW contribution, defined as the ratio of dAs™t© EW /dpr and
dO.Born/de_

distinct sources and the differential distributions differ strongly.

In Figure 5.17 the distributions with respect to the invariant mass of the squark pair,
Miny = (p3 + ps)?, are shown. The interplay of the various subsets of EW contributions
is similar as for the pp distributions. For LL and RR production, the EW tree-level con-
tributions are dominant and peak at around M., ~ 1200 GeV. They shift the relative EW
corrections to positive values, up to 30% in the low-Mi,, region for LL production. In case
of non-diagonal LR production, where the EW tree-level contributions are suppressed, the
relative corrections are negative and grow up to —5% for the intermediate and high-energy
region. Finally, in the inclusive case, we find a strong energy dependence of the relative EW
corrections, ranging from +10% for Mi,, ~ 1200 GeV to —5% for Miny, > 3500 GeV.

In Figure 5.18 we present the pseudo-rapidity distributions, where always the squark with
the higher absolute value of the pseudo-rapidity n (in the laboratory frame) is considered.
All EW contributions are vanishing in the central n ~ 0 region. The characteristics of the
rapidity gap in the distributions depend on the precise quantity considered and is enhanced
by our choice of referring to the larger . The tree-level contributions peak at around |n| = 2
and dominate the total result, if present. The distributions for EW-type and QCD-type NLO
corrections differ in sign and shape from each other, leading to large cancellations over a
wide phase-space range. In total, the EW contributions alter the LO distributions by up to
20 — 40% for LL and up to 10 — 20% for inclusive squark-squark production in the strong
forward region for |n| > 2.

Up to now, our discussion has only been for inclusive combinations of final-state squarks
for given chiralities. To get further insight on the cross section, we show in Table 5.8 the
cross section divided up into the various subprocesses for squark—squark production within
the SPS1a’ scenario. Again, anti-particles are included. Owing to the degenerate masses
of first- and second-generation squarks, we do not distinguish between final states that
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Born tree EW NLO EW
spsia’ 0 Ao Ao stree EW  §NLO EW SEW

O(?)  Oasa+ a?) O(a2a)

ariy  486.8(3 93.78(5) -30.5(2) 1927 % —6.26%  13.00 %
drdr 143.83(8 29.18(2) —-9.85(6) 2029% —6.85% 13.44 %
ardp  692.6(7 234.8(2) —9.5(6)  33.90% —138% 3252 %
ardr  211.3(2 17.95(3) ~8.53(1) 850 %  —4.04%  4.46 %
arér  102.96(8 1.864(2) —8.885(7) 1.81% —863% —6.82%
drsp  80.19(6 1.390(2) —7.526(

(

4 L% -939% —T65%
)

)

)

)

)

)

)
dpar  537.1(4) 28.58(2) —4.44(8 532%  —083% 449 %
drdr  173.1(1) 2.414(2) —0.318(7) 139%  —018% 121 %
apdr  799.1(6)  0.4458(8) 3.41(3)  0.06 % 043 % 048 %
@Rr3r  253.0(2)  0.1276(2) 1.36(1)  0.05 % 054 %  0.59 %
@apér 118.95(9)  0.2365(4) -1.337(8) 020%  —1.12% —0.93%
dr3r 100.65(8)  0.0126(1) —0.281(2)  0.01% —-028% —0.27%
ararp  629.7(4) 1.288(1) —26.41(4)  020%  —419% —3.99 %
drdr 165.49(9)  0.0792(1) ~7.027(4)  0.05% = —425% —4.20 %
ardr  328.5(2)  0.1720(1) -12.30(1)  0.05%  -3.75% —3.69 %
apdr  321.4(2)  0.6026(6) —-13.81(2)  019%  —430% —4.11%
ardr  82.26(4)  0.0450(1) -2.809(3)  0.05%  —342% —3.36%
@Rpdr,  79.90(4)  0.1556(1) -3.167(4)  019%  —-3.96% —3.77%
arér  38.08(2)  0.0832(1) ~1.388(2)  0.22%  -3.656% —3.43%
@Rér  38.08(2)  0.0832(1) —-1.388(2) 022%  —3.65% —3.44%
drsp  30.24(2)  0.0149(1)  —1.2015(9) 0.05%  —-3.97% —3.92%
dr3r  30.24(2)  0.0149(1)  —1.2015(9) 0.05%  —-3.97% —3.92%

Table 5.8: Hadronic cross section for squark—squark production at the LHC within the SPSla’
scenario for /S = 14 TeV. Charge-conjugated processes are included. @@ final states include éé, dd
include §3, @d include ¢35, and 4§ includes ¢d. All cross sections are given in femtobarn (fb).

result from exchanging both squarks with their first or second generation counterpart, i.e.
7,4y, production also includes ér¢;, production, etc.. This reduces the number of distinct

Actree EW are always positive and

subprocesses from 36 down to 22. The contributions to
are largest for @7d;, production due to the interference of gluino and chargino exchange
diagrams and constitute 57% of the inclusive tree-level EW contribution, see also Table 5.5.

One even finds that the inclusive tree-level EW contribution is given to 98% by only five
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Born tree EW NLO EW
spsia’ © Ao Ao stree EW  §NLO EW  gEW

0(a?)  Oasa+a?) O(a?a)
)

dr@,  342.0(1)  89.81(3) —6.1(1 26.3% ~1.8%  24.5%

drdy  408.7(1) 9.78(5) 0.40(2) 2.4% 0.1% 2.5%

qrdy  274.79(7)  0.4571(2) ~9.661(7) 0.2% —-35%  —3.3%
gq@  1025.5(2)  100.05(3) —15.3(1) 9.8% -15%  8.3%

Table 5.9: Hadronic cross sections in femtobarn (fb) for squark-squark production at the LHC
within the SPS1a’ scenario for v/'S = 7 TeV. Notation as in Table 5.5.

processes, namely urty, Urtgr, drdr, trd; and @75;,. The contributions to AgNLO EW

are mostly negative, reducing the importance of EW contributions. In contrast to the
tree-level EW case, many processes contribute with a significant amount to the inclusive
NLO EW contribution of the cross section. Especially for processes with squarks of different
generations, Ac™W is mostly dominated by NLO EW contributions. The size of the NLO EW
contributions is often reduced due to the interplay of QCD-type and EW-type corrections
as shown in Figure 5.19 in the case of @rdy production. The different types of NLO EW
corrections partially cancel. Furthermore, the sum contains corrections of positive and
negative sign, leading to an integrated result AcNFO EW that is considerably smaller than
the corrections affecting the LO result in various phase-space regions.

5.4.5 Hadronic Cross Section for v/S = 7 TeV

In Table 5.9 we give the results for the hadronic cross sections for inclusive squark—squark
production at the LHC for v/S = 7 TeV within the SPS1a’ scenario. More exclusive results
are shown in Table 5.10, similar to 5.8. All other inputs are chosen as in Table 5.5 and
Section 5.4.

The integrated cross sections amount about 15— 25% of their values at v/'S = 14 TeV. The
relative importance of tree-level EW contributions increases by a few percent points while the
relative NLO EW corrections are less important. All subprocesses are quark—quark initiated
and the corresponding luminosities are reduced to a similar extent. However the relative
importance of each of the 36 subprocesses changes a little. At Born level the contribution of
down-quark induced processes to the inclusive Born cross section is smaller than at 14 TeV,
whereas their impact at NLO is increased. In particular the @od, channels give large and
positive contributions at NLO EW. As a consequence, the NLO EW corrections for inclusive
RR production are now positive and those for LL production are reduced to —2%. In
summary, the full EW contributions alter the LO cross section for inclusive squark—squark
production at the LHC for VS =7 TeV by 8% within the SPS1a’ scenario.
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Born A tree EW NLO EW
o Ao
SPS1a’ 5tree EW 5NLO EW 6EW

O(a?)  Oasa+ a?) O(aa)

arar  132.95(6)  29.01(1) —6.17(5) 21.8% —4.6%  17.2%
drdr  22.52(1) 5.094(2) —1.107(8) 22.6% —4.9%  17.7%
ardp 148.7(1) 53.73(3) 3.4(1) 36.1% 2.3% 38.4%
arsp  21.30(1) 1.697(3) —0.737(1) 8.0% -3.5%  4.5%

arér  9.767(7)  0.1660(2) —0.8586(6) 1.7% -8.8%  —-7.1%
dr3p  6.712(4)  0.1089(1) —0.6447(3) 1.6% -9.6%  —8.0%
dgpir 151.94(7)  9.209(5) —0.57(2) 6.1% —04%  5.7%

drdr 28.86(1)  0.4534(2) —0.0110(9) 1.6% <0.1% 1.5%

ardrp 179.9(1)  0.0870(1) 0.980(7) 0.1% 0.5% 0.6%

@rSp  27.05(1)  0.01212(1) 0.1792(9) <0.1% 0.7% 0.7%

@rérp 11.824(8)  0.02097(3)  —0.1408(6) 0.2% ~1.2%  —1.0%
dr3r 9.118(6)  0.001012(2)  —0.0270(1)  <0.1% -0.3%  —0.3%
artip 129.47(6)  0.2853(2) —4.588(6) 0.2% -3.5%  —3.3%
drdgr 20.108(8) 0.010171(7)  —0.7536(4) 0.1% -38%  —3.7%
ardr 52.61(2)  0.02953(2) —1.702(2) 0.1% -3.2%  —3.2%
agpdr 50.90(2)  0.10138(8) —1.903(2) 0.2% -3.7%  —-3.5%
@rsr  6.318(3)  0.003663(3)  —0.1897(2) 0.1% -3.0%  —3.0%
@grdr 6.055(2)  0.01240(1)  —0.2135(2) 0.2% -3.5%  —3.3%
arér  2.739(1)  0.006325(6)  —0.087(1) 0.2% -3.2%  —-3.0%
agpér  2.739(1)  0.006325(6)  —0.087(1) 0.2% -32%  —-3.0%
drsr  1.9164(9) 0.000993(1)  —0.0679(1) 0.1% -35%  —3.5%
drsr 1.9164(9) 0.000993(1)  —0.0678(1) 0.1% -3.5%  —3.5%

Table 5.10: Hadronic cross section for squark-squark production at the LHC within the SPS1a’
scenario for v/S = 7 TeV. Charge-conjugated processes are included. @@ final states include &, dd
include 83, @d include ¢§, and @3 includes éd. All cross sections are given in femtobarn (fb).
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Born tree EW NLO EW
spsia’ C Ao Ao stree EW  §NLO EW  §EW

O(a?) O(asa + o?) O(aa)

qrd, 1717.6(8)  378.9(1) ~155.8(6)  221%  —91% 13.0%
drdy,  1981.9(7)  31.81(2) ~15.68(9) 16%  —08%  08%
qrdy 1743.8(4)  2.538(1) —78.25(4) 01%  —45% —43%

qq 5443(1)  413.3(1) —249.7(6) 6%  —46%  3.0%

Table 5.11: Hadronic cross section in femtobarn (fb) for squark-squark production at the LHC
within the SPS1a’ scenario for v/'S = 14 TeV. A kinetic cut is applied to quarks, photons, and gluons
arising from real radiation processes since events with pp > 50 GeV and 1 < 2.5 are rejected.

5.5 Phase-Space Cuts

In experiments the squarks cannot be measured directly and one is only sensitive to its
decay products. Depending on the precise MSSM parameter space, one is left with a certain
number of jets, leptons, and missing energy due to the undetectable neutralino which escapes
the detector leading to missing transverse momenta p,.. In order to reconstruct the squark
mass, specific observables are chosen for the experimental analysis which often rely on a fixed
number of leptons and jets in the final state, cf. [91]. The experimental observations are
then compared to theoretical (differential) cross section predictions. Care has to be taken
when higher-order corrections are included into the analysis since real radiation processes
of higher orders which lead to additional quarks, photons, and gluons in the final state can
affect the analysis. In this section, we are going to investigate the impact of an additional
massless particle in the final state arising due to NLO EW corrections on the cross section
prediction.

Obviously, only processes with additional real particles that are neither soft nor collinear
can be distinguished experimentally from the two-particle final state. Hence we require that
this additional particle has high transverse momentum and is not collinear to the beam-axis.
In the following we will define a hard non-collinear particle by the requirement that it has
pr > 50 GeV and n < 2.5. In order to investigate the impact of hard non-collinear particles
arising due to NLO EW corrections, we apply the following cuts on the final state quark,
photon and gluon phase-space,

pr < 50 GeV, n > 2.5, (5.33)

i.e. only those events are selected that are (almost) indistinguishable from two squarks in
the final state. As we will see, this cut mainly affects processes with real hard gluons in
the final state and hence it effectively corresponds on a cut on processes with an extra
separable jet. Table 5.11 shows the resulting total cross section for the (partly) inclusive
results defined at the beginning of Section 5.4. Obviously, such a cut does not alter the
Born cross section and the tree-level EW contribution. However, it has a huge impact on
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Figure 5.20: (a) Transverse momentum distribution of the hardest squark for @rdy, production
within the SPSla’ scenario. Events with a real quark, gluon, or photon with pr > 50 GeV and
n < 2.5 are rejected. (b) Relative NLO EW contribution, defined as the ratio of dAcN:© EW /dpp
and doBo™ /dpr.

the NLO EW contribution to the cross section Ac™O EW - Comparing with Table 5.5, i.e.
the case without any kinematical cuts, one finds that in the case of LL production, the
EW contribution becomes more than twice as big as without cuts. The impact of the EW
contribution is reduced from 22% down to 13% when taking the NLO EW contributions into
account. In the case of RR production AcNFO EW hecomes even ten times larger, however
its contribution still remains in the one-percent regime. Interestingly, for LR production the
impact of the phase-space cut is rather small, i.e. it only changes the NLO EW contribution
by roughly 10%. The small change in the NLO EW contribution for LR production will
become clear further down, when looking at differential distributions. Considering inclusive
Gq' production, the EW contribution to the total cross section gets reduced from about 8%
to 3%, i.e. reducing the LO EW contribution by more than 50%. In order to see which
subprocesses are most affected by this phase-space cut, Table 5.12 shows the cross section
divided up into the various subprocesses in analogy to Table 5.8. Comparing these two
tables, one finds that the phase-space cut has a big impact on those processes which exhibit
a non-vanishing tree-level QCD-EW interference, while the change in AocNFO EW for the
other processes is quite moderate. For the former one finds large positive contributions due
to QCD-type NLO EW corrections, which get enhanced by the radiation of hard gluons into
the central region of the detector. Those events are excluded by applying the phase-space
cut (5.33). This becomes clear by comparing e.g. the differential py distribution for aydy,
production without cut, Figure 5.19, with Figure 5.20 which shows the same distribution
with the phase-space cut applied. One finds that EW-type corrections and the contribution
from real quark radiation is hardly changed, while the QCD-type corrections are strongly
reduced. The cancellations between the various contributions in Figure 5.19 is mild. In
total, one is left with a vanishing NLO EW contribution for low py which becomes up to
40% of the differential Born cross section in the high pp region.
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Born tree EW NLO EW
spsia’ C Ao Ao stree EW  sNLO EW  gEW

O(a?)  Oasa+a?) O(aa)

drir  486.8(3) 93.78(5) —52.7(2) 19.27 ~10.83  8.43
drdr 143.83(8)  29.18(1) —15.48(6) 20.29 —10.77  9.52
ardp  692.6(7) 234.8(1) —61.5(5) 33.90 —8.88  25.02
ardr  211.3(1) 17.95(3) —10.13(1) 8.50 —4.80 3.70
arér,  102.96(7)  1.864(2) —8.674(7) 1.81 —842  —6.61
drsr  80.19(5) 1.391(1) —7.242(4) 1.73 -9.03  —7.30
dgrir  537.1(3) 28.58(2) —13.15(8) 5.32 —2.45 2.87
drdp  173.1(1) 2.41(1) —0.955(6) 1.39 —0.55 0.84
dpdr  799.1(6)  0.4458(7) —0.13(3) 0.06 —0.02 0.04
@Rrdr  253.0(2)  0.1276(2) 0.38(1) 0.05 0.15 0.20
agpér 118.95(9)  0.2364(4) —1.511(7) 0.20 -1.27  —1.07
dr3r 100.65(7)  0.01256(2) —0.323(1) 0.01 -0.32  —0.31
arir  629.7(3) 1.288(1) —29.16(3) 0.20 —4.63  —4.43
drdr 165.49(8)  0.07916(6) —7.382(4) 0.05 —4.46  —4.41
ardr  328.5(2)  0.1720(1) —14.48(1) 0.05 —441  —4.36
apdr  321.4(1)  0.6026(5) —15.09(1) 0.19 —4.70  —4.51
ardp  82.26(4)  0.04502(4) —3.258(3) 0.05 -3.96  —3.91
@Rpdr  79.90(4)  0.1556(1) —3.398(3) 0.19 425  —4.06
@rér  38.08(2)  0.08323(8) —1.479(2) 0.22 —3.88  —3.67
WRrér  38.08(2)  0.08323(8) —1.481(2) 0.22 -3.89  —3.67
drsr  30.24(1)  0.01490(1)  —1.2579(8) 0.05 —4.16  —4.11
dr3r  30.24(1)  0.01490(1)  —1.2572(8) 0.05 —4.166  —4.11

Table 5.12: Hadronic cross section for squark-squark production at the LHC within the SPS1a/
scenario for v/S = 14 TeV. Charge-conjugated processes are included. Events with a real quark,
gluon, or photon with pr > 50 GeV and n < 2.5 are rejected. a4 final states include ¢éé, dd include
33, @d include @3, and @3 includes éd. All cross sections are given in femtobarn (fb).

One might wonder, why events with additional hard gluons in the final state arise in
NLO EW corrections. However, one has to remember that for processes that have a non-
vanishing QCD-EW interference contribution of O(asa), the vertex and self-energy correc-
tions of Figure 5.3c give a non-zero contribution at NLO EW. These corrections involve the
renormalization of the strong sector, which explains the origin of the hard gluons.

Due to the strong impact of the phase-space cut (5.33) for left-handed squark-pair pro-
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Figure 5.21: Differential distributions for left-handed squark—squark production at the LHC within
the SPSla’ scenario. Events with real quark, gluon, or photon with pr > 50 GeV and n < 2.5
are rejected. Shown are the tree-level and NLO EW cross section contributions (left) and the
impact of EW contributions relative to the QCD Born cross section (right) for the transverse mass
distribution (top), the invariant mass distribution (middle), and the pseudo-rapidity distribution
(bottom). Charge-conjugated processes are included.

duction, we show the differential transverse momentum, invariant mass, and pseudo-rapidity
distributions for LL production in Figure 5.21. In all three cases the QCD-type corrections
are significantly changed, while the other contributions are hardly affected by the cut, cf.
Figures 5.16-5.18. While the QCD-type corrections without cut exhibit in all three cases a
positive yield to the cross section it gives a negative yield when the cut is applied.






6 Electroweak Contributions to
Sbottom—anti-Sbottom Production

In this chapter the electroweak contibutions to diagonal sbottom—anti-sbottom pair produc-
tion in hadronic collisions,

PP — bb},, (6.1)

are presented. The production of squarks of the third generation is peculiar and there are
theoretical as well as experimental aspects that render a separate discussion of this process
necessary. In contrast to squark-pair production, the mixing in the stop and sbottom sector
cannot be neglected. This induces a splitting for the mass eigenstates and hence can lead to
a relatively low mass for the lightest bottom and top squark, favoring their direct production
at the LHC. Moreover, b-tagging makes bottom- and top- squark production experimentally
distinguishable from the production of squarks of the first two generations [171-173]. A
dedicated study looking at third generation stop production at the LHC is available [174].

From theoretical side, bottom-squark pair production has some aspects that are not
present in the production of squark pairs of different flavor. Due to left- right-mixing
of the bottom squarks, the renormalization scheme for the bottom-squark sector has to be
chosen with special care, since especially the on-shell scheme can become unreliable for a
wide range of the parameter space, cf. Section 4.4.1. Further, one of the bottom-squark
masses remains a dependent quantity whose on-shell value gets radiative corrections. This
requires a proper treatment of the IR- and collinear-singular regions at NLO EW. In addi-
tion, Higgs-boson exchange contributions can become significant due to enhanced Yukawa
couplings for high values of tan 8, which do not decouple at low energies and hence have
to be resummed. These features render the computation of the electroweak contributions
to sbottom-pair production substantially different from the corresponding computations for
squark—anti-squark and stop—anti-stop production.

The outline of this Chapter is as follows: In Section 6.1 we summarize the tree-level con-
tributions which can be of QCD and EW origin. Section 6.2 shows how the tan § enhanced
terms appearing in the bottom-quark sector can be resummed to all orders. The resumma-
tion alters the tree-level relation between the bottom-quark mass and its Yukawa coupling
as well as the bottom—Higgs vertices. The details on the NLO EW calculation are given in
Section 6.3. The numerical impact of the NLO EW contributions on the cross section and
on differential distributions at the LHC with v/S = 14 TeV and /S = 7 TeV is presented in
Section 6.4. We consider different branchmark scenarios and investigate the dependence on
the final-state sbottom mass and on tan S.

121



122 6. EW CONTRIBUTIONS TO SBOTTOM—ANTI-SBOTTOM PRODUCTION

b Pt by - Mgy - JULUUJUL,\ b -
v p R 9 ! 9 N
I :\\ ba q ~ I;a bcxf B baY />‘ Ba
g V\\\\ g \\\ M’;&M‘.“:‘“- M’ng\&&.‘/ \\\
bo
; ) -
g .
ba
5 -

Figure 6.1: LO Feynman diagrams for sbottom-pair production. The first line corresponds to
the gluon-induced channel (6.2a), while the second line corresponds to the ¢gq channel (6.2b) (first
diagram) and the bb channel (6.2¢) (second and third diagram).

6.1 Tree-Level Cross Section

In this section we describe the tree-level contributions to Eal;a production, which are of order
0(a?), O(asa), and O(a?). We will conventionally denote the cross section (amplitude) of

S

a partonic process X at a given order O(a%a?) by d&g(’b (./\/lgf’b).

6.1.1 Tree-Level QCD Contributions

At LO three classes of partonic processes contribute,

9(p1) 9(p2) = ba(p3) b (pa), (6.2a)
a(p1) 4(p2) = ba(ps) % (pa), (6.2b)
b(p1) b(p2) — ba(ps) b (pa). (6.2¢)

The process with initial-state bottom quarks has to be treated different to light-flavor quarks
due to t-channel gluino exchange, cf. Figure 6.1. The leading-order hadronic cross section,
which is of the order O(a?), is given by the convolution of the partonic cross section with
the corresponding luminosity, cf. (4.22) and (4.23),

LO QD ( 4520 . 4520 .
do PPabab* / dr ar 4o b () +Z/ dr ar qq%ba;,;(s) (6.3a)
bb 22,0 .
+ / ar ¢ T 99 5.5 (8): (6.3b)

where 79 = 4m%a/ S is the production threshold. S and § = 7.5 are the squared center-of-
mass (c.m.) energies of the hadronic and partonic processes, respectively. The sum runs
over ¢ = u, d, ¢, s. The corresponding partonic cross section can be obtained from the
Feynman diagrams in Figure 6.1. In terms of the Mandelstam variables given in (4.4),

§=(p1+p)? t=(p1—p3)? a=(p1—ps)? (6.4)
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the differential partonic cross section for a given subprocess ££' — Bai)z can be written as

dt
1671'.§2 ’

£2,0
A, b* Z‘Mgg/—w b, (6.5)

with the squared lowest order matrix element averaged (summed) over initial (final) state
spin and color, cf. (4.6).

6.1.2 Tree-Level EW Contributions

The tree-level electroweak (EW) contributions are constituted out of pure EW contributions
of the order O(a?) and QCD-EW interference contributions of O(asa). The differential
hadronic cross section is given by

LO EW AO 2 ~
dopp s (9 Z/ dr qqﬁba;,a(s) (6.6a)
! dLyp [ 1.0,2 . A1,1 A
+ ) ar ? [dabg%agg(s) +dogt; o (3)] (6.6D)
Al 1 ~
+ / ar Al (), (6.6¢)

The contributions of O(a?) arise from the processes (6.2b) and (6.2c), i.e. ¢ and bb annihi-

lation. The partonic cross sections,

df
/\2 )

~0,2 N ) 0,1
daqéﬂf)aé,’;(s) - Z‘qu’ﬁl;al;g (6.7)

are obtained from the diagrams in Figure 6.2a. Notice that for the bb channel also Higgs-

2 di
10,2
527 G555, () Z’Mbbﬁba

boson exchange diagrams have to be taken into account. In the case of process (6.2¢), the
diagrams with t-channel gluino and neutralino exchange further allow for a non-vanishing
QCD-EW interference term of O(as«),

A1, sy df
dalil?il?ab* QZRG{ bb—>bab* (Mgbl—wab*) }W (6.8)

The non-vanishing photon density inside the proton, see also Section 4.2, allows for an
EW contribution due to the photon-induced channel. This leads to the O(as«) contribution
in (6.6¢) which arises through the partonic process

9(p1) ¥(p2) = ba(p3) bl (pa).- (6.9)

The corresponding partonic cross section can be obtained from the diagrams in Figure 6.2b
and reads as follows

2 di
16782

~1,1 A 1/2,1/2
dagvﬁgaég(s) - Z ‘Mgw—ﬂ}aé;; (6.10)
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Figure 6.2: Feynman diagrams for the EW contributions to BQB*(; production. V = ~,2°, § =
RO, H°,G°. (a) qq and bb channel. (b) Photon-induced channel. (c) CKM-suppressed t-channel

chargino exchange.

6.2 Radiative Corrections to the Bottom Yukawa Couplings

As mentioned in Section 2.2.3, when introducing the Higgs mechanism of the MSSM, the
relation between the bottom-quark mass and its Yukawa coupling as well as the Higgs—
bottom vertices gets altered by radiative corrections. These corrections have a contribution
proportional to tan S that does not decouple at low energies. It was shown that these
tan S-enhanced contributions can be resummed to all orders in perturbation theory [79-84].
In this Section we recall how these corrections arise and give the resummed bottom-quark
Yukawa coupling and the effective Higgs—bottom vertices used in this work for sbottom-pair
production. The details of the calculation are collected in Appendix C.
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Figure 6.3: One loop SUSY diagram contributing to the effective Hbb coupling. (a) SUSY QCD
contribution. (b) Higgsino/wino-stop contribution. (c¢) Bino—sbottom contribution.
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The Higgs sector in the MSSM corresponds to a type-II two Higgs doublet model, i.e. the
down-type quarks couple to Hy and the up-type quarks to H,,. After spontaneous symmetry
breaking, the quarks get their mass by their coupling to the vacuum expectation value. At
tree level, the down-type quark mass is therefore given by mg, = Ag,v1/ V2 and the up-type
quark mass by m,, = Ay, v2/v/2, with the index i for the three quark generations. Here v
and v9 denote the vacuum expectation values of the Higgs fields H; and H,,, respectively.
However, by taking radiative corrections into account, the down-type quarks get an effective
coupling to H,, and hence couple to ve, see Figure 6.3. In particular, this can have a big
impact on the relation between the bottom-quark mass and its Yukawa coupling since this
higher-order contributions do not decouple at low energies and are enhanced by a factor
tan 8 = va/v1. In [83] it was shown that the tan 5 enhanced terms can be resummed to all
orders in perturbation theory. The relation between the physical bottom-quark mass m}fhys
and its bare Yukawa coupling )\, then reads

)\bvl mghys
my = = , 6.11
=2 (6.11)
where Amy, is given by

Amy, = Amp¥P 4 Apukava L Ay SEW (6.12)

sSQC 2c
Ame D= 3—7:;LM§ tan 3 I(mg, ,my,, mg) , (6.13)

AQ
Amikeva — 16;2 pAgtan B 1(mg, ,mg,, 1), (6.14)

2
AmPEW = 1672 uMy tan 3 [cos2 071 (my,, Mo, p) + sin® 07 I(myg,, Ma, )

1 1.
+§ cos? 951(7”131 , Mo, ) + 3 sin? QEZI(mI;Q, Moy, ,u)} ,

and the vacuum integral function

I(a,b,c) = ! a’b? log ﬁ + b?c? log g + c?a?log 6—2 . (6.15)
(a?2 — b2)(b% — 2)(a? — ¢?) b2 c? a?
The contribution AmeCD arises from SUSY QCD self-energy corrections to the bottom-

EEW and A7ng{‘1k"“wa arise from

quark propagator, Figure 6.3a, while the contribution Am
contributions due to higgsino/wino—stop exchange, Figure 6.3b,c. Bino effects in Figure 6.3c,
were found to be numerical irrelevant.

Further tan 8 enhancement effects arise from three-point functions involving Higgs—bottom
vertices, an example diagram is depicted in Figure 6.4. It is again possible to resum the
tan 8 enhanced terms. One finds that all Higgs—bottom vertices except the ones with a
charged Higgs get a modification. For BQBZ production the relevant Higgs—bottom vertices
are the ones involving the neutral Higgs bosons k", HY, and A". These appear at LO in the
bb channel (6.2¢) and at NLO EW in the gg channel (6.2a). The latter also involves Gbb

vertices. Performing a resummation in the Goldstone sector, and hence mixing perturbative
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Figure 6.4: Example for SUSY vertex corrections to the h%bb coupling that leads to an additional
tan S enhanced contribution.

orders, is a dangerous task, since it may spoil gauge cancellations in the weak sector. For the
neutral Goldstone boson GV, we found by explicit calculating the resummed GObb vertex,
that the contribution from the vertex corrections exactly compensates the contribution of
the bottom-Yukawa coupling resummation, see (C.29) of Appendix C.2. Even though not
relevant for this work, it is interesting to mention that we do not find such a cancellation
for the charged Goldstone, i.e. the G1bb vertex.

In our supersymmetric next-to leading order calculations, the bottom-quark mass is de-
fined in the DR scheme, cf. (4.42) of Section 4.4.2. Combining this definition with the
tan S-improved bottom-quark Yukawa coupling (6.11), care has to be taken to not double-
count the contribution Amg, i.e. one has to subtract it from (4.42). Therefore, the effective
bottom-quark mass in the DR scheme is given by

DReft My (LR) + mpAmy,
1+ Amb

(6.16)
In total, the above discussed effects are correctly taken into account by the following
replacements:

1. Replace the bottom mass Yukawa coupling A, = v/2my/v; by its resummed value
everywhere but in the Goldstone sector,
>\b - j\b . ml?R’eﬁ
V2 V2 V1

In particular we use this coupling in the sbottom-mass matrix (2.50) in order to

(6.17)

determine the mass eigenstates and mixing matrices.

2. Replace the Hbb and Htb' vertices by the following effective vertices:

Amb
9nopp — ghObb|)\bH;\b 1-— m , gaEw = JHEBy, 5, (6.18a)
tan o
9HOB, — gHObb\,\H;b (1 + Amy, tanﬁ) ) 9Goh — 9GObb » (6.18b)
Amb
gAbp — gAbb|>\b_>5\b (1 - tanBQ) : (6.18c¢)

"Here H stands for any of the 5 physical Higgs bosons and the three Goldstone bosons.
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The subscript Ay, — A denotes in accordance to (6.17), how the bottom mass in the coupling
has to be treated. Couplings involving Goldstone bosons are not changed.

Considering l;agz production, neutral-Higgs-bottom vertices are only present in the bb-
channel at tree level. For the gg channel, these couplings are present at NLO EW.

6.3 Next-to-Leading Order EW Contributions

In this section we list the NLO EW corrections to the process (6.1). These contributions
are of order O(a2a) and arise from virtual corrections and bremsstrahlung processes. The
corresponding contributions to the total cross section read as follows,

dL
NLO EW gg A2 1 PN ~2,1 ~
daPP—)bab* / dr gg—>b 5’&(8) * dgggﬁﬂaém(s)}
de21 . 2,1 R 2,1 R
* Z / dr qq—>ba53 (5) + daqé—>5a537(8) * daqéﬁgagzg(s)}
qug ~2,1 ~ stig ~2,1 ~
+Z / { ar Vorbaind® T g, dO'gq%babaq(S):| ' (6.19)

We do not consider the contributions arising from the bremsstrahlung processes

Y(p1) a(p2) = ba(p3) b (p4) a(ps), Y(p1) @(p2) = ba(p3) b (p4) d(ps), (6.20)

since they are suppressed because of the O(«) suppression of the photon PDF inside the
proton, cf. Section 4.2. Moreover, these processes are further suppressed by an additional
factor s with respect to the process (6.9) and thus negligible. The O(a2a) contributions
of the partonic processes with a bottom quark in the initial state are neglected as well. The
reason is twofold. First of all, these contributions are suppressed by the bottom PDF with
respect to the contributions in eq. (6.19) and in addition they have an additional factor oy
with respect to the O(asa + o) contributions of the process (6.2c), which turn out to be
small (cf. Section 6.4.3).

CKM-mixing effects are neglected since mixing effects do not enter at tree-level and hence
can be seen as a next-to-next-to leading order effect. There is one exception, the quark—anti-
quark annihilation with t-channel chargino exchange for initial uu or cc, see Figure 6.2c.
These channels give contributions of O(asa) and O(a?). However, due to the small values
of the CKM mixing elements |V,3| ~ 4.31073 and |V| ~ 41.61073 [175], which enter at
least quadratically, their contributions are small and can be safely neglected. In the wuu
case, the CKM suppression yields a factor O(107%) which cannot be compensated by the
high sea quark contribution which in principle enhances the uu channel. In the c¢c channel
the CKM suppression is around two orders of magnitude smaller, however the small c-quark
PDF further reduces its importance. A numerical discussion is postponed to Section 6.4.3.

The amplitudes are generated and algebraically simplified with support of FeynArts [161,
162] and FormCalc [161,163], while the numerical evaluation of the one-loop integrals has
been performed using LoopTools [163]. Infrared (IR) singularities are regularized giving a
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small mass to the photon, A, and to the gluon, \;. The mass of the light quarks is kept to
regularize the collinear singularities, see also Section 4.3.

6.3.1 Virtual Corrections

The O(a2a) virtual contributions to the gg channel, process (6.2a), are given in terms of
the tree-level QCD matrix element M"? and the one-loop amplitude M ! resulting from
EW insertions to the tree-level QCD diagrams,

~2, ~ ~ , ’ * df
de>' ;o (8)=2) Re {M;giga;)g (M;g;i)asz )} Tk (6.21)

The one-loop amplitude M ! is obtained from the vertex, self-energy, and box corrections,
given by the diagrams depicted in Figure 6.5.
The virtual corrections to ¢g channel, process (6.2b), are given by

2. R — , 7 * 7 7 * dt
dajqiéaéz(s) =2) Re {Miqil?aéz (M;qiéaéz> + ngiéaéz (quléaéz) } 16n82"
(6.22)

M1 and M50 are the tree-level EW and the tree-level QCD amplitudes respectively. M1
is the one-loop amplitude obtained from the EW insertions to the leading-order diagrams
and from the QCD corrections to the tree-level EW diagrams, collected in Figure 6.6. M? 0
is the amplitude corresponding to the QCD box diagrams depicted in Figure 6.7.

In order to cancel the UV divergences we need the O(«a) renormalization of the wavefunc-
tion of the light quarks and of the sbottom sector. This is done by including the diagrams
with counterterms which are given in the last line of Figures 6.5 and 6.6, respectively. The
expressions for the counterterms are listed in Table B.1 of Appendix B. The renormalization
is performed as described in Section 4.4.2: The field renormalization constants are fixed in
the on-shell scheme and the renormalization of the sbottom sector is performed together
with the stop sector. In order to avoid numerical instabilities and artificially big contribu-
tions from the counterterms, the renormalization is performed in the “m; DR and A; DR”
scheme. Since in particular regions of the MSSM parameter space this scheme can give rise
to numerical instabilities, we have explicitly checked its reliability in the SUSY scenarios
considered in this paper (cf. Section 6.4). The explicit expression of the renormalization
constants in the “m; DR and A, DR” are given by (4.39) and (4.68)ff. Remind that the
counterterm dmy, has to be shifted according to (4.72) in order to compensate the induced
one-loop contribution that arises by using the b; pole mass for the tree-level cross section.

Having a closer look at the Feynman diagrams contributing to the virtual corrections at
O(a?a), one finds that the gg channel (Figure 6.5) only contains gg-vertex corrections that
couple to scalar particles (4th and 5th diagram of the second line). In principle there are also
vertex corrections with internal vector bosons, however they vanish due to the Landau-Yang
theorem [176], which states that two vector bosons cannot couple to a conserved current
of spin 1. Those diagrams with s-channel scalar particle exchange are of special interest.
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Figure 6.5: Virtual corrections to the process gg — Eai); A common label V' is used for the
neutral gauge bosons v, Z°, while S denotes any of the neutral Higgs or Goldstone bosons and S*
denotes the charged ones. Crossed diagrams are not shown explicitly. The diagrams containing the
counterterms are depicted in the last line. The counterterms have to be evaluated at O(«).
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Figure 6.6: Virtual contributions to the process qq — ZN)al;;';. The diagrams result from EW inser-
tions to tree-level QCD diagrams and from QCD insertions to tree-level EW diagrams. V', S and
S* are defined as in Figure 6.5. Crossed diagrams are not shown. The counterterm diagrams in the
last line have to be evaluated at O(c).
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Figure 6.7: Virtual QCD box contributions to the process qg — Eal;z. Crossed diagrams are not
shown.

They are loop corrections to the ggH vertex which can be significantly enhanced due to
tan g-enhanced Hbb-couplings. However, this is the only diagram in the gg channel that
involves tan B-enhanced couplings at O(a2a).

The UV divergences arising in the processes considered at O(a2a) cancel when adding the
counterterm diagrams with the counterterms evaluated at O(«). As shown in Section 4.5,
the soft-photon singularities arising from the diagrams in Figure 6.5 and 6.6 as well as the
soft-gluon singularities from Figure 6.7 cancel in the sum of virtual and real corrections.
Remaining initial-state photon singularities from the ¢g channel have to be absorbed into
the definition of the PDFs.
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Figure 6.8: Feynman diagrams contributing to real photon emission at O(a2a). (a) Real photon
emission for gg fusion. (b) Real photon emission for ¢g annihilation.

6.3.2 Real Corrections

The O(a2a) contributions to the partonic processes (6.2a) and (6.2b) with a photon in the
final state,

(pa) ¥(ps), (6.23a)
(pa) ¥ (ps), (6.23b)

are given by the squared matrix element of the tree-level QCD diagrams with an external
photon attached, see Figure 6.8. The partonic cross section is hence given by

1

~2,1 3 1 2
G osbah /d Lips |M ISR IE (6.24a)

2,1 3 :

A 7 2
O visbabary — / d’Lips (M 2. . (6.24b)

The phase-space integration is divergent in the soft-photon region, i.e. for pg — 0. In the case
of the process (6.23b), further singularities arise in the collinear region, i.e. for p; 2 - ps — 0.
IR and collinear singularities are treated using the phase-space slicing method described in
Section 4.5.1.

The gluon bremsstrahlung process,

q(p1) 4(p2) = ba(ps) b (pa) 9(ps), (6.25)

contributes at O(a2a) via the interference of QCD-based (Figure 6.9a) and EW-based (Fig-
ure 6.9b) Feynman diagrams. The partonic cross section is given by
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Figure 6.9: Real gluon emission for the ¢g channel. (a) QCD-based diagrams. (b) EW-based
diagrams.

qq%gal;ag o 4 q(j‘)i)ai)a'}/

3 *
5! = i/d?*LipszRe KMQ’O ) Mé’l}. (6.26)
S

The IR singularities of gluonic origin are in close analogy to the photonic case, however color
correlations have to be taken into account, see Section 4.5.2. Decomposing the tree-level
amplitudes according to their color structure as

1,0 cicaczca 1,0 1,0
M12—>34 - 5616250364/\/11 + 5016356204-/\/12 )

(6.27)
M5 38 = GereabegeaMY
the F;; of (4.108) are given by
Fio=F34 =0,
Fu=Fp3=—-Fiz3=—-Fu=4 (Mé’o) MO (6.28)

=12 () M ()

Due to the color structure, the interference term of a QCD-based and an EW-based diagram
in Figure 6.9 vanishes if both gluons are emitted from an initial-state or an final-state par-
ticle. The resulting squared matrix element is parity-odd and hence does neither contribute
to the total cross section nor for any parity-symmetric observable.

Real quark radiation contributes at O(a2a) as well,

(p4) a(ps), (6.29a)
(p4) 4(ps).- (6.29D)

This IR- and collinear-finite set is given by the interference of QCD-based and EW-based
tree-level diagrams (Figure 6.10a and Figure 6.10b). Only the interference from initial-
state and final-state radiation contributes. As in the real gluon emission case, the resulting
squared matrix element is parity odd and hence does neither contribute to the total cross
section nor for any parity-symmetric observable.
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Figure 6.10: Feynman diagrams contributing to real quark radiation. (a) QCD-based diagrams.
(b) EW-based diagrams.

The IR singularities arising in the gg channel cancel in the sum of virtual corrections,
process (6.21), and real photon radiation, process (6.23a). In the ¢ channel the sum of
virtual corrections (6.22), real photon radiation (6.23b), and real gluon radiation (6.25) is
IR finite. This sum is affected by universal collinear singularities of photonic origin that can
be absorbed in the PDFs. This can be achieved by means of the following substitution (cf.
Section 4.5.1),

2 2 1—6s Z T
fQ(‘ruU/F) — fQ(wauF) (1 - ();e(lﬁv-&-s) - % /:v ifq <Z7MF> "ic(z)' (630)

z

eq is the electric charge of quark ¢ expressed in units of the positron charge, while

2 1 92 2
ﬁv+5:1—ln(5$—ln25s+<ln(55+3>ln e + - 9+i—|—3ln5s—21n255 ,
1) " \mz) " 3

ke(2) = Pp(2) In <5;%(1_1va - 1) - [qu(z) In <1 . Z) - ;i +22 +3] :

(6.31)

with the splitting function P(2) = (1 + 22)/(1 — z). The factorization is performed in
the DIS scheme. The replacement of the PDFs gives further contributions of O(a2a) to
the total cross section, canceling the remaining collinear singularities. Using the notation
of Section 4.5, the IR- and collinear-finite contributions to the partonic cross sections at
O(a?a) are given by

s

2.1 2,1 2,1 2.1

gg—babi+X Ugg—)éagg virt gg%éaggw‘soft aggﬁgagzvlﬁnite ’
~2,1 a2 <21 ¥ <21 <21

[ =077 - - | e +O’_~~| (o
aq—ba bl +X qq—ba b, 'virt aq—ba by, 'PDF aq—ba by 'soft aG—rbably ' coll

~2,1 7y 2,1
T O'qu_ﬂ;agg'y PDf aquﬁgal;g'y finite ’
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=0 o

q9—ba bl +X ag—babtaq T qg—babiq’
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6.4 Numerical Results

In this section we perform a detailed numerical analysis for diagonal sbottom-pair production
at NLO EW. We stick to the notation introduced in Section 5.4.1. The leading order cross
section, the tree-level EW and the NLO EW contributions to the cross section are labeled by

JBorn — 0_2,0 Aatree EW _ (0_1,1 + 0_0,2)’ AO’NLO EW _ 0_2,1, (633)

9

respectively. AcPW = Agtree EW 1 AGNLO EW wi]] he referred to as the EW contribution.
The total sum of the LO cross section with the EW contributions is denoted by oN-© =
oBorm + AgBEW . Relative EW contributions are defined by

5tree EW _ Ao_tree EW/O_Born’ 6NLO EW _ AO’NLO EW/O_Born’ 6EW _ AO’EW/UBOHI.
(6.34)

In distributions ¢ denotes the relative EW contribution defined as 6 = (Onr,o—OBorn)/OBorn,
where O is a generic observable and Oyr,o is the sum of the Born and the EW contributions.

6.4.1 Input Parameters

The Standard Model input parameters are given in (5.32).

For the numerical analysis we consider the mSUGRA scenarios SPS1a’ and SPS4. The first
one is a “typical” SUSY scenario proposed by the SPA convention for comparison with other
calculations [165]. The scenario SPS4 is characterized by a large value of tan 5. Within this
scenario we study the dependence of the total cross section on the squark masses and on
tan 8. The third scenario considered is the GMSB scenario SPSS.

The particle spectrum is determined following the procedure described in Section 5.4.1.
Starting from GUT-scale parameters, cf. Table 6.1, we use the program SOFTSUSY [166] to
evolve the soft-breaking parameters down to the SUSY scale Mgysy = 1TeV. To get the
right mixing in the sbottom sector, we first translate the sbottom masses into the OS-masses
and use those to calculate the effective bottom-quark mass ml]?R’eff, eq. (6.16). This mass is
then used in the bottom-squark mass matrix to calculate the sbottom mass-eigenstates. The
lighter of the two bottom squarks is taken as the dependent squark. Its mass is therefore fixed
by SU(2) invariance. The shift Amy, cf. (6.12), the effective bottom-quark mass together
with the on-shell mass of the bottom squarks, the gluino and the lightest neutralino/chargino
are summarized in Table 6.2.

Unless otherwise stated, the results presented in this section are computed setting the
hadronic center of mass energy to v'S = 14 TeV and using the MRST2004QED parton dis-
tribution functions [126]. The factorization and renormalization scales are set to a common
value, i = pup = pp = my_, i.e. to the mass of the produced bottom squark.

6.4.2 Total Hadronic Cross Section

Table 6.3 shows the hadronic cross section for diagonal bottom-squark production within
the three considered scenarios for the v/S = 14 TeV LHC. As expected, the total cross
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mo my/2 Ao tan B sign(p)
SPsia’ 70 GeV 250 GeV  —300 GeV 10 +
SPS4 400 GeV 300 GeV 0 49.4 +

A M55 Niess tan 3 Sign(”)
SPS8 100 TeV 200 TeV 1 15 +

Table 6.1: High energy input parameters for the different SUSY scenarios considered. The mass
parameters mg, my /o and Ay are given at the GUT scale, tan 3 is evaluated at Msysy = 1TeV.

Amy m) b by g XY X

SPS1a’  0.037 2.38 495 538 609 101 180
SPS4 0.22 2.08 433 633 736 123 217
SPS8  0.003 2.39 1070 1085 141 253

Table 6.2: The shift Amy and the resulting effective bottom-quark mass as well as the on-shell
masses of the bottom squarks, the gluino, and the lightest neutralino and chargino within the different
SUSY scenarios considered. All masses are given in GeV.

section is dominated by the LO QCD contribution of O(a?). The tree-level EW contributions
are dominated by the photon-induced channel which is independent of the mixing angle. In
each scenario, its yield relative to the leading-order cross section is similar for the two
processes considered. Although formally suppressed by a factor o, the NLO EW corrections
are typically bigger than the tree-level EW contributions. In the SPS1a’ (SPS4) scenario the
tree-level and NLO EW contributions are more important in case of b1} ( byb%) production.
This can be explained by the chirality dependence of the SU(2) coupling and by the fact
that in the SPS1a’ (SPS4) scenario by (by) is mostly left-handed.
In the SPS8 scenario the bottom-squark masses are in the TeV range and hence twice as
heavy as in the aforementioned scenarios (cf. Table 6.2), thus the Born cross section is
about two orders of magnitude smaller. Further, the mixing between left- and right- handed
squarks is more important and the shottom masses are nearly degenerate. These features
partially soften the differences among the tree-level EW contributions to 515*{ production
and the ones to 5255 production.? Huge cancellations between the ¢ and the gg channel
amplify the dependence of the NLO EW contribution on the production process considered.
As a result the NLO EW contributions to b1b] production and the ones to beb5 production
have opposite sign, the latter being three times bigger than the former. Summing up the
various contributions, the relative yield in the scenarios considered is below 2%.

Table 6.4 collects the hadronic cross section for /S = 7 TeV. The leading-order total

?We checked that in the no-mixing limit the tree-level EW contributions to bz, production is one order of
magnitude higher than the one contributing to br production
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o Born Agtree EW Ag9Y AgNLO EW AGEW
14 TeV
O(a?)  Oasa+a?) O(asa) O(ala) O(asa + o + a?a)
SPS1a’
by b 444.3(3)  0.7933(4) 2.0106(5) —6.041(9) —3.237(9)
0.18 % 0.45 % —~1.36 % —0.73 %
bobs  310.3(1)  0.00346(3)  1.4710(4)  —2.892(4) —1.418(4)
0.00 % 0.47 % —0.93 % —0.46 %
SPS4
bibt  1050.9(3)  —0.3879(4) 4.255(1) —19.35(1) —15.48(1)
—0.04 % 0.40 % ~1.84 % —1.47 %
bobs  112.36(6)  0.2734(1) 0.6090(1) —2.852(2) —1.969(2)
0.24 % 0.54 % —2.54 % ~1.75 %
SPS8
bibt  3.405(1)  0.002296(1)  0.029004(7) —0.00307(9) 0.02823(9)
0.07 % 0.85 % —0.09 % 0.83 %
boby  3.042(1)  0.007054(3)  0.026286(7)  0.00835(9) 0.04169(9)
0.23 % 0.86 % 0.27 % 1.37 %

Table 6.3: Hadronic cross section for diagonal Z;al;; production at the 14 TeV LHC within three
different scenarios. Shown are the LO cross section, the tree-level EW as well as NLO EW contri-
butions and the relative corrections as defined in the text. The numbers in brackets refer to the
integration uncertainty in the last digit. All cross sections are given in femtobarn (fb).

cross sections are reduced proportionally to the mass of the produced squark. They amount
to 1 — 10% of their value at v/'S = 14 TeV. In all the scenarios considered, the contribution
of the photon induced channel is enhanced with respect to the 14 TeV case. In the SPS1a/
(SPS4) scenario the importance of the NLO EW contributions to the mostly left-handed
sbottom production, by b} (5253), is reduced. In contrast, the NLO EW contributions become
more important in case of the production of the mostly right-handed sbottom. In the
SPS8 scenario the EW contributions of the various channels are enhanced. In particular the
NLO EW contributions are positive for both production processes. This is a consequence
of the enhancement of the NLO EW contributions to the gg channel at V'S = 7 TeV cf.
Section 6.4.4).
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O.Born Ao.tree EW Aog97 AG'NLO EW AO'EW
7 TeV
O(a?) O(asa + a?) O(asa) O(ala) O(asa + a? + a2a)
SPS1a’
by b 30.42(2)  0.09993(4)  0.20183(5)  —0.3480(7) —0.0462(7)
0.33 % 0.66 % ~1.14 % —0.15 %
bobs  19.286(6)  0.003521(2)  0.13565(3)  —0.2027(3) —0.0636(3)
0.02 % 0.70 % ~1.05 % —-0.33 %
SPS4
b b} 89.10(2)  —0.00725(2)  0.5153(1)  —1.689(1) —1.181(1)
—0.01 % 0.58 % ~1.90 % ~1.33 %
bob} 5.175(2)  0.023176(9)  0.04325(1)  —0.1251(1) —0.0587(1)
0.45 % 0.84 % —2.42 % ~1.13 %
SPS8
bibt  0.03706(1)  0.000044(1)  0.000588(1)  0.000097(1) 0.000730(1)
0.12 % 1.59 % 0.26 % 1.97 %
bobs  0.03118(1)  0.000111(1)  0.000506(1)  0.000301(1) 0.000918(1)
0.36 % 1.62 % 0.97 % 2.95 %

Table 6.4: Same as Table 6.3 but considering diagonal BQEZ production at the 7 TeV LHC.

6.4.3 Parameter Scan

The impact of tan 8 and of the sbottom masses on the total cross section have been studied
performing a parameter scan on these parameters. In this scan, the soft breaking parameters
M7y, and M;)R appearing the squared mass matrix, eq. (2.50), are set to a common value
Msquark- All other parameters are set to their SPS4 values. The scans presented in this
section are obtained for three different values of mgquark = {300,600,900} GeV. tanf is
varied from 10 to 50.

In all scenarios considered, we have verified the smallness of the bottom-initiated tree-
level contributions, justifying our procedure of neglecting the O(a2a) contributions to this
channel. In Figure 6.11 we show the relevance of the various production channels at tree-
level. For 5151 and 5252 production the total cross section is dominated by the gluon induced
channel having a relative yield of 70—90%. The remaining 10—30% of the total cross section
are given by the ¢¢ channel, with the relative yield increasing with tan 5. As expected, the
bb channel is strongly suppressed due to the small value of the bottom-quark density inside
the proton. This can be seen from the right plot in Figure 4.2 where the sea quark PDFs
including the bottom quark, given by the gray lines, are at least two orders of magnitude
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Figure 6.11: The relative yield of the various production channels at tree-level scanned over the
common squark mass as defined in the text. The left (right) plot shows biby (5252) production. In
both cases the tree-level cross section is dominated by the gluon-induced channel, while ¢q annihi-
lation contributes to 10 — 30%. The bottom-induced channel has a relative yield which lies at the
per-mill level.

smaller in the relevant z-region. Its contribution to the tree-level cross section lies at the
per-mill level, in accordance with the analysis in Ref. [23].> Due to the small yield of the bb
channel at tree-level, we will safely neglect the NLO EW contributions to this channel.

The second approximation made in our calculation was to neglect CKM mixing effects.
Figure 6.12 shows the ratio between the tree-level EW contributions to the cross section
that arise for non-trivial CKM matrix only, and the Born cross section. The red lines show
the relative yield for the c¢¢ channel while the blue lines are for the uwu channel. Both
channels exhibit contributions of similar size, depending on precise value of mgysy and
tan 3. However, its contribution to the cross section is of O(107%) of the Born cross section,
which justifies our procedure of neglecting CKM effects.

The reliability of the renormalization scheme in the scenarios considered has been verified
as well. In particular we have checked that the finite part of the renormalization constant of
the dependent parameters is smaller than the parameter itself. Figure 6.13 shows the ratios

(5777,g fin 5Aﬁn 59ﬁn
— b1 _ t .= 27
= mgl ) r2 = At ) r3 0() ) (635)

as a function of tan 3 for the various values of mgquark. 71 and rp are below 0.2 while r3 is
at most of O(0.5) in the low tan 3 region. From the counterterms given in Table B.2 one
can see that 5m§1 is the only dependent renormalization constant entering our NLO EW
calculation. The relative size of the finite part of this counterterm is moderate, rendering
this scheme appropriate for our calculation. Care has to be taken when using this scheme
for the calculation of observables that require the renormalization of the sbottom mixing

3The big contributions from the bb channel quoted in Ref. [108] are a consequence of two enhancement
factors. First of all, resonant Higgs-boson exchange is considered. Moreover, the Hbb Yukawa coupling is
enhanced by the choice of a negative value for the parameter p such that Amp ~ —0.76. In our analysis
the Higgs-masses are not tuned to be resonant and we do not consider negative values of p since it is
disfavored by the value of the anomalous magnetic moment of the muon (g — 2), [58].
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Figure 6.12: Relative yield of the tree-level EW contributions which are only present for non-
trivial CKM mixing. The common squark mass mgygy is defined in the text. The left (right) plot
shows byb} (bab%) production for two different values of tan 8. The red lines show the ¢ initiated
contribution which are suppressed via V., while the blue lines show the uwu initiated contribution

which are suppressed via V.
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Figure 6.13: Reliability of the renormalization scheme for the tan 8 range considered and for
different squark masses. The ratios 71,72, and r3 are defined in (6.35).

angle 6, since the large relative contribution to d6;, for small values of tan 8 might spoil
the reliability of the prediction. However, not the mixing angle itself but rather the sine or
cosine of the angle enters the calculation, and it is questionable whether the large shift in
the mixing angle propagates to the observable under consideration. For example, we have
explicitly checked that the ratios (dsin@/sin ) and (6 cos/ cos ) are between 30 — 40% in
the low tan f§ region.

The results of the scan are collected in Figures 6.14 and 6.15. ¢qq refers to the sum
of the tree-level EW and of the NLO EW contributions from the ¢g annihilation channel.
The peaks in the corrections correspond to neutralino, chargino, or sfermion thresholds.
These unphysical singularities affect the self-energy of the produced sbottom and can be
regularized by taking into account the finite widths of the unstable particle [177]. The right
panels of Figures 6.14 and 6.15 keep track of the particles responsible for the threshold
behavior. These plots show the mass of the produced squark as a function of tan as
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Figure 6.14: The relative yield of the EW contribution for 5{’{ production for the various produc-
tion channels as well as the combinded effect are shown on the left. The tan § dependence of the
produced bottom-squark mass, as well as the sum of the masses of particles close to it are shown on
the right. tan 8 is varied from 10 to 50.

well as the threshold for the production of (some of) the particle pairs entering the loops
of the sbottom self-energy. The curves in Figures 6.14 and 6.15 exhibit a step-function-
like behavior in the region where the mass of the produced sbottom is above threshold.
Since tan 8 affects the mixing of the bottom squarks, also their mass slightly changes by
varying tan 5. my slowly decreases while m;  increases. Hence, the region above threshold
corresponds to low tan S for b; and to high tan 3 for by. Both, in the b1b] and in the bobj
production case the behavior of the various contributions strongly depends on the size of
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Figure 6.15: The relative yield of the EW contribution for 5253 production for the various produc-
tion channels as well as the combinded effect are shown on the left. The tan § dependence of the

produced bottom-squark mass, as well as the sum of the masses of particles close to it are shown on
the right. tan 8 is varied from 10 to 50.

tan 8. In the following we will distinguish between the low and the high tan 8 region, which
are separated by the threshold.

The case of 515’{ production is shown in Figure 6.14. The EW contributions of the ¢q
and the gg channel have substantially the same tan 8 dependence close to threshold. For
Msquark = 300,600 GeV one runs through threshold for tan 8 = 25.6 and tan 3 = 43.0,
respectively. In the low tan 8 region the contributions from the gy channel cancel against
the one from the ¢q annihilation. The overall effect of the EW contribution is below 1%



142 6. EW CONTRIBUTIONS TO SBOTTOM—ANTI-SBOTTOM PRODUCTION

1 — , .
b2 b2 msquafkﬂ :300

2 I msquarkI: 600 [;2[;2 msquarkI: 900

01 b ]

0.01

do %]

0.001 L gy

bb e
all ——

0.0001 ! ! L
10 20 30 40 5010 20 30 40 5010 20 30 40 50

tan 3 tan 3 tan 3

Figure 6.16: Relative difference between the EW contribution to the cross section for 5262 produc-
tion with and without enhanced Hbb couplings (black lines). The individual effect on the gg (bb)
channel is depicted by the red(-dotted) lines. The ¢g channel is not affected by the resummation
and hence not shown.

of the Born cross section, with the precise value depending on the squark mass. In the
high tan 8 region, the leading contributions comes from the gg channel and are only partly
canceled by the other channels. The EW contributions are of the order of a few percents.
However for mgquark = 900 GeV and due to partial cancellations of the gy and ¢¢ channel
one is left with EW contributions below 1%. bob} production exhibits similar features. In
this case the NLO EW contributions are higher since the corrections from the gg channel are
more important. They are of the order of several percents, e.g. 5% for mgquark = 600 GeV
and tan 5 > 45.

It is worth to notice that the only practical effect of the resummation in the b/ b sector is
to change the values of the bottom-squark masses. Indeed, we have explicitly checked that
the impact of the effective Hbb couplings on the total cross section is negligible. This can
be seen from Figure 6.16 where the relative difference between the electroweak contribution
to the cross section, defined as

AO’S%N — AgEW

S0 = no-eff (6.36)
AU?@’V

is given for bybl production. Ao and AcEW. denote the cross section with and without
the effective Hbb couplings, respectively. The overall effect of the effective Yukawa coupling,
given by the black line, is in most regions far below the per mille level. The positive peaks
for mgquark = 600 GeV and mgquark = 900 GeV are due to a vanishing denominator, i.e. they
correspond to zero-line transitions of Aaggv , cf. Figure 6.15.

6.4.4 Differential Distributions

Even though the EW contributions have a small impact on the total cross section, they
can become important in specific phase-space regions. In Figures 6.19 and 6.20 we consider
differential distributions with respect to three different kinematical variables within the
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SPS1a’ scenario for the 14 TeV LHC. The left panels show to total EW contributions to the
differential cross section. The tree-level EW contribution and the NLO EW contribution of
the various production channels are depicted as well. The right panels show the impact
of the EW contributions relative to the tree-level QCD cross section for each production
channel. In contrast to the left panels, in the right panels the g contribution is given by
the sum of the tree-level and NLO EW contributions.

Figure 6.19a refers to the transverse momentum distribution of the sbottom with highest
pr.t Close to threshold, i.e. in the region pr < 300 GeV, the contribution of the gg channel
is positive. Far from threshold, this contribution becomes negative and relatively more
important. In the low pr region the two contributions from the ¢g channel are different in
sign, and their partial cancellation reduces the overall effect of this channel. In the high
pr region the gg channel increases its importance. The photon induced channel peaks at
low pr and it is almost proportional to the LO QCD cross section, i.e. its relative yield is
constant in pr. As expected, the bb channel is irrelevant in the whole region. The total EW
contributions have a small positive yield of the order of 1 — 2% in the low pp region, while
for pr > 500 GeV the cross section is altered by 5 — 10%. It is interesting to note that a
lower cut prmin on the transverse momentum can significantly rise the impact of the EW
contributions. For instance the cut prmin = 320 GeV would discard the positive yield of the
gg channel in the low pp region. As a consequence the relative yield of the EW contribution
to the total cross section would become of the order of —3.2%. However, this feature is quite
academic, since only the decay product of the sbottom is measured and hence it would be
a quite difficult task from experimental side to perform such a cut on the pp distribution.

The invariant mass distribution is displayed in Figure 6.19b. The EW contributions exhibit
the same high energy behavior as in the case of the pr distribution. In this energy region
they alter the leading-order prediction up to 10%. The peaks in the gg channel are due to
particle threshold. They correspond to resonant squarks in the vertex and box diagrams of
Figure 6.5. The invariant mass corresponding to a threshold peak is directly related to the
mass of the responsible squarks, namely by and 3. Since by is only slightly heavier than b; the
first peak appears directly after production threshold. Even though the threshold drives the
EW contribution of the gg channel to positive values which combine with the other channels
to give an overall positive contribution, the relative yield remains small in the low invariant
mass region, approx. 2%. In order to study how the EW contributions to the total cross
section are altered by a lower cut Miny min on the invariant mass, we consider o(Miny min)
defined as the total cross section integrated from the value Miny min. The upper-left plot of
Figure 6.17 shows the o(Miny,min) dependence on the relative yield of the EW contributions
§EW defined in (6.34) together with the breakdown into the individual channels. The lower
cut Miny,min e€xcludes the region where the EW contributions are positive. Therefore the
EW contributions decrease as Miny min increases, while their relative impact increases. For
instance, for Miny min > 1500 GeV the relative yield of the EW contributions SEW exceeds

4 Although only sbottom-pair production is considered, different transverse momenta arise due to real radi-
ation processes.
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Figure 6.17: Left: Relative yield of the EW contributions for the different production channels in
0 (Miny,min)- Right: LO prediction for the same observable.

—5%. 6W is amplified by a factor of seven with respect to its value in the case of the fully
inclusive cross section given by 6V = —0.73, cf. Table 6.3, which corresponds to the left
edge of the plot. The LO cross section is reduced by a factor of five for M,y min = 1500 GeV.
This can be seen from the upper-right panel of Figure 6.17, which shows aBom(Minmmin).

Figure 6.19c shows the pseudo-rapidity distribution, where always the squark with the
higher absolute value of the pseudo-rapidity 7 (in the laboratory frame) is considered. The
gap for zero rapidity is an artefact of this definition. The NLO EW contributions peak at
|n| = 1 and dominate the EW contribution at this region. The contribution is negative for
small values of 7 as expected from the pp distribution, since intuitively small values of 7
correspond to high pp.> The total effect on the LO QCD cross section is up to 2%.

Figure 6.20 shows the differential distributions for bybj production in the transverse mo-
mentum (a), in the invariant mass (b), and in the pseudo-rapidity (c). In contrast to byb}
production, the threshold behavior, initiated by #3 only, is mild and hardly visible in the
transverse momentum as well as in the invariant mass distributions. The EW contribution is
small, and its relative yield stays below 5%, even in the high energy region. This is expected
since in the SPSla’ scenario by is mostly right handed. Interestingly, the contributions from
the gg channel and the g channel almost cancel in most parts of the phase-space. Therefore

®This statement gets further motivated by noticing that (in the c.m. frame) one has the relation pr =
15sin6, with the scattering angle 6, cf. (4.152).
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Figure 6.18: Differential transverse momentum distribution for b;b% production within the SPS8
scenario for the 14 TeV (upper plots) and 7 TeV (lower plots) LHC.

the EW contributions are well approximated by the ¢ channel corrections especially in the
hight pr region and high My, region. The lower panels of Figure 6.17 show o (Miny,min) in
the case of byb} production. In this scenario the EW contributions to beb} production can
be safely neglected for each value of M,y min. Even in the case Miyy min = 2 TeV the EW
contributions change the Born cross section only by an amount of the order of 2%.

In Figure 6.18 we consider differential transverse mass distributions for Ef*{ production
within the SPS8 scenario for 14 TeV (upper panels) and 7 TeV (lower panels). It is worth
analyzing the EW corrections to the gg channel in this scenario. The sbottom mass is heavier
in the SPS8 scenario than in the SPS1a’ scenario. Therefore, the typical momentum fraction
x of the initial-state gluons needed in order to be above production threshold is bigger in
the SPS8 scenario than in the SPSla’ scenario. Since the gluon PDF falls off rapidly at
high z, the negative EW contributions of the gg channel in the high pr region are strongly
suppressed in the SPS8 scenario. For v/S = 7 TeV the relevant z-values relevant for bb*
production are even bigger and this phenomenon is enhanced. The cancellation between the
positive low pr corrections and the negative high pr corrections is less effective. Therefore,
as mentioned in Section 6.4.2, the overall (positive) gg channel contributions get relatively
enhanced for v/S = 7 TeV.
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Figure 6.19: Differential distributions for the transverse momentum p, the in variant mass My,
and the pseudo-rapidity 7 for Bf’{ production at the 14 TeV LHC within the SPS1a’ scenario. Shown
are the tree-level and NLO EW cross section contributions for the various production channels (left)
and the impact of the NLO EW contributions relative to the LO QCD cross section (right). In the
left panels the tree-level and NLO EW contributions for the ¢q channel are plotted separately. In

the right panels they are treated inclusively.
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Figure 6.20: Same as Figure 6.19 but considering 5255 production.







7 Summary and Conclusions

In this thesis we have calculated the electroweak contributions up to O(a2a) to squark—
squark and sbottom—anti-sbottom production processes at the LHC.

With the LHC taking data the electroweak scale will be probed in detail and reveal
the origin of electroweak symmetry breaking. A numerous amount of models beyond the
standard model will be probed and eventually be validated or falsified.

As argued at the beginning of this thesis, supersymmetry and especially the realization
via the MSSM with TeV scale SUSY particle content is an attractive extension of the SM,
which has the potential to explain some of its open questions. If SUSY is realized at the
TeV scale, colored SUSY particles will be produced at a high rate since their dominant
production mechanism proceeds via the strong interaction. For R-parity conserving theories
as considered in this work, events involving SUSY particle production are characterized via
large missing transverse energy since SUSY particles almost instantly decay into SM particles
and the LSP which escapes the detector without leaving a signal. The identification of
such events with the production of SUSY particles is done by comparing the experimental
signatures with theoretical predictions. Contrariwise, the non-observation of such signatures
can be used to derive lower SUSY mass bounds. In any case, precise theoretical predictions
are needed in order to perform a reliable analysis. Hence, in addition to the NLO QCD
corrections also corrections beyond one-loop have been calculated, reducing the remaining
uncertainties of QCD origin down to the percent region.

Besides higher-order QCD corrections also EW contributions can give significant contribu-
tions to the cross section and are essential for a reliable prediction. In order to accomplish the
same accuracy as in the QCD case, NLO EW contributions of O(a2a) have been considered.
These are formally of the same order than the NNLO QCD corrections. While the NLO EW
corrections to stop—anti-stop, diagonal squark—anti-squark, gluino—squark and gluino—gluino
production processes have been investigated in former work, we provided within this thesis
the yet missing NLO EW corrections to squark—squark and sbottom—anti-sbottom production
processes.

Since the EW interaction distinguishes flavor and chirality of the initial-state quarks and
final-state squarks, the contributing processes are manifold and their interplay is non-trivial.
In this work we have given all the technical issues needed in order to calculate the NLO EW
corrections to squark—squark and sbottom—anti-sbottom production processes. Appropriate
regularization procedures were presented and the renormalization constants for the relevant
sectors were given in order to obtain an UV finite result. This included the renormalization
of the quark, squark and gluino sector, as well as the renormalization of the strong coupling
constant as. The complex structure of the NLO EW corrections required the renormalization
constants to be evaluated at O(«) and O(as), respectively. The strong coupling constant was
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defined carefully. We used its MS definition with five active flavors in order to be consistent
with its definition used for the extraction of the PDFs. However, this explicitly breaks SUSY
and proper symmetry restoring counterterms were taken into account. Mass singularities of
photonic and gluonic origin had to be handled. They were regularized by means of mass
regularization and we used the phase-space-slicing method for the cancellation of IR and
collinear singularities originating from the virtual and real contribution. Remaining gluonic
as well as photonic initial-state collinear singularities had to be absorbed into the definition
of the PDFs.

We first applied these techniques to calculate the electroweak contributions to squark—
squark and anti-squark—anti-squark production processes up to O(a2a). Due to the large
amount of possible final states that differ in flavor and chirality, respectively, squark—squark
production consists of 36 processes and the same amount for anti-squark—anti-squark pro-
duction. This and the fact that the LO process proceeds via two initial-state valence quarks,
leads to a production yield that is generally higher than squark—anti-squark and can be
comparable to gluino-pair production. The electroweak contributions are special for this
process, since EW-mediated production channels exist already at tree-level and allow for
non-trivial QCD-EW interferences which can rise the LO cross section by up to 20%. These
LO QCD-EW interferences suffer from scale uncertainties and we have shown that they are
considerably reduced by taking the NLO EW contributions into account. The residual scale
uncertainties arise mostly from the choice of renormalization scale while the factorization
scale dependence is mild at NLO EW. We performed a detailed numerical analysis for two
left-handed squarks (g7.4r.), two right-handed squarks (Grdr), and one left-handed and one
right-handed squark (grdr), as well as for inclusive squark—squark (gG) production at the
LHC for /S = 14 TeV. The tree-level EW contributions are largest for §rg; production,
where they are enhanced by O(as«) interference terms and can easily reach the 20% level.
The interference contributions are suppressed for §rgr production from the chiral couplings
and vanish for ¢;§r production in the limit of no L—R mixing. At NLO, partial cancellations
occur among the various EW contributions. As a result, the integrated cross section is re-
duced by the NLO EW contributions by a few percent for most subprocesses. The interplay
of tree-level and NLO EW contributions is not universal and depends sensitively on the ratio
of squark and gluino masses as well as on their absolute values. The full EW contributions
affect the integrated cross section for inclusive squark—squark production at the percent level
(about 5% in SPS1a’ and SPS5, —1% in SPS2). In the distributions, however, the EW con-
tributions range from —10% to +20% and even larger values for exclusive §7,¢r, production.
Results for squark-squark production at the LHC for /S = 7 TeV were given within the
SPS1a’ scenario. We found that the relative importance of the tree-level EW contributions
increases by a few percent, while the relative NLO EW contributions are less important.
We investigated the effect of hard real radiation processes, with the photon, gluon or quark
being radiated into the central region of the detector. Such events are experimentally dis-
tinguishable from pure squark—squark production and might therefore modify the analysis
if considered inclusively. We found that by excluding those event with hard non-collinear
additional quarks, photons and gluons, the NLO EW corrections to the cross sections are
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strongly affected and become more than twice as large as for exclusive ¢y, G, production.

In a next step we studied the NLO EW contributions to sbottom—anti-sbottom produc-
tion processes. We recomputed the already known tree-level EW contributions from the
gg-annihilation and the gluon fusion channels and included the previously unknown contri-
bution from the photon-induced channel. We presented the first complete computation of
the NLO EW contributions, which together with the QCD corrections have completed the
NLO analysis of the sbottom—anti-sbottom pair production process. We verified that CKM
effects can be safely neglected. The production of sbottom—anti-sbottom pairs is quite in-
volved due to the mixing between the left- and right-handed b-squarks, the renormalization
of the sbottom sector, and the enhanced Yukawa couplings for large values of tan 8, with the
related need of resummation. We specified the precise relation between the bottom-quark
mass defined in the DR scheme and its Yukawa coupling, as well as the effective Higgs—
bottom vertices with the tan 8 enhanced contributions correctly resummed to all orders.
In the appendix it is shown how these resummed contributions arise in SQCD. Since the
renormalization constants of the sbottom sector can obtain large finite shifts, we checked
explicitly the reliability of our renormalization scheme for the scenarios considered. We per-
formed an extensive numerical discussion for the diagonal production of two bottom-squark
pairs at the LHC for VS =14 TeV and VS = 7 TeV. The EW contributions to the total cross
section were found to be strongly scenario dependent. Nevertheless, in all scenarios consid-
ered they are of the order of a few percent of the LO contribution since strong cancellations
among different channels partly reduce their size. However, the EW contributions peak in
different regions of phase space and hence become enhanced for reasonable kinematical cuts.
For the same reason, the impact of the EW contributions is more important in differential
distributions, in particular in the high energy region. Considering the invariant mass and
the transverse momentum distributions for b;b; production in the SPS1a’ scenario, they can
even exceed the LO contribution by 10%.

This work provides an important step to the knowledge of all relevant EW contributions
to squark and gluino production processes. The remaining class of processes consists of non-
diagonal squark—anti-squark production, i.e. q~aq~2§ production for « # 8 and cjacj’ﬂ* production
for ¢ # ¢'. These processes can be classified in the same way as for squark—squark production.
Using the methods elaborated in this work, it is a straightforward task to calculate the
corresponding NLO EW corrections.






A Notation and Conventions

A.1 Metric Conventions

Elements of the four-dimensional Minkowski space are labeled by greek indices.! A con-

travariant vector has upper indices while the covanriant vector carries lower indices. They

are related via the metric tensor g,

g,ul/ = gul/ - dlag(lu _]-a _17 _1)7

xt =g,

Repeated indices are understood to be implicitly summed.

A.2 Pauli and Dirac Matrices

The Pauli matrices o°, i € {1,2,3} are defined as

0 1 0 —i 1
ol — ’ o2 — ¢ , o3 —
10 t 0 0

and obey the Clifford algebra
{o%,07} =269,

and the Lie algebra

[0, 09] = 2ieVk P,

(A.5)

where € is the total antisymmetric third rank tensor with €'?® = 1. It has the following

properties,

6ijkeilm _ 5jl5km _ 5jm5kl’
6ijl<:€ij7n — 25km’

¢k eiik — 31,

The extended Pauli matrices o# and o* which are defined as

ot = ( 701')’ ot = ( ’_Ui)7

(A7)

1 As long as not stated otherwise, greek indeces run from 0 to 4 while roman indeces run from 1 to 3.
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have the following properties:
oto? 4+ oot = 2¢"" |
oto? + Vot = 2¢""
Tr(cta"”) = 2¢"", (A.8)
olota? = gHT,
olota? = ot
The two-dimensional spin tensors are defined as

7
ot = 1 (cta” — a”at),

; (A.9)
" = — (g"o" — g"oM).
4
The four-dimensional Dirac matrices form a Clifford algebra,
{7} =29"" . (A.10)
7° is defined as v° = iy%y'9243 and has the properties,
{(PAr=0,  (")P=1 (A11)

In the Weyl representation the Dirac matrices are given by

W= (UOM UOH) , = (0 j) ) . (A.12)

The projection operators P, r are defined as

1
PLp=3( + 7). (A.13)

A.3 Polarization Vectors

The polarization vectors e*(k, \) for massless gauge bosons depend on the on-shell momen-
tum k and polarization A\. They are transverse,

kte,(k,A\) =0, (A.14)
and normalized according to
€ (k, N e (k, X)) = =0 - (A.15)

There are only two physical (transverse) polarizations and the polarization sum is gauge-
dependent. In the gauge n, et (k, \) = 0 with an external four vector n, it is given by

2

k., k n,k, +nyk
Y ek, New(k,A) = =g — —on? 4 R A.16
A:16N<7 )6(7 ) gM (kn)zn + k’l’l ( )
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A.4 Self-Energies

The unrenormalized self-energy is defined diagrammatically via

v, @ = ¥ = i%(p). (A17)

In the case of ¥ being a spinor or a vector particle, it is convenient to decompose the

self-energy according to its Lorentz structure:
Spinor:
Zij(p) = pPLE(0%) + pPrES (W) + PLEG (0) + PR (07) - (A.18)

Vector:
S (p) = Z50%) (9" — p'p”) + S5 0°)pp” (A.19)

A.5 Grassmann Numbers

A Grassmann algebra Gy is an associative algebra that contains the unity element and N
elements ¢* that obey the following anticommutation relation:

{¢,¢}=0. (A.20)
From (A.20) it follows that (£7)? = 0. Complex conjugation of the generators is defined via
(g2€b .. ey =g ghen (A.21)

It follows that the generators are real since (£%)* = &', Elements of Gy are called super-
numbers. They can be written with help of the basis as

1
—Cay,an €M, (A.22)

1
z=co+cal" + *cabiafb + 3

where the factors ¢ are complex numbers, antisymmetric in their indices. Each super-number

can be divided into an even and an odd part,
z=x+0. (A.23)

x contains only terms with an even number of generators, while 6 has only terms with an
odd number of generators. The odd super-numbers are called Grassmann numbers and have
the following properties,

I
e

{64,605} =0, 06 (A.24)
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The complex-conjugated of a Grassmann number is defined via
(0405 ... 09)* =% .. 9B, (A.25)

i.e. complex-conjugation equals Hermitian conjugation.
An analytic function f over the complex numbers can be continued to a function over
Grassmann variables. It is defined via its Taylor series in the Grassmann numbers

£(0.0) = fola) + 146" + 5y Fan(@p0” + ... (4.26)

The sum breaks off for a finite number of Grassmann variables.
The differentiation with respect to a Grassmann number is defined as

0 0

08 =68 —1=0. A.27
064 A 064 (4.27)
For each commutation of a Grassmann differential operator with an anti-commuting object
one gets an extra factor of (—1). For the integration with respect to Grassmann variables

one requires the integral to be translation invariant. One defines
/ 6Bapr = 62, / 1d6 = 0, (A.28)

Comparing (A.27) and (A.28) one finds that integration and differentiation with respect to
Grassmann variables is the same. The differentiation with respect to Weyl spinors, whose
components are Grassmann variables, cf. Section D.4, is defined as

0 0

op = RTE o4 = 505 (A.29)

0 = aiA’ o4 = aZA' (A.30)
With the definitions (A.27) one gets

04608 = 6%, o4op = on (A.31)

86" = 6%, 040, = 64 (A.32)

To be consistent with the raising and lowering of indices as defined for Weyl spinors, one
defines

ABog = —94, dBepa = —04. (A.33)
With this definitions one gets

04(00) =204, 5A(éé) = —2(§A, (A.34)
9104(00) = 4, 9,04 = 4. (A.35)
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Integration with respect to Weyl spinors is defined in the same way,

o A

/deA—% 8,

ad, = -2 — 4,
04

Further one defines

1
de? .= ZdeAde»A,

d*0 .= d6%d6?.

0
A
/de :(%ﬁzaA,
0

(A.36)

(A.37)

(A.38)






B Counterterms

In this appendix, we give the explicit expressions for the counterterm (CT) diagrams entering
the NLO EW calculation to squark—squark and sbottom—anti-sbottom production processes.

et = [ ) 07 - om ]
g ,6 i
T o @I 1T 02
g by,
b
g o =
s = ig, o0z, (k4 K,
ba
q
g .
ML< = —igs T (6 Z}vuPr + 6 Z}vuPr)
q

Table B.1: Feynman rules for the counterterms needed for sbottom—anti-sbottom production fol-
lowing the conventions of [161,163]. Arrows indicate charge and fermion number flow, respectively.
For Majorana particles the fermion number flow has to be considered in accordance to [178]. The
counterterms enter the calculation of the NLO EW contributions via Figures 6.6 and 6.7 and the
renormalization constants have to be evaluated at O(a).
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Table B.2: Feynman rules for the counterterms (CTs) needed for squark-squark production fol-
lowing the conventions of [161,163]. Arrows indicate charge and fermion number flow, respectively.
For Majorana particles the fermion number flow has to be considered in accordance to [178]. The
counterterms appear in Figures 5.4, 5.5 and 5.6. The first three CTs enter the calculation of the
NLO EW corrections via Figures 5.4 and 5.6 and the renormalization constants have to be evaluated
at O(a) and O(ay), respectively. The remaining CTs enter the calculation via Figure 5.5 and the
renormalization constants have to be evaluated at O(«).



C Resummation in the Bottom-Quark Sector

In this appendix, the tan f-enhanced contributions that spoil the relation between the
bottom-quark mass and its Yukawa coupling are calculated in perturbative SQCD. Fur-
ther, the tan S-enhanced loop effects to the Higgs-bottom vertices are calculated. According
to [83], these corrections are correctly resummed to all orders.

C.1 Effective Bottom-Quark Propagator

All diagrams that give a contribution to the bottom self-energy at O(asptan /Mgysy) are
shown in Figure C.1. Higher order loop diagrams are either not enhanced by tan § or further
suppressed by 1/Mgsusy.

The physical mass of the bottom quark is related to the pole of the inverse two-point
vertex function I5;. It is obtained via the Dyson summation of the diagrams in Figure C.1,

i i . i i 1
ﬁ_m+p_m(12(p))p_m+...=p_m2(Z(p))p_m (C.1)

p—(m—2(p)

In the limit of vanishing external momenta, the physical mass is given by mP"Ws = m — 3(0),
with X' = —dmy, + Ygg + Yo corresponding to diagrams (b), (c), and (d) of Figure C.1.
Starting with calculating diagram (c) one finds in the limit of vanishing external momenta,

Ysp(k) = —iasCF [mg sin(6;) cos(6;) (Bo(k z,mg ) — Bo(k*,m2,m? ))

3T 90"y
+ (sinQ(GZ;)PL% + cos?(# )PRK) B (K, m m% ) (C.2)
+ (sinQ(Bg)PR% + cos? PL%) By (K2, m m%l)]

; .ﬁ“”%. .f””%

bL bR bL L bR
~x—

Oé OC bOé

(a) (b) (C) (d)

13 »”

Figure C.1: One-loop bottom propagator in SQCD. The “x” in (b) and (d) denote mass countert-
erm insertions.
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k=0 1 .
= —gaSCpmg sin(26;) ( 0(0, m m ) By(0, mg, mgz)) .
The loop integrals are given in the notation of [135]. Using
By(0, m m~ - Bo(O,mg,mg ) = (m% —m~ ,) Co(0,0,0, m mZ ,m% ) (C.3)
and
2my(Ap — putan )
sin(26;) = 5 5 , (C.4)
ml;l - TI’LBQ
one finds in the limit of large tan
2
Ysp(0) = 3,0 Crmpmg p tan 8 Cy(0,0,0, m mi ,mg ). (C.5)
T
With help of the recursion relations for vacuum integrals
N-1 4
TdV(O, . 7O,mg, . ,m?\bl) = Z [(mf — mgﬂ) (mf — m?ﬁ)} Ao(mf), (C.6)
i=0
m2
Ag(m?) =m?* [ A —log(—) +1],
L
where my = mg, my+1 = my, ..., one finds
Cv(0,0,0, m mi ,mg ) = —I(m2 mi ,mig), (C.7)
leading to
2
Ysp(0) = — g s Crmymg p tanﬂ[(mé,m%l,mi) (C.8)
= —my Amy, .

The next step is to calculate diagram (d) of Figure C.1 which contains the mass counterterm
insertion. Since the strong interaction is chirality conserving, only diagrams with b, #* 135
have to be taken into account. Inserting the squark-mass counterterm eq. (4.55a), one finds
for vanishing external momenta

B(Om mg,) — Bg(()m mg,)
(mb1 m52)

2 2 2
=3, 0sMg Cr (0Dy)12 cos(20) I(ms, mb ,mj)

(C.9)

2
Leor(0) = 5 sy Cr (6D3)12 cos(20)

2
T Cr dmy pu tan B cos?(20) (m2 mi ’mlgnz)

2
—3- asmgCF(SmbutanBI(m mi,m ) (1 —sin?(26))

my,
= —ompAmy + O ( > .
e Msusy
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Figure C.2: tan 3 enhanced Higgs-bottom vertex diagrams.

In the third line the explicit representation of the mixing angle U; with det U; = 1 is inserted,
cf.(2.54). The off-diagonal sbottom mass counterterm (6Dj)12 is given by (cf.(4.55a))

1 .
(0D;)12 =196 (008(29)(/11; — myp p tan §) + 5 (Mj)a2 — (Mj)11) sm(29)) (C.10)
— —dmy p tan 5 cos(20),
where only the part proportional to (x tan /3) is taken and only dmy has SQCD contributions.

Altogether, one gets for the physical bottom-quark mass

mghys = my, + dmy, + mpAmy, + dmy Amy, (C.11)

= (mb + 5mb) (1 + Amb)
It follows that the proper relation between the Yukawa coupling and the mass parameter

can be taken into account by replacing the bare Yukawa coupling hg v/V2 = mg = mp+dmy
in the Lagrangian by an effective coupling:

}lg v }Zb v+ 5}Zb v

= 0 C.12
2 NG my + 0my ( )
phys
_ Ty
1+ Amy, (C.13)

C.2 Effective Hbb Vertices

In addition to the tan S-enhanced corrections to the effective bottom-quark mass, one also
has tan S-enhanced corrections to the Higgs—bottom vertices which arise due to the diagrams
depicted in Figure C.2. Taking these diagrams into account all tan S-enhanced contributions
are correctly resummed to all orders in perturbation theory. In the following we calculate
these couplings for the neutral Higgs sector and especially show the cancellation of the
resummed terms in the neutral Goldstone sector.

hObb-Vertex

Fhobb

tree

We denote the tree-level coupling by . It is given by

0 . empsin o
Fh bb _
tree

_ C.14
2 myy cos Bsin Oy, ( )
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while the tree-level diagram containing the counterterm is given by
tree

0 5mb 0
Lrecor = = Lhed- (C.15)

For the one-loop contribution, Figure C.2¢ only diagrams with b, # 53 have to be taken into
account, since the gluino coupling is chirality conserving. For vanishing external momenta

one finds
2 .2 2
OB asemzCp(0,0,0,m3, mgl,mEQ) )
Fl—loop =1 cos (29W) X

187 cy S My cos 5

(6w (Apsin a + pcos o) + cos f My Mz sin(a + 8)(3 — 4sin® 0y,) tan(26y,))

2,2 2
asmgl(,mg, my mgz)

18mcymy, sin

__ hOb
— *tree

(12¢ymp (sin(26y) — 1)(sin Ay, + g cos @)

+ cos BMy My sin(a + () (4sin” 0y, — 3) sin(46y,))

nopp Amip(Ap sin a + p1 cos )
_Ftree

[ sin o tan 8

: Amy
= ffhobbi C.16
tree tan o tan 8 ( )

where we neglect terms that are either suppressed via m; or 1/Mgysy, or are not tan
enhanced. For the one-loop diagram containing the counterterm, Figure C.2d, one finds
RObb OMip 055
Fl—loop,CT - my Fl (C17)

—loop-

Altogether, the effective h°bb coupling is given by

hObb WObh | 0T popp hObb OMmUy — hovp
Feff = Ftree + my Ftree,CT + Flfloop + my Flfloop,CT
myp tanatan g/ = e
orr
_ Ftlll“egb Amb
= 1-— . (C.18)
14+ dmy tan o tan 3

HObb-Vertex

FHObE

The tree-level coupling I}, is given by

% . €mpcosa
=1 : :
tree 2 My cos 3 sin Oy,

(C.19)

Again the tree-level counterterm diagram is related to the tree-level coupling via a factor
dmy /1y,

— 6 _
ril, = TZbF . (C.20)

tree
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Calculating the one-loop diagram, Figure C.2¢, for b, # I;g and vanishing external momenta,

one gets
2 2 2
- asemg cos®(20y)Cy(0,0,0,mg, ms ,mz )
HO%b _ . 59 v PTG T .
I 00p = —1 I8mswca My cos B L2 % <Gcwmb(u sina — Ay cos )

+ cos(a + B) My Mz cos B(4sin? Oy, — 3) tan(Q@W))
tan o Ay )

tanf wtan 8
cos(a + B) My Mz cos B(4sin? 0y, — 3) sin(46y,)

= THYb Apyy (1 — sin(26,)) (

-
+ rH % Am
tree b 12 cos acymppu tan 3
7 tan o 1 my
= Y Am,—= 4 0 ( ) o ( ) : C.21
tree =T tan 8 - tan 3 * Msysy ( )
The one-loop counterterm diagram is again related via
HObb O+ Fopp
Fl—loop,CT - my 1—loop» (C22)

so that altogether one finds

o _ pHOb oy [ H b [ H b oy, [ H b
b

eff tree tree,CT + 1—loop + mp 1—loop,CT
Ffe(;bl_’ < tan a)
=—>—(1+Am . C.23
14+ Amy + "tan 53 ( )

Abb-Vertex

The tree-level Abb coupling is given by

FAbB B emytan 3

= P, — P C.24
tree 2 My 5w ( L R)7 ( )

with the projectors Pr, and Pg for left- and right-handed particles, respectively. At one-loop
one finds with by # l;g and vanishing external momenta

: asemymg(Aptan B+ )
FlAflboop == B;MWSW Co(0,0,0, mg, mgl,mgz)(PL — PR)

i A 1

A, A ( b )

b tree ptan 3 + tan? g3

1

=0+0(—— C.25

* (tanﬂ) ’ ( )

i.e. there is no extra enhancement factor of O(1) owing to the one-loop vertex corrections.
Hence, adding the contributions of the diagrams (a)—(d) of Figure C.2, one gets

AVD _ AW, O™ 1 Avp Abb O - App
Feff - Ftree + Ftree,CT + Fl—loop + Fl—loop,CT
mp mp
FAbI;
tree (C.26)

- l—l-Amb'
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GYbb-Vertex

The coupling of the neutral Golstone boson to fermions is closely related to the Z-boson
coupling to fermions and specific tree-level relations have to be fulfilled. Changing the GObb-
coupling can give rise to gauge-symmetry violation. Fortunately, by taking consistently all
tan 8 enhanced corrections into account, the enhancement factors cancel and one is left with

the tree-level coupling [} gsebl_’,

o0p7 emy
rgl = *W(PL — PpR). (C.27)

The one-loop correction yields for b, # 55 and vanishing external momenta

05 asempymg(Ap — ptan f)
g =—== 37?MWSW Co(0,0,0, mg,mgl,mé)(PL — Pg)
0 Ap
= Ambptgeebb (1 - W)
03 1
= Amp IS + O (tan 5) , (C.28)

so that adding all contributions yields

0ph opp . 0My 0ph 0ph omy 0pF,
Fecf:f bb _ Ft?eebb + FG bb FG bb FG bb

mp tree,CT+ 1floop+ mp 1—loop,CT
007
Ft?eebb
— _ftee (14 Ap
T Amb( b)

= g, (C.29)

tree



D Supersymmetry

In this appendix the technical issues needed in order to construct supersymmetric theories
are given. First of all, we give an overview over general symmetry transformations and
representations of symmetry generators. Afterwards, in Section D.2 the generators of the
Poincaré group are derived. From this we construct the irreducible representations of the
homogeneous Lorentz group using the Weyl formalism. It is shown how these objects can
be used in order to construct Lorentz-invariant quantities. After introducing the concept of
graded Lie algebras at the beginning of Section D.5, the supersymmetry algebra is written
down in the general case. With help of the superfield formalism, introduced in Section D.6,
it is shown how one can construct supersymmetric gauge theories for N = 1 supersymmetry.

D.1 Symmetry Transformations

D.1.1 Noether’s Theorem

Noether’s theorem (due to Noether (1918) in the classical field case) claims that if a La-
grangian is invariant under a continuous transformation, then there will be an associated
symmetry current. The volume integral of the u = 0 component of the symmetry current
is a symmetry operator, i.e. it is constant in time.

Consider a Lagrangian £ depending on the fields ¢;. L£(¢;) shall be invariant under a
continuous symmetry transformations ¢; — ¢,

L(¢7) = L(di)- (D.1)
An infinitesimal transformation can be written as,
¢; = di + 005 (D.2)
Since L is invariant under this transformation, one finds for the variation 6L,
oL oL
0=0L=———-0(0,0;) + =—0¢; . D.3
Using the Euler-Lagrange equations,
oL oL
0=— -0, =——— 1, D.4
95; O (a@@)) (D-4)
and the fact that §(9,¢;) = 0,0¢; one finds
oL
0=0, |=————0¢;| = ed,j", D.5
1 l 8 ( 8M (z)z) ] ,u] ( )
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where € is some expansion parameter for the symmetry transformation. This defines a

conserved symmetry current j*,
4o -
="+ Vi =0, (D.6)

Performing an integration over the whole space yields

d ..
—/ dejOJr/ d3xV-j=0 (D.7)
dt Jv 1%
d — —
—/ 3z + dS-7=0 (D.8)
dt Jy S—o0

d

- 7/ P =0, (D.9)
dt Jv
=J

i.e. the volume integral of the p = 0 component of a symmetry current 7, is a symmetry
operator.

D.1.2 Relation Between Symmetry Generators and Symmetry Operators

In the following, we show the relation between the generators of a symmetry group T and
the corresponding symmetry operators 1" which are a field theoretical representation, i.e.
they are themselves quantum operators. The continuous symmetry transformation on the
fields that leaves the theory invariant, can be written in the form

¢ = S(a)p = exp[—iaT]qﬁ. (D.10)

Since ¢ and ¢’ obey the same (anti)commutation relations, they have to be related by a
unitary transformation
¢ = U(a) pU'(a), (D.11)
with
U = expliaT]. (D.12)
It is important to notice that the T's are quantum field operators (and therefore different to

T, which are the generators of a symmetry group). For an infinitesimal transformation one
gets,

¢ =0+
P2V 1 L ien)p(1 — ieT)
= ¢ +i€[T, ¢ (D.13)
LY (1 _iet)
= ¢ +ie(—T). (D.14)
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Comparing (D.13) and (D.14), one finds

[T,¢] = —T¢. (D.15)

For quantum mechanical fields that obey the canonical equal-time (anti)commutation rela-
tions or

Zt), ————(7,1)| =i0%(ZF — 7), D.16

80, 505 1) =10 ) (D.16)

one can easily show that the symmetry operator 7" in (D.15) is given by the conserved
Noether charge J introduced in (D.9). The symmetry generators of a continuous group,
especially Lie groups, are specified by their algebra, the Lie algebra. The T's are a field-
theoretical representation of the symmetry generators if they obey the same commutation
relations than the 7T’ ,

T3, T5) = ifijnTh - (D.17)
To find the commutation relations of the T;, consider the difference of two infinitesimal
transformations, (dc,d¢; — d¢; 9, ), with

5ei¢ - _iej_'i(b (D18)
= i6[T5, ¢]. (D-19)

Using the identity (D.18) one finds,

55i6€j¢ = ( 16] ) _iﬁjTj)(_ieiTi>¢
= 761'6] ¢
= (561'563' - 5€j56i)¢ = 67;6]‘ [Ev T7]¢
= 6i€jiZfijka (D20)
k
(D.15

k
= —i€¢€j Z[fijkav (;5]
k

In the same way, by using the identity (D.19), one gets
5€i55j¢) = 561’ i€; [TJ’ d)] = ¢ iei[Th [T]’ (Z)H
= —eig;[T;, [T}, 4]

= (0e;0¢; = 0¢;0¢;)0 = —eie; ([T, [Ty, 91| = [T, [T3, ¢]1)
= —eicj[[T3, 151, ¢,

(D.21)

where in the last line the Jacobi identity was exploited. Comparing (D.20) and (D.21) one
finally finds that
T3, T3] = ifiw Ty, (D.22)

which proves that the T;s are a field theoretical representation of the symmetry generators.
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D.2 Poincaré Group

D.2.1 Lorentz Group
A point in spacetime is characterized by a four-vector in Minkowski space
at = (:L‘O,:cl,xQ,x?’) = (ct, 7). (D.23)
The scalar product of two vectors is defined via the metric tensor g
r-y=2x"guy", g = g = diag(1,—-1, -1, -1). (D.24)

If not stated differently, repeated indices are always understood to be summed over (Ein-
steins sum convention). Four-vectors with upper indices are called contravariant. Contract-
ing them with the metric tensor one gets the covariant components,

Ty = G’ (D.25)

Lorentz transformations are linear transformations on the Minkowski space that leave the
scalar product invariant, i.e. rotations on the Minkowski space,

zhga’ = atga’. (D.26)
Writing the Lorentz transformation on contravariant vectors as
ot — o't = AP 2", (D.27)

with a constant matrix A and inserting this expression in (D.26), one finds that A leaves
the metric invariant,
G = A”MA”Vgpg. (D.28)

The Lorentz transformation for covariant vectors is given through A,” = (A=Hr,

Ty — ATy (D.29)

The contra- and covariant differentiation operators are given by

oy = (Oiﬂ) , ot = <(9iu> . (D.30)

The transformation properties for the differentiation operators are easily obtained by notic-
ing that from (D.27) it follows that

ox'M
v = W?

and using the chain rule for partial differentiation.

A¥ (D.31)

The manifold of the Lorentz group has four components, which are not simply connected.
They can be classified by the determinant of A, det |A| = £1, and the sign of A%;. The one
with det A = 1 and A%, > 0 preserves orientation and the direction of time and is called
proper, orthochronous Lorentz group, or restricted Lorentz group. It consists of all Lorentz
transformations which can be connected to the identity by a continuous curve lying in the

group.
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D.2.2 Poincaré Group

Poincaré transformations are transformations in Minkowski space that are constituted by
Lorentz transformations A*, and translations a,,

at — 2P = AF 3V + at. (D.32)

While under Lorentz transformations the scalar product of four-vectors is invariant, only
distances (i.e. (¥ — y)?) are invariant under Poincaré transformations. Ordinary Lorentz
transformations are often referred to as homogeneous Lorentz transformations, and Poincaré
transformations are also called inhomogeneous Lorentz transformations. Performing two
successive transformations,

Aa Aa
CC/J (_>) CC/'LL (_>) x//u
2" = /I"px'p +a" = /I“p/lpyac” + /i“pap + a*,

one finds that Poincaré transformations have to satisfy

(A,a) o (A,a) = (AA, Aa + a). (D.33)

From this, one can read off the inverse element and the one element,
(Aa) ™t = (A1 —4a71a), (D.34)
= (1,0). (D.35)

To get the Lie algebra of the proper, orthochronous Poincaré group, consider a representation
S(A,a) for an arbitrary but fixed representation space. For infinitesimal transformations,

AF, =gk, + Wk, at =€, <D36)
S can be expanded to first order in € and w,
1 o .
S(1+w,e)=1-— iiw,wJ’““’ —ie, P*. (D.37)
By considering successive transformations and using the multiplication rule (D.33), one
obtains the Lie algebra of the Poincaré group,
[plt,pV] =0,
(P#, 7] = i(gh P — gh PP), (D.38)
[j;w7 jpa] — _i(gupjw _ gijp _ ngjlw + gwjup)_
It is convenient to write these commutation relations in terms of the generators of three-
dimensional rotations J* and boosts K*, as well as the generators of time and space trans-
lation H and P, by defining,
R 1 oy ais noa afa A
Jk —— Z]k:JZ] _ J23 J13 J21
26 { 9 9 }7
Sk 70k _ g 301 302 703
K2 =T =T T T, (D.39)
H=P"
Pk = pi = (P!, P2, P,
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with the indices 4, j,k € {1,2,3}. With this definitions, the commutation relations (D.38)

can be rewritten as

[JE, 7] = i€k Jk, [P, J7] = ie'k Pk,
[J8, K] = ie TR KF, [P K7 =i6" H, (D.40)
(K, K] = —ieih Jk, [H,K'] = iP",

]

[H,J] =[H,P!,=[H, H =0.

The Poincaré group contains two Casimir operators, i.e. operators that commute with all
generators of the group. To get these it is helpful to introduce the Pauli-Lubanski vector

1 A A
WH = 2 Guupo PY I (D.41)

The Casimir operators are given by p? = P Proand W2 = W W, A
Decomposing the generators for rotations JH into angular momentum L"*” and spin X*|
I T
L = gt pY — 3V Pr, (D.42)
[P, 3] = ig"",
one finds that only the generators Y contribute to the Pauli-Lubanski vector. Physical

states are irreducible representations of the Poincaré group and can be classified by the
eigenvalues of the Casimir operators:

1. Massive representation with P2 = m2 > 0 and W2 = —m?s(s+1), s =0, %, 1,....

This representation is characterized by the mass m and spin s.

2. Massless representation with P2 =0 and W2 = 0.
In this case also the helicity operator h = W9/P% = P . §/|P| is a Casimir operator
with eigenvalues h = +s. Therefore the massless states are characterized by their
helicity and spin, with h = +s and s = 0, CTRCREEE

D.3 Irreducible Representation of the Homogeneous Lorentz
Group

The generators of the homogeneous Lorentz group are given by (D.40) for vanishing P
and H. The irreducible representations of the homogeneous Lorentz group are obtained by

defining

Qi = (Ji 41K, Bi = (Ji - ik, (D.43)
which obey the following commutation relations,

(A1, A7) = ie;j, AR, [B', BY] = i€, B, (D.44)

[Al, B] = 0. (D.45)
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The operators A and B fulfill the SU (2) Lie algebra, respectively. Because of the complex
combination (D.43) this is the complex group SL(2,C) and not the product group SU(2) ®
SU(2). The finite-dimensional representations are classified by the eigenvalues of the Casimir
operators A? and B2, which take the values m(m + 1) and n(n + 1), respectively. The
representations are labeled as

(m,n), with m,n=0,-,1,-,.... (D.46)

(NN

Since J' = A’ + B’ the spin of the representation is given by j = m + n. By defining
wo; = —wip = v; and w;; = €;kPk, the Lorentz transformation S (m,n) (A) corresponding to
the (m,n) representation can be written as

S(m’")(/l) = exp (—;wu,,j’“’>

= exp (—;wijjij - iw0¢j0i> (D.47)
= exp [—i(cpiji + Vlf(l)}
= exp [—i((pi — 1ul)flz)} - exp [—i((pi + wz)BZ)} :

There are two fundamental representations from which all other representations can be
derived by either the direct product or the direct sum of these.

1. (%,0) or left-handed representation:
A left-handed spinor ¥, belonging to this representation transforms as

V() = W (') = Sp(A)Pr(z), (D.48)

which is the spinor representation of (D.47) with A’ = 10! and Bi =0,
Sp(A) = SGY = exp —%(% —iv)oh)| . (D.49)

The Pauli matrices o are given by (A.5).

2. (0, 3) or right-handed representation:

A right-handed spinor belonging to this representation transforms as
Up(z) = Yg(2') = Sr(A)Pr(2), (D.50)
which is the spinor representation of (D.47) with At =0 and B = %ai,

1

Sp(4) = §02) = exp —%(g@i + i)t | . (D.51)

Notice that Sz, and Sk are not unitary, since they are elements of SL(2,C). They can be
decomposed into (unitary) rotations and boosts,

St.r(e,v) =U(p) SL,r(0,v). (D.52)
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With help of the spin tensors (A.9), the Lorentz transformations Sy and Si can also be

written as ) )
S = exp [—;wwaﬁ”’} , Sk = exp {—;wwa””} . (D.53)

This can be verified by inserting the definition of ¢ and v, and using (A.5) and (A.6),

wle'uV = wijaij -+ 2(4.)02'001 = leijkgok [Uj,O'i] +21Vi(—20i)
4 — 4
:2161‘]'10'[ (D54)

== §€ijk€ijl()0k0l — iViO'Z = 902‘0'1 — iZ/Z'O‘Z.

In the same way, one finds

W = piot + ot D.55
W 2

D.3.1 Lorentz Invariant Combinations of Weyl Spinors

The quantities ¥y, r in (D.48) and (D.50) are called Weyl spinors. The transformation
matrices that transform the left- and right-handed spinors, cf. (D.49) and (D.51), are related
to each other by the following algebraic relations,

S;t =5t (D.56)

(GQ)T:70_2 (0_2)2:1

028102 = S* St — 5287 52 N o? = STs25; . D.57
R R L L

Using this properties, one can show that 02!Z/z has the transformation properties of a right-
handed spinor,

o*U; = oESiU = 02 A 0?0’ W) = Sp(a?V}), (D.58)

and analogue 0?0}, transforms under the left-handed representation. Therefore, left- and
right-handed spinors are related via

U = —io?¥;, Uy, = io? W}, (D.59)

with the proportionality constants chosen such that inserting the second equation in the
first leads to the identity. There are two contractions of spinors that are invariant under
Lorentz transformations,

Lorentz scalars: @TRWL, @TLWR, (D.60)

since,

oty =0T, —  i0TsTo2sw, P27 0T 02wy = alhwy, (D.61)

and analogous for @EWR.
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Four-Vectors

Each (real-valued) four-vector z* can be mapped to Hermitian (2 x 2)-matrices X and X
with help of the extended Pauli matrices (A.7),

= X =o,zt, o — X = g2, (D.62)

which can be inverted with help of (A.8) by multiplying with 7, and o, respectively, and
taking the trace,

X — ok = %TrX&“, X = at = %Tr)_(a“. (D.63)
The determinant of X and X is a Lorentz invariant quantities, since
det(X) = det(X) = z,2". (D.64)
The transformations
X' — AXAT, X' — AXAT, (D.65)

with SL(2,C) elements A and A, define new Hermitian matrices X’ and X’. (D.65) describes
a Lorentz transformation, since it leaves the determinant invariant,

det(X') = det(A X AT) = det(A) det(X) det(AT) = det(X) = z,2", (D.66)

and the same for det(X'). Since o, and 7, form a basis of U(2), there is a unique four-vector
a2’ for which
X' = Ao, Al = g2 = 0, A* 2. (D.67)

Since this is true for all # one has
o, A, = Ao, Al (D.68)

i.e. one can associate to each Lorentz transformation A# a matrix A(A). More specific, this
matrix is given by Sr. This can be seen by using the representation (D.53) and looking at
infinitesimal transformations,

ou(g" ) = (= 5wm0™) 0¥ (+ Swass™)
i i _
=0, — praopga,, + §wa50’jaaﬂ + O(w?) (D.69)
(A.8) i

i
='o" — §wpg(io*pg‘”’ —i09g" + o¥0"7) + iwagal’&aﬁ

=0’ + w0,

The transformation performed by A is given by Sg, which can also be seen by noticing that,

1 = 1
2t = §Tr(X/a“) = §Tr(5’35,,5};0“) x”

1
= 5 Tr(o*Sro® *5,0% *Sho? g°gto?) o (D.70)
L ol ST kT

1 1
= 5 Tx( s ol SToHT) v = 5'1‘1“(5'“SL0,,SD a’ = AP
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Due to these transformation properties of X and X one can construct two new Lorentz

scalars out of two spinors @ and V¥,
PLXTy, — (SpPr)((S])~'XSL (L) = 2 X0, -
PRXVR — (SpPr)  (Sh) T XSR") (Sp¥R) = PhX VR,

Choosing explicitly 0, as four-vector one gets the Lorentz invariant combinations usually
referred to as the kinetic term.

Lorentz scalars: @E&“@MWL, @EU“@HWR. (D.72)

D.3.2 Dirac and Majorana Spinors

A Dirac spinor ¥ and its conjugate ¥ are bi-spinors which correspond to the direct sum
1
(Eﬂ 0) 2] (07 %)7

Vg _
U= ((p;), v =wiy = (o}, v, (D.73)

with g given in (A.10). A Dirac spinor transforms under Lorentz transformations according
to (D.48) and (D.50) as

v = 5080y = (SL 0 ) ., (D.74)
0 Sr
The Lorentz scalars (D.60) and (D.72) can be written in terms of Dirac spinors,
o = LWy + Wl kg, (D.75)
Ty1O,W = Dot dp + Wl 510,y (D.76)

In the following we will consider the transformation properties of Dirac spinors under par-
ity transformation P and charge-conjugation C'. A parity transformation P : ¥ — —7
transforms Weyl spinors according to

7 5 Wy, op 5wy (D.77)

A Dirac spinor transforms under a parity transformation by construction as

7= (g;) 5 @f) (D.78)

There is a second discrete transformation defined on a bi-spinor, the charge-conjugation

U\ ¢ (91 C -7
=y~ =CV D.
(453)%(%) CFT, (D.79)

where C' is given by (according to (D.59))

. 2 0
C= (“’ ' 2) = ir240. (D.80)
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Performing the charge-conjugation twice leaves the state invariant, i.e. #€C = w. A bi-
spinor that is invariant under charge-conjugation is called Majorana spinor. In terms of
Weyl spinors it has the form

Ty = (J/L> =0 (D.81)

D.4 Spinor Calculus

In this section a component notation for Weyl spinors is introduced. The components of

a spinor are anti-commuting numbers (Grassmann numbers), since otherwise the invariant
1
2
undotted indices while spinors of the (0, %) representation get dotted indices,

eq. (D.60) would vanish for ¢ = ¥. Spinors corresponding to the (5,0) representation get

vy = (i;) vl = (02, (D.82)
n b o
PR = (ng), Ty = (Yiv3). (D.83)

Spinor indices are labeled in the following with capital roman letters. Since for Grassmann
numbers complex conjugation equals Hermitian conjugation, one has

(a)! = (¥a)" =, (! = () =9, (D.84)
As standard summation rules one defines
o = ¢, o = 6404, (D.85)

i.e. the summation of undotted indices goes always from upper-left to lower-right and for
dotted indices from lower-left to upper-right. One can define metric tensors € and € that
rise and lower spinor indices. These are found by writing (D.59) in index notation,

wA — (_10'2)AB¢B — GABwBa TZA — Q;B(102)BA — "L/_JBEBA (D86)

In total one finds,

0 —1
(eAB) = (eap) = (1 0 ) , el =68, EAB = —(5%‘ (D.87)
- B O 1 g . o .

By writing (D.48), (D.50), (D.53), and (D.72) in index notation, one finds the index structure
of Sy, Sg, o*, a*, " and o"”,

(Se)5", (S (Sr)"; (Sﬁl)éB’ (D.89)
(O'“)AB, (6_u)AB’ (O-#V)ABv (5-!1«11)143'
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For the extended Pauli matrices and the spin-tensors one further has the relations,

=@ @ = e (@i =05 (D)
@) =) @Y= @ DE=E")g (D)

D.5 Supersymmetry Algebra

Coleman and Mandula showed in [51] that under reasonable assumptions the most general
Lie algebra of symmetry operators that commute with the S matrix, consists of the gener-
ators P, and J,, of the Poincaré group, plus ordinary internal symmetry generators. The
assumptions refer to the particle content, the existence of scattering at almost all energies,
and the analyticity of the S matrix.

The generators of an internal symmetry group 7, have the following commutation relations,

[Tm Pu] = 07 [Taa J;w] = Oa [Taa Tb] = ifabcTca (D-92)

with the so-called structure constants fup. of the Lie algebra. By definition they have trivial
commutation relations with the generators of the Poincaré group, i.e. they cannot relate
particles of different spin.

The Coleman—Mandula theorem can be overcome by taking symmetry operators into
account that obey a Clifford algebra instead of a Lie algebra, hence violating one of the
conditions of the theorem. These operators can therefore have non-trivial commutation
relations with the generators of the Poincaré algebra and can connect particles of different
spin. Such a symmetry is called supersymmetry.

D.5.1 Graded Lie Algebras

Supersymmetry is expressed in terms of symmetry generators that form a Zs-graded Lie
algebra [179]. In general, a Zg-graded algebra is defined in the following way:

Consider a vector space V that is a direct sum of Vg and Vi, V=V,® V. A Zy graded
algebra is defined by

uyp ouy € Vo for all u1,us € Vy, (D93)
uov eV for all u € Vg, v € Vy, (D.94)
vi ovg € Vo for all vy, vy € Vi. (D.95)

A Zo-graded Lie algebra is then defined by

Grading;: T 0 Zj € V(4 jmod2- (D.96)
Supersymmetry: zioxj = (—1)"z; 0. (D.97)
Jacobi identity: 0= (—D)*"a 0z oxy) + (1) 250 (2, 0 1) (D.98)

+ (=)™ @ o (2, 0 a),



D.5. SUPERSYMMETRY ALGEBRA 179

with z; € V;, i = 0,1. The (anti-)commutation relations of symmetry generators 7, that
form a Zo-graded Lie algebra are given by

1,1, — (_1)77a77bTbT = ifabcTc = [Ta, Tb]i R (D.99)

where 1), is either +1 or 0, depending on the grading of the generator T,. Generators for
which 7, = 0 are called bosonic, the ones with 1, = 1 are called fermionic. The Jacobi
identity can be written as

(=1 [Ta, Tylx, Telx + (=1)"™ [Ty, Telx, Tal+ + (=1)""[[Te, To]+, Ty]+ = 0.

D.5.2 Poincaré Superalgebra

One can now start to construct a Poincaré superalgebra, which is a Zs-graded Poincaré
algebra. The subspace Vj is spanned by the generators Prand J* of the Poincaré algebra
eq. (D.38). This vector space is extended by a vector space Vi which is spanned by N
fermionic generators @ 4.

The variety of supersymmetries is strongly restricted by the fact, that the bosonic symme-
try generators still have to obey the Coleman—Mandula theorem. Haag, Lopuszanski, and
Sohnius showed in [52] that the only fermionic symmetry generators that do not violate the
Coleman-Mandula theorem must belong to the (0, 3) or (3,0) representation of the Lorentz
group. It further states that the most general graded Lie algebra must have the following
form (see also [180]),

[P, P"] =0,
[P¥, JP7) = i(gh P7 — gh ), (D.100)
[JH JPT) = —i(gMPJVT — gHoJvP — gVP JHT 4 gV7 JHP),

[P;u QA,T] = [Pua QA,T] = 07

[Qar, JM] = %(UMV)ABQBM (D.101)

2 v 14 — v
(Qar I = =5 Q")
{Qar, QBS} = 25T,S(JM)ABP;“
{QAT) QBS} - _EABZ’I‘Sa with er = (ai)»psﬂ, (D102)

{Q4r Qpst = —€45(ZNrs,

]
(T3, Qar] = —(ti)rsQas, ti =t;, [ti, t;] = ifijute, (D.103)
T3, Q 4] = Q i, (ti)srs
[Zys, anything] = 0.
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As usual, capital roman letters denote the spinor indices of fermionic symmetry generators.
The lower case letters r, s,t, u are used to distinguish the N different two-component gener-
ators with the same Lorentz properties. The T; are the generators of the internal symmetry.
Objects corresponding to the internal symmetry are labeled with the lower case indices
1,7, k. The commutator relation for the t; follows from the Jacobi identity of two T's and
one @. Since these are Hermitian (/N x N) matrices, the largest possible internal symmetry
which can act non-trivially on Q is U(NV).

The Z,s commute with all symmetry generators and are therefore called central charges.
They are antisymmetric in interchanging their indices.

If there is only one supercharge @, i.e. N = 1, one speaks of a simple or unextended super-
symmetry. If N > 1 one speaks of extended supersymmetry.

R-Symmetry

In the case of N = 1 supersymmetry, there is no central charge due to the fact that it is
antisymmetric in its indices. The only non-trivially acting internal symmetry is a simple
U(1), generated by a charge which is called the R charge. By taking (D.103) and defining
R; = T;/t; one finds (suppressing the index 17)

[R, QA] =—Qa, [R, QA] = QA' (D.104)

From (D.15) together with (D.10) and (D.11) one gets the transformation of the supersym-
metry generators under R charge,

Qe = e7¥Qy, ePRQ e P = €lvQ) 4. (D.105)

D.6 Superfields

In the following we will restrict our discussion to N = 1 supersymmetry, since it leads
to a supersymmetric field theory of phenomenological interest. The so-called superfield
formalism is a technique in which supermultiplets are gathered into superfields. A superfields
@ depend on the four coordinates of spacetime as well as on the four fermionic coordinates
04 and 04, Tt can be Taylor expanded in its fermionic coordinates,

&(x,0,0) = C(z) + 0a(z) + éAf_A(a:) + (00)M (z) + (00)N(z)

_ I - (D.106)
+ 00, 0A" + (00)8 ;3 + (00)0 14 + (00)(00)D(x).

Products of superfields are again superfields and therefore form a vector space. However,
general superfields are reducible. Before looking at irreducible superfields we will first con-
sider supersymmetry transformations on the space of superfields, since such a transformation
must map a superfield belonging to an irreducible subspace into the same subspace. A super-
symmetry transformation on the superfields is given by a unitary transformation U (z, 6, §)
with a four-vector x and fermionic parameters 6 and éA,

U(z,6,0) = exp {i (:J:HP“ +00Q + é@)} , (D.107)
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where P, Q and Q are field theoretical representations of the supersymmetry generators.
The transformed field is given by

D2’ 0',0') = U(e, &, )P(x,6,0)U (e, €,6)
U(e, &)U (x,0,0)2(0,0,00U " (z,0,0)U " (€,€,).

With help of the Baker—-Campbell-Hausdorff formula one can show that the product of two
transformations is given by

(D.108)

Ule,&,6)U(x,6,0) = expli ((azu +e )P+ (04+€)Q + 6+ E)Q)
- [ (euP“ FEQ+ gQ) (qu” 10Q + eQ)
= expli ((mu + 6 +160,Q — 00, P + (0 +)Q + (0 +9)Q) ]
=U(z 4 e+ioh —i00€,0 + £,0 + £). (D.109)

Inserting (D.109) in (D.108) one gets an explicit expression for the transformed field. By
considering infinitesimal transformations e, ¢, and & one finds

B2, 0,0') = B(x + e +ifol — 00,0+ £,0 +€) ( )

~ B(x,0,0) + [(¢ +i600 — 100€)0, + E20a + E404] 0(x,0,0) )

L (1+i( Py +£Q +EQ)) 2(.60.0) (1 - i( Py + £Q +EQ))  (D.112)

= @ +ie'[P,, ?] +i[€Q, D] +i[£Q, P]. (D.113)

In the second line the expression was Taylor expanded. The third line corresponds to (D.108)

with the infinitesimal form of (D.107) inserted. The representation of the supersymmetry
generators in the space of superfields,

o(2',0,0') = S(e, &, €)D(x,0,0), (D.114)

with .
S(z,0,0) = exp[—i(z, P"* —0Q — Q)] (D.115)

can be read off of (D.113) using the relation (D.15),

P, =iy, (D.116)
Qi =104 — (05™) 40, QA = —i0* + (00™) B0, (D.118)

By construction, his operators fulfill the super-algebra (D.102), cf. Section D.1.2. One can
define covariant derivatives that anti-commute with the differential operators (D.118),

Da = 04 —i(0"0) 40y, DA = -9 +i(9a") 40, (D.119)
Dy =—0;+i(60") ;0,, DA =04 —i(5"9)0,. (D.120)
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The covariant derivatives have the following properties,

{D,Q} ={D,Q} ={D,Q} = {D,Q},
{D,D}:{D,D}:O,

{Da, D} = 2i0", 10, (D.121)
A B - —uBA
{D?, D"} = 2ic""40,,
D?*=D*=0.

An infinitesimal supersymmetry transformation in the spinorial space is given by
b =i(eQ + Q). (D.122)

By performing an infinitesimal supersymmetry transformation on the superfield ¢ given by
(D.106), one gets the transformation properties of the component fields. Of special interest
is the transformation of the (66)(#6)-component, since it transforms as a total derivative,

i

0D = 5(9“(60“/_\ — not'e). (D.123)

D.6.1 Chiral Superfields

Chiral and anti-chiral superfields are defined via the following conditions.

Chiral superfield: D ;v =0, (D.124)
Anti-chiral superfield: Da¥ = 0. (D.125)

Since an infinitesimal supersymmetry transformation in the spinorial space (D.122), com-
mutes with the covariant derivatives (D.119), chiral superfields are an irreducible represen-
tation of the superfields. One can construct them by noticing that for y# = a* — ilo*6 one
finds

Dyt = (=0, +i(00) 10,) (3" — i05"0) = i(0o™) ; —i(Ac*) 4 = 0. (D.126)

By expressing the covariant derivatives (D.119) with respect to the complex coordinates
(y",0,0), i.e.

d ) ) o . - 0 ) _ )
g g ooA —agn agan ggr = gpa Ti00agm (D121)
one finds that D i is given by
D;(y,0,0) = 9 _jp, D.128
A(yav)__aéA_ A ( . )

Expressing the condition for a chiral superfield (D.124) in terms of (y*, 6, ) one gets

0 _
f@ ,9,9 — O, D129
—30(0.0.0) (D.120)
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ie. &(yH,0, 6) has to be independent of §. Taylor expanding ¢ with respect to the complex
variables, it can be written as

B(y,0) = ¢(y) + V200 (y) + (00)F(y). (D.130)

By performing the same steps egs. (D.126)—(D.128) but for the complex variable y =
o +i0of = y*, one finds that the anti-chiral superfield (D.124) is given by the condition
oW1 (7,0,0) = 0. Tt can therefore be Taylor expanded as

P (7,0) = ¢* () + V2¢(5)0 + (00) F* (). (D.131)

Reexpressing the fields @ and &' in terms of the variables (z,6,6) one finally gets

B(x,0,0) = p(x — i000) + V200 (x — i006) + (00)F(z — i050) (D.132)
= o(z) + V20 + (00)F —i(000)0,.0
+ \%(ee)au(w#é) - i(ae)(éé)auaw, (D.133)

®'(2,0,0) = o*(z) + V2 é&ﬂéé)p*ﬂ(eaé)aw*

\f(ee) L (00) — 490)(09)8 Ot (D.134)

The 00 and 66 components, respectively, remain unchanged after the variable transforma-
tion. Therefore, for chiral superfields one has F'(y) = F'(x).

An infinitesimal supersymmetry transformation, cf. (D.122), transforms the components of
¥ in the following way:

detp = \/557»07
e = —iV20"€8,p + V2¢F, (D.135)
F =iv20, (Yote).
Like the D-term of the general superfield, eq. (D.123), the F-term of a chiral superfield
transforms as a total derivative.

D.6.2 Vector Superfields and Supersymmetric Field Strength

The building block for the supersymmetric field strength are vector superfields.
A vector superfield V(z, 6, 0) is defined by the reality condition

V(x,0,0) =V(z,0,0). (D.136)
In components, it can be expressed as
V(z,0,0) = C + V20X + f 20X + (00)M + (00)M* + (05"0) A,
__ i -
+ (66)0 ()\ — ﬁa 8ux> + (66)0 <)\ — \/éa“(?ux> (D.137)

%(99)(95) (D - ;aﬂaﬂc) ,
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with real valued fields C', D, and A,. One defines a supersymmetric gauge transformation
on V via

V=V =V 4i(A— A, (D.138)

A is a chiral superfield and A is the corresponding anti-chiral superfield. Expanded in its

fermionic components, i/ is given by

iAd=a+V20p+ (00)b+i(000)d,a

i ~ 1 g
— 5(96)8“(@7“9) — 1(60)(66)%6"& (D.139)
The components of V' transform under a supersymmetric gauge transformation as
C—-C+(a+a"), A, =A,+i0,(a—a"),
X = X+ p, A=A, (D.140)
M — M+, D — D.

In the Wess—Zumino gauge, the components b, p, and Im(a) of A are fixed such that the
components C, x, and M of V vanish. The real part of a is not fixed by this gauge. Hence,
U(1) gauge transformations of the kind

Ay — A=Ay +0u(a+a”) (D.141)
are still allowed. In the Wess—Zumino gauge, the vector superfield is given by
_ I 1 _
Vivz = (000)A, + (60)0X + (00)0) + 5(66)(60)D. (D.142)

One still has the freedom to perform a gauge transformation on the vector field with the
yet unfixed real part of a, A, — A, — d,(a — a*).
The supersymmetric field strength on the super vectorfield is defined as

Wy = —i(DD)DAV(x, 6,0), (D.143)
W, = —i(DD)DAV(x, 0,0). (D.144)

Since D? = D3 = 0, cf. (D.121), the supersymmetric field strength W4 (W) is a (anti-)
chiral superfield. The supersymmetric field strength is invariant under the supersymmetric
gauge transformation, (D.138). Hence, one can calculate its components in the Wess—Zumino
gauge. In the variables (y,6,0) and (7, 0, 0) they are given by

Wa = Aaly) + D(y)0a — (6) aFyu (y) +1(606) ("9, A()) . (D.145)
Wi =iAi(9) + D)0, — (6"0) i Fpu () — 1(00) (" A(0)) 4. (D.146)

with the usual U(1) field-strength F),, = 0, A, — 0,A,. Because of (D.140), each of this
components is by itself gauge invariant.
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D.7 Supersymmetric Lagrange Densities

With help of the in the previous section defined superfields, it is quite easy to write down
supersymmetric Lagrange densities that leave the action invariant under global supersym-
metry transformations,

S = /d4x£ S 55— /d%ae,c — 0. (D.147)

Because of Gauss’s law, in order to fulfill (D.147), the Lagrangian density has to be invariant

up to a total derrivative,
0L =0Vt = 0.5=0. (D.148)

Egs. (D.123) and (D.135) give suitable candidates for a supersymmetric Lagrange density,
since the D-term of a general superfield and the F-term of a chiral superfield transform into
a total derrivative. With help of the definition (A.38), a supersymmetric Lagrange density
can therefore be written as

L= / d6*(general superfields) + / d6?(chiral superfields) + h.c. . (D.149)

For each chiral superfield @ one can construct a kinematic term Ly, by taking the D-term
of the product of a chiral superfield with its conjugate, and a mass term Lpass by taking
the F-term of the squared of the superfields:

Lign = /d49 (2'(2,0,0)8(x,0,0))
= (049")(0"9) + S (G5 O + Y0, 0) + F'F, (D.150)

Lonass = /d29%¢2(y,9)]y% + h.c.
—%(1/”/14-1/_115) + m(eF + ¢"F*). (D.151)

As one can see, in this way one recovers the Lagrangian density for chiral fermions.

The mass term as well as other interactions between several chiral superfields @; are usually
given in terms of the superpotential W which is an analytic function of the fields. Renor-
malizability of the theory restrict the superpotential to be a Polynomial of power tree or
less,

1 1
W =c¢;®; + 5ml]¢l@J + ggijk’éi@j@ka (D152)

where the m;; and g;;, are symmetric in their indices. As a product of chiral superfields,
the superpotential is itself a chiral superfield. Hence, the supersymmetric Lagrange density
for the interaction Lagrangian Ly is given by the F-term of the superpotential,

Lot = / d20 W + h.c.

1 1
= ¢ Fy + my; (%’Fj - 2%%’) + 59k (pipiFi — i(Yj4r)) + hec.. (D.153)
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The Lagrange density for the supersymmetric field strength Lga,ee is defined in such a way
that it incorporates the usual gauge kinetic terms,

£gauge = /d2 ( WA x 0 (9)W (.%‘,9,9)) + h.c.

1 1
=i (A" 9N + 2510 )\) Fyu P + S D*. (D.154)

D.7.1 Supersymmetric Gauge Theories

The fundamental forces in nature are described in terms of local gauge-invariant field the-
ories. Hence, in a realistic model one has to incorporate local gauge transformations into
the supersymmetric Lagrangian. To construct a gauge- and supersymmetry-invariant La-
grangian density one makes use of the properties of the vector superfields, cf. Section D.6.2.
For a SU(N) gauge group with generators T4 in the fundamental representation that obey
the Lie algebra

[Taa Tb] = ifabcTe (D155)

with the structure constants fyp., one defines the chiral superfield A(z, 6, 9_) as
A=T,AN" (D.156)

The supersymmetric gauge transformation on a SU(N) vector-superfield multiplet in the
adjoint representation V'(x,6,0) is defined as

s T .
2V om120AT 29V pi294, (D.157)

In the case of a U(1) symmetry eq. (D.138) is recovered.
A supersymmetric gauge transformation on a chiral superfield is defined as

P = 1294 (D.158)

In order to be gauge invariant, the kinetic Lagrange density (D.149) has to be altered in the
following way,

Lin = / d*0 oTe29V ¢ (D.159)
= (D) (D*) + ipo D)
~ V29 (PAp + ¢ M) + gT "D + FTF, (D.160)

with the gauge-covariant derivative D, = 0, +igA,. The non-Abelian supersymmetric field
strength, is defined as

1 - _
Wy = —Z(DD)e_QgVDAeQQV, (D.161)

_ 1 _
W= —E(DD)e_QQVD eV, (D.162)
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Since V' is a bosonic function, (D.143) and (D.144) are recovered in the Abelian case. The
supersymmetric field strength Lgauge is now given by

1 A
Louee = 152 / a0 Tr (WAW4) + hec.

1 < 1
=~ Fi F" iAo Dy + 5D D", (D.163)
For the superpotential (D.152) only gauge-invariant combinations of chiral fields are al-
lowed. This strongly restricts the possible field combinations. Putting all together, the
supersymmetric Lagrange density for n chiral fields can be written as

n
L= Z ﬁkin,i + Egauge + Lint (D164)
i=1
= (Do) (D" i) + Lo Db — V/2g (z/?,iw — <p;*/\w2-) + gT% 0D + F) F;
1 - 1
— ZF;L,F‘““’ + i)\“(_f“D“)\a + §DaDa
1
+ ciFi 4+ mij (i — i) + ik (pivj Fr — pi(Yjr)) + hec.. (D.165)

The two auxiliary fields F; and D do not have a kinematic term and can hence be eliminated
with help of the Euler-Lagrange equation of motion,
oc oL

9% ~ o0 =" (D.166)
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